
This work has been accepted for publication in the IEEE Transactions on Green Communications and Networking,
DOI:10.1109/TGCN.2022.3201190

Wireless Energy Harvesting For Autonomous
Reconfigurable Intelligent Surfaces

Konstantinos Ntontin, Member, IEEE, Alexandros–Apostolos A. Boulogeorgos, Senior Member, IEEE, Emil
Björnson, Fellow, IEEE, Wallace Alves Martins, Senior Member, IEEE, Steven Kisseleff, Member, IEEE, Sergi
Abadal, Member, IEEE, Eduard Alarcón, Senior Member, IEEE, Anastasios Papazafeiropoulos, Senior Member,

IEEE, Fotis Lazarakis, and Symeon Chatzinotas, Senior Member, IEEE

Abstract—In the current contribution, we examine the fea-
sibility of fully-energy-autonomous operation of reconfigurable
intelligent surfaces (RIS) through wireless energy harvesting
(EH) from incident information signals. Towards this, we first
identify the main RIS energy-consuming components and present
a suitable and accurate energy-consumption model that is based
on the recently proposed integrated controller architecture and
includes the energy consumption needed for channel estimation.
Building on this model, we introduce a novel RIS architecture
that enables EH through RIS unit-cell (UC) splitting. Subse-
quently, we introduce an EH policy, where a subset of the UCs is
used for beamsteering, while the remaining UCs absorb energy.
In particular, we formulate a subset allocation optimization
problem that aims at maximizing the signal-to-noise ratio (SNR)
at the receiver without violating the RIS’s energy consumption
demands. As a problem solution, we present low-complexity
heuristic algorithms. The presented numerical results reveal the
feasibility of the proposed architecture and the efficiency of the
presented algorithms with respect to both the optimal and very
high-complexity brute-force approach and the one corresponding
to random subset selection. Furthermore, the results reveal how
important the placement of the RIS as close to the transmitter
as possible is, for increasing the harvesting effectiveness.

Index Terms—Reconfigurable intelligent surfaces, autonomous
operation, simultaneous energy harvesting and beamsteering,
unit-cell splitting architecture.

K. Ntontin, W. A. Martins, S. Kisseleff, and S. Chatzinotas
are with the SnT, University of Luxembourg, Luxembourg. E-
mails: kostantinos.ntontin@uni.lu, wallace.alvesmartins@uni.lu,
steven.kisseleff@uni.lu, symeon.chatzinotas@uni.lu.

A.-A. A. Boulogeorgos is with the Department of Electrical and Computer
Engineering, University of Western Macedonia, Kozani 50131, Greece, and
with the Department of Digital Systems, University of Piraeus, Piraeus 18534,
Greece. E-mail: al.boulogeorgos@ieee.org

E. Björnson is with the Department of Electrical Engineering, Linköping
University, 581 83 Linköping, Sweden, and with the Department of Computer
Science, KTH, Kista, Sweden. Email: emilbjo@kth.se.

F. Lazarakis is with the Wireless Communications Laboratory of the In-
stitute of Informatics and Telecommunications, National Centre for Scientific
Research–“Demokritos,” Athens, Greece. E-mail: flaz@iit.demokritos.gr.

S. Abadal and E. Alarcón are with the NaNoNetworking Center in
Catalunya (N3Cat), Universitat Politècnica de Catalunya, Barcelona, Spain.
Emails: abadal@ac.upc.edu, eduard.alarcon@upc.edu.

A. Papazafeiropoulos is with the Communications and Intelligent Systems
Research Group, University of Hertfordshire, Hatfield AL10 9AB, U.K., and
also with the SnT, University of Luxembourg, Luxembourg City, Luxembourg.
E-mail: tapapazaf@gmail.com.

This work was supported by the Luxembourg National Research Fund
(FNR) under the CORE project RISOTTI (ref. 14773976), the European
Commission’s Horizon 2020 research and innovation programme (ARIADNE)
under grant agreement No. 871464, and the Digital Futures center. In addition,
the authors would like to warmly thank Dimitrios Selimis together with the
anonymous reviewers whose comments and suggestions helped towards the
substantial improvement of this manuscript.

I. INTRODUCTION

The data traffic demands increase steadily and exponentially
[1]. To prevent a possible capacity crunch, a key proposed
solution is traffic offloading to higher frequency bands [2].
More specifically, a large fraction of the traffic in future access
networks is expected to utilize the millimeter-wave (mmWave)
spectrum due to the larger available bandwidth [3]. However,
this advantage comes with a cost: mmWave bands are more
susceptible to fixed and moving blockages in comparison to
their sub-6-GHz counterparts due to the high penetration loss
that may even reach 40 dB for certain materials, such as tinted
glass [4].

A possible solution to the blockage problem that has ex-
tensively been discussed in the literature is the creation of
alternative signal paths through relays or passive reflectors.
Relays can undoubtedly enhance the coverage by enabling the
transmitted signal to be rerouted through them when the direct
link is blocked. However, since relays require power amplifiers
and possibly baseband processing, their power consumption
will be comparable to that of mmWave small-cell base sta-
tions. This fact makes their massive deployment in mmWave
networks questionable [5]. On the other hand, passive reflec-
tors can enhance the coverage in mmWave networks, while
requiring no power supply [5], [6]. However, the shape of the
reflected signal is determined when they are deployed (e.g.,
based on Snell’s law for a planar homogeneous reflector), and
thus it cannot be adapted based on user mobility or changes
in the propagation environment.

To circumvent the aforementioned limitations of relays and
passive reflectors, reconfigurable intelligent surfaces (RISs)
have been identified as possible countermeasures [7], [8].
RISs are artificial structures that usually consist of a di-
electric substrate, which embeds conductive elements named
unit cells (UCs), of sub-wavelength size and spacing. Typical
UCs are composed of dipoles, patches, and string resonators.
By properly tuning their impedance through semiconductor
components, such as positive-intrinsic-negative (PIN) diodes,
field-effect transistors (FETs), and radio-frequency microelec-
tromechanical systems (RF-MEMS), the amplitude and phase
response to an impinging electromagnetic wave can be altered
[9]. In particular, through such adjustment, different func-
tionalities can be performed: beam steering toward a desired
angular direction or toward a desired point, beam splitting,
and absorption. In terms of power consumption, an amount of
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Fig. 1: Indicative scenarios in which autonomous RIS operation is
desirable.

power is consumed for their reconfigurability, which arguably
is significantly lower compared to relays’ energy consumption,
at least if the duty cycle of reconfiguration is low [8]. This has
led to the characterization of RISs as nearly passive structures
[10], [11].

Building on the above considerations, in this paper we
examine the case for autonomous RIS operation, which we
define as a mode, where the RIS does not require a dedicated
power supply. Such a functionality has been suggested as
a future potential in [12]. In terms of importance, there
are various scenarios where the autonomous feature would
be highly desirable. Such scenarios are depicted in Fig. 1.
In particular, power-grid unavailability and aesthetics issues
might prevent the deployment of RISs onto particular objects,
such as trees. In addition, due to aesthetics reasons it could be
difficult to acquire permissions from the building managers to
deploy exterior cables onto the facades for powering the RISs.
Supplying their energy needs through batteries that are not
recharged perpetually by some gridless process is also not a
viable option, since they would need constant monitoring and
manual replacement. Finally, in the case of RISs equipping
unmanned aerial vehicles (UAVs), supplying their energy
needs through the vehicle batteries remains challenging, as
it would drain them faster and reduce their flight time.

As far as related works on autonomous RISs are concerned,
few recent works have started incorporating this requirement,
either through time-splitting [13], [14], UC splitting [15],
[16], or in a hybrid fashion [17]. In the time-splitting case,
dedicated disjoint time intervals are allocated for either energy
harvesting or information transmission, whereas in the unit-
cell splitting one there is a common time interval for both
energy harvesting and information transmission by devoting a
subset of UCs for energy harvesting through absorption and
its complement orthogonal subset for information transmission
through reflection.

Motivation and contribution: For the control network,
the mentioned works on energy-autonomous RIS operation
consider the conventional separated field-programmable gate
array (FPGA). However, it is widely argued that such archi-
tectures are usually bulky and suffer from significant energy
consumption that render the possibility for autonomous op-
eration highly questionable [12]. In addition, no evaluation
has been performed regarding the plausibility of satisfying

the RIS energy consumption demands through wireless en-
ergy harvesting in a practical scenario that incorporates user
mobility. Motivated by this, the technical contribution of this
work is as follows:

• We firstly identify the main RIS power-consuming mod-
ules and introduce the considered in this work energy
consumption model that is based on the novel integrated
architecture [12]. In addition, in contrast to existing
works on autonomous RISs, the considered energy con-
sumption model includes the energy burden for channel
estimation.

• We present a novel RIS architecture that allows energy
harvesting through suitable UC allocations, i.e., a subset
of the UC can be used for energy harvesting, while the
rest for beam steering, and derive closed-form expressions
for the end-to-end signal-to-noise ratio (SNR) and direct
current (DC) harvested power.

• Building on the aforementioned expressions, we formu-
late an optimization problem that outputs sets of UCs
that need to be used for harvesting and beamsteering.
The problem targets the maximization of the SNR at the
end-user while concurrently satisfying the RIS’s energy-
consumption demands. In addition, due to the high com-
plexity of the brute force approach (exhaustive search),
we provide a low-complexity heuristic algorithms for
its solution and prove that, under particular propagation
conditions, some of the policies deliver the optimal subset
allocation. Furthermore, for the particular policies we
provide analytical expressions for the SNR statistics.

• We further comment on the advantages and disadvan-
tages of the examined UC-splitting approach with its
time-splitting conventional counterpart by presenting the
corresponding formulas in the latter case.

• To validate the efficiency of the proposed algorithms, we
perform extensive Monte-Carlo simulations and compare
their performance against both the brute-force approach
and the random subset selection.

The rest of this work is structured as follows1. In Section II,
the system and channel models are presented together with the
identification of the main RIS modules that consume power
and the resulting power-consumption model. In Section III, the
instantaneous DC harvested power and the end-to-end SNR
are computed and the optimization problems of interest is
formulated. In Section IV, heuristic algorithms for the solution
of the problem are provided and their complexity comparison
with respect to the brute-force approach is assessed. Numerical
results substantiate the effectiveness of the proposed low-
complexity algorithms in Section V and, finally, Section VI
concludes this work.

II. SYSTEM AND RIS POWER-CONSUMPTION MODELS

In this section, we first present the system model under
consideration. Subsequently, we identify the power-consuming

1This work is an extension of [18]. In particular, in [18] instead of an
arbitrary fading model that we consider in this work, which makes the analysis
more flexible and gives rise to our proposed algorithms, the special-case of
free-space propagation is considered for both the transmitter-RIS and RIS-
receiver links.
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Fig. 2: Scenario and energy-harvesting architecture.

RIS modules and, based on them, we introduce the correspond-
ing RIS power-consumption model.

A. System model

1) Scenario: As illustrated in Fig. 2, we consider a scenario
in which a fixed transmitter (TX), such as a small-cell base
station communicates with a mobile receiver (RX) through a
planar RIS located in the far-field of both the TX and RX. The
TX-RIS link, of distance dt m, and RIS-RX link, of distance
dr m, constitute an alternative path to the direct TX-RX link
that is assumed to be blocked. Furthermore, we assume that
there is optical visibility of the RIS from both the TX and
RX2. The RIS is a rectangular uniform planar array consisting
of Ms = Mx × My UCs of size dx × dy . Mx (My) and dx
(dy) denote the number of UCs and their length in the x-axis
(y-axis), respectively.

2) Energy-harvesting architecture: Among the Ms UCs,
Mh UCs are configured to act as perfect absorbers of the
impinging electromagnetic energy, which is used for supplying
the RIS modules. Furthermore, we consider a corporate-feed
network approach in which the radio frequency (RF) harvested
power of the harvesting UCs is combined and driven to a
single rectifier circuit through the particular network [19], [20].
The benefit of such an approach, compared to a solution in
which a rectifier is attached to each UC and, subsequently,
the DC harvested powers are combined, is the maximization
of the input RF power at the RF circuit together with the
minimization of the circuitry required for rectification. The
former could be an essential requirement since the harvested
power of a single UC might be low for turning on the diode
of the rectifying circuit in an approach where such a circuit
is attached to each UC. On the other hand, combining the
harvested RF powers through the network could result in lower
radiation to alternative current radiation efficiency compared
to the one rectifier-per-UC approach [21]. The remaining
Mr = Ms−Mh UCs, are configured to act as perfect reflectors
of the impinging energy, beamforming it toward the RX.

3) TX and RX antennas: We assume that both the TX and
RX are equipped with rectangular uniform planar arrays. In the
TX (RX) case the number of antennas in the x-axis is denoted
by Mtx (Mrx ) and the corresponding one in the y-axis by Mty

(Mry ). In addition, the distance between adjacent antennas

2Such an assumption is justified by the normally high elevation of and RIS
that is expected with respect to the TX and RX antennas.

in the x-axis is denoted by dtx (drx ) and the corresponding
one in the y-axis by dty (dry ). In such a case, for the TX
antenna by denoting the azimuth and elevation angles as ϕ and
θ, respectively, and assuming that the phase of its elements is
adjusted so that the main lobe is directed to (θ0, ϕ0), for its
directivity, which we denote by Dt (θ, ϕ), it holds [22]

Dt (θ, ϕ) =
|gt (θ, ϕ)|2 |f (θ, ϕ)|2

MtxMtyRt
, (1)

where gt (θ, ϕ) and f (θ, ϕ) are the array and element factors,
respectively. It holds [22]

gt (θ, ϕ) =

Mtx∑
n=0

e−jn( 2π
λ dtx sin θ cosϕ− 2π

λ dtx sin θ0 cosϕ0)

×
Mty∑
l=0

e−jl( 2π
λ dty sin θ sinϕ− 2π

λ dty sin θ0 sinϕ0). (2)

In addition, [22] provides various formulas for |f (θ, ϕ)|2,
according to the considered antenna type. For instance, for
parallel dipoles it holds

|f (θ, ϕ)|2 = 1− sin2 θ cos2 ϕ. (3)

Finally,

Rt = s0 +

Mtx−1∑
r=1

cos

(
r
2π

λ
dtx sin θ0 cosϕ0

)
×
(
1− r

Mtx

)
(a1 sinA+ a2 cosA)

+

Mty−1∑
q=1

cos

(
q
2π

λ
dty sin θ0 sinϕ0

)
×
(
1− q

Mty

)
(b1 sinB + b2 cosB)

+

Mtx−1∑
r=1

Mty−1∑
q=1

cos

(
r
2π

λ
dtxsin θ0 cosϕ0+q

2π

λ
dty sin θ0 sinϕ0

)
×
(
1− r

Mtx

)(
1− q

Mty

)
× (c1 sinC + c2 cosC) , (4)

where

A = r
2π

λ
dtx , B = q

2π

λ
dty , C =

√
A2 +B2. (5)

The parameters s0 a1, a2, b1, b2, c1, c2 are given by [22,
Table 1]. For simplicity and without a loss of generality, in
this work we consider the case of isotropic antennas at the
TX and RX. Hence, it holds |f (θ, ϕ)|2 = 1 and s0 = 0.5
a1 = 1/A, a2 = 0, b1 = 1/B, b2 = 0, c1 = 2/C,
c2 = 0. Dr (θ, ϕ) is given by the same formulas used
for the computation of Dt (θ, ϕ) after replacing Mtx , Mty ,
dtx , and dty with Mrx , Mry , drx , and dry , respectively.
Finally, the gains of the TX and RX antennas, which we
denote by Gt (θ, ϕ) and Gr (θ, ϕ), respectively, are given by
Gt (θ, ϕ) = ϵtDt (θ, ϕ) and Gr (θ, ϕ) = ϵrDr (θ, ϕ), where
ϵt and ϵr are the efficiencies of the TX and RX antennas,
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respectively.
4) Channel model: We assume a flat-fading3 channel model

where the complex envelope channel vectors of the TX-RIS
and RIS-RX links, denoted by ht and hr, are given by

ht = [ht1 · · · htMs
]T , hr = [hr1 · · · hrMs

]T , (6)

where the UCs can be indexed arbitrarily. These vectors
describe the joint effect of antenna gains, geometric pathloss,
and multipath fading (i.e., the combination of small-scale and
large-scale fading). In addition, we note that ht and hr are
one-dimensional in spite the fact that both the TX and RX
are equipped with multiple antennas. This holds under the
assumption of the TX and RX antennas being phase aligned
with the direction of the RIS since we assume that both the
TX-RIS and RIS-RX links are subject to LoS conditions,
owing to the optical visibility.

The channel vectors ht and hr are time-varying due to
mobility and multipath fading, which calls for a time-varying
RIS configuration. We consider a block-fading model where
the channel vectors are fixed within fixed-size time intervals,
but change abruptly between intervals. Hence, the RIS must be
reconfigured in each interval. The duration of these intervals
depends on the time-variation of the channel. The optimization
problems and policies developed in this article operate on a
per-interval basis, thus they can be applied irrespective of
how the channel realizations are generated. For example, a
stationary fading distribution such as Rayleigh, Nakagami-m,
Weibull, or Rice could be used, but also a deterministic ray-
traced or measured channel evolution could be considered.

5) Frame structure and channel estimation: As far as the
frame structure is concerned, which determines the energy
consumption needs of the RIS, each frame that has a fixed
duration of Nfr time slots comprises the signaling period
of duration Nsl slots, which is used for tasks such as time
and carrier frequency synchronization together with channel
estimation. Regarding the latter, in this work we assume that
channel estimation is realized in each signaling period even
if the signal quality at the RX does not dictate the need
for channel estimation. Such a protocol is consistent with
the operation of current standards, such as the Long Term
Evolution, in which continuously there is channel estimation
performed in dedicated resource elements during the transmis-
sions of resource blocks. The signaling period is followed by
the payload period of duration Npl time slots in which simul-
taneously the RIS harvests energy by the allocated Mh UCs
and performs information transmission through beamforming
towards the RX by the remaining Mr UCs. The corresponding
frame structure is depicted in Fig. 3.

6) Channel estimation protocol: In order to maintain a low-
complexity RIS structure suitable for autonomous operation,
we assume that neither channel estimation can be performed in
the RIS, due to lack of the required circuitry, nor pilot signals
can be sent by the RIS to the TX and RX for channel estima-

3The flat fading assumption can hold even in the large-bandwidth case of
mmWave and THz links due to the very small delay spreads associated with
highly directional transmissions [23] or due to a negligible effect of the inter-
symbol interference by optimizing the RIS phase shifts with respect to the
strongest tap of the channel (line-of-sight (LoS) component) [24].

Signaling 

period
Energy harvesting

+ Payload transmission

Fig. 3: Frame structure.

tion of the individual TX-RIS and RIS-RX links. Instead, we
assume that estimation of the cascaded Tx-RIS-RX links can
be performed at the TX through pilots sent by the RX4. For
the estimation of the cascaded TX-RIS-RX links we consider
the protocol presented in [26]. In particular, at any given time
slot during the channel estimation phase only one of the Ms

RIS UCs is activated and it is in ON mode, while the rest are
in the OFF mode, and the process is performed until all the
cascaded links are estimated5. Hence, the maximum number
of time slots required for channel estimation is equal to Ms in
the case that all the UCs are used in the process6. This means
that Ms ≤ Nsl should hold.

After obtaining the cascaded TX-RIS-RX links, the individ-
ual TX-RIS and RIS-RX links can be estimated through the
method of [29] that is based on eigenvalue decomposition. For
simplicity and since our focus is not on channel estimation, in
this work we assume that a perfect knowledge of the TX-RIS
and RIS-RX links can be acquired through the aforementioned
approach. Let us note that in the considered scenario the
channel knowledge of the individual TX-RIS link is essential
so that the maximum amount of energy is absorbed by the UCs
that act as absorbers. This is achieved after properly adjusting
their impedance response, according to the particular channel
estimates.

Remark 1: As we understand from the considered channel
estimation protocol, although the RIS is not equipped with
active components that would enable it to perform channel
estimation on it, still an amount energy is consumed at the RIS
due to its reconfigurations needed so that channel estimation
is effectively performed at the TX (small-cell base station)
through pilot signaling from the RX (mobile user).

In addition, even if the maximum amount of Ms time slots
is required for channel estimation during the signaling phase,
the assumption of a block fading channel, where the channel
remains stationary in the duration of a frame, can still hold
even for large RIS sizes. For instance, by assuming that the
RX is moving with the average pace of a person that is

4Assuming that in practice it would be more realistic that the TX estimates
the cascaded channel instead of the RX since the TX is the fixed base station
and the RX the device of the mobile user. In addition, such a consideration
presupposes that the channel reciprocity for the TX-RIS-RX channel holds.
This has experimentally been tested to hold under certain conditions [25].

5As it is described in [27], the state OFF of a UC means that there is only
structure-mode reflection generated as if the element is a conducting object,
whereas the state ON means that there are both structure-mode reflection and
antenna-mode reflection.

6If the TX-RIS channel is sparse, a smaller number than Ms UCs to be
turned ON might be sufficient for adequately accurate channel estimation. In
such a case, compressive sensing can be leveraged to obtain the corresponding
channel knowledge related to the remaining UCs that are not turned ON [28].
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equal to 1.4 m/s the channel coherence time as the inverse
of Doppler spread is equal to 7.7 ms for a 28 GHz carrier. By
assuming single-carrier modulation that has shown to exhibit
a superior performance compared with orthogonal frequency-
division multiplexing, the symbol duration (time-slot duration)
is equal to 2.44 ns for a signal bandwidth of 500 MHz and a
roll-off factor of 0.22 [30]. If, for instance, Nsl = 1000, which
is a value that can accommodate the channel estimation of a
large RIS up to 1000 UCs, and the signaling period is 10%
of the frame duration, 770 consecutive transmitted frames are
within the coherence time of the channel. This shows that
the proposed channel estimation protocol in combination with
single-carrier modulation can accommodate large RISs without
the risk of falling outside the coherence time of the channel
during the transmission of a frame.

B. Power-consumption model

To present a suitable RIS energy consumption model, we
firstly need to identify the main RIS power-consuming mod-
ules, namely: i) impedance-adjusting semiconductor compo-
nents, ii) control network, and iii) rectifier. They are described
below.

1) Impedance-adjusting semiconductor components: The
energy consumption of these components is characterized by
static and dynamic factors. The static factor corresponds to
their uninterrupted energy consumption due to leakage currents
originating from the bias voltages when they operate in steady
state. Usually, this factor is negligible for FETs and RF MEMS
[31]. On the other hand, the dynamic factor constitutes a non-
negligible factor related to the charging and discharging of
internal capacitors during bias voltage level changes. This
is needed for UC phase and amplitude response adjustment.
It appears only when the semiconductor components change
state.

2) Control network: As described in [8], [12], the RIS
needs to receive external commands regarding the new config-
uration states for the UCs. This can be achieved by one of the
following basic approaches [12]: i) detached microcontroller
architecture and ii) integrated architecture. The first one is the
common architecture that has been used for several years in
which the control network is realized by a microcontroller,
such as an FPGA. Such architectures are usually bulky and
subject to significant energy consumption, thus reducing the
potential for RIS autonomous operation [12]. In contrast to
the FPGA-based architectures, the control network in the inte-
grated architecture is realized by a network of communicating
chips (usually one per UC) that read the UC state and adjust
the bias voltages of the impedance-adjusting semiconductor
elements. These circuits receive, interpret, and apply the
commands and exhibit their own static and dynamic energy
consumption due to leakage and transistor switching, respec-
tively [32]. In addition, they are likely to use asynchronous
logic as it does not require a complex and power-hungry clock
signal distribution [33]. Furthermore, it has been suggested
that such chips could also operate autonomously through
energy harvesting, based on nano-networking advancements
[12], [34].

3) Rectifier: For the RF-to-DC power conversion that is
needed to power the electronic modules of the RIS, a rectifier
circuit follows the RF combiner. This circuit can be either
passive that exhibits negligible energy consumption, or active,
by incorporating active diodes with lower voltage drop that
can increase the conversion efficiency [35]. In the latter case,
the rectifier exhibits a non-negligible energy consumption.

To minimize the RIS energy consumption, we consider
an integrated RIS architecture. Moreover, it is assumed that
each UC is connected to one chip that controls and adjusts
its impedance through an impedance-adjusting semiconductor
component [32]. By assuming that only passive rectifiers are
employed on the RIS and denoting its power consumption by
PRIS, it holds that [36, Eq. (4.5)]

PRIS = P tot
st + P tot

dyn, (7)

where P tot
st and P tot

dyn denote the total static and dynamic
RIS power consumption that incorporate the consumption
arising from both the control chips and impedance-adjusting
semiconductor components.

Regarding P tot
st , under the assumption of one control chip

and one impedance-adjusting semiconductor component per
UC, it is expected to scale linearly with the number of UCs.
Hence, we have

P tot
st = MsPst, (8)

where Pst is the static power consumption associated with a
single UC.

As far as P tot
dyn is concerned, it holds that

P tot
dyn = P tot

ce + P tot
eh,pl, (9)

where P tot
ce is the total power consumption related to the

UC reconfigurations needed for channel estimation and P tot
eh,pl

the power consumption related to the UC reconfigurations
needed for both energy harvesting and information transmis-
sion through reflection.

Let us now denote the number of reconfiguration periods in
a reference observation time T with Nrec. By denoting the du-
ration of a frame by Tfr, it holds that Nrec =

T
Tfr

Furthermore,
by approximately assuming that the energy consumption for
a UC reconfiguration for either reflection or absorption is the
same for all UCs and it is equal to EUC, it holds that [36, Eq.
(4.7)]

P tot
ce =

NrecMsEUC

T
=

MsEUC

Tfr
=

MsEUC

NfrTslot
(10)

and

P tot
eh,pl =

NrecMsEUC

T
=

MsEUC

Tfr
=

MsEUC

NfrTslot
, (11)

where Tslot is the time-slot duration. (10) originates due to
the fact that with the considered channel estimation protocol
one-by-one the UCs are turned on for estimation. Hence,
in one channel estimation period in total all the UCs of
the RIS would be turned on. In addition, (11) originates
due to the fact that after channel estimation the impedance
of all UCs needs to be adjusted for either absorption or
reflection, according to the channel estimates. Hence, based

5



This work has been accepted for publication in the IEEE Transactions on Green Communications and Networking,
DOI:10.1109/TGCN.2022.3201190

on the above we understand that the RIS reconfigurations
needed for both channel estimation and simultaneous energy
harvesting and payload transmission result in the same amount
of energy/power consumed.

Hence, based on (8), (9), (10), and (11), (7) becomes

PRIS = Ms

(
Pst + 2

EUC

Tfr

)
. (12)

Remark 2: According to (12), the RIS power consumption
does not depend on the velocity of the RX. This comes
in contrast with common claims in the literature that the
power consumption of the RIS depends on how often it
needs to reconfigure itself so to adapt to the channel varying
conditions of a mobile user. That would hold only in the
case where channel estimation follows a dynamic protocol
in which channel estimation is initiated only when there is
a substantial change in the received signal quality. However,
this is not the principle under which current standards work.
Instead, according to the considered protocol in this work the
RIS needs to reconfigure itself at every frame for both channel
estimation and subsequent UC impedance adjustment, based
on the acquired estimates. This, as aforementioned, follows
the working principle of known standards, such as the Long
Term Evolution.

In addition, we note that P tot
ce can be considered as an

upper bound on the RIS power consumption that is devoted
to channel estimation since the amount of UCs that need to
be turned on can be smaller than Ms if the TX-RIS is sparse,
as mentioned in Section II-A. As a result, also (12) gives an
upper bound on the total RIS power consumption.

III. DC HARVESTED POWER, END-TO-END SNR, AND
PROBLEM FORMULATION

The aim of this section is to first present and quantify the
autonomous RIS-empowered system design parameters and
subsequently to use them to formulate the optimization prob-
lem of interest. In more detail, Section III-A returns a closed-
form expression for the harvested power, Section III-B reports
the end-to-end SNR and, finally, Section III-C describes the
formulation of the optimization problem.

A. DC harvested power

For the DC harvested power, we use the non-linear model
from [37], which has been extensively validated through ex-
perimental measurements. According to this model, the output
DC power of the rectifier can be evaluated as

PDC =

Pmax

1+e−a(Pharv−b) −
Pmax

1+eab

1− 1
1+eab

, (13)

where Pharv is the RF power that is inputted to the rectifier and
Pmax is a constant denoting the maximum harvested power in
the case that the harvesting circuit at the rectifier is saturated.
In addition, a and b are circuit-specific parameters, which are
related to the resistance, capacitance, and turn-on voltage of
the diode used for rectification [37].

As far as Pharv is concerned, let us denote the set of the
UCs that are selected for energy harvesting by Ah. Since the

transmit power is Pt, the ith UC, i ∈ Ah, will receive a signal
yi =

√
Pthti , where the thermal noise has been omitted since

it cannot be harvested. Hence, the total harvested power as a
function of Ah can be expressed as

Pharv = Pt

∑
i∈Ah

|hti |
2
. (14)

We note that according to (14) only the power corresponding
to the transmission from the TX is taken into account in the
harvesting process. This is due to the assumption that the
radiation pattern of the RIS corresponding to the harvesting
UCs is aligned with the direction of the TX main lobe (that
is directed toward the RIS center) in order to maximize the
absorption of the power arriving from the particular direction.
For this reason, it is expected that the absorbed power level
of ambient signals arriving to the RIS from other directions
would be negligible compared to the one arriving from the
TX.

B. End-to-end SNR

Let Ar denote the set of UCs that are selected for reflection,
which is the orthogonal complement of Ah, i.e., Ar = AC

h .
The end-to-end SNR γ can be obtained by following the
standard approach as [38–40]

γ =
Pt

σ2

∣∣∣∣∣ ∑
k∈Ar

htkhrke
j(ϕk+∠htk

+∠hrk)

∣∣∣∣∣
2

, (15)

where ϕk is the induced phase response from the kth UC, ∠
denotes the angle of the corresponding complex number, and
σ2 is the variance of the thermal noise at the RX, computed in
dBm as σ2 = −174+ 10 log10 (W ) +FdB, where FdB is the
noise figure of the RX in dB and W is the signal bandwidth
in Hz. From (15) it is evident that the SNR is maximized by
setting

ϕk = −∠htk − ∠hrk , for k ∈ Ar. (16)

By substituting (16) in (15), the maximum SNR as a function
of Ar can be written as

γ (Ar) =
Pt

σ2

(∑
k∈Ar

|htk | |hrk |

)2

. (17)

We further note that setting the impedance of the UCs ded-
icated for beamsteering in a way that perfect reflection is
achieved with a phase response given by (16) indicates that
independent tuning of the UC amplitude and phase response
can be achieved. Although this, in general, does not hold and a
level of inter-dependency between the UC amplitude and phase
response is expected [41], there have been advanced literature
designs considerably mitigating such a coupling effect [42],
[43]. Hence, we can view (17) as an upper bound of the
maximum SNR that can be achieved with more advanced RIS
designs.
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C. Problem formulation

The problem is formulated as

maximize
Ar

γ (Ar)

subject to PDC (Ah) ≥ PRIS.
(18)

Based on (13), (14), and (17), (18) can be rewritten as

maximize
Ar

(∑
k∈Ar

|htk | |hrk |

)2

subject to

Pmax

1+exp
(
−a

(
ηRFPt

∑
i∈Ah

|hti |
2−b

))− Pmax

1+eab

1− 1
1+eab

≥PRIS.

(19)

The optimization problem of (19) is combinatorial and a
solution in closed form does not exist in the general case
where the channel gains |htk | and |hrk | vary with k due to
multipath fading. The combinatorial nature means that a brute-
force search approach (exhaustive search) is required to find
the optimal Ar and Ah. By denoting the number of possible
combinations to be examined as Ncomb, it holds that

Ncomb =

Ms−1∑
l=1

(
Ms

l

)
= 2Ms − 2. (20)

Thus, Ncomb can be very large even for moderate Ms and a
brute-force approach is not viable in terms of execution time7.
As a result, in Section IV we provide heuristic algorithms for
solving the problem of substantially lower complexity.

Remark 3: Depending on the channel realization and PRIS,
the solution of (19) might not be feasible. In such cases, there
can be different approaches of how the communication towards
the RX can be realized. One possible solution is to have the
RIS equipped with a battery that can be used in these urgent
situations. Another approach is to harvest an amount of power
that is higher than the RIS power consumption needs so that
it can be used when the harvested power is lower than the
particular needs. Additionally, as another alternative, the TX
could switch to a sub-6 GHz band that is less susceptible
to blockages compared with mmWave bands and realize the
communication with the RX without the involvement of an
RIS8.

IV. PROPOSED ALGORITHMS AND COMPLEXITY
COMPARISON

A. Proposed algorithms

In this section, we first provide low-complexity heuristic
algorithms for solving the considered problem. Subsequently,
we prove that in the special case of equal-gain conditions in
the TX-RIS link, some of the proposed algorithms deliver
the optimal solution to the problem. Furthermore, for the
particular algorithms we provide analytical expressions for the
SNR statistics. Finally, we compare the time complexity of

7For instance, for Ms = 25 it holds that Ncomb = 33554430.
8This would be doable considering that major telecom operators plan to

use multiple bands for offering their 5G services [44].

the brute-force approach with the corresponding one of the
proposed algorithms.

By directly inspecting (19), we observe that the objective
function to be maximized depends on both the TX-RIS and
RIS-RX channel gains. Hence, at first a natural choice of
heuristic algorithms that target the maximization of the utility
function of (19) involves channel-gain ordering of either the
RIS-RX links, or product of the TX-RIS and RIS-RX links,
or TX-RIS links, and selection of the highest number of
the respective UCs for beamsteering for which the constraint
of (19) is satisfied. However, among the aforementioned 3
options, intuitively the last one that involves ordering of only
the TX-RIS links is expected to perform poorly compared to
the other 2 due to the TX-RIS links being also involved in
the energy harvesting process. Hence, allocating the strongest
TX-RIS links for maximizing the objective function of (19) in-
evitably leaves weaker TX-RIS links for satisfying the energy
harvesting constraint. This, in turn, is expected to increase the
number of UCs allocated for energy harvesting while at the
same time reducing the ones allocated for reflection compared
to the other 2 options, thus reducing the overall SNR. Due
to this, we consider channel-gain ordering of either the RIS-
RX links or the product of the TX-RIS and RIS-RX links.
This reasoning gives rise to algorithms A.1 and A.2 that are
described as follows:

Algorithm A.1 Ordering of the RIS-RX link channel gains

1: Arrange |hrm |, m = 1, 2, ...,Ms, in descending order, i.e.∣∣∣hr(1)

∣∣∣ ≥ ∣∣∣hr(2)

∣∣∣ ≥, ...,≥
∣∣∣hr(Ms)

∣∣∣.Set iteration index i = 1

2: repeat {Loop}
3: Set Ar =

{
L
(∣∣∣hr(1)

∣∣∣ , ..., ∣∣∣hr(i)

∣∣∣)}, Ah ={
L
(∣∣∣hr(i+1)

∣∣∣ , ..., ∣∣∣hr(Ms)

∣∣∣)}
4: until Constraint in (19) is not satisfied for i = is
5: Output Ar =

{
L
(∣∣∣hr(1)

∣∣∣ , ..., ∣∣∣hr(is−1)

∣∣∣)}, Ah ={
L
(∣∣∣hr(is)

∣∣∣ , ..., ∣∣∣hr(Ms)

∣∣∣)}

Algorithm A.2 Ordering of the product of the TX-RIS and
RIS-RX link channel gains

1: Arrange gm = |htm | |hrm |, m = 1, 2, ...,Ms, in descending
order, i.e. g(1) ≥ g(2) ≥, ...,≥ g(Ms). Set iteration index i = 1

2: repeat {Loop}
3: Set Ar =

{
g(1), ..., g(i)

}
, Ah =

{
g(i+1), ..., g(Ms)

}
4: until Constraint in (19) is not satisfied for i = is
5: Output Ar =

{
L
(
g(1), ..., g(is−1)

)}
, Ah ={

L
(
gi(stop) , ..., g(Ms)

)}
L (·) denotes a function that takes as argument channel gains

and returns as output the UC indices that correspond to the
particular gains. In addition to algorithms A.1 and A.2 that
target the utility function of (19), it is also reasonable to target
the constraint of (19). To this end, a rational approach is to
maximize the number of UCs participating in beamsteering
by minimizing the number of UCs dedicated for energy
harvesting. The latter is achieved by dedicating for harvesting
the UCs associated with the largest values of |htm |, according
to the proposed algorithm A.3 that is described as follows:
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Algorithm A.3 Ordering of the TX-RIS link channel gains

1: Arrange |htm |, m = 1, 2, ...,Ms, in descending order, i.e.∣∣∣ht(1)

∣∣∣ ≥ ∣∣∣ht(2)

∣∣∣ ≥, ...,≥
∣∣∣ht(Ms)

∣∣∣. Set iteration index i = 1

2: repeat {Loop}
3: Set Ar =

{
L
(∣∣∣ht(i+1)

∣∣∣ , ..., ∣∣∣ht(Ms)

∣∣∣)},

Ah =
{
L
(∣∣∣ht(1)

∣∣∣ , ..., ∣∣∣ht(i)

∣∣∣)}
4: until Constraint in (19) is not satisfied for i = is

5: Output Ar =

{
L

(∣∣∣∣∣ht(
i
(A)
s +1

)
∣∣∣∣∣ , ..., ∣∣∣ht(Ms)

∣∣∣)}, Ah ={
L
(∣∣∣ht(1)

∣∣∣ , ..., ∣∣∣ht(is)

∣∣∣)}

Special case of equal-gain propagation in the TX-RIS link:
In this special case, we have |ht1 | = . . . = |htMs

|, which
means that the pathloss is the same between the TX and every
UC. This condition is exactly satisfied in free-space far-field
propagation, but can also be approximately occurring in other
scenarios with a dominant LoS path (i.e. in Rician channels
with large K-factor). Furthermore, we focus on the TX-RIS
link for this case study since for fixed positions of the TX and
RIS the TX-RIS link is expected to be dominated by a strong
LoS component. This means that the propagation conditions
in the TX-RIS links would be close to the ideal case of equal-
gain propagation. This would arise in likely scenarios where
the TX is a base station and the RIS is mounted on a fixed
structure, such as a building. In this special case, we can prove
the following proposition.

Proposition 1: Under equal-gain propagation in the TX-RIS
link with |ht1 |2 = . . . = |htMs

|2 = β, algorithms A.1 and A.2
deliver the optimal selection of Ar and Ah with

is = Ms−


−
(
1
a

)
log

(
Pmax

PRIS

(
1− 1

1+eab

)
+ Pmax

1+eab

− 1

)
+b

ηRFPtβ

+ 1,

(21)

where ⌈·⌉ is the ceiling function. In addition, the resulting
cumulative density function (CDF) of algorithms A.1 and A.2
that is denoted by Fγeq

(γ) can be approximated by

Fγeq
(γ) ∼= 21−CeQ/2

C∑
m=0

(
C

m

)m+V∑
l=0

(−1)
l
sl

×R

mhr

Q+ j2πl

2σ
√

γ
Ptβ

 / (Q+ j2πl)

 , (22)

where

mhr
(s) = (is − 1)

(
Ms

is − 1

)∫ π
2

0

e−s tan θfhr
(tan θ)

× [1−m (0, tan θ)]Ms−is+1m (s, tan θ)
is−2

sec θ2dθ
(23)

with

m (s, x) =

∫ ∞

x

e−stp (t) dt. (24)
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Fig. 4: Time-complexity comparison versus the number of the RIS
UCs.

Furthermore, it holds that s0 = 0.5, sl = 1 for any l ≥ 1,
and C, V , and Q are constants. Moreover, fhr

(x) denotes the
probability density function of |hrm |, m = 1, 2, ...Ms.

Proof: The proof is given in Appendix A.
The range of values of C, V , and Q for which Fγeq (γ)
is computed with a good accuracy depends on the statistics
of |hrm |9. In addition, we observe that if m (s, x) can be
computed in closed form, Feq (γ) involves only a single
integral, which notably reduces the complexity for its com-
putation. Finally, we note that the higher the deviation of the
propagation conditions in the TX-RIS link is with respect
to equal-gain propagation, the higher the performance gap
between the brute-force approach and algorithms A.1 and A.2
is expected to be. This will be verified in the numerical results
of Section V.

B. Time complexity

The time complexity of the brute-force approach, which we
denote by Cbf , is given by

Cbf = O (Ncomb) = O
(
2Ms − 1

)
. (25)

As far as the proposed heuristic algorithms are concerned,
they all rely on numerical sorting and, hence, they exhibit the
same time complexity. This consists of two parts. The first
part is related to the complexity associated with the numerical
sorting. By using, for instance, the heapsort algorithm [46],
the time complexity for numerical sorting of algorithms A.1,
A.2, A.3 scales with Ms log (Ms). The second part is related
to the search required until the solution is reached for the 3
algorithms, In the worst case scenario, the algorithms reach a
solution after Ms − 1 searches, hence their time complexity
scales with Ms − 1 as an upper bound. As a result, for the
total time complexity of the proposed algorithms, which we
denote by Cal, it holds that

Cal = O (Ms log (Ms) +Ms − 1) . (26)

To substantiate, the computational advantage of the pro-
posed algorithms with respect to the brute-force approach,
in Fig. 4 we illustrate the logarithm of the ratio of the

9In [45] the authors find that the values Q = 30, V = 18, and C = 24
give a good accuracy for Rician channels.
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Signaling

period

Energy 

harvesting
Payload transmission

Fig. 5: Frame structure in the time-splitting case.

number of computations needed for the brute-force approach
over the corresponding one of the proposed algorithms versus
the number of RIS elements assuming Mx = My . As we
observe from Fig. 4, the computational benefit of the proposed
algorithms with respect to brute force substantially increases
for increasing number of RIS elements.

C. Comparison with the time-splitting approach

Let is now examine how the proposed UC-splitting approach
for energy harvesting compares with the traditional time-
splitting approach. The latter protocol, as it is presented
in [13], [14], employs a dedicated time interval to energy
harvesting during the frame structure in which all the UCs
act as absorbers. This interval is followed by the payload
transmission interval where all the UCs act as reflectors
for beamforming the impinging wave towards the RX. The
mentioned frame structure is depicted in Fig. 5. The number
of time slots devoted to energy harvesting is denoted by Nh.

As far as the power consumption of the time splitting proto-
col with respect to its UC-splitting counterpart is concerned,
after the signaling period and the estimation of the channel
coefficients a reconfiguration period is needed to adjust the
impedance of all the UCs so that they act as perfect absorbers
and another one during the payload transmission period so
that they act as perfect reflectors. Consequently, the dynamic
power consumption in the time-splitting protocol is larger by
NrecMsEUC

T with respect to the UC-splitting one. Hence, by
denoting the RIS power consumption in the time-splitting case
by PTS

RIS, it holds

PTS
RIS = Ms

(
Pst + 3

NrecEUC

T

)
= Ms

(
Pst + 3

EUC

Tfr

)
(27)

On the other hand, the SNR during the payload transmission
is larger in the time-splitting case since all the UCs are used
for beamforming towards the RX. By denoting it as γTS (Ar),
it holds

γTS (As) =
Pt

σ2

(
Ms∑
k=1

|htk | |hrk |

)2

, (28)

where As denotes the set of all the UCs, i.e. As = Ah ∪Ar.
From the frame structure depicted in Fig. 5 we observe

that in the time-splitting protocol the RIS harvests energy for
Nh

Nfr−Nsl
of the respective time of its UC-splitting counterpart.

Hence, considering that the resulting SNR is always the
maximum achievable in the time-splitting case, the equivalent
formulation of (18) concerns only the minimization of Nh so

that the payload transmission time is maximized. Hence, we
have

minimize
Nh

Nh

subject to Nh

Nfr−Nsl
PDC (As) ≥ PTS

RIS .
(29)

(29) has the following closed-form solution, denoted by N∗
h

N∗
h =

⌈
(Nfr −Nsl)P

TS
RIS

PDC (As)

⌉
. (30)

Remark 4: Form the above we understand that the time-
splitting protocol results in a higher energy consumption than
its UC counterpart. On the other hand, time splitting results
in the highest achievable SNR due to the participation of all
the UCs in beamforming towards the RX. In addition, it does
not incur any time complexity for the optimal allocation of
resources to energy harvesting (computation of N∗

h ) since a
closed-form solution exists. Although the latter seem advan-
tageous, we should keep in mind that devoting separate time
slots to energy harvesting means that a smaller amount of
time is spent for payload transmission compared to the UC-
splitting case. This translates to the scaling of the logarithm
function in Shannon’s formula with a smaller factor than in
the UC case. In particular, the achievable instantaneous rate
in the UC-splitting case, which we denote by R, is given by

R =
Nfr −Nsl

Nfr
log2

1 +
Pt

σ2

(∑
k∈Ar

|htk | |hrk |

)2
 . (31)

On the other hand, for the time splitting case, the instantaneous
achievable rate RTS is given by

RTS =
Nfr −Nh −Nsl

Nfr
log2

1 +
Pt

σ2

(
Ms∑
k=1

|htk | |hrk |

)2
 .

(32)

By comparing (31) and (32) we expect that the achieveable rate
in the UC-splitting case is notably higher in the medium and
high SNR region due to the scaling of the logarithm function
with a higher factor. Hence, if the resulting SNR is not the
only target, but the rate is also important, the examined in
this work UC-splitting protocol might be a preferred choice.
This is also due to practical implementation reasons since the
time-splitting approach would need a redesign of the frame
structure so to accommodate time slots dedicated to energy
harvesting.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we first provide a case study for the propa-
gation conditions in the TX-RIS and RIS-RX links by incor-
porating the well-known Rician fading model. Subsequently,
based on this channel model, we present numerical results
related to the optimization problem and the proposed heuristic
solutions, which verify our claims. Moreover, we substantiate
the impact of the TX-RIS distance on the effectiveness of
energy harvesting. Finally, we examine how the proposed UC-
splitting approach compares with its time-splitting counterpart.
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A. Channel case study and geometrical arrangements

1) Channel case study: Rician fading: We assume that both
the TX-RIS and RIS-RX links are subject to uncorrelated10

Rician fading, with corresponding K-factors denoted by K1

and K2, respectively. Such a distribution is justified by the
elevated position of an RIS in practical scenarios with distinct
LoS paths and diffuse multipaths for both the TX-RIS and
RIS-RX channels. In addition, the suitability of the Rician
distribution is supported by channel measurements in both sub-
6 GHz and mmWave bands [48], [23]. Furthermore, as far as
the radiation pattern of each UC is concerned with respect to
the azimuth angle θ, it can be expressed as

Gs (θ) = 4cos (θ), 0 ≤ θ < π/2. (33)

This model is supported by the measurements [49]. By consid-
ering for simplification a free-space propagation based path-
loss exponent model11, it holds that

ht =

√(
λ

4π

)2
Gt (θt,d)Gs (θRIS,a)

d2t

×
[
ej

2π
λ

dt1 +m1 · · · e
j 2π

λ
dtMs +mMs

]
hr =

√(
λ

4π

)2
Gr (θr,a)Gs (θRIS,d)

d2r

×
[
ej

2π
λ

dr1 +p1 · · · e
j 2π

λ
drMs +pMs

],
(34)

where λ is the wavelength and dtk , drk , k = 1, 2, ....,Ms, are
the distances between the TX and the center of the kth UC and
between the center of the kth UC and the RX, respectively.
Furthermore, θt,d, θr,a, θRIS,a, and θRIS,d denote the departure
angle from the TX antenna, the arrival angle at the RX antenna,
the arrival angle at the RIS, and the departure angle from the
RIS, respectively. In addition, mk ∈ CN

(
0, σ2

t

)
and pk ∈

CN
(
0, σ2

r

)
represent the multipath complex envelopes of the

Rayleigh fading describing the diffuse scattering in the TX-
RIS and RIS-RX links, respectively. Hence, for the mentioned
Rician K1 and K2 factors, it holds

K1 =
1

σ2
t

, K2 =
1

σ2
r

. (35)

2) Geometrical arrangements: Without loss of generality,
we assume that the planes of the TX and RX antennas are
parallel to each other and the plane of the RIS is vertical to
the TX and RX antenna planes. In addition, by dt−r,h, dt,h,
dt,v , dr,v , ht, hr, and hRIS we denote the horizontal TX-RX
distance, the horizontal TX-RIS distance, the vertical TX-RIS
distance, the vertical RIS-RX distance, the height of the TX,
the height of the RX, and the height of the RIS, respectively.

10This may approximately hold only for dx and dy equal to half wavelength
[47]. However, this does not limit the generality of our framework since the
correlation among the channels corresponding to the individual UCs can be
incorporated into the framework according to an existing model that describes
the relation between channel correlation and dx, dy [47].

11In cases of dominant LoS components, the actual path-loss exponent is
expected to be close to the free-space propagation one.

Then, it holds

dt =
√

d2t,h + d2t,v + (hRIS − ht)
2

dr =
√

(dt−r,h − dt,h)
2
+ d2r,v + (hRIS − hr)

2

θt,d = tan−1


√

d2t,v + (hRIS − ht)
2

dt,h


θr,a = tan−1


√
d2r,v + (hRIS − hr)

2

|dt−r,h − dt,h|


θRIS,a =

π

2
− θt,d

θRIS,d =
π

2
− θr,a.

(36)

B. Results

For the numerical results, we consider the parameter values
presented in Table I12.

TABLE I: Parameter values used in the simulation.

Parameter Value Parameter Value

f 28 GHz dtx , drx , dx
dty , dry , dy

λ/2

Pt 1 W σ2
r 0.3

Mtx , Mty 50 Mrx , Mry 20
dt−r,h 50 m Tslot 2.44 ns [30]
dt,h 15 m dt,v 6 m
dr,v 10 m ht, hr 3 m
hRIS 12 m Nsl 1000
FdB 10 dB a 120

b 10−3 Pmax 20 mW
W 500 MHz Pst 2 µW
Nfr 10000 ϵt, ϵr 0.9

Our first goal is to examine how close the performance of
the proposed algorithms A.1, A.2, A.3 is to the corresponding
brute-force approach and how better they perform with respect
to the random subset selection for channel conditions in the
TX-RIS link that range from free-space propagation to notable
scattering. Towards this, in Fig. 6 we depict the cumulative
density function of γ, denoted by Fγ (x) and obtained by
Monte-Carlo simulations for the brute-force approach and the
proposed algorithms. As we observe, algorithms A.1 and A.2
result in the same performance as the one of the brute-force
approach for σ2

t = 0 and the performance gap increases
with increasing σ2

t , which validates our remark at the end of
Section IV. However, we observe that even in the σ2

t = 0.1
case, the performance of Algorithm A.1 remains relatively
close to the corresponding one of brute force. In addition, we
observe that all 3 algorithms perform significantly better than
the random selection scheme. We also observe from Fig. 7 that

12In contrast to a linear structure, the considered λ/2 distance of adjacent
UCs located in the same axis does not eliminate spatial correlation due to
the RIS planar structure and the resulting λ

2

√
2 distance of adjacent UCs

belonging to the different axes. However, due to the fact that such a correlation
is small for dx = dy = λ/2 [47], we ignore it in this work and consider
uncorrelated Rician fading.
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t = 0 (K1 → ∞).

10 11 12 13 14 15 16 17 18 19 20
0

0.2

0.4

0.6

0.8

1

Brute force

Algorithm A.1

Algorithm A.2

Algorithm A.3

Random selection

(b) σ2
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Fig. 6: Fγmax (x) vs. x for Mx = 5 and My = 2 (Ms = 10).
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Fig. 7: Fγmax (x) vs. x for Mx = 4 and My = 4 (Ms = 16) and
σ2
t = 0.1.

depicts Fγ (x) for Mx = 4, My = 4, and σ2
t = 0.1 that the

gap of algorithm A.1 with respect to the brute-force approach
remains the same as in the case Mx = 5, My = 2. This is
important since it gives an indication that the number of RIS
UCs do not have an effect on the performance gap between
algorithm A.1 and the brute-force approach.

Secondly, let us explain why algorithm A.1 provides the
best performance among the proposed algorithms. This trend
is counter-intuitive since it would be expected that the best
performance is achieved by an algorithm that takes also into
account the gain of the TX-RIS links since they are involved in
both the end-to-end SNR and DC harvested power, according
to (19). However, we can intuitively justify the resulting trend
thinking that such an inter-dependency between the objective
function and constraint in (19) due to the TX-RIS channel
gains would dictate the need for an algorithm that is not based
on the particular gains. This way, such an inter-dependency
is balanced. Otherwise, an algorithm with which channel-
gain ordering of the TX-RIS link targets either the objective
function or the constraint in (19) can have a negative effect
on the constraint or the utility objective function, respectively,
due to the conflicting inter-dependency. The aforementioned
rational is further substantiated by Table II, which presents
the probability mass function of the random variables that
represents the number of harvesting UCs for the brute-force
approach and the proposed algorithms in the case where
σ2
t = 0.1, Mx = 5, and My = 2.
As we observe from Table II, the number of harvesting UCs

with the highest probability is smaller for algorithm A.1 than
the corresponding one of algorithm A.2. This occurs due to the
fact that algorithm A.2 involves channel-gain ordering which
incorporates the TX-RIS link. Hence, the UCs selected for
beamsteering in the particular algorithm exhibit on average
higher values of the TX-RIS channel gains than the ones in
algorithm A.1. This explains the fact that a smaller number of
UCs on average is required for energy harvesting in algorithm
A.1, which allows higher flexibility for the maximization of
the SNR. In contrast, algorithm A.3 results in a smaller number
of selected harvesting UCs than the one in algorithm A.1
since the former incorporates channel-gain ordering of the
TX-RIS link that targets the minimization of the number of
UCs satisfying the constraint in (19). On the one hand, this
minimizes the number of harvesting UCs but, on the other
hand, it results in smaller, on average, channel gains for the
UCs participating in beamsteering compared to algorithm A.1.
This explains why the balanced approach of algorithm A.1 that
does not involve UC selection based on the TX-RIS channel
gains results in the best performance among the proposed
algorithms.

Finally, let us examine whether the performance gap among
the proposed algorithms changes and their gain with respect
to random selection varies for increasing Ms. Towards this,
in Fig. 8 we depict the average SNR, denoted by γ̄ for the
proposed algorithms and random selection with respect to the
number of RIS UCs by assuming Mx = My and σ2

t = 0.1.
As we observer from Fig. 8, the performance gap among the
examined schemes remains almost the same. With respect to
the random selection scheme algorithm A.1 results in an SNR
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TABLE II: Probability mass function of Mh for σ2
t = 0.1, Mx = 5, and My = 2.

Algorithm Mh

1 2 3 4 5 6 7 8 9
Brute force 0.023 0.307 0.475 0.168 0.025 0.002 0 0 0

A.1 0 0.051 0.254 0.289 0.253 0.119 0.026 0.006 0.002
A.2 0 0.005 0.029 0.129 0.277 0.309 0.18 0.062 0.009
A.3 0.041 0.573 0.342 0.042 0.002 0 0 0 0

Random selection 0.005 0.049 0.25 0.349 0.212 0.097 0.033 0.004 0.001
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Fig. 8: Average SNR versus the number of the RIS UCs.
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Fig. 9: Average SNR vs. EUC for Mx = My = 10, σ2
t = 0.1, and

different dt,h in the case of algorithm A.1.

gain of around 3 dB, which is a quite notable gain.

C. Impact of the TX-RIS distance

Now, to substantiate the impact of the TX-RIS distance on
the energy that is harvested, in Fig. 9 we illustrate the average
SNR vs. EUC plots for 3 values of dt,h. As we observe, the
higher dt,h is, the smaller the range of EUC is where RIS is
operational, as expected. This clearly indicates that the RIS
should be placed as close to the TX as possible for increasing
the EUC operational range.

D. Comparison with the time-splitting protocol

Let us now compare the performance of algorithm A.1
with the time-splitting protocol in terms of both average SNR
and rate and total RIS power consumption. The comparison
is illustrated in Fig. 10. As we observe, although there is a
notable average SNR advantage of the time-splitting protocol
since all the UCs are devoted to reflection for information
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(b) Average rate vs. EUC.
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Fig. 10: Performance comparison of UC splitting (algorithm A.1)
with its time-splitting counterpart for Mx = My = 10 and σt = 0.1.

transmission, the fact that dedicate slots are required for energy
harvesting significantly impacts the resulting average rate.
In particular, we see that in the UC splitting approach the
average rate is slightly reduced for the considered EUC range,
whereas the degradation is linear in the time splitting case. For
EUC = 120 pJ the average rate of the UC splitting approach
is about 10 times higher than the corresponding time-splitting
one. Finally, in terms of total RIS power consumption we
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observe the higher consumption of the time-splitting protocol
due to its higher dynamic power consumption compared to its
UC-splitting counterpart.

VI. CONCLUSIONS

We have conducted this work to provide an answer to
whether the widely argued RIS advantage of nearly-passive
operation compared to conventional active relaying can result
in autonomous operation of the former by means of wireless
energy harvesting from information signals. This is an impor-
tant consideration because if the RIS technology requires a
dedicated power supply, then the benefits over active relays
in terms of deployment flexibility might be minuscule. To
obtain a credible answer, we have identified the main RIS
power-consuming modules and, under the UC-splitting proto-
col and in contrast to previous works, introduced an energy-
consumption model for the novel integrated architecture that
takes into account the energy consumption for channel estima-
tion. Furthermore, we have formulated a UC subset allocation
optimization that targets the SNR maximization while at the
same time meeting the RIS energy-consumption demands.
To solve this intractable problem, we have provided low-
complexity heuristic policies based on channel-gain ordering
and proved that some of these deliver the optimal allocation
under equal-gain conditions in the TX-RIS link. For these
policies we also provided an analytical formula for the SNR
statistics.

Numerical results validated the close performance of some
of the proposed policies with the one obtain by brute force
and their notable performance gain over the naive random
subset selection. In addition, they have revealed the counter-
intuitive outcome that the best performance is achieved by the
algorithm that is based on channel-gain ordering of only the
RIS-RX link. Finally, we have substantiated the importance
of the RIS placement in the effectiveness of energy harvesting
and showed the tradeoff between SNR and rate regarding the
comparison of the UC-splitting approach with its time-splitting
counterpart.

APPENDIX A
PROOF OF PROPOSITION 1

Since |htm |2 = β, for m = 1, 2, ...,Ms, it follows that∑
i∈Ah

|hti |
2
= Mhβ. By solving (19) with respect to Mh,

we have

Mh =


−
(
1
a

)
log

(
Pmax

PRIS

(
1− 1

1+eab

)
+ Pmax

1+eab

− 1

)
+ b

ηRFPtβ


. (37)

In addition, since every possible selection of Mh energy har-
vesting UCs out of the total Ms UCs would result in the same
harvested power due to the condition

∑
i∈Ah

|hti |
2
= Mhβ,

the ones that are selected are the ones that associated with
the Mr lowest values of |hrm | so that γ (Ar) is maximized.
Based on this, the optimal solution of the optimization problem
is given by algorithm A.1 for is given by (21). Furthermore,
this optimal solution can also be reached by algorithm A.2

due to fact that for |htm | =
√
β algorithm A.2 degenerates to

algorithm A.1.
Now, as far as Feq (γ) is concerned, γ consists of the

squared summation of is − 1 ordered random variables cor-
responding to the TX-RIS links. Hence, the same process as
in [45] can be used for extracting Feq (γ). This concludes the
proof of Proposition 1.
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