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Abstract—In this work, we propose a time- and a unit cell-
splitting protocol for supplying the energy needs of reconfigurable
intelligent surfaces (RISs) through wireless energy harvesting
(EH) from information signals. We first compute the RIS energy
consumption per frame that is common for both protocols and
incorporates the energy burden for channel estimation. Based
on it, we subsequently formulate an optimization problem that
maximizes the average rate under the constraint of meeting the
RIS long-term energy consumption demands. In addition, closed-
form solutions regarding the optimal allocation of resources are
provided for both protocols in the case of deterministic channel
gains for the transmitter-RIS links and a methodology to obtain
such a solution in the general case of random channels. Finally,
for the optimal resource allocation for both protocols numerical
results based on Monte-Carlo simulations reveal that the unit
cell-splitting protocol exhibits a superior performance compared
to its time-splitting counterpart.

Index Terms—Autonomous operation, reconfigurable intelli-
gent surfaces (RISs), wireless energy harvesting (EH).

I. INTRODUCTION

Circumventing cost and high energy consumption issues of
active relays that are equipped with power-hungry amplifiers,
the paradigm of reconfigurable intelligent surfaces (RISs)
could potentially achieve the coverage enhancement required
in dense urban scenarios, especially for millimeter wave
(mmWave) bands that are highly susceptible to blockages [1].
This has led to the characterization of RISs as nearly passive
structures, which raises the question of whether RISs can be
powered by means of wireless energy harvesting (EH). Such a
groundbreaking feature has been proposed particularly for the
so-called integrated architecture for altering the impedance of
the unit cells (UCs) that relies on a network of integrated and
interconnected electronic chips [2].

Why autonomous RISs?: Let us first identify indicative
scenarios in which autonomous RIS operation is a desirable
feature. Such scenarios are depicted in Fig. 1. In particular,
power-grid unavailability and aesthetics issues might limit the
deployment of RISs onto 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

Fig. 1: Indicative scenarios in which autonomous RIS operation is
desirable.

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.

Related works: Few recent works have started incorporating
the feature of autonomy by wireless EH from information
signals, either through time splitting [3], [4], UC splitting [5–
7], or both protocols [8]. In the time-splitting case, dedicated
disjoint time intervals are allocated for either EH through
absorption or information transmission through reflection. In
the UC-splitting one there is a common time interval for both
EH and information transmission by devoting a subset of UCs
for EH and its orthogonal complement subset for information
transmission. All these works consider online optimization
schemes for the allocation of resources that, on the one hand,
satisfy the RIS energy demands and, on the other hand, meet
the end-to-end service demands.

Motivation and contribution: The aforementioned works
on autonomous RISs need instantaneous channel estimates,
which in several cases are very difficult or even impossible
to acquire. Apart from this, the energy burden associated with
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Fig. 2: RIS-assisted communication due to a blocked direct link.

the reconfigurations of the UCs needed for channel estimation
is overlooked. Moreover, prior literature aims at presenting the
capabilities of online learning approaches. As a consequence,
they do not provide an in depth comparison of the time- and
UC- splitting protocols.

Motivated by the above, the contribution of this work can
be summarized as follows:

• We present a time-splitting and a UC-splitting wireless
EH protocol for RISs that incorporate the channel esti-
mation phase. This allows us to accurately compute the
RIS energy consumption during a frame transmission.

• In contrast to previous works that consider online re-
source allocation based on instantaneous channel esti-
mates, we consider low-complexity offline schemes for
the two presented protocols, based on long-term statis-
tics. Closed-form solutions that target the average rate
maximization are provided for both protocols in the case
of deterministic channel gains for the transmitter (TX)-
RIS links, as well as a methodology for obtaining the
solution in the general case of random channel gains.

The rest of this manuscript is structured as follows. In
Section II, the system and channel models are presented
together with the considered channel estimation protocol and
the resulting RIS energy consumption per frame, based on
the employed power-consumption model. In Section III, we
initially compute the harvested energy per transmission frame.
Subsequently, we introduce the proposed time- and UC-
splitting protocols and, finally, we compute the instantaneous
signal-to-noise ratio (SNR) and achievable rate. In Section IV,
the formulation of the problem of interest is presented together
with a methodology for its solution in the general case of
random TX-RIS channel gains and an exact solution in the
case of deterministic gains. Numerical results that substantiate
the analytical findings are presented in Section V-A, while the
main takeaways of this work are summarized in Section VI.

II. SYSTEM, CHANNEL, AND RIS POWER-CONSUMPTION
MODEL

A. System model

As illustrated in Fig. 2, we consider a scenario in which a
directional TX communicates with a directional receiver (RX)

through an 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. 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. In
addition, we assume that the RIS is not equipped with an
external power supply, but it relies on EH from the incoming
power related to the transmission of the TX. Through this
harvested energy it can achieve autonomous operation. The
transmission power of TX is equal to Pt. Finally, we assume
that the received signal is subject to additive white complex
Gaussian noise with power σ2, 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 [9].

B. Channel model

We assume a flat-fading channel model1 where the complex
envelope channel vectors of the TX-RIS and RIS-RX links can
be respectively obtained as

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

]T , (1)

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).

C. Channel-estimation protocol

For the estimation of ht and hr, we consider the approach
presented in [10] that is suitable for rank-deficient (sparse)
TX-RIS and RIS-RX channels. Such a sparsity is expected
to be encountered in TX-RIS and RIS-RX links that consist
of few dominant components, such as the line-of-sight (LoS)
component and weak diffuse ones, as it is the case with
mmWave and THz channels. According to [10], for effective
recovery of ht and hr during each time slot of the preamble
duration, which we denote by Npr, some of the UCs are in the
‘Off’ state (0 value) and some in the ‘On’ state (1 value) and
the position of 0’s and 1’s changes at each slot. We denote
the percentage of UCs that are in state ‘1’ at each slot of the
preamble equal to µ. As stated in [10], the recovery of the
TX-RIS and RIS-RX links is more effective for low values
of µ. Based on this, in the worst-case scenario the number
of state changes during the training period is equal to twice
the number of its ‘On’ states, i.e. 2µNpr. In addition, after
the training period an additional reconfiguration of the RIS
is needed where the impedance of the UCs is adjusted based
on the channel estimates. Hence, the upper bound of the total

1The flat fading assumption can hold even in the large-bandwidth case of
mmWave and THz links due to the small delay spreads associated with highly
directional transmissions. Furthermore, due to the comparative nature of this
work the outcomes are not expected to change in the case of frequency-
selective channels.
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amount of reconfigurations for the Ms UCs, which we denote
by N tot

rec , is given by

N tot
rec = Ms (2µNpr + 1) . (2)

D. RIS power-consumption model and total energy consump-
tion per frame

1) RIS power-consumption modules: Under the consider-
ation of the integrated control architecture, we assume that
one chip controls the impedance of a single UC. Furthermore,
for the radio frequency (RF)-to-direct currrent (DC) power
conversion that is needed to power the electronic modules of
the RIS, we assume that a passive rectifier circuit follows an
RF combiner that combines the absorbed RF powers related
to each UC [11]. Hence, the power consumption of the RIS is
only the result of the static and dynamic power consumption
of the Ms electronic chips that adjust the UC impedance.

2) RIS energy consumption per frame: Let us now evaluate
the RIS energy consumption per frame, denoted by Efr

tot. It
holds that [12, Eq. (4.5)]

Efr
tot = Efr

st + Efr
dyn, (3)

where Efr
st and Efr

dyn denote the static and dynamic RIS energy
consumption. Regarding Efr

st, it is expected to scale linearly
with the number of UCs. Hence, denoting the total number
of time slots per frame by Nfr, their duration by Tsl, and the
static power consumption per chip by Pst, it holds

Efr
st = MsNfrTslPst. (4)

As far as Efr
dyn is concerned, based on (2) and by considering

that the energy cost for a UC reconfiguration is EUC, for the
upper bound on Efr

dyn per frame it holds

Efr
dyn = N tot

recEUC = Ms (2µNpr + 1)EUC. (5)

In addition, we note that in this work we consider the
overprovisioning of the system in terms of EH based on the
upper bound on the amount of UC reconfigurations per frame
and, hence, the maximum value of Efr

dyn. Consequently, based
on (4) and (5), it holds

Efr
tot = Ms (NfrTslPst + (2µNpr + 1)EUC) . (6)

III. HARVESTED ENERGY PER FRAME AND PROPOSED
TIME/UC-SPLITTING ARCHITECTURES

A. Harvested energy per frame

Let us denote the set of the UCs used for harvesting (the
same for each frame) by Ah and of all the UCs by As, i.e.

As = {1, 2, ...,Ms} . (7)

Consequently, it holds that Ah ⊆ As. In addition, we denote
the set of the UCs dedicated for reflection by Ar. As a result,
Ar is the orthogonal complement of Ah, i.e. Ar = AC

h .
Finally, the number of UCs in Ah and Ar is denoted by Mh

and Mr, respectively. Hence, Mh +Mr = Ms.

Fig. 3: Preamble phase, common for both the proposed time-splitting
and UC-splitting protocols.

Fig. 4: Frame structure in the time-splitting protocol.

As for the DC harvested power at a time slot of the nth

frame dedicated for EH, either solely or in parallel with
information transmission, denoted by PDC (Ah), it holds [13]

PDC (Ah) =

Pmax

1+e−a(PRF(Ah)−b) −
Pmax

1+eab

1− 1
1+eab

, (8)

where PRF (Ah) is the harvested RF power that is inputted
to the rectifier and Pmax is a constant denoting the maximum
harvested power when 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. The non-
linear model of (8) has been extensively validated through
experimental measurements [13].

Regarding PRF (Ah), it is given by

PRF (Ah) = Pt

∑
i∈Ah

|hti |
2
, (9)

where Pt is the TX power. Finally, by denoting the number of
time slots (the same for each frame) dedicated to EH by Nh

and the amount of the harvested energy by Eh, it holds

Eh = PDC (Ah)NhTsl. (10)

B. Proposed time-splitting protocol

In the proposed time-splitting protocol, after the preamble
phase that is depicted in a time interval for wireless power
transfer follows where all the UCs of the RIS are dedicated
to EH. This interval has a duration of Npt slots. Finally,
the payload transmission interval follows with a duration of
Npl time slots where all the UCs of the RIS are dedicated
to focusing towards the RX through perfect reflection. By
denoting the number of time slots in a frame as Nfr, it holds

Nfr = Npr +Npt +Npl. (11)
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Fig. 5: Post-preamble time-splitting protocol functionality.

Fig. 6: Frame structure in the UC-splitting architecture.

Illustratively, the frame structure is depicted in Fig. 4 and the
functionality of the RIS for the post-preamble frame intervals
is depicted in Fig. 5.

C. Proposed UC-splitting protocol

The frame structure is depicted in Fig. 6. After the pream-
ble transmission, simultaneous wireless power transfer and
information transmission are realized by dedicating a subset
of UCs for EH through perfect absorption and the rest for
information transmission by acting as perfect reflectors and
focusing towards the RX. Illustratively, the functionality of
the RIS for the post-preamble frame interval is depicted in
Fig. 7. In addition, in the UC-splitting protocol it holds that
Npt = 0. Hence,

Nfr = Npr +Npl. (12)

D. Instantaneous SNR and rate

1) SNR: After adjusting the UCs impedance so that the
departing signals from the UCs are coherently combined at the
RX, the maximum instantaneous SNR related to information
transmission towards the RC, denoted by γ, can be obtained
by following the standard approach as in [9].

γ =
Pt

σ2

(∑
k∈Ar

|htk | |hrk |

)2

. (13)

Fig. 7: Post-preamble UC-splitting protocol functionality.

2) Rate: Based on (13), the instantaneous rate R is given
by

R =
Npl

Nfr
W log2

1 +
Pt

σ2

(∑
k∈Ar

|htk | |hrk |

)2
 . (14)

IV. PROBLEM FORMULATION AND SOLUTION

We target the allocation of the resources in a way that
the achievable average rate in a duration of a sufficiently
large number of frames, denoted by K, is maximized. At
the same time, the probability that the harvested energy,
denoted by E1→K , in the K-frame duration is smaller than the
corresponding RIS energy consumption requirements should
not exceed a threshold.

A. Time-splitting protocol

It holds

E1→K =

K∑
n=1

Eh = (Nfr −Npr −Npl)Tsl

K∑
n=1

PDC (As) .

(15)

Problem A: Average rate maximization: This problem is
formulated as

maximize
Npl

R̄(K) (Npl)

subject to Pr
{
E1→K ≤ KEfr

tot

}
≤ ϵ,

(16)

where ϵ is an outage probability threshold, R̄(K) {·} denotes
the average rate value for the K-frame duration, and Pr {·}
denotes probability. We note that for sufficiently large K it
holds that R̄(K) (Npl) ∼= R̄ (Npl), where R̄ (Npl) is the mean
value of R (Npl), due to the law of large numbers. Based on
(14) and (15), (16) can be rewritten as

maximize
Npl

Npl

subject to Pr
{∑K

n=1 PDC (As) ≤ KEfr
tot

(Nfr−Npr−Npl)Tsl

}
≤ ϵ.

(17)

According to (17), we understand that the computation of
the optimal value of Npl, which we denote by N∗

pl, requires
the knowledge of the cumulative density function (CDF) of∑K

n=1 PDC (Ah), where Ah ⊆ As.
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B. UC-splitting protocol

It holds

E1→K =

K∑
n=1

Eh = (Nfr −Npr)Tsl

K∑
n=1

PDC (Ah) . (18)

Problem B: Average rate maximization: The problem is
formulated as

maximize
Mr

R̄(K) (Mr)

subject to Pr
{
E1→K ≤ KEfr

tot

}
≤ ϵ.

(19)

Based on (14) and (18), (19) can be rewritten as

maximize
Mr

Mr

subject to Pr
{∑K

n=1 PDC (Ah) ≤ KEfr
tot

(Nfr−Npr)Tsl

}
≤ ϵ.

(20)

According to (20) and similar to the time-splitting case, the
computation of the optimal value of Mr, which we denote by
M∗

r , requires the knowledge of the CDF of
∑K

n=1 PDC (Ah).

C. Computation of the CDF of
∑K

n=1 PDC (Ah)

Proposition 1: The CDF of
∑K

n=1 PDC (Ah) is uniquely
determined by the knowledge of the CDF of

∑
i∈Ah

|hti |
2.

Proof : By considering that the channel gains among different
frames are independent,

∑K
n=1 PDC (Ah) consists of the sum-

mation of K independent random variables following the same
distribution. Hence, its moment generating function (MGF) is
given by the MGF of the particular distribution raised at the
power of K. Regarding the MGF of the mentioned distribu-
tion, it is uniquely determined by the CDF of PDC (Ah), which
we denote by FDC (x). From (8) it holds that

FDC (x)=F|ht|

1

Pt

−1

a
ln

 Pmax

x
(
1− 1

1+eab

)
+ Pmax

1+eab

−1

+b

 ,

(21)

where F|ht| (x) is the CDF of
∑

i∈Ah
|hti |

2. Finally, after the
computation of the MGF of

∑K
n=1 PDC (Ah) its CDF can be

obtained by an inverse transform.
Special case-Deterministic TX-RIS links:
Proposition 2: In the case of deterministic TX-RIS links,

such as the case of free-space propagation, for which |hti | = c,
N∗

pl and M∗
r are given by

N∗
pl =

⌊
− 1

Tsl

Efr
tot

(
1− 1

1+eab

)
Pmax

1+e−a(PtMsc−b) − Pmax

1+eab

+Nfr −Npr

⌋
(22)

and

M∗
r = Ms −

⌈(
1

Ptc

(
−1

a
ln

(
Pmax

D
−1
)
+b

))⌉
, (23)

where D =
Efr

tot

(Nfr−Npr)Tsl

(
1− 1

1+eab

)
+ Pmax

1+eab .
Proof : (22) and (23) originate by solving the constraints of

(17) and (20) for |hti | = c.

V. NUMERICAL RESULTS

A. Case study: Rician fading
Let us assume that both the TX-RIS and RIS-RX links are

subject to uncorrelated2 Rician fading, with corresponding K-
factors denoted by K1 and K2, respectively. Furthermore, we
consider that each UC is an electrically-small and low-gain
element with a cosine gain pattern, with respect to the azimuth
angle θ, expressed as [15]

Gs (θ) = 4cos (θ), 0 ≤ θ < π/2. (24)

Finally, by Gt and Gr, we denote the gains of the TX and
RX antennas in the directions of the RIS. Based on these, it
holds that

ht =

√(
λ

4π

)2
GtGs (θinc)

d2t

[
ej

2π
λ

dt1 +m1 · · · e
j 2π

λ
dtMs +mMs

]
hr =

√(
λ

4π

)2
GrGs (θdep)

d2r

[
ej

2π
λ

dr1 +p1 · · · e
j 2π

λ
drMs +pMs

]
,

(25)

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, θinc and θdep denote the incident angle on the
RIS and departure angle from the RIS of the dominant LoS
component, 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.

B. Results

TABLE I: Parameter values used in the simulation.

Parameter Value Parameter Value

f 28 GHz dx, dy λ/2

Mx, My 15 σ2
t 0

Pt 1 W σ2
r 0.3

Gt 40 dBi Gr 22 dBi
dt 19 m dr 38 m
Nfr 104 Npr 103

θinc 45◦ θdep 60◦

FdB 10 dB a 120

b 10−3 Pmax 20 mW
W 100 MHz ηRF 0.5
Pst 2 µW Tsl 1 µs
µ 0.2 K 104

We consider the parameter values of Table I. Since free-
space propagation is assumed for the TX-RIS links (σ2

t = 0),
N∗

pl and M∗
r for the time- and UC-splitting protocols are given

by (22) and (23), respectively. Fig. 8 depicts the average rate
in both cases versus EUC. As we observe, the UC-splitting
protocol substantially outperforms its time-splitting counter-
part. This is further substantiated by Fig. 9 that illustrates

2This approximately holds only for dx and dy equal to half wavelength
[14]. However, any correlation among the links can be readily incorporated
into the framework according to the model of [14].
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Fig. 8: K-frame average rate vs. the energy cost of a UC reconfigu-
ration.
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Fig. 9: Average rate ratio vs. EUC.

the ratio of the average rate of the UC-splitting protocol
over the corresponding one of the time-splitting protocol. As
we observe, the gap increases for increasing EUC. This is
attributed to the fact that the corresponding reduction of the the
resources allocated to reflection affects the multiplicative term
outside the logarithm function in the time-splitting protocol,
whereas it affects the SNR term inside the logarithm function
in the UC-splitting protocol, according to (14). Consequently,
the effect on the time-splitting protocol is more pronounced.

VI. CONCLUSIONS

We have conducted this work to give an answer to sys-
tem designers of whether a time-splitting or a UC-splitting
protocol for autonomous RIS operation is more beneficial in
terms of average rate. Towards the aforementioned goal, we
have proposed two realistic protocols for such architectures
that take into account the energy consumption demands for
channel estimation. In addition, for both architectures we have
considered low-complexity offline schemes for the optimal
allocation of resources for EH, based on long-term statistics
that involve the average rate maximization while meeting the
long-term RIS energy consumption demands. A closed-form
solution was provided in the case of deterministic channel
gains for the TX-RIS links and a methodology to obtain such
solution in the case of random channels. Numerical results

reveal that the UC-splitting protocol notably outperforms its
time-splitting counterpart and the gap increases for increasing
RIS energy consumption.
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