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Abstract—In this work, we analytically compare the perfor-
mance of the time- and unit cell-splitting protocols for satisfying
the energy needs of reconfigurable intelligent surfaces (RISs)
through wireless energy harvesting from information signals. We
first compute the RIS energy consumption per frame for both
protocols and subsequently formulate an optimization problem
that maximizes the average rate under the constraint of meeting
the RIS long-term energy consumption demands. Analytical
solutions to the optimal allocation of resources that involve a
single integral are provided for both protocols in the case of
random transmitter-RIS links that are subject to Rician or
Nakagami-m fading distributions. Moreover, closed-form solu-
tions are provided for the case of deterministic transmitter-RIS
links. In addition, increasing and decreasing monotonic trends
are revealed, based on analysis, for the ratio of the achievable
rates of the presented protocols with respect to the RIS energy
consumption. Finally, numerical results validate the analytical
findings and reveal that the unit cell-splitting protocol exhibits
a notably higher average rate performance compared with its
time-splitting counterpart throughout the feasible range of RIS
energy consumption values. However, this comes at a cost of a
notably reduced signal-to-noise ratio as the RIS energy demands
increase.

Index Terms—Autonomous operation, reconfigurable intelli-
gent surfaces (RISs), 6G networks, wireless energy harvesting.

NOMENCLATURE
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MEMS Micro-Electromechanical System
mmWave Millimeter Wave
PIN Positive-Intrinsic-Negative
RF Radio-Frequency
RIS Reconfigurable Intelligent Surface
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Fig. 1: Indicative scenarios in which autonomous RIS operation is
desirable.

RX Receiver
SNR Signal-to-Noise-Ratio
STAR Simultaneous Transmission and Reflection
TX Transmitter
UC Unit Cell

I. INTRODUCTION

The millimeter wave (mmWave) bands envisioned for the
forthcoming 6G networks have very limited coverage and are
highly susceptible to blockages. The coverage can be improved
using relays but these require substantial energy consumption
for signal amplification and, thus, need a dedicated power
supply. An alternative paradigm is reconfigurable intelligent
surfaces (RISs) that can be optimized to reflect signals around
obstacles [1], [2]. Their potential has also led to the creation
of a relevant industry specification group at the European
Telecommunications Standards Institute [3]. Since RISs are
not amplifying signals and the energy consumption is only
related to the control protocols, they are often characterized
as nearly passive structures. This raises the question of whether
RISs can operate autonomously by being powered through
wireless energy harvesting (EH). Such a disruptive feature
has particularly been proposed 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 [4–6].

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. They concern
power-grid unavailability in certain outdoor locations, high
maintenance costs for cable connections in ubiquitous indoor
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deployments, and aesthetic issues that could render difficult to
obtain permissions from building managers for exterior facade
deployment or for deployment onto trees, for instance. Supply-
ing their energy needs through single-use batteries that are not
recharged perpetually is not a viable option, since they would
need constant monitoring and manual replacement. Moreover,
all competing coverage-extending technologies (e.g., relays
and small cells) require power-grid availability, so a gridless
RIS operation would fill an empty gap.

Related works: A few recent works have started incor-
porating the feature of RIS autonomy by wireless EH from
information signals or dedicated power beacons, leveraging
either time splitting [7], [8], or UC/power splitting [9–12], or
both protocol types [13]. In the time-splitting case, dedicated
disjoint time intervals are allocated for either EH through
absorption or information transmission through reflection. In
the UC/power-splitting one, there is a common time interval
for both EH and information transmission where either a
subset of UCs is dedicated to EH and its orthogonal com-
plement subset to information transmission or the reflection
coefficient of all the UCs is properly adjusted so that a part
of the impinging on the RIS power is absorbed to supply its
energy needs and the rest is reflected towards the intended
destination for information transmission. In detail, regarding
the aforementioned works, in [7] the authors investigate the
throughput maximization problem of an RIS-assisted multiple-
input and single-output system with a power budget constraint
for the RIS. They proposed a time-based protocol for the RIS
to harvest energy in the first phase and, subsequently, assist
the information transmission in the second phase. Again, under
the consideration of a time-based protocol, in [8] the authors
leverage an RIS to assist energy transmission in the first phase
to a group of sensor nodes from a dedicated energy source
that dispatches power beacons while the sensors transmit
information in the second phase to an access point. The first
phase is divided into two periods. In the first period, the RIS
harvests energy to supply its operations while in the second
one it uses the harvested energy to reflect the impinging power
to the sensors for energy transmission.

Moving away from time-based protocols, in [9] the authors
study the joint design of beamformers at an access point and
the phase shifts as well as the energy harvesting schedule at an
RIS for maximizing the system sum-rate. The RIS dedicates
a portion of the UCs to EH and the rest to information
transmission. Instead of dedicating disjoint UC subsets to EH
and information transmission, the authors in [10] adjust the
reflection coefficient of the UCs so that a portion is absorbed
for supplying the RIS energy needs and the rest is reflected for
both information and power transmission to information and
energy users, respectively. As a design aim, the authors target
the maximization of the information users’ sum data rate while
guaranteeing the power harvesting requirements of the energy
users and the RIS. In [11] the authors study the joint problem
of optimal RIS placement and its proper phase and amplitude
response adjustment so that the instantaneous signal-to-noise
ratio (SNR) at the intended destination is maximized while
at the same time the energy consumption demands of the
RIS are met through EH from the impinging information

signals. On the other hand, for the case of random channel
links and disjoint subsets used for RIS EH and information
transmission, low-complexity algorithms that are based on
channel-gain ordering are considered in [12]. The aim is to
properly allocate the subsets so that the instantaneous SNR is
maximized while again the RIS energy consumption demands
are met. Finally, to the best of our knowledge, only [13]
considers both time- and UC-splitting protocols for RIS EH so
that its operations are sustained. The target is the simultaneous
improvement of the performance of downlink energy transfer
from a hybrid access point to multiple users and uplink
information transmission from users to the access point. The
authors show by simulations that the UC-splitting scheme can
outperform its time-splitting counterpart when the transmit
power at the access point is high enough or the channel
between the access point and the RIS is of good quality.

Motivation and contribution: The state-of-the-art works
on resource allocation for autonomous RISs [7–13] consider
online resource allocation approaches based on instantaneous
channel estimates, which increase the allocation complexity.
Apart from this, in previous works there has been no com-
parison conducted through mathematical analysis of the time-
splitting and UC-splitting protocols, which are the ones that
have been considered most in the literature. To the best of
our knowledge, such a comparison has been provided in [12]
and [13], but only through simulations. Furthermore, previous
works largely overlook the RIS energy consumption related to
the reconfigurations needed for channel estimation. However,
this incorporation is essential since, as [12] revealed which is
the only literature work to the best of our knowledge that has
incorporated this, the RIS energy consumption resulting from
channel estimation could be at least equal to the one associated
with the reconfigurations needed for information transmission.

Based on the above, the contribution of this work can be
summarized as follows:

• We present time-splitting and UC-splitting wireless EH
protocols for RISs that incorporate the channel estimation
phase. This allows us to accurately compute the RIS
energy consumption during a transmission frame. In
addition, for the considered channel estimation scheme,
we prove that the energy consumption part of the RIS
that is related to channel estimation is much larger than
the one that corresponds to the need for UC impedance
reconfiguration for EH and information transmission.

• In contrast to previous works that consider online re-
source allocation based on instantaneous channel esti-
mates, we consider low-complexity offline resource al-
location problems for the two presented protocols, based
on the long-term statistics of the rate. Analytical solu-
tions that target the average rate maximization, which
involve a single integral, are provided for the case of
random transmitter (TX)-RIS links that are subject to the
widely used, based on experimental studies, Rician and
Nakagami-m distributions, which incorporate a strong
line-of-sight (LoS) component. In addition, closed-form
solutions are provided in the case of deterministic TX-
RIS channel gains. Finally, we prove that the ratio of
the achievable rate in the UC-splitting protocol case over
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the corresponding rate of its time-splitting counterpart
exhibits monotonic trends with respect to the RIS energy
consumption that are different in the high- and low -SNR
regions of the former protocol.

The rest of this manuscript, which is an extension of our
work in [14]1, is structured as follows. In Section II, the
system and channel models are presented together with the
considered channel estimation protocol and 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 compute the RIS energy consumption per frame for both
protocols. Additionally, we prove that the energy consumption
related to channel estimation is much higher than the one
needed for both EH and information transmission. Finally,
we compute the instantaneous SNR and achievable rate for
both protocols. In Section IV, the formulation of the problem
of interest is presented together with an analytical solution
that involves a single integral and a term that depends on the
TX-RIS channel distribution in the case of random TX-RIS
links. Moreover, closed-form solutions are provided for the
two considered protocols in the case of deterministic TX-RIS
channel gains. In Section V, we compute closed-form formulas
for the mentioned term of the analytical solution in the case
of the TX-RIS links following the Rician and Nakagami-
m distributions. Furthermore, we prove monotonic trends of
the ratio of the achievable average rate of the UC-splitting
protocol over its time-splitting counterpart with respect to the
RIS energy consumption. Numerical results that substantiate
the analytical findings are presented in Section VI, while the
main takeaways of this work are summarized in Section VII.

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

In this section, we first present the system model under
consideration. Subsequently, we introduce the channel model
and the assumed channel-estimation protocol. Finally, we
present the considered 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 and RX antennas are planar arrays
equipped with a number of antennas in the x- and y-axis
equal to MTx

(Mrx ) and MTy
(Mry ), and adjacent element

distance equal to dTx
(dRx

) and dTy
(dRy

), respectively.
Hence, for their total number of antennas, defined by MT

and MR, respectively, it holds that MT = MTx × MTy

and MR = MRx × MRy . In addition, the TX-RIS link, of
distance dt m, and RIS-RX link, of distance dr m, constitute

1We substantially extend our work in [14], where only simulation results
were included, by providing analytical solutions for the optimal resource
allocation in the case of Rician and Nakagami-m channel distributions and by
proving the mentioned monotonic trends for the ratio of the achievable rate in
the UC-splitting protocol case over the corresponding rate of its time-splitting
counterpart with respect to the RIS energy consumption.

UC

RIS
ht

hr

B
lo
ck
ag
e

TX

RX

Fig. 2: RIS-assisted communication due to a blocked direct link.

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 = Msx ×Msy UCs of size dsx × dsy . Msx

(Msy ) and dsx (dsy ) denote the number of UCs and their
length in the x-axis (y-axis), respectively. We assume that the
RIS is not equipped with an external power supply, but it relies
on EH from the signals transmitted by the TX. Through this
harvested energy, it can achieve autonomous operation. The
transmission power of TX is denoted by Pt.

B. Channel model

We assume a flat-fading2 channel model with a dominant
LoS component for both the TX-RIS and RIS-RX links3.
By wt ∈ C1×MtT , wr ∈ C1×MR , Ht ∈ CMs×MT , and
Hr ∈ CMR×Ms we denote the transmit beamforming vector,
the receive beamforming vector, the TX-RIS channel, and
the RIS-RX channel, respectively. Then, the received signal,
denoted by yr, is given by:

yr = wrHr

 ejφ1 · · · 0

0
. . . 0

0 0 ejφMs

HtwT
t

= hr

 ejφ1 · · · 0

0
. . . 0

0 0 ejφMs

hT
t , (1)

where

ht = wtHT
t = [ht1 ht2 . . . htMs

],

hr = wrHr = [hr1 hr2 . . . hrMs
] (2)

and ϕ1, ...ϕMs are the phase shifts of the UCs of the RIS.
The complex envelope channel vectors ht and hr describe

the joint effect of antenna gains, geometric pathloss, and
multipath fading (i.e., the combination of small-scale and
large-scale fading). Based on these assumptions, they are time-
varying due to multipath fading, which calls for a time-varying
RIS configuration. Furthermore, we consider a block-fading

2The 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 [15] 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) [16].

3This is a reasonable assumption considering the expected higher elevation
of a RIS with respect to both the TX and RX.
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model where the channel vectors are fixed within fixed-size
time intervals, but change abruptly between intervals. Due to
the existence of a dominant LoS component and in order to
alleviate the burden of channel estimation of all the TX-RIS-
RX channel when the TX and RX are equipped with a very
large number of antennas, we further assume that the TX and
RX antennas are phase aligned with the RIS direction. Hence,
wt and wr are solely determined by the angle of departure and
angle of arrival, respectively, of the LoS component [17]4.
Consequently, the channel estimation of the cascaded TX-
RIS-RX channel concerns only the estimation of the Ms

ht ⊙ hr links related to each RIS UC instead of estimating
MT × Ms × MR links that would be required if wt and wr

are optimized based on the individual TX-RIS-RX links.

C. Channel-estimation protocol

For the estimation of the individual ht and hr links form
the cascaded ht⊙hr ones, we consider the approach presented
in [18]. According to [18], for effective recovery of ht and hr

during each time slot of the preamble duration of a frame5,
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. The UC
states "Off" and "On" denote the cases where there is only
a structure-mode reflection ("Off" state) or both structure and
antenna-mode reflection ("On" state) [18]. We further denote
the percentage of UCs that are in state ‘1’ at each slot of the
preamble by µ. As stated in [18], 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. Hence, the upper bound NCE

rec on the
RIS reconfigurations for channel estimation, is given by

NCE
rec = 2MsµNpr. (3)

Moreover, regarding how channel estimation can be prac-
tically performed, the TX-RIS and RIS-RX links can be
estimated at: i) either the RX in a frequency-division duplexing
architecture and dispatched to the TX which is responsible to
transmit wireless signals towards the RIS for reconfiguration
or ii) the TX in time-division duplexing provided that channel
reciprocity holds in the TX-RIS-RX links6.

Remark 1: According to the previous paragraph, we implic-
itly make the assumption that the tuning time of each UC is
much shorter than the coherence time of the channel, which
dictates the duration of each frame. This can also be the case in
mmWave scenarios, apart from sub-6 GHz ones, in cases that
do not involve very high mobility of the users. For instance, for
a typical scenario of the radiation pattern of an RIS following
a pedestrian user, the Doppler shift at 28 GHz is around 100
Hz for an average pedestrian velocity of 1 m/s. Hence, by

4Such a simplified solution for defining wt and wr offers performance close
to one achieved by optimizing wt and wr under dominant LoS channels and
a large number of TX and RX antennas, according to [17].

5The preamble at the beginning of each frame is used for both
time/frequency synchronization and channel estimation.

6This can be the case in several scenarios [19].

taking the inverse of this shift the channel coherence time
is around 10 ms. This figure well exceeds the tuning time
of common RIS actuators, such as varactors, radio frequency
(RF)-switches, PIN diodes, and RF-MEMS that is in the order
of either ns or µs [20]. This also means that higher velocities
of the users can be accommodated and still remain within the
coherence time of the channel for tuning times that can be as
high as several µs.

D. RIS power-consumption model

Under the consideration of the integrated control architec-
ture, we assume that one chip controls the impedance of a sin-
gle UC. Furthermore, for the RF-to-direct current (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 [21]. 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.

III. HARVESTED ENERGY PER FRAME,
TIME/UC-SPLITTING ARCHITECTURES, RIS ENERGY

CONSUMPTION, AND PERFORMANCE INDICATORS

The aim of this section is to first compute the harvested
energy per transmission frame, subsequently to present the
time- and UC-splitting architectures together with the resulting
energy consumption per frame and, finally, to provide a com-
plexity comparison and compute the end-to-end instantaneous
SNR and achievable rate.

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} . (4)

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.
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 [22]

PDC (Ah) =

Pmax

1+e−a(PRF(Ah)−b) − Pmax

1+eab

1− 1
1+eab

, (5)

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 (5) has been extensively validated through
experimental measurements [22].

Regarding PRF (Ah), it is given by



5

       "Off" UC state

RIS

B
lo

ck
ag

e

       "On" UC state
Preamble interval RF combining Rectifier

TX

RX

Fig. 3: Preamble phase, common for both the proposed time-splitting
and UC-splitting protocols.
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Fig. 4: Frame structure in the time-splitting protocol.

PRF (Ah) = Pt

∑
i∈Ah

|hti |
2 , (6)

where Pt is the TX power. Finally, by denoting the number
of time slots (the same for each frame) dedicated to EH by
Nh, the time slot duration by Tsl, and the harvested energy by
Eh, it holds

Eh = PDC (Ah)NhTsl. (7)

B. Proposed architectures and RIS energy consumption

1) Proposed time-splitting protocol: In the proposed time-
splitting protocol, after the preamble phase that is depicted
in Fig. 3 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. (8)

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.

Regarding the surface reconfigurations needed per frame,
apart from the NCE

rec reconfigurations needed for channel esti-
mation, according to Fig. 4, Ms additional reconfigurations are
needed for adjusting the UC impedances, based on the channel
estimates, so to maximize the power harvested during the
wireless power transfer interval. Finally, Ms additional recon-
figurations are needed for adjusting the UC impedances after
the wireless power transfer interval so that the RIS behaves
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Fig. 5: Post-preamble time-splitting protocol functionality.

as a reflector towards the RX. We denote the corresponding
number of reconfigurations for UC impedance adjustment for
wireless power transfer and for information transmission by
NPT

rec and N IT
rec, respectively. Consequently, it holds

NPT
rec = N IT

rec = Ms. (9)

As a result, for the upper bound on the total number per
frame of the intelligent surface reconfigurations needed in the
time-splitting protocol for channel estimation, wireless power
transfer, and information transmission, which we denote by
NTS

rec , it holds

NTS
rec = NCE

rec +NPT
rec +N IT

rec = Ms (2µNpr + 2) . (10)

Let us now evaluate the total RIS energy consumption per
frame in the time-splitting protocol, denoted by ETS

tot . It holds
that [23, Eq. (4.5)]

ETS
tot = Est + ETS

dyn, (11)

where Est and ETS
dyn denote the static and dynamic RIS energy

consumption. Regarding Est, it is expected to scale linearly
with the number of UCs. Hence, by denoting the static power
consumption per chip by Pst, it holds

Est = MsNfrTslPst. (12)

As far as ETS
dyn is concerned, by denoting the energy cost for

a UC reconfiguration by EUC, for the upper bound on ETS
dyn
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Fig. 6: Frame structure in the UC-splitting architecture.
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Fig. 7: Post-preamble UC-splitting protocol functionality.

per frame it holds

ETS
dyn = NTS

recEUC = ECE
rec + EPT

rec + EIT
rec = Ms (2µNpr + 2)EUC,

(13)

where ECE
rec = 2MsµNprEUC is the upper bound on the

RIS energy consumption per frame related to channel es-
timation, EPT

rec = MsEUC is the RIS energy consumption
per frame related to reconfiguration for power transfer, and
EIT

rec = MsEUC is the RIS energy consumption per frame
related to reconfiguration for information transmission. In
practical scenarios it would hold that µNpr ≫ 1, which means
that ECE

rec ≫ EPT
rec + EIT

rec. Consequently, the RIS energy
consumption related to channel estimation is expected to be
much higher than the required one for both reconfiguration
for power transfer and information transmission. Finally, for
the total energy consumption per frame in the time-splitting
protocol, which we denote by ETS

tot , it holds

ETS
tot = Est + ETS

dyn = Ms (NfrTslPst + (2µNpr + 2)EUC) . (14)

2) Proposed UC-splitting protocol: The frame structure is
depicted in Fig. 6. After the preamble transmission, simulta-
neous wireless power transfer and information transmission
is 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. 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. (15)

Regarding the surface reconfigurations needed per frame,
apart from the NCE

rec reconfigurations needed for channel esti-
mation, according to Fig. 6 additionally Ms reconfigurations

are needed for adjusting the UC impedances for the simultane-
ous wireless power transfer and payload transmission interval.
We denote the corresponding number of reconfigurations by
NPT+IT

rec . Hence, NPT+IT
rec = Ms. As a result, the total

number of surface reconfigurations per frame in the UC-
splitting protocol, denoted by NUC

rec , is given by

NUC
rec = NCE

rec +NPT+IT
rec = Ms (2µNpr + 1) . (16)

Regarding the resulting dynamic energy consumption per
frame, denoted by EUC

dyn, it holds

EUC
dyn = NUC

rec EUC = ECE
rec + EPT+IT

rec = Ms (2µNpr + 1)EUC,
(17)

where EPT+IT
rec = MsEUC is the energy consumption related

to the Ms reconfigurations needed for simultaneous wireless
power transfer and information transmission. As in the case of
the time-splitting protocol, in practical scenarios it would hold
that ECE

rec ≫ EPT+IT
rec . Finally, the total energy consumption

per frame, denoted by EUC
tot , is given by

EUC
tot = Est + EUC

dyn = Ms (NfrTslPst + (2µNpr + 1)EUC) . (18)

3) Comparison with the power-splitting protocol: As men-
tioned in Section I, a different approach to the UC-splitting
protocol that can enable simultaneous energy harvesting and
reflection for information transmission by the RIS is to allow
all the UCs to be active and reflect only a part of the impinging
to them electromagnetic energy. The remaining part can be
absorbed and drive the EH circuits. This scheme is called
power splitting. This possibility arises from the simultaneous
transmission and reflection (STAR)-RIS scheme where the
power-splitting method allows a part of the impinging energy
to be reflected by all the UCs and the rest to pass through the
UCs and transmitted to the other side of the plane [24], [25].

Although this is a promising scheme, owing to the activation
of all the UCs instead of only a subset of them, it is still at
its infancy and only a very limited amount of prototypes and
designs exist [26–28]. This is the reason why in this work we
focus on the conventional time- and UC-splitting architectures.
In terms of comparison with the UC-splitting protocol, the
power-splitting protocol is expected to achieve a better SNR
and resulting rate performance due to the fact that all the UCs
are activated for reflection.

4) Complexity comparison: Among the 3 presented har-
vesting protocols, time-, UC-, and power-splitting, the easiest
to implement is the UC-splitting protocol, since it is only based
on dividing the UCs to the ones that only harvest energy and
the ones that only reflect. On the other hand, the time-splitting
protocol imposes very stringent time-synchronization require-
ments due to the periodic switching between the absorption
and reflection modes. Furthermore, the power-splitting proto-
col requires a special design of the UCs so that they arbitrarily
adjust their reflection coefficient and at the same time reflect
towards the desired location. Such a functionality cannot be
achieved with conventional UCs [25].
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C. Instantaneous SNR and rate

1) SNR: The instantaneous end-to-end SNR related to the
information transmission, denoted by γ, can be obtained by
following the standard approach as [12, 29–31]

γ (ϕk) =
Pt

σ2

∣∣∣∣∣ ∑
k∈Ar

htkhrke
j(ϕk+∠htk

+∠hrk )

∣∣∣∣∣
2

. (19)

From (19) it is evident that the SNR is maximized by setting

ϕk = −∠htk − ∠hrk , for k ∈ Ar. (20)

By substituting (20) in (19), the maximum SNR can be written
as

γ =
Pt

σ2

(∑
k∈Ar

|htk | |hrk |

)2

. (21)

As stated in [12], we note that (20) indicates that independent
tuning of the UC amplitude and phase response can be
achieved. Although in general such independency does not
hold [32], it could be achieved with advanced designs that
mitigate such coupling [33], [34]. In this respect, (21) can
be simply considered as an upper bound on the maximum
achieved instantaneous SNR by advanced RIS designs.

2) Rate: Based on (21), the instantaneous rate, denoted by
R, is given by

R =
Npl

=
NfrW log2 (1 + γ) =

=
Npl

Nfr
W log2

(
1 +

Pt

σ2

(∑
k∈Ar

|htk | |hrk |

)2)
. (22)

IV. PROBLEM FORMULATION AND SOLUTION

In this section, for both the time-splitting and UC-splitting
cases the formulation of the problem of interest is presented
and both analytical, that involve a single integral, and closed-
form solutions are provided in the cases of random and
deterministic TX-RIS channel gains, respectively.

A. Time-splitting protocol

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 of the harvested energy, denoted
by E1→K , in the K-frame duration being smaller than the
corresponding RIS energy consumption requirements should
not exceed a threshold. It holds

E1→K =

K∑
n=1

Eh = (Nfr −Npr −Npl)Tsl

K∑
n=1

PDC (As) . (23)

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

maximize
Npl

R̄(K) (Npl)

subject to Pr
{
E1→K ≤ KEfr

tot

}
≤ ϵ,

(24)

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
(22) and (23), (24) can be rewritten as

maximize
Npl

Npl

subject to Pr

{∑K
n=1 PDC (As) ≤ KEfr

tot

(Nfr−Npr−Npl)Tsl

}
≤ ϵ.

(25)

According to (25), 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 (As).

B. UC-splitting protocol

It holds

E1→K =

K∑
n=1

Eh = (Nfr −Npr)Tsl

K∑
n=1

PDC (Ah) . (26)

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

maximize
Mr

R̄(K) (Mr)

subject to Pr
{
E1→K ≤ KEfr

tot

}
≤ ϵ.

(27)

Based on (22) and (26), (27) can be rewritten as

maximize
Mr

Mr

subject to Pr

{∑K
n=1 PDC (Ah) ≤ KEfr

tot

(Nfr−Npr)Tsl

}
≤ ϵ.

(28)

According to (28), 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). Hence, in both the time-splitting

and UC-splitting protocols the computation of N∗
pl and M∗

r

entails the computation of the CDF of
∑K

n=1 PDC (Ah), where
Ah ⊆ As.

Remark 2: In the case that E1→K > KEfr
tot, there can be

different communication approaches. In particular, the RIS can
be equipped with a battery that can be used in such situations.
Another possibility could be to employ the accumulated energy
surplus, considering that there is an overprovisioning in the
allocation of the EH resources due to the consideration of the
upper bound on ECE

rec . Alternatively, 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 RIS.7.

Furthermore, we note that the solution of (28) depends only
on Mr and not on the particular selection of those UCs.
This is due to the fact that the objective function in the
problem is the average rate and not the instantaneous one.

7This is in accordance with the fact that major telecom operators plan to
use multiple bands for offering their 5G services [35].
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However, the particular selection of the UCs is expected to
affect the radiation pattern of the RISs towards the RX, which
might result in different interference levels in the case of
neighbouring nodes that use the same frequency band. This
is left as a topic for future work.

C. Computation of the CDF of
∑K

n=1 PDC (Ah)

Proposition 1: Let us denote the CDF of
∑K

n=1 PDC (Ah)
by FDC (x). FDC (x) is approximated as

where ϕht
(s) is the moment generating function (MGF) of∑K

n=1 PDC (Ah), given by (30) at the top of this page. fht
(x)

is the probability density function (pdf) of
∑

i∈Ah
|hti |

2 and
B, C, and G are constants. The range of values of B, C,
and G for which FDC (x) is computed with a good accuracy
depends on the statistics of |hti |8.
Proof : See Appendix A.

V. CHANNEL CASE STUDIES AND MONOTONIC TRENDS

The aim of this section is to show that fht
(x) can be

obtained in closed form for widely used indicative channel
distributions that incorporate a strong LoS component together
with multipath ones, such as the Rician and Nakagami-m
ones. In addition, we prove monotonic trends of the ratio of
the average achievable rates for the time- and UC-splitting
protocols with respect to the RIS energy consumption in the
case of optimal resource allocation.

Let us first assume that both the TX-RIS and RIS-RX links
are subject to uncorrelated9 fading. By considering for sim-
plification a free-space propagation based path-loss exponent
model10 and by denoting the gains of TX antenna, RX antenna,
and each UC with Gt (θ), Gr (θ), and Gs (θ), respectively, it
holds

ht = [ht1 . . . htMs
]T =

=

√(
λ

4π

)2
Gt (θt,d)Gs (θRIS,a)

d2t

[
h̃t1 . . . h̃tMs

]T
(31)

hr = [hr1 . . . hrMs
]T =

=

√(
λ

4π

)2
Gr (θr,a)Gs (θRIS,d)

d2r

[
h̃r1 . . . h̃rMs

]T
, (32)

where λ is the wavelength. 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.

A. Case study: TX-RIS links subject to Rician fading

It holds that:

h̃tk = ej
2π
λ

dtk +mk, (33)

8In [36] the authors find that the values B = 18, and C = 24, G = 30
give a good accuracy for Rician channels.

9This approximately holds only for dsx and dsy equal to half wavelength
[37]. However, any correlation among the links can be readily incorporated
into our framework according to the model of [37].

10In cases of dominant LoS components, the actual path-loss exponent is
expected to be close to the free-space propagation one.

where k = 1, 2, . . . ,Ms and dtk is the distance between the
TX and the center of the kth. Furthermore, mk ∈ CN

(
0, σ2

t

)
represents the multipath complex envelopes of the Rayleigh
fading that describes the diffuse scattering in the TX-RIS links.

Proposition 2: For the Rician fading case it holds that

fht (x) =

− b
Mh
rice (x)

a
Mh−1
rice

e−
(a2

rice+b2rice(x))
2

IMh−1 (aricebrice (x))

2

√
xPt

σ2
t
2

Gt(θt,d)Gs(θRIS,a)
d2t

,

x > 0, (34)

where

arice =

√
2

σ2
t

Mh, brice (x) =

√√√√ x

Pt
σ2
t
2

Gt(θt,d)Gs(θRIS,a)
d2t

. (35)

IMh−1 (·) is the (Mh − 1)-th order modified Bessel function
of the 1st kind.

Proof : See Appendix B.

B. Case study: TX-RIS links subject to Nakagami-m fading

Let us assume that h̃tk , k = 1, 2, . . . ,Ms, is subject to
Nakagami-m fading with fading severity parameter mt and
spread parameter σ2

t .
Proposition 3: For the Nakagami-m fading case it holds that

fht (x) is equal to (36).
Proof : See Appendix C.

C. Case study: Deterministic TX-RIS links

Proposition 4: 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

⌋
(37)

and

M∗
r = Ms −

⌈(
1

Ptc

(
−1

a
ln

(
Pmax

D
−1
)
+b

))⌉
, (38)

where D =
Efr

tot

(Nfr−Npr)Tsl

(
1− 1

1+eab

)
+ Pmax

1+eab .
Proof : (37) and (38) originate by solving the constraints of

(25) and (28) for |hti | =
√
c.

Remark 3: Based on (34) and (36), we see that fht
(x)

for well-known fading distributions that incorporate a LoS
component, such as Rician and Nakagami-m, can be obtained
in closed form. This means that the computation of (29) and,
consequently, of N∗

pl and M∗
r , involves a single integral, which

make them computationally efficient. In addition, the closed-
form formulas (37) and (38) for the computation of N∗

pl and
M∗

r , respectively, can be useful to the system designer in
scenarios of highly directional transmissions and adequate
elevations of the RIS. In such scenarios, it is expected that the
TX-RIS links are subject only to very limited scattering, which
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FDC (x) ∼= 21−CeA/2
C∑

m=0

(
C

m

)
m+B∑
l=0

(−1)l αlR
[
ϕht

(
G+ j2πl

2x

)
/ (G+ j2πl)

]
, x > 0, (29)

ϕht (s) =

Pmax

(
1− 1

1+eab

)
aPt

∫ ∞

0

esxfht

(
1
Pt

(
− 1

a ln

(
Pmax

x
(
1− 1

1+eab

)
+ Pmax

1+eab

−1
)
+b

))
(

Pmax

x
(
1− 1

1+eab

)
+ Pmax

1+eab

− 1

)(
x
(
1− 1

1+eab

)
+ Pmax

1+eab

)2
dx


K

. (30)

fht (x) =
1

Γ (mtMh)

 mt

σ2
t

(
λ
4π

)2 Gt(θt,d)Gs(θRIS,a)
d2t


mtMh

xmtMh−1e

− mtx

σ2
t ( λ

4π )
2 Gt(θt,d)Gs(θRIS,a)

d2t , x > 0. (36)

means that the propagation characteristics for those links can
approximately be described by the free-space propagation
model.

D. Monotonic trends for the achievable rate ratio

We assume that K is adequately large so that R̄(K) ∼= R̄
holds, according to the law of large numbers. Let us now de-
note the achievable rates in the UC-splitting and time-splitting
cases by R̄(UC) and R̄(T ), respectively. Before proceeding with
the investigation of the monotonic trends of the ratio of the
achievable rates of the two protocols, that we denote by ρ, let
us first, without loss of generality, consider the Assumptions
1, 2 , and 3 that follow, for simplifying the corresponding
derivations.

Assumption 1: Both the TX-RIS and RIS-RX links are
subject to free-space propagation. This means

htk =

√(
λ

4π

)2
Gt (θt,d)Gs (θRIS,a)

d2t
=

√
ct,

hrk =

√(
λ

4π

)2
Gr (θr,a)Gs (θRIS,d)

d2r
=

√
cr,

k = 1, 2, . . . ,Ms. (39)

Assumption 2: The input power of the EH circuits is such
that they operate in the region where the harvested power is
an increasing function of the impinging RF power. In addition,
we assume that the particular region can be approximated
by a linear relationship between the input and harvested RF
power11. In such a case, it approximately holds

PDC (Ah) ≈ ηPRF (Ah) = ηPt

∑
i∈Ah

|hti |
2 , (40)

where η encompasses the RF-to-DC conversion efficiencies.
Assumption 3: ETS

dyn, EUC
dyn ≫ Est holds. Consequently,

ETS
tot ≈ Ms (2µNpr + 2)EUC, EUC

tot ≈ Ms (2µNpr + 1)EUC.
(41)

11Such a region can occur for low input RF power [22, Fig. 2].

Based on the Assumptions 1, 2, and 3, ρ is given by

ρ =
R̄(UC)

R̄(T )
=

(Nfr −Npr) log2
(
1 + (Ms − PEUC)

2 ctcr/σ
2
)

(−SEUC +Nfr −Npr) log2 (1 +M2
s ctcr/σ2)

,

(42)

where

P =
Ms (2µNpr + 1)

ηctPt (Nfr −Npr)Tsl
≈ 2MsµNpr

ηctPt (Nfr −Npr)Tsl
,

S =
2µNpr + 2

ηctPtTsl
≈ 2µNpr

ηctPtTsl
. (43)

The the approximations in (43) hold due to the fact that in
practice it is expected that µNpr ≫ 2 > 1.

By considering Assumptions 1, 2, and 3 and by solving the
constraints of (25) and (28), it holds

N∗
pl = −2µNpr + 2

ηctPtTsl
EUC +Nfr −Npr,

M∗
r = Ms −

Ms (2µNpr + 1)

ηctPt (Nfr −Npr)Tsl
EUC. (44)

Lemma 1: The function V (EUC) =
2Ms(Nfr−Npr−SEUC)
(Nfr−Npr)(Ms−PEUC)

is lower and upper bounded by 2 for EUC ∈ [0, Eth), where

Eth =
Ms

P
=

Nfr −Npr

S
=

ηctPt (Nfr −Npr)Tsl

2µNpr
(45)

is the value of EUC for which all the time and UC resources
in the time-and UC-splitting cases, respectively, are dedicated
to absorption and, hence, information transmission is not
possible.

Proof : See Appendix D.
Proposition 5: Under a high-SNR regime for the UC-

splitting case ρ is a monotonically increasing function with
respect to EUC. On the other hand, in the low-SNR regime for
the UC-splitting case, ρ is a monotonically decreasing function
with respect to EUC.

Proof : See Appendix E.
Remark 4: Proposition 5 reveals that ρ has at least one local

maximum in the range of EUC for which the allocation of
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time and UC resources in the time- and UC-splitting cases,
respectively, is feasible.

VI. NUMERICAL RESULTS

The aim of this section is threefold: i) to assess the gap
in the achieved average rate performance between the time-
and UC-splitting protocols, ii) to validate Proposition 5 and
Remark 4, and iii) to show the importance of having ana-
lytical formulas for computing the optimal allocation of the
harvesting resources in the examined protocols, based on (29).
Towards this and without loss of generality, let us first make
the assumptions of Sections VI-A and VI-B that follow, as a
case study, regarding the geometrical arrangements together
with the radiation patterns of the UCs and the TX and RX
antennas.

A. Geometrical arrangements

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.
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.

B. TX/RX antennas and UCs

By denoting the azimuth and elevation angles of the TX
(RX) antenna by 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) (Dr (θ, ϕ)), it holds [38]

Dt (θ, ϕ) =
|gt (θ, ϕ)|2 |f (θ, ϕ)|2

MTxMTyRt
, (46)

where gt (θ, ϕ) and f (θ, ϕ) are the array and element factors,
respectively. Together with Rt they are given by [38]. For
simplicity and without a loss of generality, in this work we
consider the case of isotropic TX and RX antenna elements,
i.e. f (θ, ϕ) = 1. 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,
respectively.

TABLE I: Parameter values used in the simulation.

Parameter Value Parameter Value

f 28 GHz dTx , dRx , dsx
dTy , dRy , dsy

λ/2

Msx , Msy 15 et, er 0.9
Pt 1 W σ2

r 0.3

MTx , MTy 50 MRx , MRy 10
dt−r,h 90 m Tsl 1 µs
dt,h 15 m dt,v 6 m
dr,v 10 m ht, hr 3 m
hRIS 12 m Npr 103

FdB 10 dB a 120

b 10−3 Pmax 20 mW
W 100 MHz ϵ 10−2

Pst 1 µW K 104

µ 0.2 Nfr 104
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Power splitting

Fig. 8: K-frame average rate vs. the energy cost of a UC reconfigu-
ration for σ2

t = 0.

Furthermore, we consider that each UC exhibits a cosine
gain pattern, with respect to the azimuth angle θ, expressed as
[39]

Gs (θ) = 4cos (θ), 0 ≤ θ < π/2. (47)

C. Simulation Results

Let us assume that both the TX-RIS and RIS-RX links are
subject to Rician fading and 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. In addition, Table I presents the parameters
used in the simulations, where σ2

r denotes the variance of the
fast-fading complex envelope related to the RIS-RX links.

1) Evaluation of the average rate performance: Fig. 8 de-
picts the average rate in the time- and UC-splitting cases versus
EUC for σ2

t = 0. Due to the fact that 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 (37) and (38),
respectively. We note that the maximum value EUC = 432 pJ
for which we illustrate the results corresponds to the maximum
possible allocation of resources for EH in both the time- and
UC-splitting protocols (equal to 99% of available resources)
for which information transmission is possible. As we observe,
the UC-splitting protocol substantially outperforms its time-
splitting counterpart throughout the depicted EUC range. In
particular, 4 and 6 times higher average rate is achieved for
EUC = 350 and EUC = 400 pJ, respectively. Moreover,
a notable trend we observe is that the rate decrease with
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Fig. 9: Average rate ratio (ρ) of the UC- over the time-splitting protocol and average SNR vs. the energy cost of a UC reconfiguration for
σ2
t = 0.
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Fig. 10: R̄(K) vs. σ2
t .

respect to an increasing EUC is more pronounced in the time-
splitting protocol case up to a certain EUC value, whereas it
becomes more pronounced in the UC-splitting case close to
the maximum possible EUC value. In addition, in Fig. 9 we
also plot the average rate performance of the power-splitting
protocol that we mentioned in Section III-B-3). As we observe,
it achieves a higher performance than the UC-splitting protocol
as expected according to the intuition presented in Section III-
B-3).

2) Validation of Proposition 5 and Remark 4: The afore-
mentioned rate trend with respect to EUC for the time-
and UC-splitting protocols is further substantiated in Fig. 9
that illustrates the ratio ρ of the average rate of the UC-
splitting protocol over the corresponding one of the time-
splitting protocol together with the average SNR versus EUC

for σ2
t = 0. As far as ρ is concerned, in Fig. 9-(a) two

regions are distinguished. In the 1st region the ratio is a
monotonically increasing function until a peak is reached after
which the ratio becomes a monotonically decreasing function
with respect to EUC. The latter region starts occurring close to
the maximum value of EUC, where the average rate of the UC-

splitting protocol starts decreasing rapidly. To verify that the
monotonically increasing and decreasing regions correspond to
the high-SNR and low-SNR regimes, respectively, of the UC-
splitting protocol, based on Proposition 5, in Fig. 9-(b) we
depict the average achieved SNR vs. EUC for σ2

t = 0. As we
observe from Fig. 9-(b), in the monotonically increasing region
the SNR in the UC-splitting case stays above 10 dB, whereas
it is below the particular value in the monotonically decreasing
one. Hence, these regions respectively correspond to the high-
and low-SNR region for the UC-splitting case, which validates
Proposition 5. In addition, the unique local maximum observed
(consequently, a global maximum), validates Remark 4. Fi-
nally, for illustrative reasons, in Fig. 9-(b) we also depict the
average SNR achieved by the power-splitting protocol. We
observe that the particular protocol achieves a higher SNR than
its UC-splitting counterpart, which again verifies the intuitive
comment on such a performance comparison of Section III-
B-3).

Now that the expected monotonic trends from Proposition 5
have been validated, let us provide an intuitive explanation of
why ρ monotonically increases in the high-SNR and decreases
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in the low-SNR region of the UC-splitting protocol. These
trends are justified by the fact that in the time-splitting case
the factor corresponding to the reduction of time resources for
an increasing EUC, that are dedicated to information trans-
mission, is a multiplicative factor of the logarithm function
in (24). Hence, there is a linear decrease of the average rate
in the time-splitting case throughout the EUC range. On the
other hand, for the UC-splitting protocol case such a term is
included inside the logarithm function in (27), which justifies
the smaller slope in the average rate reduction in the high-
SNR region, as depicted in Fig 8. In turn, this results in a
monotonically increasing behavior of ρ in the particular region.
On the other hand, in the low-SNR region for the UC-splitting
protocol it holds that log 2 (1 + γ) ≈ log 2 (e) γ for γ ≪ 1.
In addition, the SNR reduction in the UC-splitting case scales
quadratically with EUC, as the factor (Ms − PEUC)

2
ctcr/σ

2

in the proof of Proposition 5 reveals for the low-SNR region.
Consequently, in the low-SNR region for the UC-splitting case
ρ involves the ratio of a term that quadratically reduces with
EUC over a term that linearly reduces with EUC. This justifies
the monotonic decrease of ρ.

3) Importance of the analytical framework of (29): In
the case that the analytical framework of (29) is absent, the
only possibility for resource allocation is to perform over-
provisioning and allocate the resources only based on the
knowledge of the impinging strength of the LoS component.
Fig. 10 reveals how suboptimal such an approach is for the
time- and UC-splitting protocols and for 2 values of EUC.
As we observe from Fig. 10, the higher σ2

t is the higher
the achieved rate gain is by the knowledge of the analytical
framework. This was expected since higher values of σ2

t

mean that additional power is delivered to the RIS compared
with having only the LoS component. Consequently, notably
less resources for energy harvesting need to be dedicated.
Moreover, the rate gain increases with increasing EUC. In
particular, for EUC = 300 pJ and σ2

t = 0.3 we observe that the
rate gain by having the analytical framework is around 63%
and 15.3% in the time- and UC-splitting cases, respectively.

Remark 5: By observing Fig. 8, the intuitive decision
regarding which of the time- and UC-splitting protocols should
be selected would be the UC-splitting one since it substantially
outperforms its time-splitting counterpart throughout the EUC

range. However, such a decision does not consider a possible
constraint on the required SNR to achieve a target error rate.
In particular, for higher EUC values than the one achieving the
peak in the ρ vs. EUC curve of Fig. 9-(a) we see from Fig. 9-
(b) that the average SNR in the UC-splitting case rapidly falls
for slight increases of EUC. Hence, the existence of such a
peak and the very rapid drop of the UC-splitting case SNR
beyond the peak gives information to the system designer
to design RIS electronics that exhibit a power consumption
that allows the RIS to operate below the rapidly falling region
regarding the SNR in the UC-splitting case. In such a case the
UC-splitting protocol would be the best choice. In addition,
as a safety margin, it would be desirable that the power
consumption of the RIS electronics is such that such operation
is not close to the particular region. Such a margin is desirable
for the following two reasons: i) Over the years the energy
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Fig. 11: NMSE vs. Npr for EUC = 300 pJ.

consumption of electronics is naturally expected to increase,
which means that a small margin between the operation point
and the rapidly falling SNR region would pose a risk. ii) Even
if EUC ideally remains steady over the years, the same effect
in the total RIS energy consumption of increasing EUC can be
exerted by an increase of µ, based on (13). Such an increase
of µ might occur due to a change of the sparsity level of the
TX-RIS links. In particular, under a reduction of the channel
sparsity level it would be expected that µ increases in order to
maintain the reliability level of the channel estimation. This,
in turn, would increase the RIS energy consumption and drive
the operating region in the UC-splitting protocol closer or even
inside the rapidly falling region of the SNR. Consequently,
if such a desirable sufficient margin cannot be achieved, the
best choice would be the time-splitting protocol in which
the SNR remains unaffected by the RIS energy consumption.
Even though such a choice would lead to a lower achievable
rate compared to the UC-splitting protocol, it would be the
best choice so to avoid an SNR drop below what would be
considered as acceptable, related to the application.

Remark 6: Based on the parameter values of Table I, it
holds that ETC

dyn, EUC
dyn ≫ Est. This is expected in future

practical cases since the static power consumption of RIS
electronics, depending on the technology used, is expected
to be small, especially if asynchronous logic is considered
[40]. Although the resulting static power consumption of the
considered electronic chips in [40] is higher than what can be
supplied wirelessly by information signals, this is only the first
family of application-specific integrated circuits suitable to the
integrated architecture that is considered as the most viable
approach for autonomous RISs [4–6]. Hence, in the years to
come many advances are expected regarding the design of
circuits that would exhibit a lower static power consumption.

4) Impact of the preamble length on the performance:
Let us now examine how the length of the preamble interval,
where channel estimation is performed, impacts the individual
performance of the time- and UC-splitting protocols and also
the performance gap between them. Towards this, firstly in
Fig. 11 we depict the normalized mean-square error (NMSE)
related to the estimation of the cascaded TX-RIS-RX channel,
based on [18], vs. Npr for EUC = 300 pJ. As we observe from
Fig. 11, the NMSE rapidly drops until Npr = Ms and then it
slowly reduces. This is justified by the lack of sparsity in the
RIS-RX channel, since independent and identical distributed
fading is assumed for the scattered component of the Rician
process. Hence, if Npr < Ms, the channel value that we
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used for the remaining Npr − Ms TX-RIS-RX links that
channel estimation cannot be performed is the value of the
LoS component. This is the component that is not subject
to channel estimation since it can be calculated solely by
the geometrical arrangements of the TX, RIS, and RX. As
a result, by replacing those values with the ones that result
from the estimation of the scattered component as well, the
NMSE rapidly improves, which justifies the sudden drop of
NMSE in the Npr < Ms region as Npr increases.

Finally, in Fig. 12 we depict the average rate and SNR
curves for the time-and UC-splitting protocols vs. Npr. As
we observe, in terms of average rate the gap between the 2
protocols increases with Npr due to the fact that the reduction
of the resources with respect to an increasing Npr is a multi-
plicative factor of the logarithm function in the time-splitting
case, whereas it is a factor inside the logarithm function in the
UC-splitting case. In terms of average SNR Fig. 12-(b) reveals
that there is only a small impact with respect to the lack of
knowledge of the scattered component of the RIS-RX channel
in the case of small Npr. This can be understood by the fact
that the average SNR in the time-splitting case only slightly
increases with the increase of Npr in the Npr < Ms region,
as we observe. This is a clear indication of the importance of
the dominant LoS component over the scattered one.

VII. CONCLUSIONS

We have conducted this work to give an answer to system
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 frame structures for the considered
protocols and computed the RIS energy consumption demands
per frame that take into account the energy burden for channel
estimation. In addition, for both proposed protocols 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 single-integral easy-to-compute
expressions for the case of Rician and Nakagami-m channels.
In addition, we have proved that the ratio of the average
rate of the UC-splitting case over its time-splitting counterpart
exhibits a monotonically increasing behavior with respect to
the energy consumption for a UC reconfiguration in the region
of high SNR for the UC-splitting protocol. On the other hand,
in the low-SNR region the ratio is steeply monotonically
decreasing together with the corresponding SNR of the UC-
splitting protocol.

Such an outcome, which has been validated by means of
simulations, gives the important information to system design-
ers that the choice of the UC-splitting protocol is preferable in
the region of high-SNR operation, provided that the operation
point is sufficiently far from the transition point between the
two regions. On the other hand, if the energy consumption for
a UC reconfiguration is such that the operation point in the
UC-splitting case is close to the transition point, it would be

preferable to choose the time-splitting protocol in which the
SNR does not depend on such a consumption, even though the
latter protocol exhibits a lower average rate. This is in order
to prevent a rapid fall of the SNR that would be observed in
the case of the UC-splitting protocol for even slight increases
in the RIS energy consumption that may occur. Such increases
might be due to unexpected changes in the channel statistics
or aging of the RIS electronics. Finally, we have substantiated
the analytical framework importance for the computation of
the optimal allocation of the EH resources in the case of
generic fading channels. Notable rate gains were observed
compared with the case of over-provisioning the resources due
to the lack of such a framework. Future work will consider
the analytical performance comparison of the UC- and power-
splitting protocols.

APPENDIX

A. Proof of Proposition 1

By assuming that the channel gains among different frames
are independent,

∑K
n=1 PDC (Ah) consists of the summation

of K independent random variables following the same dis-
tribution. Hence,

ϕht (s) =

[∫ ∞

0

esxhDC (x)

]K
, (48)

where hDC (x) is the pdf of PDC (Ah). Based on (5) the
CDF of PDC (Ah), which we denote by HDC (x), is given by
(49) at the top of this page. By taking the first derivative of
HDC (x) and plugging it into (48), (30) is obtained. Finally,
by employing the Laplace inversion method detailed in [41,
Eq. (6)] and by truncating the resulting infinite series, (29) is
obtained.

B. Proof of Proposition 2

For the CDF of
∑

i∈Ah
|hti |

2, which we denote by Fht
(x),

it holds

Fht (x) = Pr

∑
i∈Ah

|hti |
2 ≤ x


= Pr

∑
i∈Ah

(
λ

4π

)2
GtGs (θinc)

d2t

∣∣∣h̃ti

∣∣∣2 ≤ x


= Pr


2Mh∑
i=1

∣∣∣h̃′
ti

∣∣∣2 ≤ x(
λ
4π

)2GtGs(θinc)

d2t

σ2
t
2


(a)
= 1−QMh (arice, brice (x)) , (50)

where QMh
(·, ·) is the generalized Marcum Q-function of

order Mh. (a) arises due to the fact that
∑2Mh

i=1

∣∣∣h̃′
ti

∣∣∣2 con-
sists of the summation of the squares of 2Mh independent,
normally distributed random variables, with means equal to
2
σ2
t

(
ℜ
{
ej

2π
λ dti

})2

, 2
σ2
t

(
ℑ
{
ej

2π
λ dti

})2

and unit variances12.

12The independence property comes from the fact that uncorrelated normal
variables are also independent variables.
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Fig. 12: Average rate and SNR vs. Npr for EUC = 300 pJ.

HDC (x) = Pr {PDC (Ah) ≤ x} = Pr

∑
i∈Ah

|hti |
2 ≤ 1

Pt

−1

a
ln

 Pmax

x
(
1− 1

1+eab

)
+ Pmax

1+eab

−1

+b

 . (49)

Hence,
∑2Mh

i=1

∣∣∣h̃′
ti

∣∣∣2 follows a non-central chi-squared distri-
bution with 2Mh degrees of freedom and mean parameter

equal to
(

2
σ2
t

)∑Mh

i

(
ℜ
{
ej

2π
λ dti

})2

+
(
ℑ
{
ej

2π
λ dti

})2

=(
2
σ2
t

)
Mh. Finally, by taking the 1st derivative of Fht

(x) with
respect to x and using [42, Eq. (13)], (34) is obtained.

C. Proof of Proposition 3

For the CDF of
∑

i∈Ah
|hti |

2, denoted by Fht (x), it holds
that Fht (x) is equal to (51). where γ (·, ·) is the lower
incomplete gamma function. (b) arises by considering that
the square of a Nakagami-m random variable is Gamma
distributed with shape mt and scale σ2

t /mt and the summation
of Mh uncorrelated Gamma variables having the same scale
is also Gamma distributed with shape equal to mtMh and
scale equal to σ2

t /mt [43]. Finally, (36) results from the 1st
derivative of Fht

(x) from (51).

D. Proof of Lemma 1

It holds that

V (0) = 2,

V (Eth)
(c)
=

2Ms limEUC→Eth

d(Nfr−Npr−SEUC)
dEUC

(Nfr −Npr) limEUC→Eth

d(Ms−PEUC)
dEUC

= 2,
(52)

where (c) is due to the L’hospital’s rule. In addition, it holds
that dV (EUC)

dEUC
= 0, which means that V (EUC) is lower and

upper bounded by the number 2 for EUC ∈ [0, Eth), taking
also into account (52).

E. Proof of Proposition 5

1) High-SNR region: It suffices to prove that dρ/dEUC >
0 for (Ms − PEUC)

2
ctcr/σ

2 ≫ 1 (high-SNR region in the

UC-splitting case). Let us now test the hypothesis dρ/dEUC >
0. It holds that

dρ/dEUC > 0
(d)⇒

ln
(
(Ms − PEUC)

2 ctcr/σ
2) > V (EUC)

(e)
= 2 true, (53)

where in (d) we use the approximation

1 + (Ms − PEUC)
2 ctcr/σ

2 ≈ (Ms − PEUC)
2 ctcr/σ

2 (54)

and in (e) Lemma 1. The last inequality of (53) holds, which
validates the hypothesis, due to the fact that it is expected that
ln
(
(Ms − PEUC)

2
ctcr/σ

2
)

> 2 in the high-SNR region

((Ms − PEUC)
2
ctcr/σ

2 ≫ 1).
2) Low-SNR region: It suffices to prove that dρ/dEUC <

0 for (Ms − PEUC)
2
ctcr/σ

2 ≪ 1 (low-SNR region in the
UC-splitting case), which holds as shown in (55). where in
(f) we use the approximations in (56). The last inequality of
(55) holds, which validates the hypothesis, due to Lemma 1.
Based on (53) and (55), the proof of Proposition 5 has been
concluded.
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