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Abstract—In this work, we analytically compare the
performance of the time- and unit cell-splitting protocols for
satisfying the energy needs of reconfigurable intelligent surfaces
(RISs) through wireless energy harvesting from information sig-
nals. 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.
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NOMENCLATURE
DC Direct Current
EH Energy Harvesting
LoS Line-of-Sight
MEMS Micro-Electromechanical System
mmWave Millimeter Wave
PIN Positive-Intrinsic-Negative
RF Radio-Frequency
RIS Reconfigurable Intelligent Surface
RX Receiver
SNR Signal-to-Noise Ratio
STAR Simultaneous Transmission and Reflection
X Transmitter
ucC Unit Cell

I. INTRODUCTION

HE MILLIMETER wave (mmWave) bands envisioned

for the forthcoming 6G networks have very limited cover-
age 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 dedi-
cated power supply. An alternative paradigm is reconfigurable
intelligent surfaces (RISs) that can be optimized to reflect sig-
nals 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 char-
acterized 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 inte-
grated architecture for altering the impedance of the unit cells
(UCs) that relies on a network of integrated and interconnected
electronic chips [4], [5], [6].

Why autonomous RISs?: Let us first identify indicative sce-
narios in which autonomous RIS operation is a desirable
feature. Such scenarios are depicted in Fig. 1. They con-
cern power-grid unavailability in certain outdoor locations,
high maintenance costs for cable connections in ubiquitous
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Fig. 1. Indicative scenarios in which autonomous RIS operation is desirable.
indoor deployments, and aesthetic issues that could render dif-
ficult to obtain permissions from building managers for exterior
facade deployment or for deployment onto trees, for instance.
Supplying 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 incorpo-
rating 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], [10],
[11], [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
complement subset to information transmission or the reflec-
tion 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 lever-
age an RIS to assist energy transmission in the first phase to a
group of sensor nodes from a dedicated energy source that dis-
patches 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 dedi-
cates 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
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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 transmis-
sion, 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 trans-
mission 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], [8], [9], [10],
[11], [12], [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 comparison conducted through mathematical anal-
ysis of the time-splitting and UC-splitting protocols, which
are the ones that have been considered most in the litera-
ture. 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 chan-
nel 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 con-
sumption 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:

o We present time-splitting and UC-splitting wireless EH
protocols for RISs that incorporate the channel estima-
tion 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.
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e In contrast to previous works that consider online
resource allocation based on instantaneous channel esti-
mates, we consider low-complexity offline resource allo-
cation problems for the two presented protocols, based
on the long-term statistics of the rate. Analytical solutions
that target the average rate maximization, which involve a
single integral, are provided for the case of random trans-
mitter (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 the corre-
sponding rate of its time-splitting counterpart exhibits
monotonic trends with respect to the RIS energy con-
sumption 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],! is structured as follows. In Section II, the system
and channel models are presented together with the consid-
ered 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 pro-
tocols. 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 1V, 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 formu-
las 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 VIIL.

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

In this section, we first present the system model under con-
sideration. Subsequently, we introduce the channel model and
the assumed channel-estimation protocol. Finally, we present
the considered RIS power-consumption model.

Twe substantially extend our work in [14], where only simulation results
were included, by providing analytical solutions for the optimal resource allo-
cation 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.
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Fig. 2. RIS-assisted communication due to a blocked direct link.

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 M7, (My,)
and M, (My,), and adjacent element distance equal to dr,
(dr,) and dr, (dg, ), respectively. Hence, for their total num-
ber of antennas, defined by M7 and Mp, respectively, it holds
that Mp = Mp, x My, and Mp = Mg, x Mg, . In addition,
the TX-RIS link, of distance d; m, and RIS-RX link, of dis-
tance d, 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 = M,, x Ms, UCs of
size ds, X ds,. Ms, (Ms,) and ds, (ds,) 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 P;.

B. Channel Model

We assume a flat-fading® channel model with a dominant
LoS component for both the TX-RIS and RIS-RX links.?
By w; € CIXMT & e CI*Mr H, ¢ CMsxMr  gapnd
H, € CMrxMs we denote the transmit beamforming vec-
tor, the receive beamforming vector, the TX-RIS channel, and
the RIS-RX channel, respectively. Then, the received signal,
denoted by vy, is given by:

ej@l e 0
yr = wyrH, 0 . 0 Htwg
0 0 elPMs
ej‘)ol e O
=h. [ o . o |b, 0
0 0 eJ¥Ms

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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where

h; = WthT = [htl ht2 htMs]7

hy =w,H, = [hm b, hrMs] (2)
and ¢1,...,¢)y, are the phase shifts of the UCs of the RIS.

The complex envelope channel vectors h; and h,. 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
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, w; and w, are solely determined by the angle of
departure and angle of arrival, respectively, of the LoS com-
ponent [17].* Consequently, the channel estimation of the
cascaded TX-RIS-RX channel concerns only the estimation
of the Mg h; ® h, links related to each RIS UC instead of
estimating M7 x Mg X Mp links that would be required if
w; and w, are optimized based on the individual TX-RIS-RX
links.

C. Channel-Estimation Protocol

For the estimation of the individual h; and h, links form
the cascaded h; ®h, ones, we consider the approach presented
in [18]. According to [18], for effective recovery of h; and h,
during each time slot of the preamble duration of a frame,
which we denote by Np;, 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 .
As stated in [18], the recovery of the TX-RIS and RIS-RX
links is more effective for low values of u. 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., 2Ny Hence, the upper bound N, CE 6n the RIS

rec
reconfigurations for channel estimation, is given by

NEE = 2MspN,,;. 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

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

SThe preamble at the beginning of each frame is used for both
time/frequency synchronization and channel estimation.
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or ii) the TX in time-division duplexing provided that channel
reciprocity holds in the TX-RIS-RX links.

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 follow-
ing a pedestrian user, the Doppler shift at 28 GHz is around
100 Hz for an average pedestrian velocity of 1 m/s. Hence,
by 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 us [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 yus.

D. RIS Power-Consumption Model

Under the consideration of the integrated control architec-
ture, we assume that one chip controls the impedance of a
single UC. Furthermore, for the RF-to-direct current (DC)
power conversion that is needed to power the electronic mod-
ules of the RIS, we assume that a passive rectifier circuit
follows an RF combiner that combines the absorbed RF pow-
ers 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 M 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 Aj;, and of all the UCs by As, i.e.,

As ={1,2,..., Ms}. 4

Consequently, it holds that .4 C A,. In addition, we denote
the set of the UCs dedicated for reflection by A,. As a result,
A, is the orthogonal complement of Ay, ie., A, = A}?‘
Finally, the number of UCs in Aj, and A, is denoted by M,
and M., respectively. Hence, Mj, + M, = M.

As for the DC harvested power at a time slot of the ny,
frame dedicated for EH, either solely or in parallel with

6This can be the case in several scenarios [19].
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Fig. 3. Preamble phase, common for both the proposed time-splitting and

UC-splitting protocols.

information transmission, denoted by Ppc(Ay,), it holds [22]

Pmax Pmax

o—a(Prr(A)=b) ~ Tteod
Ppe(Ay) = L Tret)- Y : 5)

T 14eat

where Prp(Ay) is the harvested RF power that is inputted
to the rectifier and Ppax i a constant denoting the maximum
harvested power when the harvesting circuit at the rectifier
is saturated. In addition, a and b are circuit-specific param-
eters, 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 Pgrp(Ap), it is given by

Pre(An) = Pt Y |hs |, (6)
€A,
where P; is the TX power. Finally, by denoting the number
of time slots (the same for each frame) dedicated to EH by
Np,, the time slot duration by T}, and the harvested energy
by Fj,, it holds

Ey, = Ppc(Ap)Np Ty (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 Np¢ slots. Finally, the payload transmission interval
follows with a duration of N, 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 V., it holds

Ng = Npr + Npt + Npl- (8)

Mlustratively, 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 Nrch reconfigurations needed for channel esti-
mation, according to Fig. 4, M additional reconfigurations are
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Fig. 4. Frame structure in the time-splitting protocol.
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Fig. 5. Post-preamble time-splitting protocol functionality.

needed for adjusting the UC impedances, based on the chan-
nel estimates, so to maximize the power harvested during the
wireless power transfer interval. Finally, M additional recon-
figurations are needed for adjusting the UC impedances after
the wireless power transfer interval so that the RIS behaves
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 and NIT respectively. Consequently, it holds

rec rec’
PT IT
Nree = Nree = Ms. )

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
N;ES, it holds

rec-

NS = NSE + NET + NIT = My (2uNp: + 2).

rec rec rec rec

(10)

Let us now evaluate the total RIS energy consumption per
frame in the time-splitting protocol, denoted by Eg)ts It holds
that [23, Eq. (4.5)]

By = Est + By, (11)
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Fig. 6. Frame structure in the UC-splitting architecture.

where Fg and Egyslfl denote the static and dynamic RIS energy
consumption. Regarding Eg, it is expected to scale linearly
with the number of UCs. Hence, by denoting the static power
consumption per chip by Pgy, it holds

Est = Mg N, Tg) Pet . 12)

TS
As far as Edy

., is concerned, by denoting the energy cost for

a UC reconfiguration by Eyc, for the upper bound on Egysn
per frame it holds
TS TS CE PT
Edyn = Niec Euc = Eree’ + Erec
+ EXL = M, (2uNye +2) Byc, (13)

where ng? = 2MsuNprEyc is the upper bound on the
RIS energy consumption per frame related to channel esti-
mation, Efe? = MFEyc is the RIS energy consumption
per frame related to reconfiguration for power transfer, and
ErIerE = MgFEyc is the RIS energy consumption per frame
related to reconfiguration for information transmission. In
practical scenarios it would hold that jz Ny, > 1, which means
that Erce? > Eg;r + ErIg(; Consequently, the RIS energy con-
sumption 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 E{gg, it holds
By = Est + By, = M (N Ty Pet + (2uNpr + 2) Buc).-
(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 per-
fect 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 Nyt = 0. Hence,

Nip = Nor + Ny (15)

Regarding the surface reconfigurations needed per frame,
apart from the Nr(g;E reconfigurations needed for channel esti-
mation, according to Fig. 6 additionally M 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
NETHIT Hence, NETHIT — M. As a result, the total num-
ber of surface reconfigurations per frame in the UC-splitting

protocol, denoted by NrES , s given by
NIE = NSE + NETHT = M, (20uNpr +1).

rec rec rec

(16)
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Fig. 7. Post-preamble UC-splitting protocol functionality.

Regarding the resulting dynamic energy consumption per
frame, denoted by Eclég, it holds
gUC _ pyUC

dyn = “'rec EUC = EFeC
+ BRI = M, (2uNpe + 1) By,

rec
where E}Z::FHT = M, Eyc is the energy consumption related

to the M, 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 > E}ZEHT. Finally, the total energy consumption

rec
per frame, denoted by Egtc, is given by

Eigf = Bsy + Egy%
= M, (N T Pst + (2uNpr + 1) Eyc). (18)

3) Comparison With the Power-Splitting Protocol: As
mentioned 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 imping-
ing 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 simultane-
ous 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], [27], [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

a7)
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adjust their reflection coefficient and at the same time reflect
towards the desired location. Such a functionality cannot be
achieved with conventional UCs [25].

C. Instantaneous SNR and Rate

1) SNR: The instantaneous end-to-end SNR related to the
information transmission, denoted by <, can be obtained by
following the standard approach as [12], [29], [30], [31]

2

V(Pk) = % > hy, hy, €3 (91 Zhag+Zhoy)
g
keA,

19)

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

o = —Lhy, — Lhy,, for k€ A,. (20)

By substituting (20) in (19), the maximum SNR can be
written as
2

Py
'Yzﬁ Z |htk||h?"k|
keA,

2y

As stated in [12], we note that (20) indicates that indepen-
dent 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

N,
R = 2Ny W logs (1 +7) =

Npl Py
:iWIOgQ 1+? Z|htk||h7“k|

(22)
Ny ke A,

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
Ei_, g, in the K-frame duration being smaller than the cor-
responding RIS energy consumption requirements should not
exceed a threshold. It holds

K K
Bk =Y Ey=(Ng— Nor — Nyi) Tg > Ppo(As).
n=1 n=1

(23)
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Problem A (Average Rate Maximization): This problem is
formulated as

maximize &) (Npl)
pl

subject to Pr{EH K < KEtf(r)t} <e (24)
where € is an outage probability threshold, RK ){} denotes
the average rate value for the K-frame duration, and Pr{-}
denotes probability. We note that for sufficiently large K it
holds that RU5)(N,,)) 2 R(N,,), where R(N,) is the mean
value of R(Np), due to the law of large numbers. Based
on (22) and (23), (24) can be rewritten as

maximize Ny
pl
K fr

KEF,
subject to Pr Ppc(As) < tot <e.
{nz—:l (Nfr — Npr — Npl) Ty

(25)

According to (25), we understand that the computation of
the optimal value of N, which we denote by N7, requires
the knowledge of the cumulative density function (CDF) of

S K Ppo(As).

B. UC-Splitting Protocol

It holds
K K
Eik =Y Ep=(Ng— Nor) T Y Ppc(Ay). (26)
n=1 n=1

Problem B (Average Rate Maximization): The problem is
formulated as

maximize R(K)(MT)

T

subject to Pr{El_> K < KEtfgt} <e 27)
Based on (22) and (26), (27) can be rewritten as
maximize M,
K f,
KET
subject to Pr Ppc(Ap) € 0t % < e
{nz::l (Nfr - Npr) Tsl
(28)

According to (28), the computation of the optimal value of
M., which we denote by M, requires the knowledge of the
CDF of ZnKzl Ppc(Ap). Hence, in both the time-splitting
and UC-splitting protocols the computation of NS‘I and M}

entails the computation of the CDF of fo:l Ppc(Ay),
where A;, C As.

Remark 2: In the case that Ey_,;r > KE[ 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 Erce(‘:E . Alternatively, the TX could switch to a
sub-6 GHz band that is less susceptible to blockages compared
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with mmWave bands and realize the communication with the
RX without the involvement of an RIS.”

Furthermore, we note that the solution of (28) depends only
on M, 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. However, the
particular selection of the UCs is expected to affect the radia-
tion 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 25:1 Ppc(Ap)

Proposition 1: Let us denote the CDF of Zle Ppc(Ay)
by Fpc(z). Fpc(z) is approximated by (29), shown at the
bottom of the page, where ¢y, (s) is the moment generating
function (MGF) of Zle Ppc(Ap), given by (30), shown
at the bottom of the page. f;, () is the probability density
function (pdf) of >, c 4, |ht, |2 and B, C, and G are constants.
The range of values of B, C, and G for which Fpc(z) is
computed with a good accuracy depends on the statistics of
|htz‘|'8

Proof: See Appendix A. [ |

V. CHANNEL CASE STUDIES AND MONOTONIC TRENDS

The aim of this section is to show that f;, (z) 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 aver-
age 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 uncorrelated’ fading. By considering for sim-
plification a free-space propagation based path-loss exponent
model'? and by denoting the gains of TX antenna, RX antenna,

TThis is in accordance with the fact that major telecom operators plan to
use multiple bands for offering their 5G services [35].

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 ds, and ds, equal to half wave-
length [37]. However, any correlation among the links can be readily
incorporated into our framework according to the model of [37].

1015 cases of dominant LoS components, the actual path-loss exponent is
expected to be close to the free-space propagation one.
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and each UC with G¢(0), G, (), and Gs(0), respectively, it
holds

he = [hey by ]| =

_ AN\2Ge(0r.4) Gs (Oris,a) - - 17
- \/(M) e [ty - By, |

by = [hry oo By ]

2
_ \/( A ) G, (9r,a) Gy (GRIS,d) VLTI .. iLrMJ T7 (32)

4m d?

(3D

where A is the wavelength. Furthermore, 0y 4, 0r o, ORIS,a
and 0Rys,q 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:

Btk = ej%rdtk + my, (33)
where k = 1,2,..., M and dy, is the distance between the
TX and the center of the ky,. Furthermore, my, € CN(0,07)
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

th (CE) _ (arZicc+b3icc(z))
2

I, —1(rice brice (7))
2\/mpt°’2t2 Gt(gtvd)GQS(GRIS,a)

dt
x>0, 4
where
5 T
Orice = ?Mh, brice(T) = 02 Gi(04,4)Gs(Oris,a)
t P ' d? 7
(35

Ing, —1(+) is the (M}, —1)-th order modified Bessel function
of the 1st kind.
Proof: See Appendix B. |

m~+B

/ ¢ C

~ ol—C _A/2

Fpo(z) =22 e g <m>
m=0 =0

> (v aik|on (CEET) fG 4 g2 a0

2z 29)

X sz 1 1
P (1_ 1 ) e*® fr, <pt<—aln<z(1_ 1 >+Pmax
max 1+eab 1+eab 1+eab

Prnax

bp,(8) = oP,

K
. 1> N b>>
dz| . (30)

0 fmax
m(l— Treab

)_;’_Pmax

2
1 Pmax
R 1) (o1 - ) + )

1+4eab
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B. Case Study: TX-RIS Links Subject to Nakagami-m Fading

Let us assume that ﬁtk, k= 1,2,..., Mg, is subject to
Nakagami-m fading with fading severity parameter m; and
spread parameter a%.

Proposition 3: For the Nakagami-m fading case it holds
that f;, (z) is equal to (36), shown at the bottom of the
page.

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 |h¢,| =
Ve, N} and M are given by

1 Etfrt (1 -1 b)
O ]_+ al
;l - \‘— Ti Pryax : Pryax + Nfr - NprJ (37)
sl 1+e—a(PtM_gc—b) - 1+eub
and
1 1 P,
Mf=Ms— || —(—In[ == —-1)+0> 38
o [ () )] o
_ B 1 Prax
where D = (Nfr_;V:r)Tl(l - 1+e“b) T 1fcan:

Proof: Equations (375) and (38) originate by solving the
constraints of (25) and (28) for |hy| = v/c. [ ]

Remark 3: Based on (34) and (36), we see that fj, (z) for
well-known fading distributions that incorporate a LoS com-
ponent, such as Rician and Nakagami-m, can be obtained
in closed form. This means that the computation of (29)
and, consequently, of Ngl and M}, involves a single inte-
gral, which make them computationally efficient. In addition,
the closed-form formulas (37) and (38) for the computation
of N;‘l and M), 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 scat-
tering, which 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 RE) ~ R
holds, according to the law of large numbers. Let us now
denote the achievable rates in the UC-splitting and time-
splitting cases by R(UC) and R(T), respectively. Before
proceeding with the investigation of the monotonic trends of
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Assumption 1: Both the TX-RIS and RIS-RX links are
subject to free-space propagation. This means

A\ 2 G(04,q4) Gs (Oris,
O e s
AN\2 G, (0,0)Gs(0
hrk = \/(471_) T‘( T’a)dgs( RIS7d) = \/a; (39)

k=1,2,..., M.

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 addi-
tion, we assume that the particular region can be approximated
by a linear relationship between the input and harvested RF
power.'! In such a case, it approximately holds

Ppc(Ap) = nPre(An) = 1Pt Y e[,
€Ay,

where 1 encompasses the RF-to-DC conversion efficiencies.
Assumption 3: Eél;,slfl Edt;g > FEg holds. Consequently,

(40)

EXS ~ Ms(2uNpr +2)Buc, ESS =~ Ms(2uNp: + 1) Eyc. (41)
Based on the Assumptions 1, 2, and 3, p is given by
R(UC)
P= g™
(Nfr - Npr) logy (1 + (Ms - PEUC>QCtCT/U2)
= . L, (42
(—SEUC + Ng — Npr) logo(1+ MZcier/o?)

where

_ Ms(2uNpy +1) 2M; pu Ny

- nee Py (Nfr - Npr) Tq - nee Py (Nfr - Npr) Ty’

_ 2pNpr +2 0 2ulNpy

T onePi Ty merPiTy
The the approximations in (43) hold due to the fact that in
practice it is expected that puNpr > 2 > 1.

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

2uNpy + 2
* pr
=——F Ng. — N,
Pl nePrTy OC =
YR TR C
net Py (Nfr - Npr) Ty

Lemma 1: The function V (Eyc) = (2]\],‘?-{11‘{;‘r‘)(]jy:i%£)
T pr s

is lower and upper bounded by 2 for Eyc € [0, £ty ), where

(43)

Eyc. (44)

the ratio of the achievable r'ates of the two protO?ols, that. we M, Ng — Npr ne Py ( Ny — Npr) Ty
denote by p, let us first, without loss of generality, consider By, = P - g = 2uN (45)
the Assumptions 1, 2, and 3 that follow, for simplifying the pr
corresponding derivations. HSuch a region can occur for low input RF power [22, Fig. 2].
my M _ myx
X . t Mp, 02(4)2 Gt(et,d)cé' (GRIS,a)
z) = gmMa—ly AT a7 , x>0. 36
Jiu () CmeMp) | o A \2Gi(01,4)Gs(Oris,a) (36)
9\ ir d?
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is the value of Eyc for which all the time and UC resources
in the time-and UC-splitting cases, respectively, are dedi-
cated 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 p is a monotonically increasing function with
respect to Eyyc. On the other hand, in the low-SNR regime for
the UC-splitting case, p is a monotonically decreasing function
with respect to Eyc.

Proof: See Appendix E. |

Remark 4: Proposition 5 reveals that p has at least one local
maximum in the range of Fyc for which the allocation of
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-
Iytical 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 d;_,. p, dy p,
dt v, drw, he, by, and hrig 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

2
dr = \/(dt—nh —dyp)” + d2, + (hris — hr)?
1 \/dt2,v + (hRIS - ht)2

0; g = tan™ ,
b di.h
e \/dvg,v + (hrrs — hr)”
= tan
|dy—r,p — dy 1]
™ s
OR1S,a = 5 0t.d, ORis,d = 3 Or,a- (46)

B. TX/RX Antennas and UCs

By denoting the azimuth and elevation angles of the TX
(RX) antenna by ¢ and 6, respectively, and assuming that
the phase of its elements is adjusted so that the main lobe
is directed to (6g, ¢g), for its directivity, which we denote by
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Fig. 8. K-frame average rate vs. the energy cost of a UC reconfiguration
for a% =0.

Dy(0,¢) (Dr(6,4)), it holds [38]

D0, ¢) = 19:C DU

(47)
Mz, M7, Ry

where g¢(0, ¢) and (0, ¢) are the array and element factors,
respectively. Together with R; 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(0,$) = 1. Finally, the gains of the TX and RX antennas,
which we denote by G¢(0,¢) and G, (0, ¢), respectively, are
given by Gt(9,¢) = €tDt(0,¢)) and GT(aad)) = e’l‘D’F(97¢)7
where €; and ¢, are the efficiencies of the TX and RX
antennas, respectively.

Furthermore, we consider that each UC exhibits a cosine
gain pattern, with respect to the azimuth angle 6, expressed
as [39]

Gs(0) =4cos(9), 0<6<m/2. (48)

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 sub-
ject to additive white complex Gaussian noise with power o2,
computed in dBm as 02 = —174+101log;o( W)+ Fgp, where
Fqn 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 a% denotes the variance of the
fast-fading complex envelope related to the RIS-RX links.

1) Evaluation of the Average Rate Performance: Fig. 8
depicts the average rate in the time- and UC-splitting cases
versus Eyc for O’? = 0. Due to the fact that free-space
propagation is assumed for the TX-RIS links (07 = 0),
N and M for the time- and UC-splitting protocols are
given by (37) and (38), respectively. We note that the max-
imum value Eyc = 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 pro-
tocol substantially outperforms its time-splitting counterpart
throughout the depicted Eyc range. In particular, 4 and 6
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Fig. 9. Average rate ratio (p) of the UC- over the time-splitting protocol and average SNR vs. the energy cost of a UC reconfiguration for a% =0.

TABLE I
PARAMETER VALUES USED IN THE SIMULATION

‘ Parameter ‘ Value Parameter ‘ Value ‘
Fo e [ |
Mo, Mo, 15 o, e 0.9
i LW o7 03
Mr,, Mr, 50 Mp,, Mg, 0
df,—r,h 90 m o I s
de.n 15m s e
dr 0m T~ ki
hris 12 m Nov 0%
Fan 10 dB a 90
b 1077 Prax 30 mW
w 100 MHz c =
P 1 W K o
. 02 Nex 107

times higher average rate is achieved for Eyc = 350 and
Eyc = 400 pJ, respectively. Moreover, a notable trend we
observe is that the rate decrease with respect to an increas-
ing Eyc is more pronounced in the time-splitting protocol
case up to a certain Fyc value, whereas it becomes more
pronounced in the UC-splitting case close to the maximum
possible Eyc value. In addition, in Fig. 9 we also plot the
average rate performance of the power-splitting protocol that
we mentioned in Section III-B3. As we observe, it achieves a
higher performance than the UC-splitting protocol as expected
according to the intuition presented in Section III-B3.

2) Validation of Proposition 5 and Remark 4: The afore-
mentioned rate trend with respect to Fy¢ for the time- and
UC-splitting protocols is further substantiated in Fig. 9 that
illustrates the ratio p of the average rate of the UC-splitting
protocol over the corresponding one of the time-splitting
protocol together with the average SNR versus FEyc for
of = 0. As far as p is concerned, in Fig. 9-(a) two regions
are distinguished. In the 1st region the ratio is a monotoni-
cally increasing function until a peak is reached after which
the ratio becomes a monotonically decreasing function with
respect to Fyc. The latter region starts occurring close to the
maximum value of Eyc, 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. Eyc for 0t2 = 0.
As we observe from Fig. 9-(b), in the monotonically increas-
ing region the SNR in the UC-splitting case stays above
10 dB, whereas it is below the particular value in the mono-
tonically 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 max-
imum), validates Remark 4. Finally, 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 coun-
terpart, which again verifies the intuitive comment on such a
performance comparison of Section III-B3.

Now that the expected monotonic trends from Proposition 5
have been validated, let us provide an intuitive explanation of
why p monotonically increases in the high-SNR and decreases
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 Fyc, 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 Fyc range. On the
other hand, for the UC-splitting protocol case such a term
is included inside the logarithm function in (27), which jus-
tifies 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 p in the particu-
lar region. On the other hand, in the low-SNR region for the
UC-splitting protocol it holds that log2(1 + v) ~ log2(e)y
for v <« 1. In addition, the SNR reduction in the UC-
splitting case scales quadratically with FEy;c, as the factor
(Mg — PEyc)?cicr/o? in the proof of Proposition 5 reveals
for the low-SNR region. Consequently, in the low-SNR region
for the UC-splitting case p involves the ratio of a term
that quadratically reduces with Eyc over a term that lin-
early reduces with Eyjc. This justifies the monotonic decrease
of p.
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Fig. 10. R(K) s, O’%.

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 Eyc.
As we observe from Fig. 10, the higher O't2 is the higher the
achieved rate gain is by the knowledge of the analytical frame-
work. This was expected since higher values of a% 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 Eyc. In particular, for
Eyc =300 pJ and a% = 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 Eyc
range. However, such a decision does not consider a possi-
ble constraint on the required SNR to achieve a target error
rate. In particular, for higher Eyjc values than the one achiev-
ing the peak in the p vs. Eyc 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 Eyjc. 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 con-
sumption 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 consumption of electronics is naturally expected to
increase, which means that a small margin between the oper-
ation point and the rapidly falling SNR region would pose a
risk. ii) Even if Fyj¢ ideally remains steady over the years, the
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same effect in the total RIS energy consumption of increasing
Eyc can be exerted by an increase of p, based on (13). Such
an increase of p 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 ;4 increases
in order to maintain the reliability level of the channel estima-
tion. 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 con-
sumption. 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 E(};Sl, E(ggl > FEg. 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 con-
sidered 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], [5], [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. Ny, for Eyc = 300 pJ. As we observe
from Fig. 11, the NMSE rapidly drops until N, = M, and
then it slowly reduces. This is justified by the lack of spar-
sity in the RIS-RX channel, since independent and identical
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Fig. 11. NMSE vs. Npy for Eyc = 300 pl.
distributed fading is assumed for the scattered component of
the Rician process. Hence, if Ny, < M;, the channel value
that we used for the remaining Ny, — My TX-RIS-RX links
that channel estimation cannot be performed is the value of
the LoS component. This is the component that is not sub-
ject 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 Npy < M region as Np; increases.

Finally, in Fig. 12 we depict the average rate and SNR
curves for the time-and UC-splitting protocols vs. Np;. As we
observe, in terms of average rate the gap between the 2 proto-
cols increases with Np,; due to the fact that the reduction of the
resources with respect to an increasing N, is a multiplicative
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 Np,. This can be understood by the fact
that the average SNR in the time-splitting case only slightly
increases with the increase of Ny, in the Ny, < M, region,
as we observe. This is a clear indication of the importance of
the dominant LoS component over the scattered one.

VII. CONCLUSION

We have conducted this work to give an answer to system
designers of whether a time-splitting or a UC-splitting pro-
tocol 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 consid-
ered 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 proto-
cols 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
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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 mono-
tonically 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 analyti-
cal 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, Zf:l Ppc(Ap) consists of the summa-
tion of K independent random variables following the same
distribution. Hence,

bn,(8) = {/Ooo eswth(w)} K,

where hpc(z) is the pdf of Ppc(Ap). Based on (5) the
CDF of Ppc(Ayp), which we denote by Hpc(z), is given
by (50), shown at the bottom of the next page. By taking the
first derivative of Hpg(z) and plugging it into (49), (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.

(49)

APPENDIX B
PROOF OF PROPOSITION 2

For the CDF of 3, 4, |ht, |2, which we denote by Fy, (),
it holds

Fp,(z)

P N hyP <

1€Ay

A\ 2 Gt Gs (Bine)
P 3 () e
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where @y, (-,-) is the generalized Marcum Q-function of
order Mj,. (a) arises due to the fact that Zfﬁh \h,’5i|2 con-
sists of the summation of the squares of 2M} independent,
normally distributed random variables, with means equal
2 jﬁdzi 2 2 [ jQJdtl 2 : : 12
to e (R{e? N %i})=, = (3{e? X *})* and unit variances.

Hence, folh \ﬁgi\Q follows a non-central chi-squared dis-
tribution with 20}, degrees of freedom and mean param-
eter equal to (U%)wah(%{ej%wdti})? + (S{ejQTﬂdti})Q =
(f—%)Mh. Finally, by taking the 1st derivative of Fj, (z) with
respect to x and using [42, eq. (13)], (34) is obtained.

APPENDIX C
PROOF OF PROPOSITION 3

For the CDF of >, 4, |4 2, denoted by Fy,(z), it holds
that F, (z) is equal to (52), shown at the bottom of the page,
where v(-,-) is the lower incomplete gamma function. (b)
arises by considering that the square of a Nakagami-m random
variable is Gamma distributed with shape m; and scale a? /my
and the summation of M}, uncorrelated Gamma variables hav-
ing the same scale is also Gamma distributed with shape equal

127he independence property comes from the fact that uncorrelated normal
variables are also independent variables.
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to my M), and scale equal to at2 /my [43]. Finally, (36) results
from the 1st derivative of Fj, (z) from (52).

APPENDIX D
PROOF OF LEMMA 1

It holds that

V(0) = 2,
. d(Ngp— Npr— SE
V(E )(ﬁ) 2Ms hmEUC_)Eth ( : dEI')UC UC) —9
th) = Ne — N i d(Ms—PEyc) = 7
(N — pr) MEyc—Eyw —  dBEyo

(53)

where (c) is due to the L’hospital’s rule. In addition, it holds
that C”(/j%i]i‘éc) = 0, which means that V(Fyc) is lower and
upper bounded by the number 2 for Eyc € [0, Eiy,), taking
also into account (53).

APPENDIX E
PROOF OF PROPOSITION 5

1) High-SNR Region: 1t suffices to prove that dp/dEyc > 0
for (Mg — PEyc)?cicr/o? > 1 (high-SNR region in the UC-
splitting case). Let us now test the hypothesis dp/dEyc > 0.
It holds that

dp/dEUC >0 (:d>)
ln<(Ms - PEUc)ZCtCT/JQ) > V(Buo) D2 true, (54)

where in (d) we use the approximation

1+ (Ms — PEyc)?cier/o? ~ (Mg — PEyc)?crer/a? (55)

1 P,
Hpc(z) = Pr{Ppc(Ap) <z} = Pr Z |hti|2 < 7|\ 3 In lmax B —-1]+0d (50)
i€An ' ””(1 - ﬁ) titea
Fu@) = P S P st pdS e to 1 [, 42 (52)
t - T : ~ T 7 — 2 G Gs einc - ) 2 G Gs einc
i€A, im1 () % I'(mi Mp) o2 (L) %

t t
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dp/dByc < 0 = 1n(1 + (M, — PEUC)Qctcr/UQ) (1 + (M, — PEUC)thcT/Jz)

M
>2———— (M, — PEyc)(Ng — Npr — SEUC)ctcr/a2 (:f>) 1< V(Eyc) true, (56)
Nfr - Npr
2 2 2 2\ o 2 2
1+ (Ms — PEyc) ererJo? ~ 1, ln(l + (My — PEyc)2crer /o ) ~ (M — PEyc)2eien/o?. (57)

and in (e¢) Lemma 1. The last inequality of (54) holds, which
validates the hypothesis, due to the fact that it is expected
that In((Ms — PEyc)?ctcr/o?) > 2 in the high-SNR region
(Mg — PEyc)2cier/o? > 1).

2) Low-SNR Region: 1t suffices to prove that dp/dFyc < 0
for (Mg — PEyc)?cier/o? < 1 (low-SNR region in the UC-
splitting case), which holds as shown in (56), at the top of
the page, where in (f) we use the approximations in (57),
shown at the top of the page. The last inequality of (56) holds,
which validates the hypothesis, due to Lemma 1. Based on (54)
and (56), the proof of Proposition 5 has been concluded.

REFERENCES

[1] M. Di Renzo et al., “Smart radio environments empowered by reconfig-
urable intelligent surfaces: How it works, state of research, and the road
ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450-2525,
Nov. 2020.

[2] E.Bjornson, O. Ozdogan, and E. G. Larsson, “Reconfigurable intelligent
surfaces: Three myths and two critical questions,” IEEE Commun. Mag.,
vol. 58, no. 12, pp. 90-96, Dec. 2020.

[3] “Industry specification group (ISG) on reconfigurable intelligent surfaces
(RISs).” Accessed: Mar. 24, 2023. [Online]. Available: https://www.etsi.
org/committee-activity/activity-report-ris

[4] S. Abadal, T. Cui, T. Low, and J. Georgiou, “Programmable metama-
terials for software-defined electromagnetic control: circuits, systems,
and architectures,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 10,
no. 1, pp. 6-19, Mar. 2020.

[5] A. C. Tasolamprou et al., “Exploration of intercell wireless millimeter-
wave communication in the landscape of intelligent metasurfaces,” IEEE
Access, vol. 7, pp. 122931-122948, Aug. 2019.

[6] C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides, S. Ioannidis, and
I. Akyildiz, “Realizing wireless communication through software-
defined hypersurface environments,” in Proc. IEEE 19th Int.
Sympo. World Wireless Mobile Multimedia Netw. (WoWMoM), 2018,
pp. 14-15.

[7]1 Y. Zou, S. Gong, J. Xu, W. Cheng, D. T. Hoang, and D. Niyato,
“Wireless powered intelligent reflecting surfaces for enhancing wire-
less communications,” IEEE Trans. Veh. Technol., vol. 69, no. 10,
pp. 12369-12373, Oct. 2020.

[8] Z. Chu, P. Xiao, D. Mi, W. Hao, M. Khalily, and L.-L. Yang, “A novel
transmission policy for intelligent reflecting surface assisted wireless
powered sensor networks,” IEEE J. Sel. Topics Signal Process., vol. 15,
no. 5, pp. 1143-1158, Aug. 2021.

[9] S. Hu, Z. Wei, Y. Cai, C. Liu, D. W. K. Ng, and J. Yuan, “Robust and
secure sum-rate maximization for multiuser MISO downlink systems
with self-sustainable IRS,” IEEE Trans. Commun., vol. 69, no. 10,
pp. 7032-7049, Oct. 2021.

[10] Y. Pan, K. Wang, C. Pan, H. Zhu, and J. Wang. “Self-sustainable recon-
figurable intelligent surface aided simultaneous terahertz information and
power transfer (STIPT).” Accessed: Mar. 24, 2023. [Online]. Available:
https://arxiv.org/abs/2102.04053

[11] K. Ntontin et al., “Autonomous reconfigurable intelligent surfaces
through wireless energy harvesting,” in Proc. IEEE 95th VIC Spring,
Jun. 2022, pp. 1-6.

[12] K. Ntontin et al., “Wireless energy harvesting for autonomous reconfig-
urable intelligent surfaces,” IEEE Trans. Green Commun. Netw., vol. 7,
no. 1, pp. 114-129, Mar. 2023.

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

(28]

B. Lyu, P. Ramezani, D. T. Hoang, S. Gong, Z. Yang, and A. Jamalipour,
“Optimized energy and information relaying in self-sustainable IRS-
empowered WPCN,” IEEE Trans. Commun., vol. 69, no. 1, pp. 619-633,
Jan. 2021.

K. Ntontin, A. A.-A. Boulogeorgos, Z. Abdullah, A. Mesodiakaki,
S. Abadal, and S. Chatzinotas, “Time vs. Unit cell splitting
for autonomous reconfigurable intelligent surfaces,” in Proc. IEEE
GLOBECOM, 2022, pp. 3332-3337.

I. A. Hemadeh, K. Satyanarayana, M. El-Hajjar, and L. Hanzo,
“Millimeter-wave communications: Physical channel models, design
considerations, antenna constructions, and link-budget,” [EEE
Commun. Surveys Tuts., vol. 20, no. 2, pp. 870-913, 2nd Quart.,
2018.

E. Arslan, 1. Yildirim, F. Kilinc, and E. Basar, “Over-the-air equalization
with reconfigurable intelligent surfaces,” IET Commun., vol. 16, no. 13,
pp. 1486-1497, 2022.

D.-W. Yue, Y. Zhang, and Y. Jia, “Beamforming based on specular com-
ponent for massive MIMO systems in Ricean fading,” IEEE Wireless
Commun. Lett., vol. 4, no. 2, pp. 197-200, Apr. 2015.

Z.-Q. He and X. Yuan, “Cascaded channel estimation for large intelligent
metasurface assisted massive MIMO,” IEEE Wireless Commun. Lett.,
vol. 9, no. 2, pp. 210-214, Feb. 2020.

W. Tang et al., “On channel reciprocity in reconfigurable intelligent
surface assisted wireless network,” 2021, arXiv:2103.03753.

A. Jiménez-Sdez, A. Asadi, R. Neuder, D. Wang, and R. Jakoby, “Liquid
crystals: The way to scalable and practical reconfigurable intelligent sur-
faces in 6G,” Oct. 2022. [Online]. Available: https://www.techrxiv.org/
articles/preprint/Liquid_Crystals_The_way_to_Scalable_and_Practical_
Reconfigurable_Intelligent_Surfaces_in_6G/21335733

D. Altinel and G. K. Kurt, “Diversity combining for RF energy
harvesting,” in Proc. IEEE 85th VTC Spring, 2017, pp. 1-5.

E. Boshkovska, D. W. K. Ng, N. Zlatanov, and R. Schober, “Practical
non-linear energy harvesting model and resource allocation for SWIPT
systems,” IEEE Commun. Lett., vol. 19, no. 12, pp. 2082-2085,
Dec. 2015.

“Report on the comparison between ideal hypersurface (HSF)s and the
manufactured prototypes, VISORSURF project.” Dec. 2020. [Online].
Available: https://ec.europa.eu/research/participants/documents/
downloadPublic?documentIds"080166e5d7993c7d&appld PPGMS

Y. Liu et al., “STAR: Simultaneous transmission and reflection for 360°
coverage by intelligent surfaces,” IEEE Wireless Commun., vol. 28,
no. 6, pp. 102-109, Dec. 2021.

J. Xu, Y. Liu, X. Mu, and O. A. Dobre, “STAR-RISs: Simultaneous
transmitting and reflecting reconfigurable intelligent surfaces,”
IEEE Wireless Commun. Lett., vol. 25, no. 9, pp. 3134-3138,
Sep. 2021.

N. Docomo. “DOCOMO conducts world’s first successful trial of
transparent dynamic metasurface.” Accessed: Mar. 24, 2023. [Online].
Available: https://www.docomo.ne.jp/english/info/media_center/pr/
2020/0117_00.html

J. Zhang, Z. Li, L. Shao, and W. Zhu, “Dynamical absorption manipula-
tion in a graphene-based optically transparent and flexible metasurface,”
Carbon, vol. 176, pp. 374-382, May 2021. [Online]. Available: https://
www.sciencedirect.com/science/article/pii/S0008622321001573

X. Wang, J. Ding, B. Zheng, S. An, G. Zhai, and H. Zhang,
“Simultaneous realization of anomalous reflection and transmission at
two frequencies using bi-functional metasurfaces,” Sci. Rep., vol. 8,
no. 1, p. 1876, Jan. 2018. [Online]. Available: https://doi.org/10.1038/
s41598-018-20315-2



NTONTIN et al.: TIME- AND UNIT-CELL SPLITTING COMPARISON

[29] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8,
pp. 4157-4170, Aug. 2019.

E. Bjornson, O. Ozdogan, and E. G. Larsson, “Intelligent reflecting sur-
face vs. decode-and-forward: How large surfaces are needed to beat
relaying?” IEEE Wireless Commun. Lett., vol. 9, no. 2, pp. 244-248,
Feb. 2020.

K. Ntontin, A.-A. A. Boulogeorgos, D. G. Selimis, F. 1. Lazarakis,
A. Alexiou, and S. Chatzinotas, “Reconfigurable intelligent sur-
face optimal placement in millimeter-wave networks,” IEEE Open J.
Commun. Soc., vol. 2, pp. 704-718, Mar. 2021.

S. Abeywickrama, R. Zhang, Q. Wu, and C. Yuen, “Intelligent reflecting
surface: Practical phase shift model and beamforming optimization,”
IEEE Trans. Commun., vol. 68, no. 9, pp. 5849-5863, Sep. 2020.

S. L. Jia, X. Wan, P. Su, Y. J. Zhao, and T. J. Cui, “Broadband meta-
surface for independent control of reflected amplitude and phase,” AIP
Adv., vol. 6, no. 4, Apr. 2016, Art. no. 45024.

J. Zhang, X. Wei, I. D. Rukhlenko, H.-T. Chen, and W. Zhu, “Electrically
tunable metasurface with independent frequency and amplitude modu-
lations,” ACS Photon., vol. 7, no. 1, pp. 265-271, Dec. 2019.

B. Fletcher. “New Samsung 5G phones can tap both sub-6 GHz and
millimeter wave spectrum, Samsung.” Feb. 2020. [Online]. Available:
https://www.fiercewireless.com/devices/new-samsung-5g-phones-can-
tap-both-sub-6-ghz-and-millimeter-wave-spectrum

A. Annamalai, G. Deora, and C. Tellambura, “Analysis of general-
ized selection diversity systems in wireless channels,” IEEE Trans. Veh.
Technol., vol. 55, no. 6, pp. 1765-1775, Nov. 2006.

E. Bjornson and L. Sanguinetti, “Rayleigh fading modeling and chan-
nel hardening for reconfigurable intelligent surfaces,” IEEE Wireless
Commun. Lett., vol. 10, no. 4, pp. 830-834, Apr. 2021.

M. J. Lee, L. Song, S. Yoon, and S. R. Park, “Evaluation of directivity
for planar antenna arrays,” IEEE Antennas Propag. Mag., vol. 42, no. 3,
pp. 64-67, Jun. 2000.

W. Tang et al., “Path loss modeling and measurements for reconfig-
urable intelligent surfaces in the millimeter-wave frequency band,” 2021,
arXiv:1906.09490.

L. Petrou, K. M. Kossifos, M. A. Antoniades, and J. Georgiou,
“The first family of application-specific integrated circuits for pro-
grammable and reconfigurable metasurfaces,” Sci. Rep., vol. 12, no. 1,
p. 5826, Apr. 2022. [Online]. Available: https://doi.org/10.1038/s41598-
022-09772-y

A. Annamalai, G. Deora, and C. Tellambura, “Analysis of general-
ized selection diversity systems in wireless channels,” IEEE Trans. Veh.
Technol., vol. 55, no. 6, pp. 1765-1775, Nov. 2006.

A. Annamalai and C. Tellambura, “A simple exponential integral repre-
sentation of the generalized Marcum Q-function QM (a, b) for real-order
M with applications,” in Proc. MILCOM IEEE Military Commun. Conf.,
San Diego, CA, USA, 2008, pp. 1-7.

C. Mun, C.-H. Kang, and H.-K. Park, “Approximation of SNR statistics
for MRC diversity systems in arbitrarily correlated Nakagami fading
channels,” Electron. Lett., vol. 35, no. 4, pp. 266-267, Feb. 1999.

[30]

(31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

Konstantinos Ntontin (Member, IEEE) received the
Diploma degree in electrical and computer engi-
neering from the University of Patras, Greece, in
2006, the M.Sc. degree in wireless systems from
the Royal Institute of Technology (KTH), Sweden,
in 2009, and the Ph.D. degree from the Technical
University of Catalonia, Spain, in 2015. He is
currently a Research Scientist with the SIGCOM
Research Group at SnT, University of Luxembourg.
In the past, he held research associate positions with
the Electronic Engineering and Telecommunications
Department, University of Barcelona, the Informatics and Telecommunications
Department, University of Athens, and the National Centre of Scientific
Research-“Demokritos.” In addition, he held an internship position with
Ericsson Eurolab Gmbh, Germany. His research interests are related to the
physical layer of wireless telecommunications with focus on performance
analysis in fading channels, MIMO systems, array beamforming, transceiver
design, and stochastic modeling of wireless channels.

1581

Emil Bjornson (Fellow, IEEE) received the M.S.
degree in engineering mathematics from Lund
University, Sweden, in 2007, and the Ph.D. degree
in telecommunications from the KTH Royal Institute
of Technology (KTH), Sweden, in 2011.

From 2012 to 2014, he was a Postdoctoral
Researcher with the Alcatel-Lucent Chair on
Flexible Radio, CentraleSupélec, France. From 2014
to 2021, he held different professor positions with
Linkoping University, Sweden. From 2020 to 2021,
he was a part-time Visiting Full Professor with KTH,
where he has been a Tenured Full Professor of Wireless Communication
since 2022. He has authored the textbooks Optimal Resource Allocation in
Coordinated Multi-Cell Systems in 2013, Massive MIMO Networks: Spectral,
Energy, and Hardware Efficiency in 2017, and Foundations of User-Centric
Cell-Free Massive MIMO in 2021. He is dedicated to reproducible research
and has made a large amount of simulation code publicly available. He per-
forms research on MIMO communications, radio resource allocation, machine
learning for communications, and energy efficiency. He has performed MIMO
research for 16 years, his papers have received more than 18000 citations,
and he has filed more than 20 patent applications. He is a host of the podcast
Wireless Future and has a popular YouTube channel with the same name.

Dr. Bjornson has received the 2014 Outstanding Young Researcher Award
from IEEE ComSoc EMEA, the 2015 Ingvar Carlsson Award, the 2016
Best Ph.D. Award from EURASIP, the 2018 and 2022 IEEE Marconi Prize
Paper Awards in wireless communications, the 2019 EURASIP Early Career
Award, the 2019 IEEE Communications Society Fred W. Ellersick Prize,
the 2019 IEEE Signal Processing Magazine Best Column Award, the 2020
Pierre-Simon Laplace Early Career Technical Achievement Award, the 2020
CTTC Early Achievement Award, and the 2021 IEEE ComSoc RCC Early
Achievement Award. He also coauthored papers that received Best Paper
Awards at the conferences, including WCSP 2009, the IEEE CAMSAP 2011,
the IEEE SAM 2014, the IEEE WCNC 2014, the IEEE ICC 2015, and WCSP
2017. He has been on the editorial board of the IEEE TRANSACTIONS ON
COMMUNICATIONS since 2017. He has been a member of the online editorial
team of the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS since
2020. He has been an Area Editor of IEEE Signal Processing Magazine since
2021. He is a Fellow of the Wallenberg Academy and the Digital Futures and
an SSF Future Research Leader.

Alexandros-Apostolos A. Boulogeorgos (Senior
Member, IEEE) was born in Trikala, Greece, in
1988. He received the Diploma degree in elec-
trical and computer engineering (ECE) and the
Ph.D. degree in wireless communications from the
Aristotle University of Thessaloniki (AUTh) in 2012
and 2016, respectively.

From 2022, he is an Assistant Professor with
the Department of ECE, University of Western
Macedonia, Greece. From 2017 to 2022, he served as
a Senior Researcher with the Department of Digital
Systems, University of Piraeus, where he conducted research in the area of
wireless communications. From October 2012 to September 2016, he was a
Teaching Assistant with the Department of ECE, AUTh. From February 2017
to September 2022, he served as an Adjunct Professor with the Department
of ECE, University of Western Macedonia and as an Visiting Lecturer with
the Department of Computer Science and Biomedical Informatics, University
of Thessaly. He has worked in a number of EU and national projects. He has
coauthored more than 120 technical papers, which were published in scientific
journals and presented at prestigious international conferences. Furthermore,
he is the holder of two (one national and one European) patents. His current
research interests spans in the area of wireless communications and networks
with emphasis in high frequency communications, intelligent communication
systems, optical wireless communications, and signal processing and commu-
nications for biomedical applications.

Dr. Boulogeorgos was awarded the Distinction Scholarship Award from the
Research Committee of AUTh in 2014, and was recognized as an Exemplary
Reviewer for IEEE COMMUNICATION LETTERS in 2016 (top 3% of review-
ers). Moreover, he was named a Top Peer Reviewer (top 1% of reviewers) in
Cross-Field and Computer Science in the Global Peer Review Awards in 2019,
which was presented by the Web of Science and Publons. Finally, in 2021,
he received the Best Oral Presentation Award in the International Conference
on Modern Circuits and Systems Technologies. He has been involved as a
member of organizational and technical program committees in several IEEE
and non-IEEE conferences and served as a reviewer in various IEEE jour-
nals and conferences. He is currently an Editor for IEEE COMMUNICATIONS
LETTERS, an Associate Editor for the Frontier in Communications and
Networks, and for the Telecom (MDPI). Finally, he has participated as a guest
editor in the organization of a number of special issues in IEEE and non-IEEE
journals. He is a Member of the Technical Chamber of Greece.




1582

Zaid Abdullah (Member, IEEE) received the Ph.D.
degree in communications and signal processing
from Newcastle University, U.K., in 2019. He is cur-
rently a Research Associate with SnT, University
of Luxembourg. He was a Postdoctoral Research
Assistant with the School of Engineering, University
of Leicester, U.K., from 2019 to 2021. He is passion-
ate about the research on large-scale antenna arrays,
space—air—ground integrated networks, and artificial
intelligence.

Agapi Mesodiakaki (Member, IEEE) received
the five-year Diploma (M.Sc.) degree in electri-
cal and computer engineering from the National
Technical University of Athens in 2011, and the
Ph.D. degree (cum laude) from the Signal Theory
and Communications Department (TSC), Universitat
Politécnica de Catalunya, Barcelona, in November
2015. She was granted the prestigious Marie-Curie
Early-Stage-Researcher scholarship in 2011. Her
Ph.D. dissertation was awarded as one of the best
dissertations of the year receiving a Special Doctoral
Award (PREMIO EXTRAORDINARIO DE DOCTORADO). During her
Ph.D. studies, she completed two secondments with Cassidian (Airbus
Defense and Space Group) in France, and WEST Aquila S.rl., Italy. The
following years after the Ph.D., she worked as a Postdoctoral Researcher
with Karlstad University, Sweden. Since January 2018, she has been a
Senior Researcher with the Department of Informatics, Aristotle University
of Thessaloniki, and a Member of the Wireless and Photonic Systems and
Networks (WinPhoS) Research Group of the Center for Interdisciplinary
Research and Innovation. She has authored more than 50 research papers
in peer-reviewed journals and international conferences. Her main research
interests include energy-efficient radio resource management techniques
for wireless communication networks, cognitive radio networks, mmWave,
B5G and 6G, converged fiber-wireless networks, energy harvesting, and
optimization theory.

IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 7, NO. 3, SEPTEMBER 2023

Sergi Abadal (Member, IEEE) received the B.Sc.
and M.Sc. degrees in telecommunication engineer-
ing from the Universitat Politecnica de Catalunya
(UPC), Barcelona, Spain, in 2010 and 2011, respec-
tively, and the Ph.D. degree in computer architecture
from the Department of Computer Architecture,
UPC, in July 2016. He held several visiting
researcher positions at the Georgia Institute of
Technology, the University of Illinois at Urbana—
Champaign, and the Foundation for Research and
Technology, Greece. He is currently working as a
Distinguished Researcher with the NaNoNetworking Center in Catalonia
Group, Department of Computer Architecture, UPC. His current research
interests include chip-scale wireless communications, including channel
modeling and protocol design, and the application of these techniques for
the creation of novel architectures for next-generation classical and quantum
computing systems. He was a recipient of the Starting Grant, called WINC,
from the European Research Council and a Project Coordinator of WIPLASH
H2020 FET-OPEN Project. He has participated in several other national and
EU projects. He is an Area Editor of the Nano Communication Networks
Journal (Elsevier), where he was selected as an Editor in 2019. Since 2020,
he has been acting as one of the Ambassadors of the European Innovation
Council through its program of National Champions. He is a member of ACM
and HiPEAC.

Symeon Chatzinotas (Fellow, IEEE) received the
M.Eng. degree in telecommunications from the
Aristotle University of Thessaloniki, Thessaloniki,
Greece, in 2003, and the M.Sc. and Ph.D. degrees in
electronic engineering from the University of Surrey,
Surrey, U.K., in 2006 and 2009, respectively. He
is currently a Full Professor/Chief Scientist I and
the Head of the SIGCOM Research Group at SnT,
University of Luxembourg. In the past, he was a
Visiting Professor with the University of Parma,
Italy, and he was involved in numerous research
and development projects for the National Center for Scientific Research
Demokritos, the Center of Research and Technology Hellas, and the Center of
Communication Systems Research, University of Surrey. He has (co)authored
more than 500 technical articles in refereed international journals, conferences,
and scientific books. He was a co-recipient of the 2014 IEEE Distinguished
Contributions to Satellite Communications Award, the CROWNCOM 2015,
2018 EURASIC JWCN, and 2022 WCNC Paper Award. He is currently on
the editorial board of the IEEE TRANSACTIONS ON COMMUNICATIONS,
IEEE OPEN JOURNAL OF VEHICULAR TECHNOLOGY, and the International
Journal of Satellite Communications and Networking.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


