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ABSTRACT Future intelligent transportation systems will require complex networking infrastructures
with communication among a huge number of vehicles and roadside nodes to support services such as
autonomous driving. However, the deployment and operation of such a large number of roadside nodes is
expensive due to either the cost of battery replacement or the maintenance of a continuous energy supply
in long highways or rural areas. In this work, we evaluate the feasibility of a roadside unit harvesting
energy from radio frequency (RF) signals transmitted by a nearby moving vehicle, with the incentive of
using a part of the harvested energy to transmit small amounts of data to the vehicle. We consider a
realistic model with the timing elements related to the movement of the vehicle, beam tracking errors, a
non-linear model for energy harvesting, and potential line-of-sight obstructions in multi-vehicle scenarios.
Results show that, with typical off-the-shelf components, it is feasible to use the RF harvested energy to
transmit between a few hundred and several thousand bytes, depending on the speed of vehicles and the

frequency of operation for energy harvesting, among other parameters.

INDEX TERMS Intelligent transportation systems, RF energy harvesting, V2I communications.

. INTRODUCTION

UTURE Intelligent Transportation Systems (ITS) will

radically transform human mobility by offering a
plethora of new transportation services that will increase
safety, comfort, and efficiency. These services include
platooning, advanced driving, remote driving, and extended
sensing, which may ultimately enable autonomous driv-
ing [1], [2]. To support these services, ITS are based on
an underlying complex data network infrastructure, shaping
the so-called Vehicle-to-Everything (V2X) networks. Note
that V2X agglutinates several possible interlocutors for
vehicles, ranging from another vehicle (V2V), a pedestrian
(V2P), the cloud network (V2N), or the infrastructure
(V2I).

ITS are often associated with the smart cities of the
future [3]. However, to avoid widening the development
gap between urban and rural areas and to provide service
continuity over large areas, it is crucial that ITS services
like autonomous driving are also accessible in rural regions.
Achieving this goal might require the deployment of an
extremely large number of roadside nodes, which can
broadcast safety warnings or indications for driving to
passing vehicles to improve the safety and efficiency of
mobility or even perform tasks related to the authentication
of vehicles and roadside nodes to strengthen security [4]. One
of the biggest concerns when deploying infrastructure nodes
is related to their energy source, which can stem from either
batteries or directly from the electric grid. Nevertheless,
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access to a reliable power supply in rural areas is not
guaranteed. If the roadside nodes are powered by the electric
grid, downtimes may be significantly low depending on the
grid’s reliability, but deploying a power grid infrastructure
to support the deployment of roadside nodes would incur
prohibitive deployment and/or maintenance costs, oftentimes
exceeding the cost of the roadside nodes themselves. On the
other hand, if the nodes are equipped with batteries, OPEX
(OPerational EXpenses) may be high due to the need for
frequent human intervention to recharge, repair, or change
batteries, in addition to its non-negligible initial cost [5].

In recent years, the research community has paid more
attention to energy efficiency in wireless networking, ini-
tiating the so-called green networking era [6]. Future ITS,
which will be supported by the sixth generation (6G) commu-
nication technology, will require massive densely deployed
network infrastructures consuming extremely high amounts
of energy. Therefore, to make ITS applications viable, it
is mandatory to minimize the deployment and maintenance
costs of roadside infrastructure nodes. In this regard, energy
harvesting (EH) [7] has emerged as a key technique to
collect energy from the environment, which can be used to
minimize the reliance of the nodes on battery replacement
campaigns. The main EH sources include solar radiation,
wind, structural vibrations, heat, and radio frequency (RF)
signals. It is also possible to perform EH from multiple
sources to increase the total amount of harvested energy, as
well as the harvesting continuity, to increase the reliability
of the EH systems. For example, relying only on EH from
solar radiation may not be efficient due to its unpredictability
and, hence, energy can be harvested from other sources
such as RF signals. A detailed description and evaluation
of the pros and cons of different EH sources can be found
in [8].

In this paper, we carry out a feasibility and performance
analysis for the use of energy-autonomous roadside nodes
that harvest energy from the RF signals of nearby vehicles
to send data back to these vehicles. The main hypothesis of
this work is that current off-the-shelf technologies for RF
EH and communications can be used to ease the deployment
of roadside nodes by avoiding the replacement of batteries
and the need for a connection to the electric grid. The main
contributions of our work are the following.

« We propose a realistic system model that jointly
considers an RF EH nonlinear model and a wireless
communication model for the scenarios with a moving
vehicle equipped with a planar antenna array for energy
beamforming. Our model considers the timing aspects
due to the vehicle movement using realistic models
for beam tracking errors and potential line-of-sight
obstructions.

« We analyze the impact of the speed of the vehicles on
the amount of energy that can be harvested and the
amount of data that roadside nodes can transmit when
using only energy harvested from RF signals.
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TABLE 1. Main notations used in the paper.

Notation Definition

T Frame length

QWET / awIT Time fraction of WET/WIT stages

PWPN Operation power of WPN

By / Py / P Harvested energy/power/maximum power by the WPN
Py /PYEN Vehicle/WPN transmission power

PtVZPN / PZ‘ZPN Power required/consumed by WPN to transmit data
Pray Received power at WPN

o / ¢ Parameters of EH circuit

M x N URPA size at vehicles

a(0, ¢) URPA steering vector at azimuth/elevation angles
é Space between URPA elements

AWET / AWIT Wavelength of WET/WIT signals

w(t) URPA digital precoding vector

F v / Fn Factor to represent URPA radiation pattern

BTE URPA beam tracking error

Vs / v / w Vehicle speed/cross-radial speed/angular speed
d/ r Distance/minimum distance from vehicle to WPN
l Path loss exponent

Ko Friis equation parameter

h(t) Channel gain

Pxios Probability of obstruction of the LoS

Gy / GwpN Vehicle/WPN antenna gain

L Packet length

R Data transmission rate

A Extra fraction of energy harvested by WPN

E. Energy consumed by WPN

E:\T";N / Tira Energy/time required by WPN to send a packet
Sm Minimum separation of vehicles for safety

s Separation of adjacent vehicles

Density of vehicles

« We propose and evaluate a setting with multiple vehicles
transmitting energy to the roadside infrastructure to
analyze how the performance changes with respect to
the single-vehicle setting.

The paper is structured as follows. In Section II, we
identify and describe other related works in the literature,
while in Section III, we describe the scenario under study
and the two main stages, namely wireless energy transfer
and wireless information transfer. In Sections IV and V we
describe the realistic models used for both stages and for the
multi-vehicle evaluation, respectively. Finally, in Section VI,
we show the main results of this study while in Section VII,
we conclude the paper by summarizing the main results and
shedding light on future research directions in the area of
EH-enabled ITS.

To ease readability, all the main notations of the paper
are summarized in Table 1.

Il. RELATED WORK

A. ENERGY HARVESTING IN ITS

The development of energy-efficient ITS has attracted the
attention of researchers because of its importance for our
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current society [9]. In [10], the authors study energy
efficiency in V2X networks from a holistic point of view
as they consider EH, communications, computation, traffic
management, and electric vehicles (EV), including energy
consumption discussions. A large portion of the EH-related
literature [10] focuses on the use of renewable energy
sources. For example, in [11], [12], [13], the authors propose
to use wind or solar-powered roadside units to avoid its con-
nection to the smart grid. Other studies, e.g., [14], propose
using the vibrational energy induced by vehicles moving.
Notwithstanding, the possibility of harvesting energy from
several sources simultaneously has also been considered [15].
In [16], it is proposed a setting that uses both EH from
renewable sources and RF EH. More specifically, it proposes
a collaborative energy management scheme that, instead of
avoiding the use of batteries or connection to the electric
grid, considers the possibility of selling redundant energy
between roadside units and EVs (in both directions).

B. RF ENERGY HARVESTING FOR COMMUNICATIONS
The proposal of performing energy transfer and information
transmission as a two-stage procedure has already appeared
in the literature in several contexts [17], [18], [19], [20],
[21], [22]. For example, an interesting work related to ours
is [17], where the authors consider a cognitive radio network
for connected vehicles where secondary users (vehicles) can
perform RF EH in the downlink and then send data in
the uplink using the harvested energy. Although not in the
field of terrestrial vehicular networking but in unmanned
aerial vehicle (UAV), the authors in [18] propose transferring
energy from UAV to users while users use that harvested
energy for data transmission to the UAV or even for
federated learning [19]. Moreover, a scheme where multiple
sources harvest energy from a dedicated power station and
communicate with a receiving station is proposed in [20], and
for a single access point instead of multiple sources in [21].
Finally, in [22], the authors use wireless energy transfer
followed by an information transfer stage while studying the
role of massive antenna systems for this type of deployment.
These two-stage procedures are similar to the one we present
in this paper, but neither are focused on a V2I setting nor
explore the limits of data transmission, as our work does.
Similar to the above-described papers, it is worth referring
to [23], [24], [25], [26], where there is also a two-stage
procedure but wireless power transfer is used for mobile
edge computing instead of communication purposes.

As stated in Section I, in this paper we focus on
exploiting RF EH to deploy energy-autonomous network
nodes. This perspective is quite innovative as usually RF
EH is oriented to alleviate energy consumption instead
of being the only energy source. For example, a deep
learning-based resource allocation procedure using EH to
aid V2X communications is proposed in [27], but harvested
energy is not the only energy source. Another example
is [16], wherein the authors propose a collaborative energy
management scheme that, instead of avoiding the use of
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batteries or connection to the electric grid, considers the
possibility of selling redundant energy between roadside
units and EV (in both directions). Notwithstanding, there
have been some proposals that propound energy autonomous
network nodes, being [28], [29], [30] some of the most
outstanding works in this research field. For example, [30]
proposes the use of multiple frequency bands to improve
the EH procedure. In the area of zero-energy devices, it is
important to highlight [28], where the authors thoroughly
study the problem of powering massive Internet of Things
(IoT) networks using RF EH. As we can see, there have been
some recent efforts to have energy-autonomous nodes in IoT
environments. However, to the best of our knowledge, the
only work that considers RF EH in a vehicular environment
to power a harvesting device is [31], which emphasizes
that using RF EH in vehicular communications is yet an
unexplored research direction. More specifically, the authors
analyze a setting where moving vehicles charge with RF
signals a device alongside the road, which later transmits
information to an access point. Despite these similarities, our
work includes several aspects not considered in [31], with
some of them being listed as future work. These aspects
include considering variable vehicle speeds and time-varying
inter-vehicle distances, a non-linear model for RF EH, and
a realistic model for beamforming at the vehicles with
imperfect steering.

Finally, surveying the related work in the area of RF-
powered networks is not complete without referring to
the main efforts related to performing data transmission
simultaneously with energy transfer. This possibility, called
Simultaneous Wireless Information and Power Transfer
(SWIPT), has gained the attention of the scientific com-
munity during the last years, where we can highlight the
works [32], [33], [34], [35]. For instance, a device-to-device
communication framework is proposed in [35] for SWIPT
IoT systems. However, SWIPT has also been considered
specifically for vehicular environments. For example, in [36],
the authors study SWIPT in V2X environments, considering
that vehicles are able to collect energy from the RF signals
transmitted by a base station.

In Table 2, we summarize the main features of the
scenarios considered in the literature that are more relevant
to our work. Note that the types dynamic and static represent
the situation when it is considered the motion of the node
that transmits or receives energy signals or not, respectively.

lll. ENERGY-AUTONOMOUS NODES IN V2I

We consider a road with a wireless-powered roadside node
(WPN) on the sidewalk and a vehicle that drives across
that road, as shown in Fig. 1. To make the operation
of such WPN feasible, the vehicle must rely on passive
detection mechanisms, from the WPN perspective, such as
object detection with cameras. Otherwise, WPNs can be
also geolocalized as their localization can be easily gathered
from other nearby WPN or even from the Internet. The
objective of the WPN is to send data to vehicles making
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TABLE 2. Summary table of features of the scenario considered in the literature and in the current paper.

Reference Setting Type RF EH device Energy-autonomous nodes  Harvest-then-transmit ~ Non-linear EH model =~ Antenna array
[17] V2X Static Vehicle v v
[18] UAV Dynamic Generic v v v
[20] Generic Static Generic v v
[21] Relay Static Access point v v v v
[22] Generic Static Generic v v v v
[31] V22X Dynamic  Roadside unit v v
[36] V2X Static Vehicle v v
Current paper V2X Dynamic  Roadside unit v v v v

o

'\Data\,

(a) Energy harvesting.

FIGURE 1. Setting under study.

use only of the energy previously harvested from the RF
transmissions of that vehicle. Depending on the purpose of
the WPN, this information can be diverse. A representative
and meaningful example could be a WPN that transmits
information about traffic restrictions (like maximum speed)
or potential hazards to autonomous vehicles. It is important
to note that this information is pre-defined or can come
(whenever there is enough energy to receive data) from a core
network periodically. In general, the information to transmit
can depend on several parameters such as time of the day,
day of the week, month, or weather conditions, among many
others. For example, near a school, the WPN can transmit a
more restricted speed limit to autonomous vehicles during the
weekdays at the times when children enter or leave school
or when the weather conditions are adverse.

The aforementioned system operates in a Time Division
Duplex (TDD) mode with two stages. The first one is a
Wireless Energy Transfer (WET) phase from the vehicle
to the WPN, while the second one consists of a Wireless
Information Transfer (WIT) stage from the WPN to the
vehicle. The consecutive operation of both stages, illustrated
in Fig. 2, constitutes a frame, whose length is T, being the
time fraction of WET and WIT stages awgr and owrr,
respectively. Note that, under this setting, awgTt +awit = 1,
while 7" is bounded by the time the vehicle remains in the
coverage area of the WPN.

The energy consumption during the whole operation for
serving a vehicle can be computed as the sum of the energy
consumed in the WET stage and the one consumed in the
WIT stage. During the WET stage, WPN is in reception
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(b) Data transfer.

mode, so it only consumes the energy required to power the
receiving circuit, being this power P}’ZPN. Note that we do not
consider information transmission to the WPN to avoid the
energy-consuming procedure due to the decoding procedure.
Then, the energy consumption by the WPN during the WET
stage can be computed by P» NawgrT.

Let Ej be the energy harvested by the WPN, thus Ej, —
PWPNowprT > 0 must hold to support the EH process.
In the case Ej, — PYXPN(MWETT < 0, the EH process is not
successful. The latter can be due to a very low channel gain,
a low transmission power from the vehicle, a low energy
conversion efficiency, or a large circuit power consumption.
To transmit the information from WPN to the vehicle as soon
as possible, we propose a “harvest-then-transmit” strategy,
originally proposed in [37]. In the next section, we describe
the wireless EH model and the wireless information transfer
model in detail.

IV. SYSTEM MODEL

To model WET procedure, we assume that vehicles know
the position of WPNs, as WPNs can be detected by making
use of object detection computer vision techniques already
available in vehicles, complemented with geolocalization
information gathered from other near WPN or from the
Internet. From that information, when the vehicle is close to
a WPN it can start with the WET stage by wireless powering
that WPN. More specifically, the vehicle broadcasts an
energy RF signal using a transmission power P}, while
the WPN makes use of a “harvest-then-transmit” strategy.
The use of this strategy allows to reduce the device cost

4027



GIMENEZ-GUZMAN et al.: ENERGY-AUTONOMOUS ROADSIDE NODES IN V2l USING RF ENERGY HARVESTING

Vehicle WPN

d

Time WPN detection
No
Yes
w Wireless Energy
Transfer (WET)
While Ej< required:
~ &~
B oo | Beam steering |
= o
52 xa;
g§E
}:; = Wireless Information E
52 Transfer (WIT)
A s
| Beam steering | L bits
\ 4 v v

FIGURE 2. Time diagram with the TDD operation of the system. The WET stage
begins when a WPN node is detected and ends when it has harvested sufficient
energy for data transmission.

compared to other strategies that require large and costly
batteries. In other words, the harvested energy is put to be
used for transmission as long as there is enough available
energy.

To account for the amount of harvested power that the
WPN can obtain from the signal transmitted by the vehicle,
we consider that the harvested power Pj(f) is a nonlinear
function of the input power P,(f), which is the received
power signal from the vehicle. In more detail, we use
a curvilinear EH model based on the logistic (sigmoidal)
function to capture the nonlinearity behavior due to hardware
constraints such as sensitivity limitations and current leakage.
Basically, due to the saturation of harvesting circuits, the
maximum harvested power is upper bounded to a value
of P;™*. With that, the harvested power can be computed
as [33]:

pmax 1 _ 1
h 1+e—oPrx()—2) 14-€°¢

- NG)
T 14t

Pp(Pre(1) =

where o and ¢ are constant values that depend on parameters
of the EH circuit such as the capacitance or diode turn-on
voltage.

We consider that each vehicle is equipped with a uniform
rectangular planar array (URPA) that uses digital beam-
forming to maximize the amount of energy available for
harvesting at the WPN. The URPA consists of an array of
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M x N antennas such that the array steering vector for an
azimuth angle 6 and elevation angle ¢ equals to [38]:

1 . .
a0, ¢) = MN[I’ . RS sin@lim=1) cosf+(n—1) sin 6]
. . T
. eLk(S sin p[(M—1) cos 9+(N—l)sm0]] , (2)

where 0 <m <M and 0 <n < N and being § the spacing
between elements, k the wavenumber, i.e., k = 27 /AwET
and = +/—1 denotes the imaginary unit.

For a more convenient representation, it is possible to
make the following coordinate transformation:

U = sin¢cosb, 3)
VU = sin¢gsinb, 4
Then, (2) can be rewritten as:
1 T
a0, V) = —([1, e e‘k‘s(M_l)U]
~MN
T

i)

where ® denotes the Kronecker product. Note that using (5)
the beam pattern can be designed at the directions U and W
independently.

For a half-wavelength-URPA, where § = Awgr/2, (5)
becomes:

1 T
a0, ¥) = m([l, e e‘”(Mfl)U]

ot )@

Then, the vehicle chooses a direction (Up, Wp) aiming at
the WPN and transmits the beam b:

b = a(Up, ¥p). @)

The choice of (Up, V) is guided by the goal of digital
beamforming, which is equivalent to maximizing the har-
vested power at the WPN by aligning the main lobe of
the URPA with the direction between the vehicle and the
WPN. Defining w(¢) as the dedicated M x N- dimensional
digital precoding vector for the energy symbol at time ¢, the
problem of maximizing the harvested energy at the WPN
can be formally stated as:

max P (Prx(1)) (8a)
w(1)

st |w(n)[> < P, (8b)

Furthermore, it is evident from (1) that the optimization
objective Pj(P,(f)) is monotonically increasing with the
received power and, hence, P,(P1) < Pj,(P;) for all P| < P;
and, naturally, limp, (1) oco Pr(Px (1)) = P;'**. Therefore, we
can write the equivalent problem as

max P.(7). (9a)
w(t)
st [w())? < P, (9b)

VOLUME 5, 2024



,[EEES IEEE Open Journal of the
Comdoc' communications Society

It has been proven that the optimal precoders for (9)
can be obtained by applying maximum ratio transmission
(MRT) [39], which gives w*(¢) = &—g‘ PR, with h(r) =
[h1 (D), ..., hyxn®O]F being the concatenated channel vector
between the WPN and the antenna array at time ¢.

Although the objective is to maximize the harvested
energy, in this work we are also interested in investigating
the effect on the harvested energy when the beam is not
perfectly aligned in the direction where the WPN is located.
More specifically, and considering that the elements of the
URPA radiate isotropically, the beam pattern of the vehicle
antenna for a direction (U, W) when the beam is aimed at
direction (Up, ¥p) can be expressed as:

where F p(Up, U) represents a factor in the range [0, 1]
to represent the radiation pattern for different directions of
O with respect to its maximum gain, that is produced in
the direction of the beam Uj. Note that f (W, V) is the
equivalent factor for direction W. When the beam is perfectly
aligned with the direction of the location of the WPN,
Fu (O, Op)Fy(¥, W) = 1. Note also that F (U, Up) and
Fn(¥, W) =1 can be expressed as a function of the Fejér
kernel of order M and N respectively, being F;(-) and Fn(-).
More specifically,

Fy(C -0
qum=ﬂ%rﬂ, (11
Fyv(W — ¥
(W, wy) = TN W) (12)
with
Smg(mUZPWM>
Fy (G — Bp) = , (13)
) UO-0
M sin (—”( 5 ”)>
sin2 (n(dl;wb)N)
Fa(¥ — W) = (14)

SN EIN ST
N sin (T)

Finally, it is known that the beam tracking error (BTE),
defined as the angular difference between the direction of
the beam and the direction of the WPN, is higher with
the angular velocity (w) [40], so we have considered that
BTE = &w for both azimuth and elevation angles, where
BTE is expressed in degrees and £ is a factor that represents
the accuracy of the beam tracking technique. Note that the
BTE includes the effect of inaccuracies in the detection of
the position of the WPN. Then, to compute BTE we must
first calculate the angular velocity of the vehicle regarding
the WPN (w). Being ¢ the angle in the azimuth between the
direction of the movement of the vehicle and the direction
between the vehicle and the WPN, w can be computed as:

dp vy
w = —= —_,

dr d
where v, is the cross-radial speed of the vehicle, which
can be computed in terms of the vehicle speed across the

5)
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FIGURE 3. Vehicle antenna gain as a function of the beam tracking error for
different antenna sizes.

road (vg) as v = vgsing. Moreover, being r the minimum

distance between the vehicle and the WPN (when the vehicle

driving by the road passes the WPN), angle ¢ can be
computed as:

d 16

@ = arctan 7 (16)

To ease the understanding of the performance of the
URPA, we show in Fig. 3 how vehicle antenna gain changes
with the BTE for different antenna array sizes. As we can
conclude from the figure, the beam width of the main lobe
decreases as the number of antenna elements increases,
resulting in a higher gain but also in a higher sensitivity to
beam alignment errors.

On the other hand, for the channel between the vehicle
and the WPN, we consider an additive white Gaussian noise
(AWGN) channel with line of sight (LoS), where the average
received power for an energy symbol transmitted at time ¢
from the vehicle to the WPN is

Pp(t) = Pj, Kod ™" (0),

Irx

a7
where P}, is the average power used by the vehicle to
transmit the energy symbol and Ky is the Friis equation
parameter, £ is the path loss exponent and d(t) is the distance
from the vehicle to WPN. Note that the product Kod~t (1)
is the square of the channel gain between the WPN and
the vehicle at time z, |h()|%. Note also the dependence of
the distance on time, as the vehicle is moving during the
frame duration. Moreover, the Friis equation parameter can
be computed as:

(18)

being G, and Gwpn the antenna gains of the vehicle and
WPN, respectively, and Awgr is the wavelength of the RF
signal from the vehicle to the WPN. Note that we let the
WIT stage to use another frequency band, so for that stage
the Friis equation is computed using Awir.
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From the harvested power and considering that a frame
starts at t = 0, we can easily compute the harvested energy
during the WET stage as

awgrT
Eyp = / Pa(Pr(0)) di. (19)
0

For the WIT stage, the required energy and time to send
a packet of length L is

L[ Pre PWPN) + PWPN]

trx trx

EWPN = - : (20)
L
Tyy = — = awrrT. (21)
R
being P, (P?ZCPN) the power required by the circuit to send

information with a power P)*'N and R the effective data rate

selected by the WPN, which will be based on the technology
and, more specifically, in its modulation and coding schemes
available.

In summary, the energy consumed by a WPN for serving
a vehicle during a frame is:

E. = PYMNawerT + EpiN =

trx

= (PXZPNOZWET + PN (PWPN)OtWIT) r, (22

trx

where PlC(PyxCP N) accounts for the total power consumed
by the WPN to transmit data with a specific power P?XCPN,
with Pi(PYPN) = P, (PWPN) 4+ PPN Nevertheless, we
consider a general case where the WPN stores a fraction A
of the harvested energy to power its circuits, for example,
its sensors and microcontroller, after the transmission.
Therefore, the harvested energy to initiate data transmission
is (1 + A)ENPN,
V. MULTI-VEHICLE MODEL
After evaluating the bounds for transmitting data using RF-
harvested energy for a single vehicle, now we focus on a
multi-vehicle evaluation.

To account for multiple vehicles providing RF energy to
a WPN, we must define the vehicle arrival process. We
model the arrival of vehicles to the WPN using a hardcore
repulsive Poisson Point Process [41]. Note that, although
the randomness of the usual and mathematically tractable
Poisson Point Process is desirable for modeling this setting,
we cannot consider it because vehicles cannot be considered
points due to their physical size. Moreover, vehicles cannot
be infinitely close to each other not only due to their physical
size but also due to the required safety distance between
vehicles, which depends on their speed. Then, being sy, the
separation of vehicles for safety and because of their length
and A the density of vehicles expressed in vehicles per meter
when safety distance is not considered, the distribution of
the separation between adjacent vehicles s has been modeled
as a shifted exponential distribution, being its probability
density function:

fs()—{

Ae AO=sm) §f x> g

0, otherwise ’ (23)
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whose mean is E[s] = (1+sA)/A. Then, the real density of
vehicles including the safety distance can be computed as:

1 A
A= — = . 24
"TE[ls]  14sA 24
Then, the probability of having p vehicles in a range r,
equals to [41]:

P(p, 1) = e—A(rv—PSm)
(A — psm)) L@ —x, Asm)
XZ (1- T tm). os)

where ['(z, x) is the upper incomplete gamma function
[42, Eq. 8.350.2].

Note that the above-defined repulsive hardcore Poisson
Point Process can be seen as a Poisson Point Process
where every distance between adjacent vehicles is increased
with a safety distance, which decreases the real density of
vehicles. Then, the result is a 1-dimensional Matérn hardcore
point process [43], as it is guaranteed to have a minimum
separation between any two points (vehicles) of the process.

On the other hand, the safety separation between adjacent
vehicles for vehicle i, expressed in meters, can be mod-
eled as:

sm()) = max(5, vs(i + 1)/5),

with vs(i + 1) being the speed of the vehicle ahead.

Additionally, we consider that the LoS between the
charging vehicle and the WPN might be blocked by other
vehicles. Therefore, we consider a LoS channel model for a
vehicle in front of the line and, for the rest of vehicles, we
introduce a non-zero probability of communicating in a non-
line of sight (NLoS) channel model, which is an increasing
function of the density of vehicles. We adopt the NLoS
channel model described in [44].

Note that, in a multivehicle setting, the RF EH signals
transmitted by different vehicles may arrive at the WPN
with different phases, resulting in a sub-optimal amount
of harvested energy. To mitigate this problem, EH nodes
with multiple antennas can employ phase shifters to syn-
chronize the phase of the incoming signals [45], [46].
However, the design of EH solutions that involve the use
of phase shifters is out of the scope of this paper since
we consider a single-antenna WPN. Instead, our analyses
in the multivehicle scenario focus on the upper bound of
performance, which is achieved when the phases of the
incoming EH signals are synchronized. Such synchronization
can be achieved, for example, using V2V communication
to synchronize the phases of the signals from the vehicles
in a platoon so that these operate as distributed MIMO
arrays [47].

(26)

VI. PERFORMANCE EVALUATION

The performance evaluation of the proposal is done in
three steps. First, we analyze the WET stage when the
vehicle is driving near the WPN. Second, we make an in-
depth analysis of the feasibility of the whole procedure
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TABLE 3. St y of the par settings for performance evaluation.
Parameter Symbol  Value
Vehicle speed [km/h] Vs [30, 120]
Maximum harvested power [mW] P 24
Vehicle transmission power [dBm] Py 36
Frequency band for WET [MHz] fwET 434
Path loss exponent )4 2
Minimum vehicle-to-WPN distance [m] T 3

Size of the URPA (M,N) {(8,8),(16,16)}
Quality of the beam tracking 13 4

WPN transmission power [dBm] PX;N 23
Power consumed to transmit [mW] P 716
Noise power density [dB/Hz] No —136
Data transmission rate [kbit/s] R 120
Frequency band for WIT [MHz] fwir 800
Bandwidth for WIT [kHz] B 180

including both WET and WIT stages. Third, we evaluate
a setting including both WET and WIT stages including
multiple vehicles. Note that a summary of the default
parameter settings considered for evaluation is provided in
Table 3.

A. ENERGY HARVESTING
In this section, we evaluate how can be energy harvested
in a WPN when a vehicle drives nearby to it and study
how it changes according to the vehicle’s speed. Concerning
the parameters used for the evaluation, all of them have
been accurately configured following real measurements or
feasible configurations. For the parameters that define the
energy harvesting model, we have considered the values
that fit experimental measures proposed in [34], being o =
1500, ¢ = 0.0014 and the maximum reachable harvested
power P;'™* = 24 mW. Note that these values have been
widely used [19], [21]. The WPN is equipped with an
isotropic antenna, which allows it to receive energy and
data from multiple directions with minimal complexity. On
the other hand, and regarding the URPA at the vehicle, we
have considered two antenna sizes: (M,N) = (8,8) and
(M,N) = (16, 16). As seen in Fig. 3, the latter results in a
higher gain but also a higher sensitivity to beam alignment
errors than the former. To account for the quality of the
beam tracking technique, we set & (see Section IV) to a
pessimistic value of & = 4. With this value, the maximum
beam alignment error is 31.3°, occurring at the maximum
vehicle speed under consideration (vy = 120 km/h). For
the lowest speed under consideration (v = 30 km/h) the
maximum BTE is slightly lower than 9°. Note that the
maximum BTE is obtained for the highest angular velocity
of the vehicle, which occurs when the vehicle is close to the
WPN.

In Fig. 4, we show the harvested power and the accu-
mulated harvested energy at the WPN when a vehicle, with

VOLUME 5, 2024

== (M,N)=(8,8)
—(M,N)=(16,16)

1073

Pp(t) [W]

1074
1075 —————————————
—30 km/h
1076 I

0

80 km/h — 120 km/h

5 10 15
Time [s]

(a) Harvested power.

300

—30 km/h
80 km/h

— 120 km/h

250
200

150

Ej [m]]

100

0 5 10 15
Time [s]

(b) Harvested energy.

FIGURE 4. Harvested power and energy for different vehicle speeds and URPA
sizes.

different speeds, drives nearby and for two different antenna
sizes (8 x 8 and 16 x 16). As expected, when the vehicle
speed is lower the harvesting stage takes for a longer time so
it is possible to saturate the EH circuitry for a longer time.
Additionally, the amount of harvested energy that the WPN
can collect for different vehicle speeds decreases with the
vehicle’s speed. If we evaluate Fig. 4a in detail, we find that
the higher directivity of the 16 x 16 antenna array allows
us to expand the time where the energy is being harvested.
Furthermore, we observe some sudden falls in the harvested
power when the beam alignment is out of the main lobe.
This behavior, as expected, occurs when the vehicle is close
to the WPN because its angular velocity is higher and is
more severe for the 16 x 16 array, as its beamwidth is lower.
Notwithstanding, and according to Fig. 4b, more energy can
be harvested with the 16 x 16 array than with the 8 x 8
array, so, from the rest of experiments, we consider a 16 x 16
URPA for the vehicle.
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FIGURE 5. Maximum data that the WPN can transmit as a function of the vehicle
speed.

B. DATA TRANSMISSION CAPACITY

After an evaluation of the EH procedure to ease its
understanding, now we study the feasibility and capacity of
the WPN to be able to transmit data using only the harvested
energy. For the parameters related to data transmission, we
choose realistic values inspired by those used in the 3GPP
NB-IoT technology. For example, we consider that a QPSK
modulation together with a 1/3 coding scheme are used.
Then, for the selected bandwidth of B = 180 kHz, we obtain
R = 120 kbit/s. Additionally, we consider that, among the
available set of transmission powers for NB-IoT, we choose
PYPN — 23 dBm. For the power consumption required to
send data, we resort to the measurements presented in [48],
so to send data with a transmission power of 23 dBm, the
chipset requires P;, = 716 mW. Similar measurements that
confirm the accuracy of the chosen proposal can be found
in [49], [50] and also in the specifications of the NB-IoT
module u-blox SARA-N2, with a maximum consumption of
220 mA at 3.6 V in transmission mode. Finally, we consider
a noise density power of No = —136 dB.

First, we study the maximum capacity of the WPN to
send data with the harvested energy. In a nutshell, we study
the maximum data size that can be sent by the WPN using
the energy harvested from the RF signal transmitted by the
vehicle. Note that this data can be either encrypted or not
and also can include a hash to verify its integrity at the
receiver but we do not focus on the computation effort of the
cypher and hashing as this information can be precomputed
in the WPN. In Fig. 5, we show the maximum data that
can be sent by the WPN to the vehicle as a function of the
speed of the vehicle and for different transmission powers
for EH. A first conclusion is that it is feasible to send data
with the harvested energy, especially at low speeds, where
we can send more than 5 kbytes of data. Moreover, and as
expected, the amount of data that can be sent increases as the
transmission power of the vehicle to charge the roadside node
increases. Notwithstanding, for low transmission powers like
P} =24 dBm, we can send more than to 1 kbyte of data.
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FIGURE 7. Maximum data that the WPN can transmit as a function of the transmit
power for different frequency bands for EH.

Now we study the inverse problem, i.e., the maximum
speed that a vehicle can drive to be able to send packets
of a certain size. These results are shown in Fig. 6. In
this figure we also consider the case when the WPN needs
additional energy to power, for example, some sensors
whose measurements are used in the data sent. This energy,
additional to the energy required to transmit data, is defined
by A, as defined in Section IV. As an example, when A =
50%, we refer to the situation when we must harvest 50%
more energy than the needed for data transmission. Results
show that the maximum speed that a vehicle can have to be
able to send data rapidly decreases with the size of that data.
Moreover, as we need more additional energy for powering
other circuits of the WPN, the maximum speed of the vehicle
decreases.

One of the decisions to make for harvesting energy is
about the frequency band to use. In this work, we have
focused on the use of unlicensed ISM bands for the WET
stage. In Fig. 7, we show the impact of the choice of the
frequency band for sending RF charging signals and conclude
that lower frequencies are preferable to harvest more energy.
Of course, this choice will be guided by external factors
like other wireless services that can be interfered with or
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FIGURE 8. Harvested power in multi-vehicle setting for urban (left), rural (center), and highway (right) scenarios.

even the specific world region, as unlicensed bands vary.
Results show that the frequency band with the best capacity
to harvest energy is the lowest band. Moreover, results also
show that both 2.4 and 5 GHz frequency bands are not useful
for our purpose.

C. MULTI-VEHICLE EVALUATION

The evaluation of the multi-vehicle setting is performed in
two steps. First, we evaluate how the WPN can harvest
energy when multiple vehicles pass by. Second, we analyze
the capacity of the WPN for sending data using the
harvested energy. In Fig. 8, we show the harvested power
for different densities of vehicles (A, expressed in vehicles
per 100 meters) and for different speeds. For the speeds,
we have considered three types of roads: i) urban, where
we have considered that the speed of vehicles is uniformly
distributed with a minimum and maximum of 30 and
50 km/h (U(30,50)), ii) interurban roads, where the speed
of vehicles is U(60,80), and iii) motorways, where the
speed of vehicles is U(100,120). For the NLoS channel
model for those settings, we have considered the urban,
rural, and highway settings defined in [44], with path loss
exponents 2.25, 2.34, and 2.98, respectively. Moreover, we
have considered three densities: A € {1, 5, 8} vehicles per
100 meters, to represent situations of light, medium, and
dense traffic. Note that for all these three densities we have
considered the probability of NLoS (Pnros) to be 0, 0.2, and
0.4, respectively. Moreover, all the results shown in Fig. 8
considered a total of 100 vehicles. Results show that when
density A increases and speed decreases, the amount of time
when the WPN EH circuitry is saturated increases, so the
capacity of harvesting energy decreases.

On the other hand, in Table 4 we show the maximum
amount of data (measured in bytes) that can be sent to
each vehicle using the harvested energy. Note that the values
have been obtained considering 1000 vehicles. Moreover,
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TABLE 4. Maximum packet size in bytes per vehicle that can be transmitted using
harvested energy.

Speed
40 70 110
Single vehicle 4243 2304 1392
A Speed range
u(30, 50) U(60, 80) U(100, 120)
1 2991 1799 1066
Multivehicle 4 1277 935 661
8 1078 676 495

for comparison purposes, we also include the results for the
single-vehicle setting. As it can be seen, when the density
A increases the transmission capacity of data decreases due
to the saturation of the EH circuitry, as shown in Fig. 8.

VIl. CONCLUSION

Future ITS will radically change human mobility.
Notwithstanding, complex services such as autonomous
driving require the deployment and operation of a huge
number of communication devices across the transportation
infrastructure. Providing energy to such a large number
of roadside network devices, either using batteries or a
connection to the power grid, is costly, especially in long
highways or rural areas. To mitigate the costs related to
the energy supply of these devices, we evaluated in this
paper the limits on the communication of data when roadside
network nodes are powered by passing vehicles using RF EH.
Results showed that it is possible to send small amounts of
data using only the harvested energy from passing vehicles.
Moreover, we analyzed the different factors that limit the
amount of data that roadside nodes can transmit. Future work
includes a feasibility analysis with intelligent roadside nodes,
which use the harvested energy not only for communication
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purposes but also for small computation tasks, enriching the
possibilities of V21 communications.
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