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Abstract – In this work, a new paradigm for vehicular communications based on Reconfigurable Intelligent Meta-surfaces

(RIMs) is presented. By using the proposed RIM, we are able to manipulate electromagnetic waves in the half-space, since

the element is reflective. The unit cell consists of a U-shaped designed microstrip structure equipped with a pin diode and via

a hole. In this study, two different reflection modes are achieved for 1-bit data transferring in each state. By incorporating

these two different configurations together, the reflected phases in the proposed RIM surface can be controlled respectively in

0∘ and 180∘. The proposed unit cell can provide a usable double negative functional characteristic around 5.3 GHz. The main

goal of this paper is the use of a multifunctional behavior RIM for vehicular communications to code the transmitted wave. A

novel phase distribution diagram is generated to propagate in each angle. Moreover, twomajor electromagnetic modulation

functions, beam forming and space coding have been demonstrated. Finally, we show how the RIM can be employed for

vehicular communications, acting as a coated access point along the street. We derive the instantaneous data rate at the re-

ceiver node, the outage probability and the channel capacity, as affected by different beamwidths, distances and vehicle speed.

Keywords – Beam width, Instantaneous data rate, Reconfigurable meta-surfaces, V2X communications

1. INTRODUCTION

In recent years, special attention has been paid to driver-

less cars using automotive radars [7, 8]. A Vehicle-to-

Everything (V2X) communication paradigm has emerged

as one of the most important enabling technologies for

vehicular networks. This has the potential of making

streets and highways safer, the traffic more efficient and

less harmful to the environment [9]. An example is the

exchange of traffic information, as in the Self-Organizing

Traffic Information System approach [12].

One of the most important challenges arising in the V2X

paradigm is the high dynamic and the need of highly ef-

ficient communication solutions in order to “follow” the

rapid changing of communication nodes. Recently, an

innovative wireless communication paradigm based on

the utilization of specific features of controllable meta-

surfaces has been investigated in [2, 3, 4, 5, 6, 15]. With

the advancement of technology in metamaterials, meta-

surfaces which are a thin two-dimensional structure of

metamaterials [1], due to their unique properties like the

capability to provide abrupt phase shift, amplitudemodu-

lation, andpolarization conversion of the electromagnetic

(EM)wave, have found a variety of applications in various

fields of science, such as physics, engineering, biotechnol-

ogy, and telecommunications [18].

Reconfigurable Intelligent Meta-surfaces (RIMs) can be

very effective for improving the performance of a V2X

communication system, especially when the Line-of-Sight

of the propagating signal is not available. [22] and [23]

are among the first contributions of exploitation of RIM

in vehicular communications. In [22], the authors focus

on the physical layer security based on the exploitation of

a RIM or RIS (Reconfigurable Intelligent Surface). They

derive the average secrecy capacity of the system, by con-

sidering an ideal reconfigurable meta-surface. They do

not give any detail about the design of a real meta-surface

with the needed characteristics in order to obtain the spe-

cific behavior as described in the paper. Also in [23], the

authors show the rich potentiality of the RIM integration

in a vehicular communication system, by analysing a hy-

pothetic ideal controllable meta-surface. Anyway, no de-

tail about the features of a realmeta-surface is provided in

the paper. In [17], we have proposed a unit cell configura-

tion working at millimiter-waves in order to control the

phase shift from 0 to 180∘. Specifically, we have investi-

gated theunit cell designwithout evaluating the full struc-

ture and relate the capability to control the beam width

based on the number of the unit cells of the full structure.

Indeed, the higher is the number of the unit cells of the full

structure, the better is the capacity to control the beam

width of the radiation pattern generated as the reflected

wave of an impinging signal.

As demonstrated in [11], it is possible to accuratelymodel

the number of cells as sources of secondary radiation [16]

by applying the Huygens principle in the far-field limit. In

practice, thehigher is thenumberof unit cellswe consider

in the full structure, the better is the capability to control

the phase, but above all to control the beam width of the
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main beam for beam stearing objective.

In [18], it is demonstrated how this type of meta-surface

allows a digital control of EM waves, by associating two

coding elements with opposite reflection phases (i.e., 0∘

and 180∘) and considering them as digital bits (i.e., 0 and

1 in the binary case). Reconfigurable meta-surface struc-

tures can be applied to manipulate EM waves in a sim-

ple and effective way, by changing the coding elements on

a 2D plane with predesigned coding sequences [19]. In

order to independently control and create different cod-

ing sequences a Field Programmable Gate Array (FPGA)

is used. By changing the coding sequences stored in

the FPGA, many different functionalities can be switched

in real time, thereby leading to programmable meta-

surfaces.

In this paper, we formulate the specific features that a

meta-surface for vehicular communication applications

needs to have in the frequency range of [5, 5.9] GHz. In

particular, we consider a tracking application with beam

steering, for which is of paramount importance to con-

trol the phase and to concentrate the power in the main

lobe of the reflected signal, as much as possible. In or-

der to meet these specific requirements, we will design

a unit cell and then derive a full structure constituted by

the periodic repetitions of these unit cells, behaving as a

reflector for a pair of transmitter receivers. We will focus

on the phase shift and the main beam width in order to

design a beam tracking system which is able to “follow”

the mobile receiver node for improving the efficiency in

terms of data rate and outage probability. Based on that,

we will present a multifunctional reconfigurable meta-

surface structure based on the radiation pattern modu-

lation of the reflection coefficient. Firstly, we will design

a reconfigurable U-shaped unit cell using a pin diode via

a hole, which can provide 180∘-phase difference between

ON and OFF states. Specifically, a 10 × 10 meta-surface

loadedwithPINdiodes is designed formultifunctional be-

havior, such as coding and beam steering. The simulated

results in both scenarios of unit cell and full structures

will show the effectiveness of the proposed structure for

vehicular communications.

Our main contributions can be summarized as follows:

• We design a specific meta-atom working at 5.3 GHz

for automotive applications and based on this unit

cell, we design a full structure and validate it to as-

sess its suitability for the vehicular application con-

sidered;

• We design a full structure and validate it to assess its

suitability for the vehicular application considered;

• We consider the integration of the designed Recon-

figurable Intelligent Meta-surface (RIM) in a vehicu-

lar system and we numerically evaluate the perfor-

mance; We compare the results of the system with

and without RIM in terms of outage probability and

capacity, by demonstrating the great potentiality of

this type of structure.

The rest of the article is organized as follows. Section 2

describes the specific scenario considered and details the

proposed unit cell structure. Section 3 presents simu-

lated results for the proposed RIM unit cell in two ON and

OFF states, expressed in terms of (i) reflectionmagnitude

and phase, and (ii) effective permittivity and permeabil-

ity. In Section 4wevalidate the full RIM structure, while in

Section 5 the performance of the proposed RIM has been

exploited for vehicular communications, by considering

that the RSU and the receiver vehicle are coated with the

implemented 10 × 10 unit cells RIM. Instantaneous data

rate, outage probability and channel capacity have been

obtained as validation results. In Section 6, we present a

fewconsiderations related to theobtained results. Finally,

conclusions are drawn at the end of the article.

2. UNIT-CELL DESIGN AND CONFIGURA-

TION

The envisioned vehicular communications paradigm

based on using RIM is shown in Fig. 1. In particular, we fo-

cus on aRIMrelay based scheme. AnRSU (Road SideUnit)

is at the side of the road and is coated with the specific

meta-surface structure we will detail later. We assume

that the RSU, as represented in Fig. 1, is re-transmitting

data to the receiver (i.e., the green vehicle). In order to

maximize the SNR to the destination, the RIM RSUwill be

“beam tracking” the receiver. This specific behavior can

be realized by designing a unit cell with specific features

as explained to the follow.

The proposed unit cell structure is shown in Fig. 2 (a). In

this structure we proposed a U-shaped microstrip struc-

ture which is able to be reconfigurable by a PIN diode. By

creating a rectangular slot in the corner of the rectangu-

lar patch a new path of surface current will be created.

Hence, we can control the input impedance of the unit cell

which is suitable for such an application of RIM.Moreover,

the relevant equivalent circuit for this structure is shown

in Fig. 2 (b). Regarding the ON and OFF states of the PIN

diode,weput twodifferent equivalent circuits for this sec-

tion. All the dimensions are summarized in Table 1.

Table 1 – Parameters of the proposed unit cell

Parameter Value [mm] Parameter Value [mm]

𝑊𝑆𝑢𝑏 10 𝐿𝐶 9
𝐿𝑆𝑢𝑏 10 𝑊𝐶 6
ℎ𝑆𝑢𝑏 1.6 𝑊𝐶1 2
𝐿𝑑 1 𝐿𝐶1 3
𝑊𝑑 3 𝑅𝑣𝑖𝑎 0.25

In meta-surface structures, beam steering can be consid-
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Fig. 1 – Vehicular communications paradigm based on the use of

RIMs as relay node, for data transmission to a receiver node (green

vehicle), in case of Vehicle-to-Vehicle (black lines) and Vehicle-to-

Infrastructure/Infrastructure-to-Vehicle (blue lines).

(a)

(b)

Fig. 2 – (a) The configuration and the geometry of the proposed unit

cell with a U-shaped radiating patch, and (b) unit cells with PIN diode’s

equivalent circuit model for ON and OFF states.

ered as a particular case of wavefront manipulation that

occurs in the far field. Regarding the Huygens princi-

ple, the meta-surface structures can be considered as an

integrated EM radiator array [20]. Herein, in order to

model themeta-antenna array, we consider amethod that

has been validated in several works via extensive simula-

tions [21]. Considering each unit cell as an element of the

planar array, the far field of the meta-surface can be ob-

tained as:

𝐹(𝜃, Φ) = 𝑓𝐸(𝜃, Φ) ⋅ 𝑓𝐴(𝜃, Φ), (1)

by considering infinite sphere, 𝜃 is the elevation angle, Φ
is the azimuth angle of an arbitrary direction in this coor-

dination.

Regarding the planar array, the pattern function of each
unit cell 𝑓𝐸(𝜃, Φ) is the element factor and the pattern
function of full planar configuration 𝑓𝐴(𝜃, Φ) is the array
factor. In far field region, we assume a planar wave covers
the entire meta-surface. Therefore, the radiated pattern
will depend only on the array factor. In this case, the far
field pattern for the meta-surface with 𝑁 × 𝑀 unit cells,

becomes

𝐹(𝜃, Φ) =
𝑀

∑
𝑚=1

𝑁

∑
𝑛=1

𝐴𝑚𝑛𝑒𝑗/𝛼𝑚𝑛𝑓𝑚𝑛(𝜃𝑖, Φ𝑖)⋅

Γ𝑚𝑛𝑒𝑗/Φ𝑚𝑛𝑓𝑚𝑛(𝜃, Φ)𝑒𝑗𝑘0𝑚𝑛(𝜃,Φ),
(2)

where 𝐴𝑚𝑛 and 𝛼𝑚𝑛 are the amplitude and phase of the
wave incident to the (𝑚, 𝑛)-th unit cell, respectively, with
𝑚 = [1, 2, … , 𝑀] and 𝑛 = [1, 2, … , 𝑁]. In Eq. (2), Γ𝑚𝑛
and Φ𝑚𝑛 are the amplitude and phase of the response of
the (𝑚, 𝑛)-th unit cell, respectively; 𝑓𝑚𝑛(𝜃, 𝜙) denotes the
scattering diagram of the (𝑚, 𝑛)-th unit cell towards an
arbitrary direction of reflection, whereas 𝑓𝑚𝑛(𝜃𝑖, Φ𝑖) de-
notes the response of the (𝑚, 𝑛)-th unit cell at the direc-
tion of incidence determined by 𝜃𝑖, Φ𝑖 and 𝑘0 = 2𝜋/𝜆0 is
the wave number. Finally, we introduce 𝜁𝑚𝑛(𝜃, Φ), which
denotes the relative phase shift of the unit cells with re-
spect to the radiation pattern coordinates, given by

𝜁𝑚𝑛(𝜃, Φ) = 𝐷𝑢 𝑠𝑖𝑛(𝜃) [(𝑚 − 1
2

) 𝑐𝑜𝑠(Φ) + (𝑛 − 1
2

) 𝑠𝑖𝑛(Φ)] ,
(3)

with 𝐷𝑢 [m] as the unit cell size.

In order tomake themodel able to be calculated, wemake

a further assumption in the point of plane incident wave

view, so that factors 𝐴𝑚𝑛, 𝛼𝑚𝑛, and 𝑓𝑚𝑛(𝜃𝑖, Φ𝑖) are con-
stants for all 𝑚 and 𝑛 indexes. In addition, we apply the

widespread assumption to the scattering pattern of the

unit cell, which is modeled over the positive semisphere

with the function 𝑐𝑜𝑠(𝜃), which is a widespread assump-

tion, [11]. Finally, and without loss of generality, we con-

sider the normal incidence i.e., (𝜃𝑖 = Φ𝑖 = 0). Then,

Eq. (2) becomes [11]

𝐸(𝜃, Φ) = 𝑘 𝑐𝑜𝑠(𝜃)
𝑀

∑
𝑚=1

𝑁
∑
𝑛=1

Γ𝑚𝑛𝑒𝑗[Φ𝑚𝑛 + 𝑘0𝜁𝑚𝑛(𝜃, Φ)],

(4)

with 𝑘 as a constant.

In order to have anomalous reflection, the main objective

is controlling the phase shift of the unit cells Φ𝑚𝑛. In par-

ticular, we manipulate the phase of the reflected wave-

form but not its amplitude. In this current version we do

not focus on the control scheme for our system, since it is

out of scope for this work. In reconfigurablemeta-surface

generating different coding sequence for unit cells, we are

able to achieve desired functionalities such as beamsteer-

ing and radiatedwavemodulation. In this regard, the am-

plitudeΓ𝑚𝑛 and phaseΦ𝑚𝑛 of the (𝑚, 𝑛)-th unit cell need
to be determined somehow which the entire response of

the array matches with the required functionality. After

this step, by mapping the required Γ and Φ to the clos-

est available unit cell states, the desired functionality will

be obtained. In the case of anomalous reflection for beam

steering, analytical methods provide high accuracy.

In this study, in order to obtain beam steering function-

ality, the phase gradient approach is used to determine

the direction of reflection [13]. ConsideringΦ(𝑥, 𝑦) as the
phase profile which is imposed by reconfigurable meta-

surface, the virtual wave vector KΦ = Φ𝑥x̂ + Φ𝑦ŷ can be
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assigned to themeta-surface. In this context, themomen-

tum conservation law for wave vectors can be expressed

as

𝑘𝑖 𝑠𝑖𝑛(𝜃𝑖) 𝑐𝑜𝑠(Φ𝑖) + 𝜕Φ𝑥
𝜕𝑥

= 𝑘𝑟 𝑠𝑖𝑛(𝜃𝑟) 𝑐𝑜𝑠(Φ𝑟) (5)

𝑘𝑖 𝑠𝑖𝑛(𝜃𝑖) 𝑐𝑜𝑠(Φ𝑖) +
𝜕Φ𝑦

𝜕𝑦
= 𝑘𝑟 𝑠𝑖𝑛(𝜃𝑟) 𝑠𝑖𝑛(Φ𝑟) (6)

where 𝜕Φ𝑥/𝜕𝑥 and 𝜕Φ𝑦/𝜕𝑦 describe the gradients along

the x̂- and ŷ- directions, respectively. For simplicity we

consider the normal incident wave case i.e., (𝜃𝑖 = Φ𝑖 = 0)
in lossless medium scenario [14]. Assuming air as the

medium of the incident and reflected wave, we can sim-

plify the formulations above as

𝜕Φ𝑥 = 2𝜋𝜕𝑥 𝑐𝑜𝑠 Φ𝑟 𝑠𝑖𝑛 𝜃𝑟
𝜆0

, 𝜕Φ𝑦 = 2𝜋𝜕𝑦 𝑠𝑖𝑛 Φ𝑟 𝑠𝑖𝑛 𝜃𝑟
𝜆0

,

(7)

which demonstrate the phase shiftΦ𝑥 andΦ𝑦 that need to

be performed per unit of distance (i.e., 𝜕𝑥 and 𝜕𝑦) along
the x̂ and ŷ directions, respectively. Then, in Eq. (6)we set

the unit cell size as 𝜕𝑥 = 𝜕𝑦 = 𝐷𝑢, in order to obtain the

phase required at the (𝑚, 𝑛)-th unit cell as

Φ𝑚𝑛 = 2𝜋𝐷𝑢(𝑚 𝑐𝑜𝑠 Φ𝑟 𝑠𝑖𝑛 𝜃𝑟 + 𝑛 𝑠𝑖𝑛 Φ𝑟 𝑠𝑖𝑛 𝜃𝑟)
𝜆0

. (8)

For beam-steering functionality the required phase Φ𝑚𝑛
is calculated for all the unit cells, to assign radiated states

to eachunit cell. Then, a closest neighbormapping is done

between the required phase and that provided by the dif-

ferent unit cell states.

3. SIMULATION RESULTS

In this section, we evaluate the performance of the unit

cell we designed. The simulation is realized by the means

of a commercial software CST studio suite. The specific

configuration considered in CST is the boundary condi-

tion as unit cell in x̂- and ŷ-directions with open-add

space in ẑ-direction. The reflectivity and reflectionphases

of unit cells are simulated using the frequency domain

solver. The simulated reflection magnitude and phase of

the unit cell are shown in Fig. 3. It is obvious that at 5.3
GHz, while the reflection magnitude is almost identical

between the ON and OFF state, the reflection phase be-

tween the two cases has a 180∘ change. The maximum

unit cell loss is around 2.5 dB for the OFF state. It is ev-

ident that the proposed 1-bit unit cell is suitable for the

multifunctional meta-surface such as coding and beam

steering. As the phase change between ON/OFF states is

relative, we can simply state that a unit cell with an ON

state corresponds to a 0∘ phase reflection, while one with

an OFF state has a −180∘ phase reflection.

(a)

(b)

Fig. 3 – Simulated results for the proposed unit cell in two ON and OFF

situations, expressed in terms of (a) reflectionmagnitude and (b) reflec-

tion phases.

In order to assess the double negative characteristics, 𝑆11
and 𝑆21 reflection and transmission coefficients are ex-

tracted from the design in CST in both magnitude and an-

gle (expressed in rad). Then, the effective permittivity

𝜀𝑒𝑓𝑓 and effective permeability 𝜇𝑒𝑓𝑓 are obtained respec-

tively as [20]:

𝜀𝑒𝑓𝑓 =
1

𝑘𝑑 𝑐𝑜𝑠−1 [ 1
2𝑆21

(1 − 𝑆2
11 + 𝑆2

21)]

√ (1+𝑆11)2−𝑆2
21

(1−𝑆11)2−𝑆2
21

, (9)

and

𝜇𝑒𝑓𝑓 = 1
𝑘𝑑

𝑐𝑜𝑠−1 [ 1
2𝑆21

(1 − 𝑆2
11 + 𝑆2

21)] √(1 + 𝑆11)2 − 𝑆2
21

(1 − 𝑆11)2 − 𝑆2
21

,

(10)

where 𝑘 denotes the wave number of the incident wave

and 𝑑 [mm] is the thickness of the unit cell. In this study,

the meta-surface is printed on an FR-4 substrate with

thickness of 1.6mmand is designed to increase the direc-

tivity and bandwidth of the structure. Fig. 4 shows the ef-

fective permittivity and effective permeability related to

the designed unit cell. It is clear that the proposed unit

cell has double-negative material characteristics around

5.3 GHz for both ON and OFF states.

4. FULL STRUCTURE DESCRIPTION AND

EVALUATION

In this section, in order to evaluate the performance of

the proposed unit cell for multifunctional applications, a
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Fig. 4 – The effective permittivity and permeability of the unit cell.

(a)

(b)

Fig. 5 – (a) Horn antenna as a transmitter and (b) the 1-bit 10 × 10
meta-surface simulated model.

Horn antenna is employed as amain radiator at the trans-

mitting side, as shown in Fig. 5 (a). The redesigned Horn

antenna is given to excite the meta-surface structure at

5.3 GHz. In addition, the 1-bit 10 × 10 meta-surface simu-

lated model is shown in Fig. 5 (b).

4.1 Coding Meta-surface Construction

In this section we consider coding meta-surface based on

the RIM structure, as the possibility to characterize the

states ON and OFF as matching the bits 0 and 1. Fig. 6

(a) shows a random coding meta-surface with a fixed ra-

tio and a different coding sequence, and Fig. 6 (b) shows

the simulated 3D radiation in full structure using CST. As

shown clearly, with coding sequence, the diffusion of the

far-field pattern and the scattering amplitude at the nor-

mal incident angle are apparently the same. According to

the code MATLAB, a 3D far-field pattern can be obtained

with fixed ratio between 0 and 1 coding elements. The

simulated results are demonstrated as Fig. 6 (c). Once ra-

tio fixed, the scattering amplitude at the normal incident

angle 0∘ is determined, and the efficient of coding meta-

surface only depends on the uniformity of the scattering

Fig. 6 – Reflection phase distribution and 3Dpattern of the codingmeta-

surface with Horn antenna as an EM source located at (0 cm, 0 cm, 100
cm). (a) Ideal reflection phase distribution; (b) 3D pattern in full struc-

ture; (c) the beam pattern based on ideal phase distribution; (d) the

beam pattern contour for coding application.

beam. Fig. 6 (d) demonstrates contour plot with corre-

sponding 3D scattering pattern.

4.2 Beam-Steering Meta-surface Construction

In this section, an 8 × 8 beam steering meta-surface is

modeled and simulated using CST Studio software to ver-

ify the beam steering capability of the RIM. In this sim-

ulation, the meta-surface is in the X-Y plane, and a horn

serves as an EM source, which is located at (50 mm, 0 cm,

0 cm) with a rotation of (45∘, 0∘) with respect to themeta-

surface. Then, an ON/OFF pattern matrix for steering to

(120∘, 0∘) is loaded to the PIN diode of each unit cell. Fi-

nally, the simulation results are exported and shown in

Fig. 7 (a) and (b). It is clearly observed that the cod-

ing meta-surface is capable of steering the beam to the

desired direction with 20∘ angular resolution in the full

structure case.

5. EVALUATION IN VEHICULAR APPLICA-

TIONS

The proposed RIM structure is now exploited for vehic-

ular communications, as depicted in Fig. 1. Specifically,

we consider the communication link in a vehicular con-

text, established froma source (red vehicle) and a receiver

node (green vehicle). We assume a highway scenario and

the transmitter and receiver vehicles have constant speed

for the transmission time window. In order to character-

ize the impact of the controllablemeta-surface in the com-

munication system, we assume a simplified system with

no interferences caused by others vehicles. In order to

quantify the impact of the RIM on the performance sys-

tem, we will consider (i) the relation between different

beamwidth on the average rate, given a certain estimated

velocity, and (ii) the derivation of the outage probability

and the analysis of the communication system in terms of
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(a)

(b)

Fig. 7 – The simulation results of 3D gain total with the horn and meta-

surface and the 2D radiation pattern for 10 × 10 with 50 mm distance

and25∘ rotationatY-planeat5.25GHzwithdifferentphasedistribution,

(a) uniform distribution and (b) random distribution.

both outage and capacity, in cases with and without RIM.

5.1 Beam width Impact Evaluation

A 10 × 10 unit cells RIM is coating both the RSU (acting

as relay node) and the receiver vehicle. In particular, we

compute the instantaneous data rate by assuming a per-

fect alignment between the beam from the RSU and the

receiver node. The instantaneous data rate is derived by

the Shannon capacity formula for the instantaneous rate

as:

𝑅(𝑡, 𝜃𝑏) = 𝐵 𝑙𝑜𝑔2(1 + 𝑆𝑁𝑅(𝑡, 𝜃𝑏)), (11)

where 𝐵 [Hz] is the bandwidth of the system, 𝑆𝑁𝑅 [dB]

is the Signal-to-Noise Ratio, 𝑡 [s] is the time instant, and

𝜃𝑏 is the beam width computed in degrees.

We assume that our system is able to “instantaneously”

switch from the (𝑖 − 1)-th beam to the 𝑖-th one, and the

“transmitter” beam and the “receiver” one are perfectly

aligned. Moreover, we consider a beam model where the

gain inside the beam is uniform and zero outside. In

Eq. (11), the expression of the 𝑆𝑁𝑅 can be written as

𝑆𝑁𝑅(𝑡, 𝜃𝑏) = 𝑃𝑟𝑥(𝑡, 𝜃𝑏)
𝑃𝑛𝑜𝑖𝑠𝑒

, (12)

where 𝑃𝑛𝑜𝑖𝑠𝑒 [dB] represents the thermal noise including

a Noise Figure i.e., 𝑁𝐹 [dB], which can be expressed as

𝑃𝑛𝑜𝑖𝑠𝑒 = −174 + 10 𝑙𝑜𝑔10 𝐵 + 𝑁𝐹. (13)

In Eq. (12), the term 𝑃𝑟𝑥 is the received power, expressed

in linear scale as [10]:

𝑃𝑟𝑥(𝑡, 𝜃𝑏) = 𝒦 (𝜋2

𝜃2
𝑏

)
2 1

[(𝑣𝑡)2 + 𝑟2]
𝑛/2 , (14)

where 𝑣 [m/s] is the vehicle speed, 𝑛 is the path loss ex-

ponent, and 𝑟 [m] is the distance from the RSU and the

Table 2 – Simulation Parameters

Parameter Value

𝐸𝐼𝑅𝑃 57 dBm

𝐵 75 MHz

𝑓𝑐 5.3 GHz

𝑟 [0, 200] m
𝑁𝐹 6 dB

𝑣 [25, 50, 75] km/h

receiver node. The term 𝒦 is defined as

10 𝑙𝑜𝑔10(𝒦) = 𝐸𝐼𝑅𝑃𝑑𝐵𝑚 − 𝐸 + 10𝑛 𝑙𝑜𝑔10 (𝜆/4), (15)

where 𝐸𝐼𝑅𝑃 is the Equivalent Isotropic Radiated Power

and 𝜆 [m] is the wavelength and 𝐸 represents the shad-

owing margin. In order to compute 𝒦, we consider the

power associated with the reflected signal 𝑆21 as com-

puted in Eqs. (9) and (10).

Notice that we assume that the transmitter node is trans-

mitting at an EIRP that for Europe is equal to 57 dBm. The

relay will not be able to retransmit at full power since

a percentage of the power associated to the impinging

wave will be dissipated as a reflected signal. In particu-

lar, the design of the unit cell has been optimized in order

tominimize this power loss i.e., a 2% of the total transmit-

ted power will be wasted as a reflected component of the

wave. Furthermore, without loss of generality, the speed

of the receiver vehicle is considered constant during the

transmission time, since the interval time of reception is

short with respect to the variation of the vehicle speed.

Table 2 collects the parameters used in the numerical re-

sults.

In Fig. 8 (a) we show the instantaneous and ideal rate,

i.e., the maximum achievable rate with the assumption of

a perfect alignment and without error estimation of the

velocity at the receiver by considering a narrow beam

width, i.e., 𝜃𝑏 = [0.1, 10]∘. Data rate values range from

≈ [15, 25] Gbps, where higher values are obtained for

smaller beam widths, while a data rate decrease is ob-

served for larger beam widths.

Furthermore, we have considered the impact of different

speeds on the achievable rate and we can observe that,

as expected, the data rate decreases for increasing vehicle

speed. Finally, the effect of the distance on the data rate is

a decrease of performance when the distance increases.

In Fig. 8 (b) we show the impact of a wider beam width

for the same scenario. Of course, wider beam widths are

related with a smaller number of unit cells. Indeed, the

smaller is the number of unit cells, the lower is the fine

control we can realize on the RIM. As expected, we ob-

serve a decreasing of the instantaneous data rate from a

maximumof 23Gbps in Fig. 8 (b) to amaximumof 15Gbps
in Fig. 8 (a).
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(a) (b) (c)

Fig. 8 – Evaluation of the instantaneous data rate [Gbps] vs. the beamwidth and the vehicle speed, in case of (a) 𝜃𝑏 = [0.1, 10]∘ and (b) 𝜃𝑏 = [30, 120]∘,
both by considering different speeds i.e., 𝑣1 = 25, 𝑣2 = 50, and 𝑣3 = 75 [m/s]. (c) Instantaneous data rate [Gbps] vs. vehicle speed and distances, in

case of 𝜃𝑏 = [20, 70, 120]∘.

Finally, in Fig. 8 (c) we analyze the impact of the speed

i.e., from 10 to 100 km/h, with respect to specific values of

beam width i.e., 𝜃𝑏 = [20, 70, 120]∘. The behavior follows

the same trend as observed in Fig. 8 (a) and (b), where,

as expected, for higher beam width the data rate perfor-

mance is strongly reduced. Also, lower distances provide

higher performance.

5.2 Outage Probability

The outage probability is a crucial metric for vehicular

communication [24, 25], and can be defined as the instan-

taneousmutual information rate that falls below a certain

threshold 𝛽, i.e.:

𝑃 𝑟
𝑜𝑢𝑡𝑎𝑔𝑒

[𝑆𝑁𝑅 < 𝛽] = 1 − 𝑃 𝑟
𝑠𝑢𝑐𝑐𝑒𝑠𝑠

, (16)

where 𝑃 𝑟𝑠𝑢𝑐𝑐𝑒𝑠𝑠 is the success probability that SNR is

higher than 𝛽, and can be expressed as

𝑃 𝑟
𝑠𝑢𝑐𝑐𝑒𝑠𝑠

= 𝑃𝑟[𝑆𝑁𝑅 > 𝛽] = 𝑒𝑥𝑝 (−𝛽𝑑𝑛 𝑃𝑛𝑜𝑖𝑠𝑒
𝑃𝑡𝑥

) , (17)

with 𝑃𝑡𝑥 as the transmitting power.

Based on the outage probability, given a specific target

rate as a Quality of Service (QoS) parameter, we can de-

rive the throughput of success delivery with constrained

outage probability 𝜖, as [24]:

𝐶 = (1 − 𝜖)𝐵𝑙𝑜𝑔2(1 + 𝑆𝑁𝑅). (18)

In order to evaluate the impact of the presence of the

meta-surface, in Fig. 9, we consider a target rate of 1 Gbps
and derive the corresponding outage probability as com-

puted in Eq. (16). In order to better appreciate the ef-

fect of the meta-surface, we consider two different beam

widths of 20∘ and 90∘. As expected, the lower is the beam

width, the lower is the outage probability and the system

has better performance in terms of capacity (see Fig. 10).

The better performance is related to a higher precision of

the system, that corresponds to an increased number of
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Fig. 9 – Outage Probability vs. the distance, in case of (i) a meta-surface

with beam width 𝜃𝑏 = 20∘ and 𝜃𝑏 = 90∘, and (ii) without a meta-

surface.

meta-atoms needed in the metastructure for a high tun-

ing of the phase. In practice, the higher is the number of

unit cells of the full structure, the better is the control of

the whole system, but also the control logic to drive the

controllable meta-surface is more sophisticated/compli-

cated, since it is demanding a higher precision and could

make the systemmore vulnerable tomisalignment errors.

6. DISCUSSION

In order to assess the performance of the system and to

evaluate the potential impact of the RIM in a vehicular

context, we have considered some assumptions to sim-

plify the analysis and give some useful insights for fu-

ture work. Firstly, a perfect alignment between the relay

coatedwith theRIMand the receiver hasbeen considered.

This assumption cannot be ensured above all in a con-

text characterised with high speed. In order to account

for that, we need to introduce an error factor of the speed

to account for the misalignment. A possible approach for

accounting the misalignment has been proposed in [26].

We believe that thismisalignment could be translated as a

reduction of the received power and then in a decreasing

of the SNR.

Another simplification introduced is the ideal configura-
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tion that is computed in real time and without error. In-

deed, in order to control the RIM andmake it as a tunable

and intelligent meta-surface, we need to include an intel-

ligent logic, potentially based on amachine learning (ML)

approach to generate the correct configuration of the RIM

when an external change impacts on the system (e.g., the

vehicle moves far away from the RSU and a new beam

needs to be calculated). ML approaches for systemsbased

on RIM is a topic that is gainingmore andmore interest in

recent times. Anyway, since we considered a mobile sce-

nario where some crucial parameters can be easily pre-

dicted (e.g., the velocity of the vehicle and the direction),

we trust that the computation of a new configuration can

be calculated in real time and this should not impact too

much on the ideal performance of the system.

7. CONCLUSIONS

In this paper, we presented a multifunctional reconfig-

urable meta-surface based on the radiation pattern mod-

ulation of the reflection coefficient. We designed a recon-

figurable U-shaped unit cell using a pin diode via a hole,

that allows to obtain a 180∘-phase difference between ON

and OFF states. The proposed RIM structure has been de-

signed for multifunctional behavior such as coding and

beam steering, considering a 10×10meta-surface loaded

with PIN diodes.

Simulation results have been carried out in order to val-

idate the proposed RIM in a vehicular scenario, for data

transmission via the V2X mode. The instantaneous data

rate has been obtained, as a function of the beam width,

the vehicle speed and the distance. As expected, the lower

the beam width is, the higher the data rate is; addition-

ally, the lower the vehicle speed is, the higher the data

rate is. Same consideration occurs for the distance. In or-

der to assess the effectiveness of the RIM integration in

the vehicular communication system,wehavederived the

outage probability for a specific target QoS in terms of an

instantaneous rate. We also have computed the capacity

based on the outage probability and we have compared

both the outage and the capacity for a system equipped

with RIM with two different configurations in terms of

beam width, and without RIM.

As a future piece ofwork, a factor thatwe have not consid-

ered in this context is the presence of other sources and

interferences. We trust the integration of the RIM in the

system can improve the reduction of the interference im-

pact by properly addressing it. In order to account for this

point, we plan to extend the analytical model with the in-

terference factor and design RIM-based approaches that

reduce the impact of the interference.
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