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Abstract—In the upcoming 6G vehicular networks,
connected and automated vehicles are expected to
rely on beam-based millimeter-wave/sub-THz vehicle-to-
vehicle (V2V) communication links to facilitate advanced
bandwidth-demanding safety-critical applications. How-
ever, communication at these frequencies is impaired by
dynamic blockers, which might limit the effective range
and reliability of V2V links. A common countermeasure
to the blockage consists of enriching the scattering en-
vironment. In this context, intelligent reflecting surfaces
(IRS) enable the control of the environment through the
novel paradigm of a smart radio environment. This paper
proposes to mount fully passive pre-configured conformal
IRS (C-IRS) on the curved shape of vehicles’ body. We
derive the closed-form phase pattern expression to com-
pensate for the non-flat shape of cars’ doors, mimicking the
behavior of a perfectly flat mirror. Simulation results show
the benefits of the proposed C-IRS design in a highway
V2V scenario, where the average signal-to-noise ratio can
be improved up to 20 dB in dense traffic conditions.

Index Terms—Conformal IRS, 6G, V2V, relay

I. INTRODUCTION

Vehicle-to-everything (V2X) communication tech-
nologies are expected to play a pivotal role in future au-
tonomous driving systems. Millimeter-wave (mmWave)
(30 — 100 GHz) and sub-THz (> 100 GHz) bands
have been recently proposed for V2X to encounter
the ever-growing demand for bandwidth [1]-[3]. Prop-
agation at these frequencies is subject to higher path
and penetration losses compared to current sub-6 GHz
systems [4]. Blockage from dynamic obstacles becomes
one of the main challenges, if not the most important,
for massive practical V2X deployment. In particular,
vehicle-to-vehicle (V2V) communication systems are
severely affected by power losses from random vehicles
interposing between transmitter (Tx) and receiver (Rx),
that at 30 GHz amount to 10 — 20 dB (single blocker)
and up to 40 dB (multiple blockers), increasing with the
frequency [5], [6].

Hence, blockage mitigation solutions are a currently
interesting research area. Relay-based solutions represent
one feasible possibility for V2V. The authors of [7]
consider the usage of relays of opportunity in a pure
V2V context, while [8] involves the infrastructure, e.g.,
roadside units or cellular base stations (BS), pushing
for network densification. The corresponding cost, how-
ever, increase. A completely different approach consider
emerging metasurface technologies, i.e., intelligent re-
flecting surfaces (IRS) [9]. IRS are made by fully passive
(pre-configured) or nearly passive (reconfigurable) arrays
of sub-wavelength sized elements whose complex reflec-
tion coefficient is controlled to manipulate the impinging
wavefront and change the reflection angle [10], [11]. IRS
reconfigurability provides flexible dynamic adaptation
of incidence/reflection angles in high-mobility environ-
ments, at the price of a non-negligible dedicated control
signaling between Tx, Rx, and the IRS to estimate and
set the phase of each element. Relevant contributions on
reconfigurable IRS for blockage management are [12]-
[15]. Works [12], [13] propose an IRS-assisted handover
scheme for blockage avoidance in a cellular scenario,
where the BS shall dynamically reconfigure IRS phases
according to the needs of multiple users. The authors
assume the perfect channel state information at each
IRS, which might not be affordable for dense vehicular
networks, where the channel is rapidly time-varying. The
authors of [15] address the deployment optimization of
multiple IRS in a cellular system, showing the benefits
when multiple IRS are strategically deployed. However,
the quantification of the overall deployment cost and
signaling overhead for configuration is not tackled in the
paper. On the other hand, pre-configured IRS represent
a fully passive solution when the deployment cost of re-
configurable IRS is excessive, or the incidence/reflection
angles are not a-priori known and cannot be accurately
estimated [16], [17].

The purpose of this paper is to address the blockage
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issue in V2V communications by lodging conformal IRS
on car sides (car doors). Unlike aforementioned works,
considering planar metasurfaces, the vehicle’s body is a
conformal surface, which cannot be approximated to EM
flat at mmWave/sub-THz frequencies. Existing works on
conformal metasurfaces target acoustic wave and light
manipulation [18], [19], while the application to a V2V
context is unexplored. We first derive the optimal phase
pattern for arbitrarily shaped IRS as a function of desired
incidence and reflection angles. Then, we propose a
novel phase design for pre-configured and fully passive
C-IRS, where the cylindrical shape can be regarded as a
second-order approximation of the complex non-planar
shape of car doors. In the proposed design, C-IRS are
aimed at compensating for the non-flat shape of cars’
doors by mimicking a perfectly flat mirror. Numerical
results concerning a multi-lane highway V2V scenario at
60 GHz carrier frequency show that equipping vehicles
with fully passive C-IRS leads to an average SNR gain
of 20 dB in dense traffic conditions, compared to direct
V2V link. As a matter of comparison, reconfigurable C-
IRS yield an SNR gain above 30 dB, at the price of a
higher cost and a non-negligible control signaling. The
results justify the adoption of pre-configured and fully
passive C-IRS in 6G vehicular networks.

Organization: The remainder of the paper is organized
as follows: Section II describes the system and channel
model, Section III outlines the proposed C-IRS design,
Section IV validates the remarkable benefits from the
adoption of C-IRS for a V2V scenario. Finally, Section
V concludes the paper.

Notation: Bold upper- and lower-case letters describe
matrices and column vectors. The (i,7)-th entry of
matrix A is denoted by [A](; j). Matrix transposition,
conjugate transposition and Frobenius norm are respec-
tively as AT, A™ and ||A||r. tr (A) extracts the trace of
A. diag(A) denotes the extraction of the diagonal of A,
while diag(a) is the diagonal matrix given by vector a.
I,, is the identity matrix of size n. With a ~ CN(u, C)
we denote a multi-variate circularly complex Gaussian
random variable a with mean p and covariance C. E[]
is the expectation operator, while R and C stand for the
set of real and complex numbers, respectively.

II. SYSTEM MODEL

We consider the multi-lane highway vehicular scenario
depicted in Fig. 1. Each vehicle is equipped with a
half-wavelength spaced uniform linear array (ULA) with
K antenna elements, and two C-IRS on both vehicle’s
sides. At a given time instant, the position of Tx and

_____ C-IRS relay links
Direct Tx-Rx link

,._;_
W

Fig. 1. Highway scenario: vehicles equipped with C-IRS can be used
as passive and low-cost relays to reduce blockage affection.

Rx antennas is p; = |24, ys, 2¢)T and p, = [y, Yr, 2] T,
respectively, defined in a global coordinate system. Simi-
larly, the relaying vehicle is located in p. = [2¢, ¥e, 2] T,
where p. identifies the position of a reference element
of the C-IRS. The global coordinate system is illustrated
in Fig. 2. We assume the shape of each C-IRS along the
door as cylindrical with a curvature radius 1. In general,
a car door has an arbitrarily complex shape; however,
the cylindrical assumption allows for a closed-form an-
alytical solution and to generalize the solution of planar
IRS (R — o0) (see Fig. 3). In this setting, M elements
of the C-IRS are deployed along the curved coordinate
(height), and N elements along the cylindrical direction
(Iength), for a total of M x N elements. The equipment
is sketched in Fig. 2, where the length of the car’s door
is L and the height is H. The position of the (m,n)-
th C-IRS element, for m = —M/2,... , M /2 — 1 and
n=0,....,N — 1,18 Pmn = Pe+ [Tmmn> Ymn> Zmn) s
where

Tmm = R (cos iy, — 1)

Ymn = dn(n - 1)
Zmn = R siny,

ey

denote the relative 3D displacement of the (m,n)-
th element with respect to the reference one. Here,
tm = 2marcsin (d,,/2/R) is the angular position in
cylindrical coordinates of the m-th row, while d,, and
d, are the elements’ spacing along the vertical and
horizontal directions, respectively. For a reference car
door height and length of H = 1 m and L = 1 m,
selecting R € [2,8] m provides a curvature that is in
line with common car doors [20].

A. Signal and Channel Model

Let the complex transmitted symbol be s € C ~
CN (0,02), where o2 is the transmitted power. Symbol
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Relay (back)
C-IRS (left)

Fig. 2.
sides to serve as relays.

Fig. 3. Sketch of the cylindrical approximation of the car doors

s is beamformed by f € CX*!, propagates over a block-
faded spatially-sparse channel H € CKX*¥ | the received
signal is

y = wlHf s + w'ln, 2)

where w € CK*! is the Rx beamformer, and n ~
CN (0,0’%1[{) is the additive white Gaussian noise at
the Rx antennas, with power o2.

The channel matrix in (2) is the sum of two contribu-
tions [21]:

H = Hd + HcrcI)Htc (3)

where the first term H, is the direct Tx-Rx link and
the second term is via the C-IRS. Specifically, H;. €
CMNXK jg the Tx-C-IRS channel for the incident sig-
nal, H.,, € CEKXMN s the C-IRS-Rx channel for the
reflected signal, and ® € CMN*MN g the complex
reflection matrix (amplitude and phase) of the C-IRS.

i,(c)  4,(c)
(ee,k » Pk

Sketch of the geometry and the reference system of the considered V2V scenario. Vehicles are equipped with C-IRS on both lateral

As customary in mmWave/sub-THz communications,
the channel (3) exhibits a sparse scattering characteristic
[3]. The model for the direct channel H,; can be written
for the far-field assumption, that typically applies for
TxV-RxV distances in the order of tens of meters, as:

Hy = aq 0. (9)0: (9 a(9h)a (9" @)

where (i) oy denotes the complex gain of the direct path,
modelled as in [22]; (ii) a;(9}) € CE*L, a.(9)) €
CK*1 are the Tx and Rx array response vectors, function
of the angles of arrival (AoAs) and angles of departure
(AoDs) of the direct path, respectively 9;; = (6, ©};) and
9, = (64, ¢%) (for azimuth and elevation), (iv) 0:(9Y)
and o¢(9) are the Tx and Rx single-antenna gains,
respectively. Similarly, the (¢, k)-th and (u, £)-th entries
of channel matrices Hy. and H,,, for ¢ = (m—1)M +n,
u,k = 1,..., K can be written under the far field
assumption as

[Htt:](é,k) = ay ) 0t(0) Qc(ﬂ?,s:)) eI %L
o) = o 0020, (0,) 57

where (i) oy, and o, ¢ are the complex gains of the path
between the k-th Tx antenna and the /-th C-IRS element
and between the /-th C-IRS element and the wu-th Rx
antenna, respectively [22]; (ii) ¥; and 99, are the AoD
and AoA to/from the C-IRS, respectively; (iii) rz ; and
ry , are the propagation distances; (iv) o.(-) is the C-IRS
element pattern, function of the local angles of incidence
and reflection (Aol, AoR) 192%0), 192”(;), identified by
superscript (). Notice that local Aol/AoR can be ex-
pressed as function of the global ones ¥; = (0;, ;) and

&)
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¥, = (05, po) knowing the shape of the C-IRS. Herein,
we assume the the widely employed model in [23] for
0t(+), or(-) and g.(). The reflection matrix ® at the C-
IRS in (3) is diagonal with entries defined as

P = dlag (51€j¢17 ceey 5fejq)27 ey B]\/[Nejq)MN) (6)

where By and ®, denote the amplitude and phase of
the /-th element reflection coefficient, respectively. In
the following, we assume the surface is made of a
fully reflecting material (e.g., a metal); thus, there is no
penetration and |S3y| = 1 VZ.

III. CONFORMAL IRS DESIGN FOR V2V
COMMUNICATIONS

A. Generalized Reflection’s Law

Let us consider the reference system depicted in Fig.
2, where a plane wave is impinging on a 3D reflecting
surface y = f(x, z) from an arbitrary direction. Incident
and reflected wavevectors are

2
k= _TW [sin p; cos 0, sin ;sin 0, cos o], (7)
9
k= TW [sin 0, S B, sin o sin b, cos o] (8)

Assuming there is a phase variation ®(x,y, z) defined in
the neighborhood of y = f(z, 2), the relation between k
and k is determined by the generalized Snell’s law [24]:

©)

where ¥ € R and u is the unit vector normal to the
surface, defined as

k—-—k=V®+ru

T ox T Oz
u= (10)

VIFIVIIP
Eq. (9) allows to derive the optimal phase pattern to be
applied to an arbitrarily shaped metasurface to realize
specular/anomalous reflection. It can be demonstrated
that the phase to be applied across the surface to re-
flect an impinging wave from (6;, ;) toward (6,,¢,)
is reported in (11). By plugging the 3D position of
the (m,n)-th C-IRS element into (11), namely setting
T = Tmn> Y = Ymn and 2 = zp, as in (1), we
obtain the optimal phase configuration for any pair
Aol/AoR, (0;,p;) and (6,,p,). Notice that the phase
configuration (11) can be regarded as generalization of
the planar one, since letting R — oo implies , , — 0,
Ymn — dp(n — 1) and 2y, , — di(m — 1), providing
the conventional phase configuration for planar IRS [9].

0.4

B. Pre-configured C-IRS for Vehicular Applications

According to (11), the optimal usage of a C-IRS
requires the knowledge of Aols and AoRs, i.e., (6;, ;)
and (0,, p,). However, the latter are rapidly time-varying
in vehicular scenarios, and the direct usage of (11) im-
plies the possibility to dynamically reconfigure ®, with
the well known penalty in terms of cost and signaling
overhead. Therefore, we propose a novel phase design
for a pre-configured, fully passive cylindrical-shaped C-
IRS, that can be a local approximation of a portion of car
lateral doors. The aim is to make the C-IRS to behave
as a perfectly EM flat surface, i.e., a mirror, for specific
azimuth and elevation angular intervals that match the
typical Aols and AoRs in vehicular networks.

We approach the C-IRS design by imposing a specular
reflection in (11). Specifically, we leverage the empirical
probability density functions (EPDFs) of azimuth and
elevation Aol, 6; and ;, in the same multi-lane highway
scenario described in Section II. The EPDFs are shown
in Figs. 4a and 4b, respectively, for 0 < ¢; < 90 deg
and 0 < 6#; < 90, obtained from through extensive
traffic simulations based on SUMO [25] for different
vehicle types, e.g., passenger cars, trucks, buses, etc., and
locations. Since vehicles have similar heights compared
to typical V2V distances (ranging from few to tens
of meters), elevation Aol are mostly distributed around
vi = 90 deg, within ~ 1.5 deg (= 67% of Aol).
Differently, the EPDF of azimuth Aol 6; is wider and
monotonically increases for |6;] — 90 deg, as shown
in Fig. 4b. The azimuth variability is a consequence of
the random vehicle positions in space (varying of tens
of meters), that dominates over the height differences
ruling the EPDF of ¢; (in the order of tens of centime-
ters to few meters). Therefore, we reasonably impose
pi = Yo = 90 deg and leave the azimuth as a free
parameter 0, = —6; = 0 in (11), obtaining the following
phase pattern

®,,(0) = —@ (cos P — 1) cos,

that depends only on the shape of the C-IRS along
the curved dimension, i.e., on curvature radius R and
angular position of the elements {,,}, as well as on the
operating azimuth angle . Notice that the phase gradient
is non-zero along the curved dimension only. According
to the experienced azimuth Aol, § can be pre-configured
to make the C-IRS work around the dominant region of
the PDF, i.e., for |6;| > 45 deg, thus 45 < 0 < 90 deg.
The impact of the phase configuration in (12) can
be assessed by the azimuth normalized radiation pattern

(12)
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b(z,y,2) = - [z (cos 0, sin @, + cos 0; sin ;) + y (sin B, sin p, + sin 6; sin ;) + 2 (cos @, + cos ;)] (11)
0.1 0 | -
E _zc/
oot L e g o T
2 o
m —IRS (R — )
© -6 ©0 =30 deg
0 ‘ By 0 = 45 deg
82 84 86 88 90 < -8(m0=¢60 deg
Elevation Aol ¢;[deg] Qt/ %8 =75 deg
(a) -10g
k& |
12 \VT\t
14 w ‘ ‘ ‘ ‘ J
0 15 30 45 60 75 90
E 0.051 Azimuth Aol 6 [deg]
) (a)
0 : ‘ ‘ : 0 ‘ ‘
0 20 40 60 80 —IRS (R — o0)
Azimuth Aol 6; [deg] _R—9%m
() R=4m | /=S
. . . . . 5—R=6m
Fig. 4. EPDF of elevation (4a) and azimuth (4b) Aol in a typical _R—8m
multi-lane highway V2V scenario R=10m

P(0|6) of the C-IRS for specular reflection, i.e., for
Vi = Yo :777/ 2, 8, = —6; = 6 and fixed configuration
parameter 6, defined as

2

P(8]7) = ‘;4 3 ¢ i 0)itn @)

2

- ‘]\]2— Z e_j%(cos 7l}m_l)(COS H—Cosg)
. . )
= [e/’ [Jo(B) — jHo(B)] |,

(13)

where 3 = (47R/\)(cos @ — cosB), Jo(B) is the Bessel
0 function of the first kind [26], and Hy (/) is the Struve
function [27]. We consider f = 60 GHz as operating
frequency (A = 5 mm wavelength), a C-IRS area of
1 m? (corresponding to M = 800 and N = 800
elements at d,, = d,,, = A/4 spacing). Fig. 5a depicts
the C-IRS pattern P(f|0) for different values of the
configuration parameter , for R = 8 m. Fixing 0, the
angular response of the C-IRS for specular reflection
is selective in 6. Hence, C-IRS provides the desired

)
=
= 10 _,//—X‘
A

0 15 30 45 60 75 90
Azimuth Aol 6 [deg]
(b)

Fig. 5. Specular normalized C-IRS pattern as function of (5a)
configuration parameter ¢ (R = 8 m); (5b) radius of curvature R
(6 = 60 deg), compared to a flat IRS (R — o0).

specular reflection for 6; € [0 — (A6/2),0 + (A6/2)],
where A is the angular interval for which the C-IRS
reflects optimally. We also notice that, for increasing
0, the angular interval for specular reflection Af gets
narrower. In particular, A ~ 45 deg for § = 30 deg
and Af =~ 17 deg for § = 75 deg. The trend of P(0|0)
varying the curvature radius of the C-IRS R is in Fig.
5b. As expected, the more the cylindrical surface tends
to a flat surface (R — o0), the larger is the angular
interval of specular reflection Af. For § = 60 deg, A#
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o
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Fig. 6. Specular normalized channel gain on the azimuth plane for a
C-IRS compared to a flat IRS (R — oco) and a bare cylindrical surface
(i.e., without phase compensation) varying the number of elements
M

ranges from 25 deg (R = 10 m) to 5 deg (R = 2
m). Considering the EPDF of the azimuth Aol 6;, the
proper working condition of C-IRS in a V2V scenario
with highly curved car doors can be set either with a
proper tuning of @, including the majority of experienced
azimuth Aol, or by reducing the number of elements M
along the conformal coordinate (thus the overall gain) in
favor of a wider angular aperture for specular reflection.
To this aim, we assess the normalized azimuth channel
gain G(0), defined as

G(9) = tr | H, ®H, H.®"H!L (14)

Pi=po=7

0o=—0;=0

where: H;. and H., are from (5) and normalized such
that [Heelr = [Holr = 1 and [@]r = 1/Mua,
where M. 1s the maximum number of considered
elements across the conformal direction. G(#) is thus
independent from specific Tx-C-IRS and C-IRS-Rx dis-
tances. Fig. 6 shows the trend of G(6) varying M, for
R =8 m, § = 60 deg, and My.x = 800, comparing
the behavior of C-IRS, flat IRS (R — oo) and a bare
cylindrical surface (without phase compensation). The
first observation is that a properly configured C-IRS
systematically provides a channel gain gap compared to
a bare surface. In particular, the gap is in excess of 25
dB for M = 800 (thus H = 1 m side). When 0 # 6,
instead, increasing M does not lead to a due increase
in the channel gain, as the phase pattern is optimized
for @ only. However, reducing M allows to diminish the

TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value(s)
Carrier frequency f 60 GHz
Number of Tx/Rx antennas K 8

Tx-Rx distance rd 100 m
Number of C-IRS elements | M x N | 800 x 800 (1m? area)
C-IRS element spacing Ay dn A4

C-IRS curvature radius R 8 m

C-IRS configuration param. 0 75 deg
Transmitted power o2 10 dBm

Noise power o2 —88 dBm

gap between G(6) and G(#), hence increasing A6, at
the price of a lower maximum achievable gain.

IV. NUMERICAL RESULTS

This section shows the advantages of equipping ve-
hicles with C-IRS on lateral sides. We consider as a
case study, a multi-lane highway road segment of 500 m
length with N; = 5 lanes, each of w; = 5 m width. The
Tx-Rx distance is set to 74 = 100 m, and all the other
vehicles are randomly distributed on each lane according
to a point Poisson process [28] with a traffic density
p cars/km (per lane). All vehicles in the scenario are
modelled with an occupation region of 5 x 1.8 x 1.5 m3.
The system and communication parameters used in the
simulations are summarized in Table I.

Let us assume that Tx and Rx know their positions,
namely p; and p,, as well as the position of neighboring
CAVs. For instance, position information can be obtained
through signaling or sensing [29], [30]. When vehicles
are equipped with pre-configured C-IRS on their sides,
designed for specular reflection, the optimal relaying
vehicle, in position pe, is located halfway between Tx
and Rx, within a region of size A; = W, x L centered
in (p, —p:)/2. While W = Njw; is the highway width,
L is chosen to be two times the length of the C-IRS, i.e.,
Ly = 2L. The Tx and Rx beamformers f and w in (2)
are chosen from beamforming codebooks F and WV built
upon the knowledge of the Tx, Rx and candidate relay
positions within area A. Considering the position of the
c-th relay, p, the corresponding Tx and Rx beamforming
vectors are:

f.=

1, cmmteoso] " (15)

X T
w, = [17 ...,e*J”(K*UCOSﬂ (16)
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Fig. 7. (7a) ECDF of the SNR employing direct V2V link only, fully
passive and pre-configured C-IRS, reconfigurable C-IRS, varying the
traffic density; (7b) average SNR as function of the traffic density

for azimuth angles

0; = arctan <yc — yt) , 0, = arctan <M> .

Te — X4 Ty — T
(I7)

Therefore, the beam codebooks are defined as
F = {fq, {fc}}, W= {wg,{wc}}  (18)

where f; and w; denote the beamforming vectors for the
direct Tx-Rx link. Beamforming vectors f and w in (2)
are chosen as the maximizers of the SNR, i.e.,

¢ o?|wHHf|?
opt Wopt = argmax § —————— o .
feF Ko},

wew

19)

The results are summarized by Fig. 7. Fig. 7a shows
the empirical cumulative distribution function (ECDF)

of the SNR for p = 5 cars/km and p = 40 cars/km,
when using: direct link only (black lines), pre-configured
C-IRS and direct link (according to (18) and (19), blue
lines), reconfigurable C-IRS and direct link (red lines).
In the latter case, we assume an instantaneous real-time
phase reconfiguration of the C-IRS according to a perfect
channel knowledge. We notice that fully passive and
pre-configured provide a substantial SNR gain in both
low and high traffic conditions. The average SNR gap
compared to the usage of the direct Tx-Rx link ranges
from 5 dB to 20 dB, respectively, and increases with
p. Fig. 7b shows the trend of the average SNR using
either the direct link or the link via the C-IRS. For
p > 10 cars/km, the usage of pre-configured C-IRS
becomes advantageous: increasing p leads to an increase
of the blockage probability of the direct link, and the
benefits of a fully passive relaying vehicle is evident.
As a matter of comparison, reconfigurable C-IRS allows
for much higher SNR gap, in excess of 20 — 40 dB,
thanks to the flexibility with respect to the Aol/AoR, that
increases the number of vehicles potentially serving as
relays. However, the intensive signaling to estimate the
channel and configure the C-IRS might be overwhelming
for V2V, indicating the fully passive and pre-configured
design as a promising and viable solution for 6G vehic-
ular networks.

V. CONCLUSION

With the advent of self-driving cars, vehicles are
expected to reliably share massive amounts of data
with neighbors via highly directional mmWave/sub-THz
beam-based V2V links for a wide range of vehicular
services. In this setting, however, blockage from ran-
dom vehicles drastically reduces the reliability of V2V
links. This paper proposes using conformal-designed
IRS deployed on vehicles’ doors as passive relays in
mmWave/sub-THz vehicular networks. In particular, a
novel phase design for non-reconfigurable fully pas-
sive C-IRS is proposed to compensate for the non-flat
door’s shape. Numerical simulations at 60 GHz carrier
frequency in a highway scenario show a remarkable
improvement of average SNR in dense traffic condi-
tions, about 20 dB when using fully passive and non-
reconfigurable C-IRS. Future investigation will concern
other scenarios and optimal pre-configuration patterns.
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