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The transformation of the automotive industry towards ubiquitous connection of vehicles with all kind
of external agents (V2X) motivates the use of a wide range of frequencies for several applications.
Millimeter-wave (mmWave) connectivity represents a paramount research field in which adequate
geometries of antenna arrays must be provided to be integrated in modern vehicles, so 5G-V2X can be
fully exploited in the Frequency Range 2 (FR2) band. This paper presents an approach to design mmWave
Keywords: vehicular multi-antenna systems with beamforming capabilities considering the practical limitations of
V2X their usage in real vehicular environments. The study considers both the influence of the vehicle itself
Beamforming at radiation pattern level and the impact of the urban traffic on physical layer parameters. Connectivity
Arrays parameters such as Signal-to-Interference-plus-Noise Ratio (SINR) and outage probability are optimized
based on the array topology. A shaped beam in the vertical plane based on three preset radiating
elements is proven to be robust enough against self-scattering effects on the vehicle body. Regarding
the horizontal geometry, four panels on the roofs edges provide good coverage and link quality. The
number of horizontal antennas per panel tightly depends on the required values of the link quality

metrics, potentially leading to a non-uniform geometry between sides and front or back panels.
© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The automotive industry is experiencing a transformation to
shape the mobility of the future. Amid rising consciousness about
its contribution to global pollution, and with a view to reduce
the still large number of traffic accidents [1], connectivity and au-
tomation have emerged as key drivers of the industry’s evolution
towards greener, safer and more efficient transportation. This trend
towards Connected and Automated Mobility (CAM) establishes new
challenges to cope with connectivity-related issues such as assur-
ing a certain Quality of Service (QoS) based on reliable and high-
speed wireless links.

Although we are currently in an early stage of this evolution,
vehicles are already equipped with a variety of sensors that as-
sist the driver in taking decisions. Likewise, the so-called Advanced
Driver-Assistance Systems (ADAS) often take control of some ma-
noeuvres. However, safety-wise, vehicles just rely on ADAS as a
mean to mitigate imminent road risks. In terms of connectivity,
vehicles make use of back-end data to obtain useful information
along the journey. New vehicles are also capable to connect to the
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Internet, but also connected road infrastructure is being deployed
worldwide to help anticipating relevant information about unusual
road conditions and potentially hazardous situations.

Intelligent Transportation Systems (ITS) make use of Vehicle
to Everything (V2X) technologies, an umbrella term encompass-
ing communications between the vehicle and the network, road-
side infrastructure, pedestrians, and other vehicles. Early signs of
successful V2X implementation have been experienced from 2019
onward [2], when the ITS ecosystem included support for a set of
safety applications - namely, Day-1 use cases - in which nodes
broadcast basic status messages to prevent road hazards. These
V2X messages are to be transmitted with either IEEE 802.11p or
Cellular V2X (C-V2X), technologies that coexist in the ITS Band
(5.875 to 5.915 GHz) [3] harmonized for safety ITS.

The advent of advanced automotive use cases, with stringent
requirements in terms of resource consumption [4,5], exemplify
the need of enhanced features associated to New Radio (NR). Ex-
tended sensors or in-vehicle infotainment are expected to demand
up to 1 GHz bandwidth with latency ranging between 3 and 50
ms and coverage up to hundreds of meters. In this context, al-
though economically challenging for mass deployment, the use of
the mmWave band (30-300 GHz), is essential to off-load the large
volume of data required to realize the most demanding use cases.
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One of the mmWave well-established enablers is beamform-
ing, consisting in feeding an array of antennas to obtain sharp
beams of concentrated power towards the intended receiver/trans-
mitter set. The high gain obtained helps overcoming the intrinsi-
cally large propagation losses of mmWave channels. In [6], the use
of mmWave antenna arrays for V2X communications is addressed
showing larger data capacity when the number of on-board anten-
nas increases. However, even assuming seamless beam-alignment,
beams should not be considered arbitrarily narrow just accounting
for the potential gain and throughput, since antenna array behav-
ior limits these possibilities.

Even though some studies apply appropriate beam distribu-
tions, like the pre-defined set of beams used in [7], most of the
assumptions found in the literature use oversimplified antennas
where beamwidth and beam-steering are indiscriminately flexible,
which is not the case in the performance shown by customary User
Equipment (UE). Similarly, antennas and radiation patterns used in
most works are rarely altered by the vehicle or their mounting lo-
cation. In [8], radiation patterns show asymmetries depending on
their position. In [9], the location of V2X antennas at 5.9 GHz is
optimized, pointing its importance on the performance of the com-
munications, whereas the authors in [10] conclude that channel
capacity depends on antenna height and location. More recently,
the 5G Automotive Association (5GAA) published a study regard-
ing the use of distributed antenna systems for Fifth Generation of
Mobile Communications (5G) vehicular communications [11]. Co-
located geometries are compared with distributed ones for both
side and Uu links at 6 GHz. In case of sidelink, the performance of
distributed geometries is demonstrated to outperform co-located
antennas in terms of coverage - achievable SINR - and signal
blockage reduction. In [12], a measurement-based study on the
achievable diversity of distributed antennas is also presented, as
well as the channel dispersion under different scenario conditions,
also at sub-6 GHz. More simplistic studies strictly based on the im-
pact of the vehicular platform on a single-antenna radiation can be
found in [13,14]. Also, the authors in [15-18] antenna designs with
some degree of reconfiguration (at pattern or frequency level), but
all designs still target sub-6 GHz, low-gain radiation.

Notwithstanding these results at lower frequency bands, only
few studies have been found tackling these effects at mmWave,
although the Third Generation Partnership Project (3GPP) has em-
phasized the need for accurate radiation models at these bands
[19]. In [20], the coverage of several antennas mounted on a vehi-
cle is studied based on their perceived path loss when the trans-
mitting antenna is moved around the vehicle. There, the use of a
distributed system at high positions (i.e., the roof) is envisioned as
a potential solution for such users to reduce blockage effects. The
authors in [21] already propose a multi-band antenna design for
V2X application supporting both sub-6 GHz MIMO and mmWave
beamforming. However, the proposal is evaluated independently
from the vehicle and the environment. Similarly, in [22], a dual-
band V2X antenna is proposed, but a moderate-directivity beam
without steering capabilities is obtained.

In this work, a vehicular antenna system is tailored to meet the
common requirements of mmWave V2X with a design methodol-
ogy formulated to account for the effects of the vehicle on the
radiation pattern and the surrounding traffic to optimize commu-
nication towards other vehicles. The results aim to serve as a refer-
ence design for antenna-aware V2X evaluations at mmWave, giving
importance to feasible implementations and the potential interac-
tions with the car and the scenario. The most similar approach
found in literature is in [23], where a reconfigurable mmWave
multi-beam panel is proposed to be located at both front and rear
windshields of the vehicle. However, that design targets solely to
the elevation problem and the study does not consider azimuth
coverage nor the scattering effect of the vehicle. In the present
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manuscript, the elevation problem is solved with a synthesized
pattern, whereas a complete azimuth coverage is studied depend-
ing on the number of panels and radiators in the horizontal plane.

2. Considerations for the design of mmWave V2X antenna
systems

The comparatively narrow spectrum portions available at fre-
quency bands below 6 GHz (sub-6 GHz) fall short at fulfilling
automotive-grade requirements like reliability, especially due to
the expected large volumes of data to be exchanged. For instance,
at 5.9 GHz, LTE-V2X delivers an average of 60% Packet Recep-
tion Rate at 60 km/h in urban scenarios [24]. 5G-V2X is expected
to increase this metric [4], but the 99.99% reliability needed by
highly-automated applications like platooning or sensor informa-
tion sharing [25] cannot be met considering the high channel uti-
lization rate expected at sub-6 GHz V2X bands. This motivates the
use of larger bandwidths available at mmWave frequencies.

A common misconception related to the use of mobile mmWave
is that propagation losses are prohibitive. However, as it is true
that free-space path loss (FSPL) scales with the second power of
frequency, it is also true that the effective antenna aperture does
so. Therefore the feared FSPL can be compensated without in-
creasing antenna space regardless of the operation frequency. On
the other hand, when real-life propagation factors such as multi-
path fading, shading by obstacles, and atmospheric effects (i.e.,
water vapor and oxigen absorption, or rain) are included, path
losses increase can be from mild to dramatic depending on the
specific frequency band [26]. Fortunately, we can take advantage
of the fact that the physical size of radiating elements becomes
smaller as frequency grows. This fact allows packing more an-
tennas without dramatically increasing the overall space. This, in
combination with ingenious array design, allows to overcome most
of the propagation-related losses.

The inherently directive nature of mmWave channels fosters the
use of high gain antenna systems to exploit either direct Line-of-
Sight (LOS) or indirect Non Line-of-Sight (NLOS) paths with narrow
beams towards the dominant incoming or outgoing wave direction
[27]. This comes with the additional challenge of beam alignment
that may lead to unacceptable outage probabilities for arbitrar-
ily narrow beams with low-accuracy, or low-rate beam updates
[28]. Given this potential source of signal impairments, gain and
beamwidth need to be carefully designed, as they are strictly re-
lated to the number of antenna elements in the array. Unless so-
phisticated methods are used, it is not feasible to assume low-cost
and low-complexity vehicular arrays with focusing and defocus-
ing capabilities to adapt their beam according to the channel state.
Flexible arrays and fine phase resolution would lead to increased
costs in the Radio Frequency (RF) processing, and robust phase
shifters would be required [27]. It is also worth mentioning un-
desired effects such as sidelobes or scattering on the vehicle body
when the beam is steered far from the broadside. All those consid-
erations must be carefully depicted and addressed when designing
an adequate geometry of the antenna array.

Conventional monopoles placed on the rooftop are widely
used to obtain omnidirectional radiation patterns in vehicles at
sub-6 GHz bands. However, the directional nature of the intended
links at mmWave motivates a different antenna system topology,
as in the absence of strong multi-paths, and given the channel
losses, power radiated in unintended directions is practically lost.
Therefore, vehicular beamforming antenna systems at mmWave
must henceforth be arranged for sectorized coverage, each handled
by a different array, to achieve an aggregated effective coverage
similar to that of the monopole in the lower frequencies. Antenna
arrays have a limited steering range with stable single-beam radi-
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Table 1
Multi-panel antenna configurations supported by 3GPP Rel. 16.
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ation, outside of which increased sidelobes and potential grating
lobes increase undesired radiation and reduce gain.

5G conceives these systems as multi-panel antennas, giving
support to a set of virtual antenna configurations [29] shown in Ta-
ble 1 [30] - notated here as N (columns, horizontally) x M (rows,
vertically) antenna elements per panel. 5G support currently al-
lows for a maximum of 32 controllable feeding weights to map on
each antenna element, enabling up to 16 cross-polarized antenna
elements. In the table, the configurations backed by the 3GPP are
classified according to the number of panels (K) and antenna ports
(2 x N x M x K). For equal amount of ports, different geometries
are allowed given the number of panels by arranging the anten-
nas accordingly on each panel. The so-called codebooks establish
the weights for each antenna port and therefore define a pre-
configured set of beams steered to different angles.

Regarding coverage, it is reasonable to conceive the challenge
of mmWave V2X antennas as separated in vertical and horizontal
problems. On the vertical plane (i.e., in elevation, el), the goal is
ensuring proper coverage of vehicles and infrastructure. It is safe
to assume that vehicles will be in small elevation values (el >~ 0°),
whereas infrastructure will generally be around 0° < el < 30°. In-
frastructure appearing at higher el angles is assumed closer in dis-
tance and less radiated power can be assigned to those directions.
On the horizontal plane (i.e., in azimuth, az), the required angles
to reach the surrounding nodes will be relatively fast-changing,
and no difference between azimuths can be easily set for cover-
age. Thus a vehicular beamforming antenna system can then be
designed with steering capabilities to cover the entire horizontal
plane, while having a suitable fixed configuration on the verti-
cal plane. Arrays, thus, can be as simple as Uniform Linear Arrays
(ULA).

3. Methodology

The use of mmWave for mobile communications poses several
concerns on the allocation of antenna resources on the UE end
of the link. The proposed methodology obeys both performance
and cost-awareness criteria to evaluate different array designs. The
parameters to analyze include the number of panels (arrays) on
the car, the number of antenna elements per panel, and their most
suitable location on the car.

Initially, an analytical study of the array geometry is performed
based on the achievable array factor for both elevation and az-
imuth radiation. Then, the electromagnetic simulation of the array
radiation is carried out with Altair FEKO’s Multi-Level Fast Multi-
poles Method (MLFMM) solver. A basic rectangular patch is used
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Table 2
Configuration of urban vehicular traffic modeling for the case scenarios un-
der evaluation.

Description 9 blocks of Manhattan Grid

Channel model 3GPP TR 37.885 Urban LOS/NLOSv [34]
Lanes 2 in each direction

Lane width 35m

Grid size 433 x 250 m

Simulation area 1299 x 750 m

Vehicle velocity 60 km/h

Intersection turn probability =~ Going straight: 50%
Turning left: 25%

Turning right: 25%

as radiating element and a customizable number of elements is
placed for each array geometry. In order to make the numerical
simulations as time-efficient as possible, the isolated array is first
simulated with this method. Then its near-field is combined with
the geometry of the car using an equivalent source consisting of
an aperture of 81 x 81 infinitesimal dipoles located at the an-
tenna boundaries and placed on each position to be analyzed. The
large electric size of the vehicle at mmWave frequencies entailed
the use of Physical Optics (PO) to obtain the far-field radiation of
the entire structure. To further improve calculation time, the en-
tire bodywork, windows and windshields are considered as Perfect
Electric Conductor (PEC), a model supported by reported measure-
ments of the reflection coefficient of glass at mmWave [31].

Finally, the simulated patterns are tested in a typical Manhat-
tan urban environment to assess their link-level performance in
5G-V2X-like communications. For that purpose, two more tools are
used: one for the traffic simulation and another one to obtain the
wireless channel behavior between communicating pairs. On the
one hand, the realistic traffic of the urban grid is obtained with
Simulation of Urban Mobility (SUMO) [32]. It allows to launch sev-
eral simultaneous vehicle trajectories considering the distribution
of the streets and the rest of the environment. In the simulation,
vehicles are dropped in a way that the distance between the rear
bumper of a vehicle and the front bumper of the following vehi-
cle in the same lane follows an exponential probability distribution
where the mean is 2 m at the velocity configured in each corre-
sponding lane. The size is assumed 5 x 2 x 1.5 m for all vehicles,
which is later used to determine whether other nodes in the sce-
nario block the direct path between two communicating ends. The
vehicles drive at 60 km/h along random trajectories within a grid
made by 9 buildings that create orthogonal streets of 4 lanes each
(2 per direction). More details about the scenario can be found in
Table 2. In this study, traffic density is kept constant since the es-
timation of the interference level is not using traffic information.
The impact of that parameter is mainly expected to degrade the
link SINR while increasing channel usage, but further investigation
of that issue may be required.

On the other hand, once the trajectories are obtained, the pre-
viously calculated radiation pattern is applied to each vehicle po-
sition to calculate the wireless channel coefficients between ran-
dom pairs of vehicles with the Quasi Deterministic Radio Chan-
nel Generator (QuaDRiGa) tool [33]. It makes use of Geometry
Based Stochastic Channel Model (GBSCM) to estimate the behavior
of a wireless channel, provided that there is a suitable trade-off
between repeatability, generalization and accuracy compared to
ray-tracing simulators or purely statistical models. The proposed
simulation framework takes the urban channel models in [34] to
estimate the distribution of the scatterers and their angular contri-
bution is then weighted by the radiation to be tested in each case
and coherently added at the receiver side.

All proposals are evaluated and designed at 28 GHz because
evaluation procedures by the 3GPP already consider this band for
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all V2X combinations [34], and it is the first 5G mmWave band
being deployed in selected cities and implemented in smartphones.

4. Design of the multi-antenna beamset

The design of the antenna system is first studied in terms of
the required coverage. To maximize the radiation to intended di-
rections of individual array elements, the initial step to propose an
adequate antenna system is to find the most suitable location on
the vehicle. Then, the problem is divided in two dimensions: ver-
tical and horizontal. Finally, the designed pattern is evaluated with
a real planar array to be mounted as a vehicular UE panel.

4.1. On-vehicle placement

The optimum placement of the antenna arrays is the first issue
to be addressed before proposing a particular geometry. Radiat-
ing elements surrounding the vehicle bodywork are strongly influ-
enced by the latter, so an adequate positioning is paramount. An-
tenna radiation of sub-6 GHz vehicular antennas is a topic that has
been extensively studied in the literature. Typical single-element
omnidirectional can be achieved with shark-fin or monopole struc-
tures on top of the roof. Some available literature presents the ra-
diation characteristic of such antennas [35,36]. Other manuscripts
discuss alternative antenna locations, still at conventional fre-
quency bands. In particular, the authors in [8,37] propose diversity-
enabling positions on the sides and roof of different vehicles. In
[38], the radiation and coupling of more directive elements is also
considered. Bumper antennas achieve better isolation, as expected.
But the use of highly directive antennas is able to compensate that
issue even in the case of roof panels, achieving very low coupling
factors.

In mmWave V2X, the use of multi-element beamformed pat-
terns is implicit and they are particularly influenced by the envi-
ronment in the proximity of the antenna. Additionally, full cover-
age is usually achieved with distributed geometries at different lo-
cations. As stated by the 5GAA in [11], typical implementations of
Distributed Antenna Systems (DASs) consist of a central unit inside
the vehicle and several antenna units around its bodywork. The
latter can be implemented on the roof, with good azimuth cover-
age and clear view of high-elevation angles, or on the bumpers,
glasses or mirrors, achieving more limited coverage. The sectorized
disposition of such systems not only present aesthetic challenges
but cable losses are also a concern for engineers. Antennas placed
at the edges of the roof present a good balance of cable losses with
regard to the other options and also can benefit from the curvature
of these edges to promote an unnoticeable integration for any re-
quired antenna orientation. Antennas placed on the bumpers are
limited to forward and backwards radiation, which is suitable for
Cooperative Adaptive Cruise Control (CACC) [39]. Vehicle radars op-
erating in the W band are commonly mounted on the front and
rear bumpers for that reason, but alternative positions can be also
a matter of study as in [40]. The surrounding bodywork poses ad-
ditional issues in terms of signal blockage when the antennas are
located there and this is partially studied in [20], where the path
loss of a single radiating element on different positions along the
vehicle is calculated. Then, placing antennas at the roof’s edges
can leverage some non-invasive parts for integration, such as the
rear roof spoiler — where some vehicles already embed antennas -
or the in-cabin rear-view mirror.

Fig. 1 illustrates a reference coordinate system originating in
the roof’s frontal edge position, where the orientation of the array
is determined by the el, angle that the normal of the array’s sur-
face points to. The orientation of the array has a strong influence
on the achievable coverage, as later demonstrated in the following
sections. In the case of a DAS, the same vertical orientation is kept
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Fig. 1. Reference coordinate system.

for all available panels regardless of their position in the horizontal
plane.

4.2. Vertical plane coverage

As previously mentioned, a reasonable approach to solve the
coverage challenges on the vertical plane is designing a suitable
non-steerable beam that could give support for both Vehicle-to-
Vehicle (V2V) and Vehicle-to-Infrastructure (V2I) links. For this
purpose, Fourier synthesis is used for pattern design, being a wide-
ly acknowledged method that minimizes the Root-Mean-Square
Error (RMSE) metric between the desired and synthesized beams
[41]. In addition, the proposed arrays are to be located on the
roof’s edges following the criteria mentioned in the previous sec-
tion.

The goal function to shape the desired vertical coverage is ex-
pressed in terms of the elevation Array Factor (AF), defined as a
function of & =90° —el, —90° < el <90°. An optimized AF directly
relates to the final beam radiation, following E = AF - Eo, where E
and fg represent the electric field radiated by the array and the
antenna element, respectively. Then, an appropriate beam for V2X
applications can be pursued by designing an adequate goal AF. We
define it as the following piece-wise function:

cos(f1)/cos(9) 0<6 <6,
AFgoai(0) =11 01<0=<06, , (1)
0 otherwise

where radiation is minimized for angles exceeding 6, to address
the interfering reflections from the vehicle’s body, while it is max-
imized for typical radiation directions, from 6; to 6. To avoid nulls
when 6 — 0, the AF is defined to be proportional to sec(9) in
the range up to 0;. Assuming a constant height for infrastructure
nodes, this would compensate for the FSPL associated with dis-
tance.

To synthesize the goal function, the AF is described as a func-
tion of ¥ =kdcosé + « to capture the effects of inter-element
spacing (d), frequency (k = 27 f/co), and progressive phase (o)
[41]. For this method to work properly, AF(y¥) must be speci-
fied over one entire period |Sy| = 2m, regardless of the size of
the visible region. The followed procedure to obtain the weights to
synthesize the goal function with is described by:

AF() — AF(WG(—n,n)) — AF(Yn) — am (2)

where the ap; coefficients are a reduced set of the sampled array
factor AF(ym) through an Ny Inverse Discrete Fourier Transform
(IDFT). The goal function can be fairly recreated by an odd number
of antenna elements (M), arranged vertically and fed with a sig-
nal amplitude and phase dictated by the complex value of a;,. To
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Fig. 2. Synthesized patterns with different number of array elements.

account for the possible antenna orientations, the synthesis is re-
alized for different possible antenna pointing directions, aiming for
the lowest RMSE, by rotating the goal AF according to the orienta-
tion being analyzed.

Then, a first analytical study is performed based on the achiev-
able array factor with a variable number of antennas in elevation.
This can be expressed with the following IDFT [41]:

M-1

AF(p) = ape™’ 3)

m=0

The weights in (3) are those obtained from the Fourier synthe-
sis of the piece-wise function described in (1).

1 r ;
=5 / AFgoa(¥)e™ "V dyr (4)
—TT

The array synthesis on the vertical plane is set for the most re-
stricting side of the car in terms of self-induced reflections: the
front. In this case, the start of the established maximum for V2I
is fixed as 6; = 60°, according to typical V2I LOS angles. 6, is
thoughtfully chosen depending on the angle at which reflections
from the vehicle start being significant. This threshold is set as
6> = 105° for this vehicle model, giving a 5° margin to be general-
ized for other models.

The resulting goal AF can be reasonably synthesized with a
small number of vertical elements. Fig. 2 represents the resulting
theoretical pattern in elevation for 3 and 5 elements and the de-
sired piece-wise function. In this case, the effect of the car is still
not considered.

The RMSE of the synthesized solution compared to the goal AF
is now calculated for M = {3,5, 7,9} and for the whole range of
—90° <el, <90° with a 1° step. Those values for ely < 0 can be
neglected, since the broadside direction of the array will be point-
ing directly towards the vehicle’s bodywork, contrary to the design
criteria to minimize its scattering. In this regard, the results in
Fig. 3 point that increasing M shows little improvement on RMSE
compared to the benefits of choosing the optimum el,, especially
considering the increased cost and complexity arising from a larger
number of antenna elements. All the simulations find a local mini-
mum for a certain el, ;» which in all cases is very close to 80°, and
suggest that the smallest number of antenna elements (M = 3) suf-
ficiently fulfills the needs for cost-effective coverage.
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Fig. 3. RMSE in elevation varying array elements and tilt.

M 20 dBV/m M 20 dBV/m
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= Desired
Uniform
nthesized

Fig. 4. Electric field scattered by the body of the vehicle when uniform feeding is
applied in (a) and using the proposed 3-element synthesized pattern in (b). The
overall front array radiation in presence of the vehicle is represented in (c).

To validate the suitability of the proposed solution, the scat-
tered fields on the car of the proposed geometry with the op-
timized feeding and orientation are compared to those obtained
with a uniformly fed array. Then, the radiation of the patch array
mounted on the roof is numerically computed. As expected, the
influence of the vehicle on the radiation pattern is substantially
reduced as seen in Fig. 4. In Fig. 4a and Fig. 4b the distorting scat-
tered fields due to the vehicle body are compared when uniform
or the proposed synthesized feeding is used for 3 vertical antenna
elements. The vertical radiation pattern accounting both for the
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-N=2--N=4-N=6
— Monopole directivity

(a) (b)

—N=2--N=4-N=6
— Monopole directivity

Fig. 5. Aggregated directivity for different N when (a) K =2 and (b) K =4 in the
horizontal plane.

vehicle scattering and the array radiation is depicted in Fig. 4c.
The desired AF is also shown as a reference. The main drawback of
the synthesized pattern relates to the appearance of stronger back-
radiation effect in the order of —9 dB compared to the maximum.

4.3. Horizontal plane coverage

Designing the optimum beam for the horizontal plane requires
an additional knowledge on the propagation environment in which
the vehicle is expected to communicate. As previously stated,
sharp, high-gain beams will require complex, fast and accurate
beam-alignment methods to prevent misalignments, but it could
be a must to obtain large coverages for certain use cases.

As a first step, the horizontal coverage is studied in terms of
the analytical aggregated radiation pattern in order to devise an
adequate panel arrangement to use as baseline. To establish the
configuration with lowest cost and complexity relying on the radi-
ation pattern, a reasonable quality factor to validate can be based
on obtaining monopole-like radiation, that is, being capable of an
all-around coverage.

A convenient way to evaluate this monopole-like behavior is
visualizing the aggregated radiation pattern, corresponding to the
maximum envelope of the gains obtained for each steered beam
enabled by the system. This is evaluated for the case of sec-
torized antenna systems with K = {2,3,4,5,6} arrays (panels)
with N = {2, 3,4, 5,6} horizontal elements. For each Kj, the cor-
responding array is oriented towards az,, ; = j x 360°/K;, where
j=0,1,...,K; — 1, to cover their corresponding sector with a re-
quired steering range of 360°/K;. Scenario evaluations suggest that
az ~ {0°,90°} are the most common Angle of Departure (AoD)
or Angle of Arrival (AoA), so this formulation motivates that the
frontal (az, = 0°) and rear arrays (az, = 90°) should be always
present. The sectorized coverage of each panel is achieved with
a predefined set of beams, i.e., a beamset, obtained with a Discrete
Fourier Transform (DFT) codebook defined by the total number
of horizontal elements [42,43]. For a phase-shifted DFT codebook
with a center beam towards the broadside direction, the following
expression is used:

1 2mn(l — Netly
ah=——expy — j———22 (5)

VNs N

where d!, denotes the weight of the n-th horizontal element when
the 1-th beam is to be created and N is an odd number of beams,
so I =1,...,Np. In this case, Ng = N + 1. For illustration, Fig. 5
presents the aggregated directivity for K = {2,4} and N = {2, 4, 6}
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Table 3
Maximum scan loss (in dB) obtained with dif-
ferent array configurations.

N 2 3 4 5 6

K 19 15 10 09 038
07 06 05 06 06
03 04 04 05 04
02 03 03 03 03

[=2J6) IEN SN V¥ ]

90 270

< ~

T LV TN

150 210
180
— el =45° == el =30° ----el=10°
== Monopole directivity === mmW FSPL compensation

Fig. 6. Aggregated horizontal pattern for representative elevation cuts when the
synthesized pattern is used together with a K = N =4 and M = 3 configuration
mounted on the vehicle.

when solely the array geometry without the influence of the vehi-
cle is used. The simulated arrays are treated as horizontally-aligned
ULAs, maintaining the independence between the horizontal and
vertical problems. These plots showcase the broadening coverage
as the number of arrays and antenna elements increase, using as
a reference the maximum directivity of a conventional monopole,
but also low directivity regions appear when the number of panels
is small. The maximum scan loss perceived by the defined con-
figurations within the steering range of each array is presented in
Table 3. As seen in Fig. 5, the gain drops at the edge of the re-
quired steering range accentuates for smaller K, and improves for
greater N, thus achieving smaller scan loss values. From K > 4,
the scan loss does not substantially improve by increasing N, and
even for K =4 scan loss never exceeds 1 dB for any angle and
N. This is directly reflected in the aggregated directivity variation,
which presents a ripple smaller than 1 dB reflecting a monopole-
like form factor.

Finally, the aggregated horizontal pattern for the case of K =
N =4 at different elevation angles when the array is placed on
the vehicle roof’s edges is presented in Fig. 6. The patterns are
now calculated by means of numerical simulations with FEKO con-
sidering the antenna and the vehicle geometry. In the vertical
plane, three elements are used to shape the beam proposed in
Section 4.2 and the orientation of the arrays is elp = 80°. The
maximum gain of the whole system is 14.6 dB, experienced in
(az, el) = (0°,45°). This shows how the radiation pattern, despite
the synthesis of the vertical coverage, presents the highest inten-
sity at elevation values beyond the goal range. In any case, the gain
in the el = {0°,30°,45°} cuts always exceeds {12.4,9.8,7.4} dB,
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Fig. 7. Measured radiation of the antenna panel in (a) vertical and (b) horizontal planes.

respectively, thus achieving higher gains than a monopole (dashed
circumference). The coverage also compensates the increased FSPL
of mmWave compared to sub-6 GHz systems, as reflected in the
reference circumference in Fig. 6. The solid black line indicates the
gain increase needed to overcome the additional FSPL of moving
from 5.9 to 28 GHz.

4.4. Experimental validation

The proposed antenna system is lastly validated by means of an
experimental demonstration with an in-house manufactured an-
tenna array. The module corresponds to one of the panels to be
mounted on the roof of the vehicle. As stated below, the array
must allow the user to horizontally steer the beam to achieve con-
tinuous scanning in the panel sector (4 45°), while minimizing
the scattering on the bodywork thanks to a shaped beam in the
vertical dimension. In particular, N = 4 radiating patches are used
in the horizontal plane, whereas M = 3 elements are vertically ar-
ranged to synthesize the desired pattern from Section 4.2.

The array radiation is measured in a controlled environment
purposely built for the measurement of mmWave and THz anten-
nas. The element weights are set thanks to a beamformer IC in the
n257 5G band (the F5288 from Renesas Electronics). During the
tests, the array acts as the receiving end and a reference horn is
used as the transmitter at a distance of 900 mm to measure the
far-field pattern.

Fig. 7 shows the measured normalized radiation in both ver-
tical and horizontal planes of a single panel. The shape of the
vertical beam approximates the theoretical pattern. However, the
gain towards # =90° is degraded due to a narrower element radi-
ation than expected (it must be reminded that the array is tilted
80°upwards in elevation). This issue must be addressed with a
proper broadening of the beam for a successful coverage in V2V
scenarios. Out-of-coverage radiation is limited below -12.2 dB to
the maximum gain, corresponding to a backwards sidelobe. Re-
garding the horizontal pattern, a beamset composed of 9 beams
covers 90°in azimuth with a maximum scan loss of 3.7 dB. Be-
sides the aggregated pattern, one individual beam towards 30°is
shown for instance. Sidelobes have a maximum normalized gain of
-12.5 dB when the beamset is fixed at largest coverage angles.

5. Antenna system for mmWave V2V

From previous section, it is deduced that a 4-sector configu-
ration with antennas on the roof’s edges is an adequate trade-off
between complexity and cost. In addition, the use of 3 antennas
per RF chain with vertical beam shaping reduces the impact of

scattered fields due to the vehicle body and induces better steer-
ing capabilities. However, the number of array elements in the
horizontal plane is still open to discussion in light of the similar
aggregated coverage regardless of N when K = 4. Then, different
antenna solutions are provided and evaluated under realistic V2V
channels to assess their suitability to maximize the quality of com-
munications. V2V is chosen for this evaluation given its challenging
quality assurance due to the fast varying channels. A similar ap-
proach could be carried out for V2I or Vehicle-to-Network (V2N),
in which one of the communicating ends is static.

The support of 3GPP to manage this system is compatible with
the vertical beam-shaping of the arrays, which is based on fixed
feeding coefficients and can be set with pre-configured hardware
and be transparent to the beamforming control. 5G codebooks for
this multi-panel configuration constrain analog beamforming in
the system to the horizontal plane, and define weights to obtain
0 x N x M beams per panel - being O the DFT oversampling fac-
tor that defines the sweeping steps [44].

As stated in Section 3, each array configuration is tested in a
realistic urban scenario where random vehicle pairs try to com-
municate using 5G-V2X-like links. Two visibility conditions are as-
sumed: LOS and NLOS due to other vehicles (NLOSv) [34]. In total,
up to Np = 1000 vehicle pairs are simulated for TX-RX distances
ranging from 20 to 250 m. For each pair, the best beam pair is
determined with Tj periodicity by sweeping both beamsets and
reporting the combination with maximum Reference Signal Re-
ceived Power (RSRP). Given the large number of beams for high
N values, an initial full-azimuth scan is performed when the link
is established, but only a reduced set of N, =5 beams is used from
that point forward. Along all trajectories, the perceived power by
the receiving vehicle is calculated for the chosen beam pair. Then,
assuming a certain 5G-V2X physical-layer configuration, it is pos-
sible to map those values to the SINR and, hence, an achievable
throughput. No overhead is assumed in the calculation since it is
not expected to differ between configurations when beam sweep-
ing is performed for an equal Nj. All parameters concerning the
simulations are depicted in Table 4.

For each link and time sample, the SINR is calculated assuming
a noise power of Py =—174+ 10log;g B+ NF and a 2 dB margin
accounting for additional interferences. This value is then trans-
lated to the maximum spectral efficiency supported by the current
channel for a target Block Error Rate (BLER) with the following ex-
pression as in [45]:

1.5-SINR > (6)

—logy (14 —22 0
TIse °g2< * Tln(5 - BLER)
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Table 4
Configuration of the simulation environment.

Parameter Symbol  Value
Simulation time 120 s

Sampling time Ts 10 ms

Vehicle pairs Np 1000

Beam update period Ty {40, 80, 160} ms
Operating frequency fo 28 GHz

System bandwidth B 50 MHz

MCS Table Table 5.1.3.1-3 [30]
Target BLER 1073
Transmitted Power Py 20 dBm
Receiver Noise Factor NF 13 dB

Array elements per panel N {2,3,4,6,8}
Beamset oversampling (o] 2

Number of layers 1 1

50 -
——2 elmts
——3 elmts
——4 elmts
40 ¢ ——6 elmts
8 elmts

m 30

SINR (dB)

10

50 100 150 200 250
Distance (m)

Fig. 8. Evolution of SINR as a function of distance for different number of array
elements.

The experienced data rate is then adapted according to ns so the
link makes use of the maximum Modulation and Coding Scheme
(MCS) level allowed by the channel. When no MCS is supported,
the communication is interrupted and we call it as outage situa-
tion.

5.1. Average SINR

The first quality metric to validate is the SINR experienced by
the receiver. For each V2V link and time sample, the received
power and noise floor are calculated based on the values in Ta-
ble 4. The beams are swept only with 40 ms period for now. The
SINR calculated for all snapshots and trajectories is classified ac-
cording to the distance between both vehicles and the mean value
is calculated in for all samples within 2 m steps. The results are
presented in Fig. 8 when 2 to 8 horizontal elements per panel
are used. As expected, larger number of array elements imply an
increased gain on both ends and hence more SINR in average. Dou-
bling the number of elements provides up to 6 dB of improvement
in total.

In the present work, the simultaneous use of equal or adja-
cent resources by several users in a crowded urban scenario is
not considered. As previously stated, a 2 dB margin additional to
the noise floor accounts for possible interference sources degrading
the link quality at mmWaves. This might be particularly critical for
distances below 100 m and small number of elements, for which
the SINR at the receiver could be much lower than 20 dB and the
performance of some advanced V2V use cases requiring large data
rates (such as raw video and sensor data sharing or software up-
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Fig. 9. Outage probability for different number of antennas per panel when the
beam is updated every 40 (blue), 80 (red), and 160 ms (brown). The dashed line
represents the 0.1% probability threshold.

dates [46]) could be compromised. It is worth mentioning that a
50 MHz channel bandwidth is used in the simulation. Increasing
this value to 100 or even 200 MHz may help improving the achiev-
able data rate at the expense of less available spectrum and higher
noise power.

5.2. Outage probability

The previous results regarding SINR could lead to the wrong
impression that an arbitrarily large array is always beneficial to
improve the quality of communications. However, a large amount
of antennas is a challenge in terms of cost, complexity, and over-
head efficiency. Thus manufacturers must guarantee the required
performance with the minimum number of elements possible.

One key parameter to validate that is reliability. It is a broad
term encompassing any behavior of the channel that degrades the
signal quality. Despite Packet Reception Rate (PRR) is often used
as the figure of merit, its usage implies higher-layer simulations
under realistic network conditions. For the assessment of physical-
layer parameters such as the number of antenna elements, it is
deemed sufficient to estimate the outage probability. In the present
work, it is defined as the probability of not supporting any avail-
able MCS of those defined by the 3GPP in Table 5.1.3.1-3 from [30],
so no communication is possible. For a particular use case, this
definition could be extended to the capability of supporting a cer-
tain MCS or data rate. An outage situation is given mainly for two
reasons: either the peak gain of the array is not sufficient to over-
come the channel losses or there is a beam misalignment due to
slow beam update sweeping a large set of narrow beams. Fig. 9
shows the outage probability for a number of antennas per panel
in the horizontal plane between 2 and 8 when the beam is up-
dated every 40, 80, and 160 ms. As a reference, a black dashed
line illustrates the 0.1% probability. It is clear from the results that
large number of elements (e.g., 6 and 8) lead to sharper beams
that can be easily misaligned, especially when beams are slowly
updated. This is in accordance with the expected beam coherence
time [6,47]. However, [47] defines statistical models to derive the
temporal variation of a vehicular Rayleigh-faded channel when di-
rectional antennas are used. The channel is calculated for the 60
GHz band with a one-ring scatterer model for the NLOS com-
ponent. This differs from the current work, where all results are
based on numerical evaluations of a realistic urban scenario at 28
GHz.
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Table 5
Mean time in outage for different number of antennas per panel and
beam update period (units: ms).

N 2 3 4 6 8

40 ms 494 511 265 38.7 297
80 ms 525 343 387 417 398
160 ms 57.0 474 585 599 584

Beam update

Table 6
Mean beam duration on each panel (units: s).
N 2 3 4 6 8

Panel Front 3.75 3.59 3.33 2.96 2.71
Back 539 521 495 476 43
Right 062 090 075 0.74 0.61
Left 0.65 0.58 0.51 0.47  0.58

The effect of wider beams is not that evident. Very wide beams
are expected to cover a very broad range of angles so large update
periods could be sufficient. However, they suffer from low gain so
large distances with high path loss at mmWave frequencies or any
fading-related effect may cause large power drops impossible to
overcome with such geometries. This issue is particularly evident
in Table 5. There, the mean duration of an outage period for the
same previous cases is depicted. When outage is produced due to
low gain values (2 or 3 antennas per panel), it is not sufficient to
increase the update rate and outage periods even larger than the
update period are easily given. On the other hand, outage due to
beam misalignments (sharp beams with high number of antennas,
from 4 to 8) can be mitigated with faster updates.

5.3. Beam usage

The last parameter of interest is the mean duration of each
beam, i.e., the time it takes in average for the car to switch to an-
other beam, which can also be related to the beam coherence time.
In this case, the values are classified by the panel being used. In
this way, it is possible to discern which panels are prone to faster
beam updates according to the traffic behavior in an urban sce-
nario like the one under study. Table 6 shows the mean duration
of a beam for panels ranging from 2 to 8 horizontal elements and
the four panels on the roof’s edges (front, back, right, and left, de-
fined according to the driving direction). All values are calculated
for a beam update period of 40 ms. As expected, the beams last-
ing longer time are those on the front and the back sides of the
car. When two vehicles are driving on the same road, in the same
or opposite direction, they tend to use similar beams until they
reach each other. On the contrary, when a vehicle is overtaking or
it crosses the other’s path, lateral panels need to switch faster the
beams. This is critical in situation of high-speed lanes like high-
ways. In this case, all cars drive at an average speed of 60 km/h
and even one order of magnitude difference is stated.

The results in Table 6 suggest that non-uniform panels or adap-
tive beams could provide better performance to prevent from out-
age when steering angles are close to the orthogonal of the driv-
ing direction. Focusing capabilities can be enhanced at front and
rear angles with a large number of radiating elements, whereas
wider beams made with less elements (and, hence, less costly so-
lutions) are deemed to perform good enough sidewise. Then, up to
8 horizontal elements can be used in front and back panels given
the large benefit in SINR, the low outage probability expected
from front-to-back communications, and the similar performance
in terms of outage when compared to 6 elements. For the side
panels, vehicles communicating at those angles are usually closer
as well, so there is no need of very high gain patterns and 3 el-
ements should be sufficient as a trade-off between directivity and
reliability.
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6. Conclusions

In the present work, the benefits of appropriate choice of smart
antenna arrays for Cooperative Connected and Automated Mobil-
ity (CCAM) is presented. Highly-reliable delivery of large data in
a timely manner requires of large bandwidth channels available
in mmWave frequencies and synchronization between vehicles.
Beamforming capabilities are essential for that purpose but strong
challenges appear such as beam alignment, strong shadowing ef-
fects, and scattering on vehicles that could degrade the intended
beam performance. To help overcoming those issues, an adequate
assessment of the antenna system mounted on the vehicles is re-
quired.

A cost-effective antenna system for mmWave vehicular commu-
nications is presented with beam steering capabilities in azimuth
and a shaped constant beam in elevation to reduce scattering on
the vehicle bodywork and to cover the necessary angles for V2X
communications. The integration suitability on the vehicular plat-
form is also studied. A 4-panel sectorized geometry with arrays
mounted on the roof’s edges is shown as an adequate trade-off
between radiation properties, cost and integration. Regarding each
array, only 3 vertical elements with fixed analog weights are able
to provide fair enough radiation in elevation, which is maximum
between —15° and 30° and gain decreases in the [30, 90]° range
proportional to sec (90° — el).

On the horizontal plane, different solutions with a variable
number of elements are studied. A predefined beamset covering
all azimuth angles is used and its performance is validated through
simulations on a realistic urban scenario where several V2V links
are established. In light of the presented results, the proposed
system obtains satisfactory all-around coverage to support a vari-
ety of connected vehicle applications foreseen in the autonomous
landscape. The system aligns with 3GPP evaluation options for
5G-enabled vehicles, and the results show the possibilities of 5G
codebooks applied to a mmWave antenna array operating in a V2V
urban environment. The numerical simulation provides useful in-
sights on the performance in terms of achievable SINR and outage
probability for each case. A minimum number of 3 horizontal ele-
ments per panel properly satisfies both magnitudes. However, one
could take advantage of the non-homogeneous distribution of traf-
fic in azimuth to enhance the focusing capabilities to front and
rear angles with an asymmetric geometry. There, up to 8 element
could be mounted if the cost increase is still attainable.
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