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Abstract

Massive antenna architectures and millimeter-wave bands appear on the horizon as
the enabling technologies of future broadband wireless links, promising unprecedented
spectral efficiency and data rates. In the recently launched fifth generation of mo-
bile communications, millimetric bands are already introduced but their widespread
deployment still presents several feasibility issues.

In particular, high-mobility environments represent the most challenging scenario
when dealing with directive patterns, which are essential for the adequate reception
of signals at those bands. Vehicular communications are expected to exploit the full
potential of future generations due to the massive number of connected users and
stringent requirements in terms of reliability, latency, and throughput while moving
at high speeds. This thesis proposes two solutions to completely take advantage of
multi-antenna systems in those cases: beamwidth adaptation of cellular stations when
tracking vehicular users based on positioning and Doppler information and a tailored
radiation diagram from a panel-based system of antennas mounted on the vehicle.

Apart from cellular base stations and vehicles, a third entity that cannot be forgotten
in future mobile communications are pedestrians. Past generations were developed
around the figure of human users and, now, they must still be able to seamlessly con-
nect with any other user of the network and exploit the new capabilities promised by
5G. The use of millimeter-waves is already been considered by handset manufacturers
but the impact of the user (and the interaction with the phone) is drastically changed.
The last part of this thesis is devoted to the study of human user dynamics and how
they influence the achievable coverage with different distributed antenna systems on
the phone.
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Chapter 1

Introduction

All stories have a beginning, not all of them necessarily have an end. Here is where this

particular one starts. In this chapter, you can find the reasons and consequences of the

work encompassed by this thesis. A bird’s-eye view of the project is provided so it is easier

to understand the steps followed during the process. Like rapids, this thesis makes its way

through the hill of knowledge and takes the required deviations to overcome unforeseen

circumstances and reach the final outcome more or less as expected. I hope you enjoy the

ride.

1.1 Framework of the Thesis

It is 2018 when this thesis begins to become a reality and the world has not yet realized the

real effects of globalization and what a global pandemic is. Connectivity starts to be talked

about everywhere and the fifth generation of mobile communications (5G) is promising net-

work capabilities never seen before. In this new generation, many applications and sectors

are expected to take the wave of connectivity, which is expected to boost a breakthrough

at several levels (mobility, healthcare, smart cities and homes, infontainment...) [1–3].

Given the broad range of fields being covered, it is quite difficult to estimate the real

impact of 5G but some studies already forecast $3.5 trillion output generated by its global

value chain and more than 22 million jobs by 2035 [4]. Like the electricity or the internet,

5G is seen as a general purpose technology (GPT), enabling the development of many new

industries and being adopted by a wide variety of sectors.

Two particular features of 5G new radio (NR) networks stand out among others: the

use of massive amounts of antennas to provide beamforming capabilities to wireless de-

vices and the use of the millimeter-waves (mmWaves) to alleviate the stringent bandwidth
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1. INTRODUCTION

requirements of the overcrowded sub-6GHz spectrum. These two key points are to be

assessed in this thesis putting the focus on special cases in which their potential benefits

may suppose a step forward compared to current solutions. This is particularly the case

of vehicle communications and urban mobility, which are discussed in the next chapter.

1.2 Motivation and Background

Given the novelties at physical-layer level introduced by 5G, a new horizon opens in front of

us to discover the real potential of mmWave multi-antenna systems. A massive deployment

of such technology implies new challenges to study. Some of them have been partially

addressed in the past by the academy, like the use of a massive number of antennas to

shape the antenna radiation according to the environment [5]. Many practical concerns

appear when dealing with multi-antenna systems, especially when implementing them on

low-cost, low-consumption devices (e.g., a smartphone).

One of the main driving forces to increase complexity of antenna systems with more

elements is the need for more spectrum, associated to the use of mmWave frequencies.

There is an enormous potential to be exploited to establish ultra-fast and massive links, but

its most limiting factor are losses. Figure 1.1, extracted from [6], depicts the attenuation

of electromagnetic waves at different frequencies, ranging from 10 to 400GHz. The peaks

in the graph are associated to the presence of atmospheric gases, especially oxygen and

water vapor. For example, the oxygen molecules resonate at 60GHz and they absorb great

amounts of energy. This is a limiting factor for long-distance communications. The free-

space transmission equation introduced by Friis [7] already defines a direct relation between

frequency and path loss. Moreover, lower penetration in objects at mmWave frequencies

when compared to lower bands [8,9] turn the direct view between transceivers into a critical

issue. Some innovative solutions have been proposed to extend the cellular coverage to the

inside of buildings without the need of an active repeater [10] but they are still far from a

practical implementation.

It is worth mentioning at this point a common misconception when considering mmWave

bands for long range communications. Under the assumption of a free, lossless environ-

ment, it is true that the power density scales down with the second power of the distance.

However, the role of the frequency is tightly related to the concept of effective aperture.

The actual power at the output of a receiving antenna (PL, assuming a certain load) can

be expressed in two ways, with quite surprising conclusions for each case [11]:

PL = PR
( λ

4πr

)2
DTxDRx , and (1.1)

2



1.2 Motivation and Background

Figure 1.1: Average atmospheric attenuation of millimeter waves [6].

PL =
PRATxARx

(λr)2
, (1.2)

where DTx and DRx are the directivity of both transmitting and receiving antennas, ATx
and ARx are their respective effective apertures, r is the magnitude of the distance between

them, and PR is the total radiated power by the first one. As it can be stated, the impact

of the frequency (or wavelength) is the opposite in the two expressions. And here is where

the magic of antenna arrays happens. In the case of equally directive antennas, it is evident

that larger frequencies lead to higher propagation losses, as seen in (1.1). This is the main

fear when moving from conventional sub-6GHz to mmWave bands. On the other hand, if

one looks at (1.2), it is also true that keeping equal size radiators also scales the effective

antenna size with frequency and, hence, its directivity. Then, it can be stated that the

received power is not decreasing but increasing with frequency. Here lies the reasoning to

make use of such frequencies, since many small radiators fit in the same physical space of a

single low-frequency antenna and one can build highly directive structures to compensate

(and even improve) the impact of moving up to higher bands with the additional benefit

of larger available bandwidth.

As described in the following chapters, mmWave technologies are not completely new but

their use has been restricted to remote sensing, security, and radars until now [12–14]. The
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1. INTRODUCTION

ever-growing bandwidth requirements to allocate larger data rates and more user channels,

given the crowded sub-6GHz spectrum, and the technological advances at those frequencies

have pushed mmWaves to the spotlight of mobile communications. In that regard, the 3rd

Generation Partnership Project (3GPP) introduced new bands in this region from release

15, known as FR2, in contrast to FR1 that only considers up to 7GHz [15].

Multi-antenna geometries are able to improve the performance of wireless systems in

different ways to achieve faster data rates, and more energy efficient systems. As part

of the new paradigm of mobile communications, they are a scope of research for the new

generation of cellular systems. The consequence at physical level is the need of new elec-

tromagnetic models of the channel propagation and improved designs of the antennas.

The wireless channel is characterized by means of five main properties [16]:

1. Pathloss: The power is decreasing with distance and frequency.

2. Signal fading: Fluctuations at large (seconds) and small (milliseconds or below)

scale due to the environment.

3. Delay spread: Different echoes of the signal arrive to the receiver at different times.

4. Doppler spread: The relative velocity between transmitter and receiver is trans-

lated to a shift in frequency, which varies along the band of interest.

5. Angular spread: Multipath propagation is given with a certain angular distribu-

tion.

Smart multi-antenna systems should be able to take advantage of some of these channel

properties to exploit its capacity. The waveform employed by 5G is based on orthogonal

frequency division multiplexing (OFDM), similar to that in Long Term Evolution (LTE). In

particular, NR physical layer makes use of cyclic prefix OFDM (CP-OFDM) with flexible

numerologies (subcarrier spacing) for both uplink and downlink, besides discrete Fourier

transform spread OFDM (DFTS-OFDM) is left as an option for single-layer uplink trans-

missions when coverage is more critical than data rate [17]. The suitability of OFDM

waveforms in NR is supported by the high achievable spectral efficiency to meet the most

data-hungry applications, its compatibility with high-order multiple input multiple output

(MIMO) schemes, robustness against time and frequency selectivity in large cell deploy-

ments, respectively, and it is also flexible and scalable to support a wide range of use cases

and frequency bands [18]. However, sub-carrier orthogonality can be compromised in high-

mobility scenarios, which are usually unfriendly for wideband communications given their

4



1.2 Motivation and Background

rapidly changing properties, leading to Doppler effect issues. Those issues are intended

to be mitigated thanks to the flexibility of subcarrier spacing, but even in the case of

widest separation may not be enough at very high speeds, especially if very high signal-to-

interference-plus-noise ratio (SINR) is desired. This is the case of doubly-selective fading

channels, such as those involving vehicular communications, which are prone to inter-

carrier interference (ICI) and this should be considered when designing adequate solutions

for such kind of communications [19].

In terms of channel capacity, a multi-antenna configuration is able to enhance the achiev-

able rate [20], but there is a tight dependence on the proposed geometry for the design,

which must consider all the surrounding elements as part of the structure. In order to study

the effect of these new configurations, the analysis of the environment (at channel level

and antenna design level) must be performed. Then, the well-known Shannon’s channel

capacity can be expressed in terms of the channel matrix for an arbitrary MIMO system

as in [21]:

C = log2

(
det

[
IN +

PTHH ∗

PN

])
(1.3)

where IN is the identity matrix of size N × N , H ∈ CN×M corresponds to the M-input

and N-output channel matrix between the antenna ports, and PT and PN represent the

transmission and noise power.

In H, two main contributions are included. On the one hand, the impact of the wireless

channel where the wireless link takes place. On the other hand, the radiation character-

istics of both transmitting and receiving antennas. When both contributions are properly

combined, the expression in 1.3 can be maximized.

For that purpose, two main ideas come into play:

• Spatial multiplexing allows to split the data to be transmitted into multiple streams.

This is particularly evident when the previous capacity equation is expressed in terms

of its eigenvalues, C =
∑N

i=1 log2
(
1+ρRλi

)
, being ρR the signal-to-noise ratio (SNR)

at the receiving site.

• Beamforming has gained momentum thanks to the use of massive architectures. They

allow the use of tailored sharp beams to focus the radiated energy towards the in-

tended user instead of wasting part of it when it is spread all around.

Higher frequency bands, when compared to sub-6GHz, also allow a reduction of the

radiating elements size. Multi-antenna solutions were already introduced in previous gen-

erations for MIMO purposes but 5G promises to fully exploit the potential of such archi-
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1. INTRODUCTION

tectures. This is a particular innovation, and challenge, for user equipment (UE) devices

such as mobile phones or vehicles.

Massive MIMO and hybrid beamforming architectures are expected to take channel

capacity and spectral efficiency to unprecedented levels. The use of a large number of

radiators allows to focus the energy towards the intended users. It implies an improvement

of the received power and a reduction of the interference towards non-desired directions,

which is translated into a higher SINR. On the other hand, the uncorrelated transmission

of simultaneous signals from the same antenna array can be exploited thanks to the hybrid

precoding of symbols (digital and analog) [22,23]. This approach is particularly interesting

in the case of massive arrays since it tries to find the balance between number of RF chains

and analog phase shifters and amplifiers.

Beam determination algorithms should be employed to establish suitable pairs of beams

between both link ends, but more sophisticated strategies than beam sweeping are to be

studied to overcome overhead-related issues and make use of additional channel information

available from different sources. In high-mobility scenarios, this is particularly critical.

Wide beams tend to relax the update rate requirements but their associated gain may not

be enough to overcome the losses at mmWaves. Wider beamwidths are also prone to larger

Doppler spread. A relationship between the angular probability density function (PDF) of

the multipath components at the receiver and the Doppler spectrum is demonstrated in [24,

25]. The divergence in Doppler shift of each multipath degrades the system performance,

potentially causing significant impairments between replicas that lead to beam steering

inaccuracy [26, 27]. Then, a trade-off between system complexity and antenna gain must

be found for each case.

Some flaws of current mobile solutions to deal with the abovementioned issues are to

be identified and novel proposals to overcome them are to be proposed in the following

chapters. Adequate geometries to maximize performance under realistic operation condi-

tions, considering the impact of the physical carrier (human user or vehicle), is also an

open topic to be studied to assess the validity of certain antenna designs in both vehicular

and pedestrian communications.

1.3 Objectives

As mentioned above, 5G is expected to introduce to major novelties that suppose a change

on the paradigm of mobile communications: massive antenna arrays and mmWave bands.
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1.3 Objectives

These novelties require adequate evaluation frameworks to assess new types of communica-

tions, as well as innovative solutions to address the issues related to higher frequencies and

directive beams, especially when dealing with high-mobility scenarios. For that reason,

this thesis tries to tackle those issues and achieve the following goals:

• Design of a standard-agnostic, system-level simulator of beamformed mobile users

(downlink, uplink and sidelink).

• Study the effect of high-mobility scenarios on 5G communications and propose coun-

termeasures based on the channel knowledge to fight undesired effects such as Doppler

or signal blockage in

◦ fixed stations with massive number of array elements, and

◦ mobile users with limited space for multi-panel arrays (vehicular and handset).

• Study the impact of the user (vehicle bodywork and human tissue) on the radiation

characteristics of multi-antenna arrays with adequate metrics to assess their perfor-

mance in realistic scenarios. Given typical users and scenarios, propose the best array

geometry for each case based on those metrics.

1.3.1 Hypotheses

There are several considerations that are used as starting point at the beginning of this

work. The following list includes some hypotheses that are to be proven (or refuted)

regarding the previous objectives.

• When modeling a wireless channel, several approaches can be followed. For a given

scenario, ray tracing tools provide an accurate estimation of the impulse response,

especially for very high frequencies. Their main drawback is the computational cost

and the need of precise modeling of the environment. On the other hand, purely

stochastic models are more repeatable and easy to compare. In order to build our

simulator, an approach close to the second type is seen as a more suitable option

given the need of testing hundreds of simultaneous links between random mobile

users.

• The feasibility of massive MIMO with highly directive beams is tightly dependent

on an accurate and fast update of the channel status. Hence, predicting the users

behavior can ease the adaptation of the beam to its trajectory and the surrounding
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environment. For that purpose, some side-band information should be needed. Com-

mon beam sweeping strategies are expected to fail when fast updates are required,

leading to unacceptable outage probabilities.

• The distribution of the antenna panels on mobile handsets and vehicles has a paramount

importance when beamforming is to be used. Antennas located close to the edge of

the vehicle or the phone should help to create sharp pencil beams with minimum

effect of the scattering due to the users themselves. Furthermore, covering the ve-

hicle (or handset) surroundings with more antennas should improve the achievable

coverage, at the expense of more complex and expensive systems.

1.4 Contributions and Thesis Structure

It is evident that mmWaves and multi-antenna solutions go hand in hand. Given the

still immature state of those technologies regarding its deployment for ubiquitous mobile

coverage, it is required to provide adequate metrics and an evaluation framework to assess

such scenarios. In addition, generally accepted solutions are to be proven under realistic

operation circumstances to validate their suitability. Next chapters will delve into the

current state of standards and 5G mmWave solutions for future cellular communications

as well as into the proposed methodology and solutions to the open challenges.

Chapter 2 provides to the reader some useful background to understand the importance

of mmWave multi-antenna systems in nowadays networks and the near-future projection

of their usage connecting mobile devices. The history of mmWaves is presented to give

credit to who actually began this revolution. Also the expected evolution of future cities

and connected mobility is presented, as well as some necessary points about the current

standards to understand how this thesis fits into the real picture.

Once bases have been settled, the methodology used throughout the work is explained

in Chapter 3. More details about the channel models for mmWave 5G are discussed.

The chapter includes also the ins and outs about the custom-made software framework

developed to evaluate realistic wireless channels with tailored antenna solutions.

Chapter 4 presents a solution for optimum base station (BS) beam determination in

vehicle-to-network (V2N) scenarios. The analytical expressions behind the optimization

algorithm and assumptions are detailed, as well as the main results provided by the eval-

uation tool previously presented. For the first time in the literature, the joint effect of

side-information (positioning) and vehicle dynamics (Doppler) are considered to optimize
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the directive radiation of a massive antenna array station towards the intended mobile

user.

Regarding mobile users, Chapter 5 first depicts the main requirements of vehicular

multi-antenna systems. Useful metrics are provided to assess the actual performance of

such architectures and some proposals are presented and compared. Contrary to commonly

used models, the system-level performance of a set of vehicle-to-vehicle (V2V) links consider

the impact of the vehicle on the antenna radiation, as well as a particular panel distribution

and array geometry previously optimized for such scenarios.

In Chapter 6, a similar analysis is carried out concerning mobile mmWave handsets. In

this case, the impact of the human user is studied considering its dynamics and scattering

properties. The validity and repeatability of the results are ensured by means of realistic

human-like user measurements together with different handset prototypes. For the user

part, a phantom shape mimics the electromagnetic scattering properties of human tissues.

Finally, the main outcomes are summarized in Chapter 7. Some guidelines for future

work and a brief discussion to further improve the present results are provided.

The work related in chapters 4 to 6 is presented as a compendium of journal articles which

are the main outcome of the topics described by each one. The significance of the work

is supported by peer-reviewed publications in prestigious Q1 journals such as Elsevier’s

Vehicular Communications and IEEE Antennas and Wireless Propagation Letters. Given

the limited length of [J3], additional material is provided to the reader in Chapter6 to

completely grasp the ins and outs of the methodology behind the results presented in the

manuscript.
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Chapter 2

The Journey Towards mmWave
Mobile Connectivity

This section is intended to provide some historical and technological context to the work

presented in the following chapters. The novelties later described are supported by the

research of many engineers and scientist that started this journey many years ago and some

examples are given below. Looking forward to the future, the forecast of globally connected

cities, including vehicles, pedestrians, or even street furniture, justifies the need of further

research on the topic of mmWave multi-antenna systems. Finally, some standarization

framework is detailed as the base of certain limitations and assumptions in this thesis, as

well as sources of improvement for solutions proposed regarding coming mobile generations.

2.1 A Not-so-Brief History of mmWave Research

The use of mmWaves may seem a very recent field of research and, actually, it is for cellular

communications. However, one of the first experiments involving radio waves was carried

out at 60GHz in the 19th century. It was November 1894 when Jagadish Chandra Bose

proved wireless transmission for the first time [28, 29]. Only 30 years before, James Clerk

Maxwell published the well-known mathematical derivation of EM waves [30] and, in 1885,

Heinrich Rudolf Hertz experimentally proved Maxwell’s theory with a simple, yet smart

setup consisting of a a capacitance loaded dipole resonator transmitting standing waves

towards a loop receiver [31]. Those Hertzian waves were about 50MHz. In parallel, Bose

worked on a less known experiment at much higher frequency.

Bose was able to fire a gun and also to ring a bell only using electromagnetic waves

between the source and the target and very primitive instruments. Those can be seen in
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Figure 2.1. In the experiment, he made use of a horn antenna, a Galena detector, an open

resonator, and a spiral spring coherer (being those last two self-made). The scarcity of

resources and poor knowledge about antennas and wireless communications at that time

did not prevent Bose to succeed in his tests. He was able to penetrate two walls with 60GHz

signals, being the transmitter and the receiver separated about 23m. This revolutionary

experiment was the spark for the subsequent research in that field. Sir Neville Mott, winner

of the Nobel prize in 1977 due to his findings in solid-state electronics, concluded that “J.C.

Bose was at least sixty years ahead of his time... In fact, he had anticipated the existence

of P-type and N-type semiconductors”[28], with regard to his invention of Galena crystals,

later introduced as the foundation of ultraviolet receivers.

Figure 2.1: Instruments used by J.C. Bose during his investigations [32].

Until the second half of the 20th century, scientist devoted their research to much lower

frequencies. Then, most published works tried to characterize materials in presence of

electromagnetic waves. For example, this is the case of E. F. Nichols and J. D. Tear in

1923 [33, 34] or C. E. Cleeton and N. H. Williams in 1934 [35]. In the 19050s, a new

discovery turned the focus back on mmWave communications. The invention of the maser

by the Nobel prize in Physics Charles Hard Townes was the the predecessor of the laser.

This device based its 24GHz emission on the photonic radiation of ammonia molecules,

which provide a low energetic gap.

Over the next decades, the cold war was the center of most people’s attention, also

scientists. The U.S. Army started the development of high resolution radars at 70GHz, but
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the emergence of the laser also steered the focus towards optical bands for very high speed

communications. Satellite communications and the rivalry between USA and the Sovietic

Union fostered the creation of many remote sensing satellites with mmWave radiometers,

such as the ATS-E [36] in the 1960s or the Nimbus-F [37] in the 1970s.

Despite mmWave technologies have been mainly devoted to radiometry and radar, the

need for more spectrum makes this region appropriate for 5G systems. Its been more

than 125 years since Bose’s experimental demonstration of his findings in the Town Hall at

Calcutta. Now, mmWave communications seem to finally take off when the first commercial

5G frequency range 2 (FR2) devices are already in the market.

2.2 Mobility in Future Cities Will Be Connected or
Won’t Be

Mobility is a broad term encompassing all those actions, policies, means, and services to

satisfy the needs of transportation. Under this big umbrella, one could find public, private,

and shared transportation methods. Each case has its own peculiarities, however, it is a

common issue that mobility in future cities should address the following challenges [38–40]:

• Congestion is the most evident situation one could experience every day. Com-

muters take in average about 25 minutes to reach their workplace in Europe [41],

and the same time back to home again. This implies almost one hour travelling ev-

ery day. Given the growth of population density of cities and the use of private cars,

it is common to see large traffic jams leading to higher levels of pollution, anxiety

and stress on drivers, and less liveable spaces.

• Pollution is then the second challenge to be addressed. Transportation is the eco-

nomic activity with most impact on greenhouse gases emmissions. In addition, road

transport represented the 75.3% of the inland freight transport by 2018 [42]. Freight

and passenger transport usually converge on our roads further increasing the levels

of air pollutants. A newcomer to our cities are goods delivery services with a large

number of riders. Some of them ride bikes or electric scooters, but others still use

combustion engines.

• Safety is probably one of the main concerns of people when travelling in cities. Active

transportation methods need to be protected by a redesign of urban spaces to prevent

pedestrians or cyclist from sharing the same streets with cars. In addition, the use
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of new technologies on vehicles like advanced driver assistance systems (ADAS) is

helping to reduce traffic fatalities, as well as more strict policies regarding speeding

and driving behaviors.

• Social inclusion is the usually-forgotten but critical issue when looking at future

mobility. Thanks to the improvement of public transport and the arrival of shared

and active mobility methods, more people can have access to a basic right as trans-

portation. This has a direct impact on their social and economic status, reducing

the need for private cars and allowing all people to reach any place, any time.

Many strategies can be carried out to tackle all those issues, but one is common to all.

Connectivity is the booster of many industries and, in particular, transportation. Ubiq-

uitous vehicular communications is a paramount step towards an increasingly automated

mobility ecosystem. Known as cooperative, connected, and automated mobility (CCAM),

this new paradigm is expected to improve road safety, energy efficiency, urban accessibility,

social inclusion and reduce traffic congestion [43]. It is impossible to understand future

cities and methods of transportation without it. And it comes together with electrifica-

tion to reduce the dependency on oil and to reduce greenhouse gases and air pollutants.

However, taking the emmissions to energy generation plants is not the solution and new

charging strategies and infrastructure have to be considered [44].

The role of connectivity, as mentioned above, is crucial when designing future mobility

and cities. In the particular case of car communications, many new opportunities and diffi-

culties appear. Safety-related applications and autonomous driving require extremely low

latency and several users are expected to interact between them at the same time (as many

as cars on the road, at least). If we extend the communication environment towards other

entities, the concept of V2X appears on scene. And, on that regard, reliability is possibly

the most critical issue that concerns manufacturers nowadays. Table 2.1 depicts some of

the typical V2X use cases and their associated performance requirements. Depending on

the type of messages and how critical is the adequate delivery of that data, more or less

stringent requirements in terms of latency, reliability, and data rate are given. For instance,

cooperative sensing (sensor data shared between vehicles) requires very low latency and

high data rate for real-time environment sensing, but reliability is not a major concern.

On the other hand, in pre-crash warning, vehicles deliver very short basic safety messages

(BSM) or cooperative awareness messages (CAM) messages with very high integrity. Other

intermediate situations are also depicted in the table.
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Table 2.1: Requirements for various V2X use cases. Data extracted from [45–47].

Use Case V2X Mode Latency Reliability Data rate

Cooperative awareness V2V/V2I 100ms 95% < 100 kbps
Cooperative sensing V2V/V2I 3ms > 95% 25− 1000Mbps
Cooperative maneuvers V2V/V2I 3− 100ms 99.99% < 10Mbps
Pre-crash warning V2V 3ms 99.999% < 10 kbps
vulnerable road user (VRU) detection V2P 100ms 95% 5− 10 kbps
Traffic efficiency V2V/V2I > 1 s < 90% < 2Mbps
Teleoperated driving V2N 20ms 99.999% 25Mbps
High-density platooning V2V 10ms 99.99% < 50Mbps

With respect to the type of communications, V2X includes all type of links in which a

vehicle is involved (named as V2X modes in Table 2.1). Each case should make use of

one, or more, different link according to the intended target to communicate with. In case

of cooperative environment awareness or sensing, V2V or vehicle-to-infrastructure (V2I)

communications are involved if the vehicle shares data with other vehicles or a road side

unit (RSU), respectively. In case of vulnerable road users (VRUs), who are often people

walking or working close to the road, their detection is based on vehicle-to-pedestrian

(V2P) links. Regarding teleoperated driving, a remote driver makes use of the cellular

network to retrieve data from the vehicle sensors and manage its controllers and actuators.

In this case, we talk about V2N. Other types of vehicle communications not included in the

table are vehicle-to-grid (V2G) (for battery charging purposes) or vehicle-to-cloud (V2C),

which can be a sub-category of one of the previous ones.

However, mmWave technology is not just the enabler of advanced V2X use cases. The

ever-growing demands in terms of massive amount of users being served with cellular

connectivity and channel capacity for high-speed data transmission are moving wireless

technology towards higher bands to alleviate the stringent spectrum limitations at lower

bands. Edge computing and widespread Internet of Things (IoT) devices are also pushing

the known limits of wireless networks. The estimations of one recent Cisco white paper [48]

forecast that the number of devices connected to IP networks will be more than three times

the global population by 2023. The report also mentions that connected home applications

will represent nearly half of the machine-to-machine (M2M) share, and M2M will be the

fastest-growing category at 19% compound annual growth rate (CAGR) reaching 14.7

billions of connections by 2023, being IoT about the 50% of all networked devices (one

third, wirelessly). The evolution of some other mobile metrics is shown in Fig. 2.2.
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Figure 2.2: Wireless network metrics by Cisco [48].

Given such amount of connected devices, some of them even trying to communicate by

means of device-to-device (D2D) ad-hoc networks, mmWaves are also a good candidate

for ultra-dense network deployment. Regarding cellular topologies, pico- and femtocells

are foreseen as a suitable solution to ensure wireless connectivity for home wireless de-

vices and alleviate congestion on macrocells. Frequencies in the 28 − 73GHz range have

already been proven feasible for medium-to-small-size cell coverage (less than 200m) in

real urban scenarios [49, 50]. The use of directional antennas, and their associated techni-

cal challenges, permits much larger distances than the ones expected with monopole-like

patterns commonly used for wide coverage areas. And the reduction on the physical size of

radiating elements as the frequency increases, together with latest technological advances,

is allowing to fit tenths or even hundreds of antennas to deploy smart antenna solution for

such purpose.

The vast extent of applications covered by next-generation networks, starting with 5G

and beyond, can be classified into three main categories, which are summarized in Fig. 2.3

extracted from [51]. Vehicular communications for cooperative and automated driving

and massive IoT sensor devices are comprised between two of those categories: massive

machine-type communications (mMTC) and ultra-reliable and low latency communica-

tions (URLLC). There is still a third one concerning high-throughput dedicated channels,

namely enhanced mobile broadband (eMBB) communications. In the latter, mmWave

communications are expected to excel. Large bandwidth requirements associated to ap-

plications such as augmented reality, high-resolution multimedia streaming or smart city

cameras can only be accomplished under less restricted channels like the ones available at

those frequencies.
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Figure 2.3: Classification of 5G applications [51].

It is evident that multi-antenna mmWave antennas are expected to be a necessary step

to fully exploit the capabilities of future connectivity applications. Their feasibility and

requirements have been thoroughly studied but actual solutions to high-mobility environ-

ments and future cities must be provided. Some of the state-of-the-art solutions available

at research, or even commercial, level to tackle some of the most challenging issues will be

discussed on the following chapters. But now it is time to understand how standardization

bodies give support to those needs to deploy those novel wireless technologies.

2.3 The Landscape of Standardization: WiFi, 5G,
and Beyond

The goals to be accomplished by next-generation networks are very heterogeneous as pre-

viously seen. Some of the already operational wireless technologies, based on standards

such as LTE or Wi-Fi, need to be combined between them and with new radio access

technologies (interoperability). Therefore, a wide range of solutions is under discussion. In

the particular case of 5G, it is not just an evolution with respect prior generations, but a

complete change on the mobile communications paradigm. The following paragraphs are

devoted to create a mind map on the reader with the evolution of wireless technologies

concerning mobile users, paying a special attention to 5G.

2.3.1 The New Generation of Cellular Communications

Over the last decade, the world has experienced the spreading of wireless technologies

and mobile connectivity. Thanks to the arrival of 4G LTE and the revolution of smart-
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phones, users worldwide have been able to share their coolest pictures instantaneously

from anywhere. Digital transformation has reached all corners, from society to industry.

According the International Mobile Telecommunications (IMT) requirements for 2020 and

beyond defined by the International Telecommunications Union Radiocommunications Sec-

tor (ITU-R) [52, 53], the design goals of 5G should cover peak data rates in the order of

10/20Gbps (for UL/DL), spectral efficiencies up to 15/30 bps/Hz and latencies below 4ms

in the user plane, for instance. However, the capabilities of LTE are well below those values

and a smooth transition from one generation to the following one is planned by operators.

In this sense, two operation modes are defined by the 3GPP: a first case in which 5G

radio access networks are backed by the 4G evolved packet core (EPC) and a second case

where 5G makes use of its own independent core network. The latter is expected to exploit

the full capabilities of the new mobile generation but, in the meanwhile, operators start

deploying sub-6GHz radio access points under the already existing core network. Fig. 2.4

illustrates both cases.

Figure 2.4: 5G NR Configurations: NSA and SA [53].

This natural coexistence of both generations is due to the fact that they are conceived

with the same philosophy. Unlike past generations, they have been designed as fully packet-

switched networks, even using similar radio access technologies like orthogonal frequency

division multiple access (OFDMA). And this is where the evolution starts and the part

mainly concerning this thesis. Despite many similarities (in the frame structure and wave-

forms), 5G NR has introduced the concept of flexible numerologies and the use of mmWave

frequencies and massive MIMO is considered from its foundation [54].

• Frequency Range 2

A big step forward in the new mobile generation is the use of much higher frequencies

than ever before. Some very-demanding applications in terms of bandwidth, may

need to be developed at frequencies in which the spectrum is less crowded and the
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fractional bandwidth (FBW) to reach high throughput values is still technologically

feasible. For that purpose, two main bands have been defined: frequency range 1

(FR1), ranging from 410 to 7125MHz, and FR2, from 24.2 to 52.6GHz.

• Numerologies

In LTE’s OFDM, the spacing between subcarriers was set to a fixed value of 15 kHz.

In 5G NR, this is a flexible parameter that defines the widening in frequency, and

time, of the resources used in the link. Table 2.2 lists all available numerologies

(indicated with the index µ) and the equivalent subcarrier spacing (SCS), as well as

some other useful information that will be later explained. The value of the SCS is

defined by ∆f = 2µ×15 kHz. However, only those from 60 to 240 kHz are allowed in

FR2. The use of very wide SCS values at mmWave frequencies allows to compensate

the larger degradation due to Doppler spread in this band, which could lead to a

high loss in orthogonality if lower values were used.

• Massive MIMO and Beamforming

New FR2 bands and massive multi-antenna architectures come hand in hand. As

previously stated, beamforming solutions are to be a must when operating at those

frequencies and the first releases of 5G already consider this situation. In particu-

lar, adequate metrics and signaling waveforms are dedicated to obtain the required

channel information for a suitable beam management. More details are given in the

following paragraphs. Regarding MIMO modes, FR1 allows up to 8 layers in down-

link (DL), whereas FR2 limits parallel data streams to 2, since it is expected that

antenna elements will be mainly devoted to shape radiation patterns to enhance the

system focusing capabilities.

Table 2.2: 5G supported numerologies. Data extracted from [15,54]

µ SCS (kHz) Cyclic Prefix Sidelink Frequency

0 15 Normal Yes FR1
1 30 Normal Yes FR1
2 60 Normal, Extended Yes FR1, FR2
3 120 Normal Yes FR2
4 240 Normal No FR2 (only SS/PBCH)

In order to understand the operational principles of 5G at physical layer, one should know

how physical resources are organized. The basic frequency unit is the resource block (RB).
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Each RB encompasses 12 consecutive subcarriers, so its span in frequency tightly depends

on the numerology being used. In time, resources are organized in frames, subframes,

slots and symbols. Each slot includes 14 symbols, 12 in case of extended cyclic prefix

(CP), and its duration also depends on the numerology. Widening the frequency span also

implies shrinking the symbol duration and, given a fixed number of symbols per slot, the

duration of slot is provided by Tslot = 1/2µms. The duration of a frame is set to 10ms,

including 10 subframes of 1ms each. Following the same rule of the slot duration, one can

easily calculate the number of slots, and hence symbols, per frame or subframe. Table 2.3

summarizes those values.

Table 2.3: 5G physical resources organization. Data extracted from [54]

µ N slot
sym Tsym (ms) Nframe

slot N subfr
slot

0 14 66.67 10 1

1 14 33.33 20 2

2 12, 14 16.67 40 4

3 14 8.67 80 8

4 14 4.17 160 16

As mentioned above, one of the main goals of FR2 is to provide larger bandwidths to

each user. In this sense, the 3GPP [15, 55, 56] defines the different bandwidth options for

both the BS and the UE on each frequency range and the associated number of RB to

achieve them. In particular, the available options are:

• FR1 – 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100MHz , and

• FR2 – 50, 100, 200, 400MHz

Most of the previous aspects about 5G apply to the case of V2X. But there are subtle,

yet critical differences that must be considered regarding this type of communications.

Furthermore, other standards compete for the leadership in connected mobility. The auto-

motive and urban mobility industry start to play an important role in communications and

no one wants to miss the party. The following section details what the main stakeholders

and available standards are and what are the main differences between them.

2.3.2 Standardization in the World of Vehicular Communications

In 2008, the European Commission publishes the ITS Action Plan that represents the

kick-off for connected mobility [57]. Among other actions, they propose the assessment
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of future cooperative ITS (C-ITS) and the definition of the needed V2X specifications.

On the other side of the Atlantic Ocean, the race started many years before. The U.S.

Congress discussed for the first time a bill for intelligent vehicle highway systems (IVHS)

in 1991, but it did not take hold. It was not until 2003 that the Federal Communications

Commission (FCC) established the licensing and serving rules for dedicated short-range

communications (DSRC) in the 5850-5925MHz band [58]. The legislation in China, for its

part, arrived much later but it took few years to develop a framework for ITS, including

industry. In 2016, the Chinese Ministry of Transportation and the National Development

and Reform Commission (NDRC) issued the “Implementation Plan to Promote Smart

Transportation by Carrying Forward Internet Plus Convenient Transportation” [59]. It

represented the first step towards the creation of a network of connected vehicles.

As we can see, there is not a single story in ITS and this has produced different regula-

tions and standards in parallel to be adopted by the manufacturers. On the one hand, the

European Telecommunications Standards Institute (ETSI) created its own C-ITS commu-

nication architecture (ETSI EN 302 665) [60] following the Open Systems Interconnection

(OSI) model and, similarly, the Wireless Access for Vehicular Environments (WAVE) ar-

chitecture (IEEE 1609.0-2019) was created based on the DSRC specifications [61]. For

both cases, the access layer is based on the IEEE 802.11p (or WLANp), named as ITS-G5

in the European standard ETSI EN 302 663.

Figure 2.5: Available access layer standards for ITS communications [62].

On the other hand, the 3GPP proposed in its Release 14 the first solution for cellular V2X

(C-V2X) with an LTE-based access layer, upwards agnostic. Two operation modes were

defined for that purpose: Mode 3, for which the cellular network manages the resources,
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and Mode 4, allowing completely independence to the vehicles from the network, as it is

the case in WLANp. Therefore, vehicles should make use of two different interfaces for the

network (Uu) or direct (PC5) connectivity. In China, this is the approach followed from

the development of the first V2X communications. As a summary, Fig. 2.5 shows the three

different options for ITS access layer.

The advent of new use cases with more stringent requirements in terms of latency,

throughput, and reliability turns the capabilities of the first radio access technologies

(RATs) to be insufficient [63]. In the case of C-V2X, 5G appears as the evolution to

exploit the cellular network for advanced applications. Those standards that are built on

top of IEEE physical and medium access control (MAC) layers also have the possibility of

using an enhanced version, namely IEEE 802.11bd. Current DSRC standards have very

limited applicability given their restricted performance. For example, the physical layer of

WLANp makes use of fixed-space OFDM subcarriers (156.25 kHz) as a trade-off between

multipath fading and Doppler spread [64], but more flexibility in numerologies should be

available for advanced use cases in which reliability is a critical factor. In addition, WLANp

is not able to deliver data packets with end-to-end latency much lower than 100ms, also

insufficient for certain Day-2 cases. Then, IEEE 802.11bd is designed with the goal of out-

performing those obsolete capabilities. Some of its main novelties at PHY level are: flexible

subcarrier spacing, the use of midambles (to address fast channel variations), optional dual

carrier modulation (DCM) and the 60GHz band for small-distance, high-throughput com-

munications like video streaming. Table 2.4, extracted from [64], summarizes the main

differences between WLANp and 802.11bd.

Table 2.4: Comparison of IEEE 802.11p and 802.11bd [64]

Feature 802.11p 802.11bd

Frequency band 5.9GHz 5.9 and 60GHz
Channel coding BCC LDPC
Re-transmissions None Congestion dependent
Midambles against Doppler No Yes
Sub-carrier spacing 156.25 kHz 312.5/{1, 2, 4} kHz
Max speed 252 km/h 500 km/h
Spatial streams One Multiple

Despite the variety of communication standards for ITS, all them were initially allocated

within the same band. This may not seem a problem since each region got behind a different
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option, but the increasing momentum of C-V2X makes European and American regulators

to consider its coexistence with WLANp-based access technologies. Fig. 2.6 illustrates the

radio channels in the ITS bands for each region, as well as the ITU-R recommendation for

ITS in the 5.8GHz band [65,66].
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Figure 2.6: ITS Spectrum and channel distribution in main regions.

The inherent issues associated to DSRC, such as short operation range (200 − 400m)

and large access delay of carrier-sense multiple access with collision avoidance (CSMA/CA)

mechanism [67], together with the arrival of a new cellular era enabling the full potential

of V2X communications, shifted the focus of the automotive industry towards the C-

V2X alternative as a mid-term solution. In consequence, the 5G Automotive Association

(5GAA), underpinned by major stakeholders in the automotive and wireless technology

industries, filled in 2018 a petition for waiver to the FCC to open the 20MHz CH183

channel (5905–5925MHz) for C-V2X [68].

However, the use of sub-6GHz bands falls short when targeting to advance V2X use

cases given the limited spectrum available [69]. Hence, 5G-V2X and FR2 appear on the

horizon for such cases. The potential benefits of mmWave V2X must be also assessed

considering many implicit challenges: larger signaling overheads for beam training, smaller

cells with more frequent handover procedures, issues arising in high mobility environments

as Doppler and beam misalignment, and large signal blockage [70].
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The first proposals to make use of mmWaves for V2X include two lines of research.

On the one hand, similarly to WLANp, WiGig is used as the base for 60GHz vehicular

communications. The WiGig family includes the IEEE 802.11ad standard, which has

already been proposed for V2V [71, 72], and the upcoming IEEE 802.11ay, expected to

allow higher MIMO orders and enhanced beamforming training [73]. IEEE 802.11ad is

the baseline of IEEE 802.11bd when operating at the 60GHz band. The main drawbacks

of those approaches relate to the access and beam determination methods of WiGig, as

well as the large path loss attenuation that limits its application to very short distances (it

coincides with the peak of the absorption coefficient of oxygen molecules in the atmosphere

[6]). On the other hand, 5G already introduced a second band of operation in the mmWave

region, i.e., FR2. Initially conceived for cellular eMBB services, FR2 can also offload the

channel usage between vehicles when more stringent use cases in terms of bandwidth are

deployed. One of the main challenges concerns the joint operation of microwave and

mmWave bands, since lower bands can provide a backup channel when directive beams at

higher frequencies are blocked [74]. Moreover, the complete integration of both RATs can

minimize the overhead and delay associated to beam training, increase the link reliability,

and efficiently manage handover procedures in high-mobility environments [74]. However,

all those benefits come at the expense of increased complexity of access protocols and a

redesign of the frame structure.

Most 5G- and WiGig-based mmWave communications make use of directive beams de-

termined with a brute force scanning (complete beam sweeping). Given the limitations

of such approaches in high speed scenarios [70], due to misalignment and the presence of

frequent blockages, more sophisticated methods are to be studied. For instance, the work

in [75] already introduced the exchange of BSMs data at lower bands to reduce signaling

overhead limiting the number of candidate beams to scan. Hierarchical codebooks [76,77]

or beam optimization based on a certain knowledge of the environment [78, 79] could also

enhance the link performance for next generations and they are considered as the adequate

alternative when evaluating different V2X situations in the following chapters.

2.4 Beamforming in 5G Networks

It is concluded from the evidence given in previous sections that mmWave wireless systems

entail the necessity of using multi-element antenna geometries with beamforming capabili-

ties. The way a certain technology manages such shaped beams determines, in most cases,

the ability to keep track of users and the stability of the link. In the particular case of 5G,
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in which most calculations of this thesis are based, the 3GPP already provides resources

for establishing and updating the beams. However, the standard remains agnostic to the

vendor’s implementation of the beamforming strategy.

Permanent signaling is required between the communicating entities, two UEs or one UE

and a next generation NodeB (gNB), to establish and maintain reliable directional links. In

that regard, beam management comprehends all those procedures involved in the creation

and update of beamformed patterns, which can also be grouped in two stages. First, the

initial access or initial beam alignment is performed. At this point, neither communicating

node has any knowledge about the situation of its counterpart. The approaches found in

the literature for initial access are mainly divided in 1) side-information-aided [80–82] or

2) full-space sweeping [83, 84]. The first category makes use of a certain knowledge about

the channel or the relative position between nodes to determine a first beam pointing

at the right angular space. The exchange of positioning information aids to reduce the

signaling overhead [75], at the expense of relying on external sensor data. Otherwise, the

second type of initial access procedures assumes zero knowledge about the channel and the

nodes must sweep the entire space to find the most suitable beam. This second approach

usually requires a beam refinement stage in which more directive beams sweep a much

smaller area. The use of hierarchical codebooks to provide different directivity levels has

also been widely studied and the IEEE 802.15.3c standard already considers their usage

for wireless personal area networks (WPANs) [85]. Hybrid approaches that make use of

adaptive learning of the environment are also a matter of research [86–88].

Regardless of the initial access procedure, a second stage is triggered once the link is

established. It concerns the tracking (and refinement) of the beam over time. The periodic

update of the channel or beam information is required in order to ensure that the link

quality is maintained. A comprehensive study on the procedures and challenges of beam

management in the case of V2X mmWave links is given in [89,90]. In the latter, besides the

participation of the author of this thesis, a comparison between two proposed strategies

for V2V in terms of link stability and channel usage can be found.

From the standard perspective, the 3GPP defines a set of signaling resources devoted to

synchronization, channel state update and beam determination in [54]. In particular, there

are two structures of interest regarding 5G beamforming procedures: the synchronization

signal blocks (SSBs) and the channel-state information reference signals (CSI-RSs).
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2.4.1 Synchronization signals

The initial access and synchronization procedure in 5G is carried out thanks to a set of

physical-layer signals framed within the nomenclature of SSB. Each block contains three

types of signals:

• The primary synchronization signal (PSS) is a 127-value sequence used to determine

the radio frame boundaries and calculate the cell ID.

• The secondary synchronization signal (SSS) is also a sequence of 127 values and it

defines the sub-frame boundaries, as well as being used for cell ID decoding.

• The physical broadcast channel (PBCH) carries information about bandwidth, tim-

ing, or synchronization signal (SS) burst periodicity, for instance. That data is sent

together with the PBCH demodulation reference signal (DMRS) allowing that phys-

ical channel to be decoded.

That naming applies to downlink channels, being the S-PSS, S-SSS and PSBCH their

sidelink equivalents. The structure of the block also differs in how signals are arranged

in the resource grid. Figure 2.7a depicts the SSB resource allocation within a slot for

both cases. The reader is encouraged to dive into [91] for further details on all required

procedures, channels and signals in LTE and 5G V2X.

SSBs are grouped in bursts allocated in the first half (5ms) of a radio frame. The number

of SSBs within a burst, NSSB, depends on the employed numerology, but its maximum is

set to 64 for mmWaves. Each SSB can be beamformed at both transmitting and receiving

ends and thus be used to establish the best beam pair combination. The time between

beam updates, or the periodicity of the SS burst (TSS) in other words, must consider the

variability of the wireless channel and the shape –i.e., beamwidth– of the beams in the

beamset. The standard allows different values ranging between 5 and 160ms. Figure 2.7b

illustrates the evolution of the SS bursts in the time axis.

2.4.2 Channel-state information signals

Another mechanism that can be exploited for beamforming purposes is channel-state infor-

mation (CSI) signaling. Those signals are used to report radio channel quality to the gNB

with large flexibility regarding resource allocation [54]. It is not the scope of this section to

dig into the details of the associated complex procedures and the unique feature to be high-

lighted at this point is the ability to provide channel measurements between consecutive
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Figure 2.7: Resource allocation of 5G NR synchronization signals

SS bursts. Likewise, the gNB transmits UE-specific reference signals, namely CSI-RS, that

are used at the receiver side to report quality parameters such as signal strength. When

beamformed, those signals can be used also to determine the suitable beam combination

with finer time accuracy. This is particularly useful in the case of beam refinement strate-

gies, in which a coarse beam search can be performed with SS burst periodicity, whereas

sharper beam pairs are established by means of CSI-RS reporting for instance.
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Chapter 3

Modeling Millimeter-wave
Communications in High-Mobility
Environments

This chapter describes the peculiarities of high-mobility scenarios, such as the case of V2X

communications. In particular, effects like Doppler or shadowing need to be properly

modelled when dealing with fast varying channels and beamforming arrays. In order to

provide numerical data to realistic scenarios, a simulation framework is developed in the

AntennaLab. Here, detailed information about the framework is also provided. It serves as

the basic tool to implement and validate the proposed solutions for multi-element antenna

systems in high-mobility environments. The tool is built on Matlab, which is used as

platform together with some already available solutions for channel and traffic modeling. In

the last section of the current chapter, a second and more-sophisticated version developed

during a reasearch visit in the Fraunhofer Heinrich-Hertz-Institut (HHI) is also described,

stressing out the main novelties and features differing from the preliminary version.

3.1 Millimeter-wave Channels: Opportunities and Challenges

As stated in Chapter 2, future mobile communications are expected to demand larger

bandwidth and multi-element radiators. Both requirements converge in the mmWave re-

gion, where the spectrum is less crowded and the size of the antennas is smaller compared

to typical sub-6GHz bands. However, the use of such frequencies entails the consideration

of additional challenges, which can be also used in benefit of the system performance.

A clear example of the difficulties when working at those frequencies concerns the
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pathloss and coverage limitation. In [92], the authors compare several outdoor channel

models between 6 and 100GHz, but some common conclusions can be extracted: pen-

etration in buildings makes almost unfeasible indoor-to-outdoor communications (above

20GHz at least) and line of sight (LOS) is practically limited to a range of 100m. Losses

are partially overcome by the use of distributed antenna systems (DAS) but their location

on the UE is a major issue. The ability to fit more antennas in the same physical space

allows the operators to exploit diversity and beamforming to a great extent and the effi-

ciency of those techniques tightly depends on an adequate assembly of the elements. The

publications presented in Chapters 5 and 6 dive deeper in this discussion for two particular

cases: a vehicular user and a pedestrian handset.

Taking a look to the wireless system in our arbitrary scenario, one could express the

received signal over time, r(t), by means of the transmitted one, s(t), and the model of our

channel impulse response, h(t, τ). The latter can be seen as the addition of several replicas

that define the multipath environment, i.e., a tapped delay line (TDL) model following

the definition from the 3GPP [93]. The following expression wraps the idea in form of a

convolution, including an additive noise term at the end:

r(t) = h(t, τ) ~ s(t) + n(t) , (3.1)

In high-mobility scenarios, the multipath components do not only differ in the delay

domain. The relative velocity between transmitter and receiver cause a frequency shift

(Doppler), which differs from one component to another. Behind this unavoidable issue, one

modulation technique emerges to take advantage of the channel sparsity when moving from

typical time-frequency to delay-Doppler responses [94]. The orthogonal time frequency

space (OTFS) modulation exploits both domains to encapsulate the symbols to transmit.

But implementing this technique requires a very precise estimation of the channel and

sophisticated equalizers [95], which is not always possible.

In case of modulation schemes based on orthogonal subcarriers, like the ones used in the

fourth and fifth generations of mobile communications, the distortion of the signal due to

Doppler produces a loss in the orthogonality of the symbols. According to Bello in [96],

assuming a slow fading condition (coherence time much larger than the symbol period),

the impulse response at the k-th subcarrier can be expressed as follows:

hk(t) = hk(t0) + h′k(t0)(t− t0) . (3.2)

The directive nature of mmWave links largely reduces the multipath effect and they are

often limited to the LOS component plus a small contribution of close scatterers. This is
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the case, for instance, of massive arrays acting as base stations. Assuming this situation,

low Doppler spread is expected and, thus, the slow fading condition is met. Then, the

detected symbol at the k-th branch of the OFDM receiver is expressed as:

x̂k = hk(t0)xk +
NT

2πj

N∑
l=1
l 6=k

h′l(t0)xl
l − k + nk , (3.3)

where N is the number of subcarriers and T is the symbol period.

The work presented in Chapter 4 makes use of this knowledge to propose an alternative

method to exploit the Doppler information. The expression of the ICI power in a beam-

forming V2N channel is derived and, together with some side-information aid (the vehicle

estimated position), an optimization function for the beamwidth is obtained.

Complex systems such as an urban area full of interconnected vehicles are difficult to

analyse from a purely theoretical point of view and numerical tools are commonly used

to extract the most important features of the communication links. For that purpose,

a tailored system-level simulation framework is designed. The goal is to implement the

beamforming arrays and strategies proposed in the following chapters and validate their

performance in comparison with those solutions available nowadays. Next section intro-

duces the software structure and the set of features available to evaluate distinct channel

models and multi-antenna structures.

3.2 The System-Level Simulator of Beamforming High-Mobility
Scenarios

Since the main purpose of this thesis is to propose multi-antenna solutions for mmWave

5G communications and validate them in realistic environments, its is then required to

use an accurate simulation tool. Then, an in-house solution is developed: the System-

Level simulator of Beamforming high-Mobility scenarios (SLoBMo). It uses the MATLAB

platform to recreate automotive (or any other mobile) links in urban and highway scenar-

ios and estimates the channel response depending on the chosen antenna geometry and

environment.

First, a preliminary, script-based, framework is created, which detailed in the following

sections. It is used to obtain basic system-level parameters such as the achievable SINR or

link failure probability. The results presented in chapters 4 and 5 have been obtained with

this version of the code. At the end of the current chapter, an enhanced version based on

object-oriented programming (OOP) and including new features is to be presented.
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The numerical evaluation of beamforming mobile links requires of several steps, namely

processing stages, which are depicted below:

1. Generation of user profiles and trajectories

Each user participating in the network is created as an independent node, whose

position is defined over time (static or moving). The trajectories are sampled at a

given rate, providing a certain number of temporal snapshots of the scenario.

2. Establishment of wireless links

According to a given assumption (the input of the software user), the communicating

pairs are established, being one node able to communicate with one or more of the

other nodes.

3. Radio channel emulation

The wireless channel response is obtained over the simulation time for all pairs. In

the first version of the code, isotropic radiators are assumed at each node. Then, the

multipath response of the channel is weighted according to the radiation diagram of

each node, which can evolve over time.

4. Calculation of system-level metrics

Parameters such as channel capacity or outage probability can be obtained based on

the signal at the receiving nodes.

The following sections detail how each of the abovementioned stages are addressed in

the presented custom simulation framework.

3.2.1 Framework Overview

The software framework is built in Matlab given its large amount of available off-the-shelf

solutions for data treatment and wireless channel modeling. A modular design is pursued

to ease the integration of new features along the project. Different types of beamforming

strategies or channel models are to be tested and the proposed framework allows to sub-

stitute certain functions without reprogramming the rest of the software. Fig. 3.1 depicts

the main blocks composing the software structure.

First, the trajectories of the communicating nodes are created by means of a module

external to MATLAB. Simulation of Urban Mobility (SUMO) [97] (in blue) is an open-

source tool that allows to define any kind of vehicular scenario and creates a random

traffic distribution based on the user inputs. It is able to handle the effect of traffic lights,
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Figure 3.1: Diagram of the software framework.

pedestrians, and different types of vehicles. In this case, only vehicles and pedestrians are

created in SUMO, whereas static nodes such as RSUs or cellular BSs are directly defined

in MATLAB with their known coordinates.

A second open-source module imported to the framework is the QUAsi Deterministic

RadIo channel GenerAtor (QuaDRiGa) [98] (in green). It encompasses a set of object def-

initions and methods, already developed in MATLAB, to model radio channels following

a semi-deterministic approach. In particular, the calculations are performed based on ran-

dom processes, whose characteristics are given by the commonly used models such as those

for vehicular channels in [99] or mmMAGIC [100]. The so-called geometry-based stochastic

channel models (GBSCMs) provide a trade-off between repeatability, generalization of the

outcome and accuracy. Ray tracing tools have been widely used to assess the expected per-

formance of wireless systems, especially at high frequencies in realistic environments. The

loss of applicability of the results to a general case and the time consuming calculations

makes it an unfeasible option for this analysis. In contrast, purely stochastic models suffer

from a lack of physical meaning and the spatial information is lost. GBSCM is used to

estimate the radio channel parameters by assuming a set of arbitrary scatterers using the

initial settings defined by stochastic models, whereas the particular contributions of the
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scattering clusters are computed with the addition of various rays with individual angular

and temporal features [101]. The evolution of the channels considers the correlation of the

scatterers over time and their contributions are properly weighted.

The other modules, in violet, have been developed in MATLAB to particularly address

different interfacing and processing functionalities within the framework. Their main pur-

pose and description are given in the next section.

The operation of the software also relies on some additional toolboxes that must be in-

stalled beforehand to make it work in any Matlab platform. Those are the 5G toolbox, used

for the metrics calculation given particular channel response, and the Antenna toolbox, to

generate the beamforming patterns.

3.2.2 Custom modules

The following modules have been developed to address the required processing stages:

• Traffic reader

◦ Input: SUMO traffic file (*.csv)

◦ Output: MATLAB data file (*.mat)

◦ Description: The data generated by SUMO containing the position and speed

of the vehicle at every time sample is translated to a data structure directly

readable by any MATLAB function.

• Trajectories and pairing

◦ Input: MATLAB trajectory files (*.mat)

◦ Output: qd_track object array

◦ Description: The vehicle trajectories are translated into MATLAB objects to be

used with the QuaDRiGa channel simulator. All or a small subset of nodes can

be used, with random links between them according to certain distance-based

criteria. Depending on the environment, different channel models are applied

(urban or highway). The interaction with building and other vehicles is used

to determine non-line of sight (NLOS) and vehicular NLOS (NLOSv) segments,

respectively.

• Omnidirectional channels

◦ Input: qd_track object array
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◦ Output: qd_channel object array

◦ Description: The links between the paired nodes are computed by assuming

isotropic radiators (named as omnidirectional in QuaDRiGa) at both sides. The

channel response for all multipath components over time, as well as the angles

of arrival and departure, are stored in an array of type qd_channel.

• Beamformed channels

◦ Input: qd_channel object array, antennaConfig structure array

◦ Output: qd_channel object array

◦ Description: The omnidirectional channels previously computed are weighted

for the given beams at the transmitting and receiving sides. The evolution of

the beams over time is calculated in a separate module according to the problem

under study (dynamic beams, hierarchical beamsets, and channel-based beam

optimization, for instance).

• Beam sweeping or optimization

◦ Input: qd_channel object array, antennaConfig structure array

◦ Output: qd_channel object array

◦ Description: Different approaches can be chosen to calculate the adequate beams

along the trajectories of the communicating nodes. The particular details of each

implementation are discussed in the corresponding chapters of this thesis.

• Quality metrics

◦ Input: qd_channel object array, PHY layer configuration file (*.mat)

◦ Output: MATLAB data file (*.mat)

◦ Description: From the given beamformed channels, different parameters are

computed to assess the link-level performance such as achievable data rate, out-

age probability (or service availability), maximum coverage for a target modu-

lation and coding scheme (MCS) or data rate, and statistics about the usage of

the beamset. Those figures of merit are based on a certain configuration of the

physical laxer, including the receiver noise figure as well as 5G-based waveform

configurations (numerology, bandwidth, modulation tables...).

• Plot and store data
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◦ Input: MATLAB data file (*.mat)

◦ Output: Figure files (*.pdf, *.fig)

◦ Description: The data previously obtained is stored and the corresponding fig-

ures are plotted in an adequate journal-manuscript fashion.

3.2.3 Data Structures

The operation of the simulator depends on the reading and creation of certain data struc-

tures. At each stage, new data is generated that is then passed to the next one as input.

The first data file is the XML output from SUMO. However, the traffic reader translates

that data into a Matlab structure, much easier to work with. This new structure is saved

as a variable named as mobility. Its properties are detailed in Table 3.1.

Table 3.1: Fields in the mobility struct.

Property Type Description

n_timesteps uint32 Number of time samples (M)
n_veh uint32 Number of vehicles (N)
scenario string Name of the scenario
time_res double Time between snapshots (in s)
veh_angle M ×N double Orientation (azimuth) of each vehicle (in deg.)
veh_dis M ×N double Distance travelled by each vehicle (in m)
veh_id 1×N cell Cell array with strings defining each vehicle
veh_in M ×N bool Flag indicating if a vehicle is present in the simulation
veh_speed M ×N double Speed of the vehicles in the direction of travel (in m/s)
veh_x M ×N double Position of the vehicle in the x axis (in m)
veh_y M ×N double Position of the vehicle in the y axis (in m)
veh_z M ×N double Position of the vehicle in the z axis (in m)

During the channel calculation stage, several objects defined by the QuaDRiGa library

must be used. More details about how that tool deals with trajectories (qd_track) and

channels (qd_track) can be found in the user manual [102].

The way the simulator deals with beamforming patterns is based on the post-processing

of the isotropic channels with a customized radiation diagram obtained through numerical

evaluations of realistic array antennas. The user is able to implement any kind of antenna

geometry but some considerations must be pointed out. First, cars are assumed to be a

moving point on the map. Then, MIMO antennas are considered to be located at the same
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place. Assuming a far-field situation, only a phase offset can be assumed between antenna

ports. In that case, the user must fix that when combining the responses according to the

particular geometry. On the other hand, if a single port with completely analog steering

capabilities is assumed, this is not needed.

The radiation diagram of each port can be stored with the antennaConfig format, that

is, using a MATLAB struct including the radiation patterns for each beam within the

beamset. In Table 3.2, one can find the main fields in the struct.

Table 3.2: Fields in the antennaConfig struct.

Property Type Description

aggregatedPattern Nel ×Naz double Aggregated radiation of all beams
az 1×Naz double Azimuth angles where the patterns are sampled (in deg)
beamwidthAz 1×NM double Beamwidth in azimuth for each beam (in deg)
beamwidthEl 1×NM double Beamwidth in elevation for each beam (in deg)
directivity 1×NM double Maximum directivity of each beam (in dBi)
el 1×Naz double Elevation angles where the patterns are sampled (in deg)
mBeams uint32 Number of beams in elevation
nAnt 1× 2 uint32 Total number of antennas (rows and columns per array)
nBeams uint32 Number of beams in azimuth
oversampling 1× 2 uint32 Oversampling factor of the beamset (elevation and azimuth)
pattern 1×MN cell Directivity patterns of all beams (in dBi)

3.3 The Object-Oriented SLoBMo

The previously detailed simulator was used to obtain several results regarding V2V and

V2N links that were published in the work related in the following chapters. The achievable

SINR can be estimated only considering each individual link and a macroscopic analysis is

performed, so other parameters such as the probability of outage or beam usage statistics

come into play. But that initial version of the code fell short quite soon when targeting to

more thorough studies on the management of resources within a large vehicular network.

Life is unpredictable and, by chance, I ran into an unexpected opportunity in my way.

The Fraunhofer HHI is a world’s leading organization on applied research, participating in

the most advanced projects on cutting-edge technologies about wireless systems, photonics,

artificial intelligence and multimedia. In parallel to my journey as a Ph.D. candidate, the

mmWave group at the Fraunhofer HHI, led by Dr.-Ing. Michael Peter, together with other

40 partners from 10 European countries, launch the Automotive Intelligence for Connected

and Shared Mobility (AI4CSM) project, funded by the European Commission (EC). And
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thanks to the European Institute of Innovation and Technology (EIT) Urban Mobility

initiative, I was able to participate as an HHI visiting researcher.

During that time, an improved version of the software was developed to allocate new

features for the needs of the project. Those requirements were in line with our previous

concerns at the Universitat Politècnica de Catalunya (UPC) regarding vehicular communi-

cations. A precise calculation of the impact of surrounding interferers on resource alloca-

tion and beam management is paramount to deduce practical conclusions in beamforming

environments. Luckily, other researchers at the HHI developed the tool used as basis of

the wireless channel calculations of the first version of the simulation: QuaDRiGa. Then,

all interests easily converged into a system-level simulator with enhanced capabilities to

estimate standard-agnostic quality metrics of V2X communications on the physical layer.

For that purpose, the impact of the aggregated traffic should be considered. In order to

be aligned with available standards for vehicular communications, OFDM-like resources are

to be assumed to allocate user demands in terms of data exchange. But multiple scheduling

algorithms are included to cover current and future expectations with high flexibility.

The efficiency of the simulations is improved with respect to the first simulator, making

use of the minimum number of snapshots to simulate beam management and removing

isotropic calculations. With an object-oriented approach, the new code is well-aligned

with QuaDRiGa source code to maximize compatibility and increase fluency towards its

structures. The proposed simulator acts as a wrapper of all possible evaluations of V2X

with the focus on assessing beamforming arrays on vehicular platforms. In addition, any

dependency to additional toolboxes is removed, so any MATLAB (or Octave) user can

make use of it.

Figure 3.2 depicts the organization of the software regarding its source and data files.

A main file can be created by the user to make use of any file within the folders in dark

green, including the classes detailed in the following chapter. The code is developed to

make use of the latest release of QuaDRiGa by the end of 2021, i.e., release 2.6.1. Data

and results folders are intentionally left empty to allow the user to allocate any useful file

for later calculations or the software outcomes, respectively. That can be also configured

with a simulation settings object, later explained.

Only some parts of the code from the initial version were reused. Since the new software

entailed a complete conceptual change of the way the simulations must be carried out, most

part of the software was newly coded. From those reused features, the mobility structure

stands out. The enhanced realism of SUMO traffic scenarios should be also used as input

to the new software, so the same structure was kept to store data in MATLAB format. A
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Figure 3.2: Structure of the source code in the V2X Simulator.

new function was developed to integrate that data into the new classes as the vehicle (or

any other moving node) trajectories. Nevertheless, customary trajectories can be used if

they are properly stored in the node objects.

3.3.1 Classes

As previously stated, the software is structured in several classes. Each class represents a

particular entity within the simulation framework. Figure 3.3 depicts the main properties

of each class and the relations between them. It must be mentioned that all classes inherit

the properties of handles in MATLAB. Then, it is important to notice that assigning an

object to a new variable is not the same as copying it. This is paramount to manage the

simulation objects, since changing one variable linked to another handle (not copied) will

modify the original object as well.

Those are the classes contained in the framework:

• Class array_geometry

It defines an antenna topology, including the number of panels (for example, to mount

on a vehicle), and the elements per panel in vertical and horizontal dimensions. The

number of beams in elevation and azimuth is also stored in this object.

• Class link

This type of objects store all necessary information to calculate the overall metrics.

For each pair of communicating nodes, a link object is created. The channel response

between both ends, as well as the channel from the interferers to the current receiver,
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Figure 3.3: Pseudo-UML diagram with class properties.

is stored. Other important parameters such as the beam ID, the resource grid or the

requested payload are also included.

• Class metrics

This is an abstract class that encompasses all possible metrics to be measured for a

given scenario. Only the V2V case is implemented to date, but different metrics may

be required for other cases.

• Class scheduler

It includes all features to implement resource allocation tasks. Depending on the

given settings, a cellular station or the vehicles themselves can perform the assign-

ment of resources for a pre-defined grid.

• Class sim_settings

This class includes the paths, file names, and flags necessary to read data and calcu-

late and store the outcomes of the simulation.

• Class simulation

This is the main class in the framework. It includes all necessary elements to perform

the calculations and extract the required data. A list of nodes and another list of
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links represent the scenario, but other variables are used to define properties such as

the operating frequency and bandwidth, the simulation results, the type of scenario

(highway, rural, urban...) or the sampling time.

• Class trx_node

This class represents a communicating entity. It can be static (base station) or

moving (vehicle, pedestrian) and this is represented by its position over time. The

node can be present only for some snapshots within the simulation and this is also

stated, as well as the available radiation diagrams for single or multi-element antenna

geometries.

3.3.2 Resource Allocation

Before defining how resources are managed in the simulated system, it is deemed conve-

nient to mention how the software deals with time and frequency domains. Regarding

the former, each simulation is composed of a certain number of temporal snapshots that

represent instants of time between the beginning and end of our virtual scenario. The

location of all communicating nodes is calculated for all of those instants and stored using

a qd_track object from QuaDRiGa (for more information, please take a look to the manual

[102]). Since nodes do not need to be present in the scenario all the time, objects of type

trx_node also include a variable to state in which snapshots they are valid nodes in the

scenario (trx_node.InSim). On the other hand, frequency domain is constrained by the

total bandwidth available in the system, stipulated in simulation.Bandwidth. This amount

must be shared by all nodes in the simulation, so the simultaneous number of subchannels

will be limited. The class scheduler includes the information concerning subchannel sizes

and maximum bandwidth per user.

The simulator assumes that resources are distributed in a time-frequency grid, as in

OFDM-like systems, with a certain granularity. Following the same nomenclature as in

3GPP standards, resources can be divided in slots (time) and subcarriers (frequency). A

temporal snapshot usually will include several slots given its larger duration in most cases,

whereas subcarriers are often grouped in subchannels. However, this particularity does not

affect the actual implementation of the software, since the minimum frequency unit is the

subcarrier to provide higher degree of generalization.

As said, the total simulation bandwidth includes a certain amount of subcarriers and

each node will take a portion, i.e., a subchannel. The size of a subchannel depends on

the user implementation, but it is usually limited by the data traffic required by the
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link and the available resources. Figure 3.4 illustrates the abovementioned time-frequency

decomposition.

The available resources in each snapshot depend on both the system bandwidth and the

number of slots within a snapshot. No distinction between frequency or time resources is

made since the final traffic will be the addition of both. According to the traffic pattern of

each link, some of those resources will be used and the ones left could be grabbed by the

next user.
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Figure 3.4: Resource distribution in a time-frequency grid.

There are three possible situations regarding the type of scheduling:

• Sensing-based (TX)

When a transmitting node wants to reserve some resources, a first sensing stage

is performed. The TX ‘listens’ the environment and captures the incoming signals

from other simultaneous TX nodes in the scenario. Based on the received power, it

reserves those resources with the lowest level of sensed power.

• Sensing-based (RX)

In this second case, the procedure is exactly the same as in the former, but the RX

is the one who senses the power at each resource. This is particularly interesting

in beamformed communications. Due to the use of directive radiation patterns, the

interferences perceived by the RX may largely differ from the ones at the TX.
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• Coordinated by a BS

Finally, resource allocation can rely on the coordination of a base station (BS) that

provides coverage to the vehicles (or, at least, to some of them). The BS uses the

information of all simultaneous links to minimize the amount of them sharing the

same resources. It does not guarantee that the interference level will be minimum,

since the radiation between nodes is not known by the BS (unless reported), but it can

reduce the average effect of interferences and provide a fair allocation to avoid greedy

nodes. If more than one BS is present in the scenario, an adequate coordination

between them is required in order to smoothly transmit from one coverage area to

the next one, as well as ensure the link between nodes that may potentially be under

different coverage areas.

Regardless of the scheduling type, the amount of resources is calculated based on the

estimated SINR at the scheduling snapshots. Since the actual value will depend on the

chosen resources, a noise floor for the maximum user bandwidth plus a practical SINR

margin [103] is used for the estimation. Figure 3.5 shows an example of resources to be

allocated based on both cell-based coordination or sensing-based scheduling.

Figure 3.5: Scheduling stack for cell-based or sensing types.

Once the scheduling stage is finished, the local resource grid per snapshot is assigned to

each link. Given the estimated SINR, the modulation and coding scheme is defined based

on the achievable spectral efficiency.

η = R×Q = log2

(
1 +

SINRest
∆

)
, (3.4)

where η represents the spectral efficiency obtained from the estimated SINR, ∆ is the

practical gap according to [103], Q is the modulation order, and R is the coding rate.
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3.3.3 Interference Calculations

One of the most interesting features of the simulator is the ability to calculate the channel

response from interfering nodes. Once all users have a certain amount of resources assigned,

it is possible to identify those transmitters using the same resources simultaneously and

estimate the channel between them and their associated receivers.

During the scheduling process, the interference level is somehow estimated at each sensing

snapshot if that option is chosen. When the receiver is the node performing the resource

sensing, the visibility state is saved in the link object so the same is later used when

calculating the interferences. This is needed to keep a certain level of coherence between

the sensed environment during the scheduling stage and the interferences calculation. A

more efficient approach could rely on the simultaneous calculation of interferences and the

resource pool. However, the scheduling stage only uses those snapshots where the allocation

is performed for channel calculation in order to avoid extremely long computation time.

Figure 3.6: Simulation flowchart for the calculation of interferences.

Given that all link objects are able to store which resources are being used at each

snapshot, this information is used to retrieve the colliding resources between pairs. Then,

a list of the interfering links is created as well as the visibility state between the receiver

of the current link and the transmitter of the interfering one, if not created during the

scheduling stage (RX sensing). With that information, the QuaDRiGa channel from the

interfering nodes is calculated and stored. In Figure 3.6, the simulation flow chart, from

link generation to interference calculation, is depicted.
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Chapter 4

Optimization of V2N Beams with
Positioning and Doppler
Estimation

This chapter includes a manuscript entitled "Adaptive beamwidth optimization under

Doppler ICI and positioning errors at mmWave bands". The reader can find the study

of the optimum beamwidth from the perspective of a cellular station when trying to com-

municate with a vehicle. Undesired effects such as Doppler and positioning errors are

considered to derive the optimization expression.

4.1 Publication

[J1] C. Ballesteros, A. Pfadler, L. Montero, J. Romeu and L. Jofre-Roca, "Adaptive

beamwidth optimization under Doppler ICI and positioning errors at mmWave bands,"

in Elsevier Vehicular Communications, vol. 34, article 100456, Apr. 2022, doi: 10.1016/

j.vehcom.2022.100456.
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The growing trends towards massive antenna arrays with focusing capabilities has enabled the use 
of higher frequencies at the cost of more complex systems. In the particular case of vehicular 
communications, millimeter-wave (mmWave) communications are expected to unleash a set of advanced 
use cases with stringent spectrum needs. However, dealing with very directive patterns and high 
frequencies entail additional challenges such as beam misalignment and Doppler effect. This paper 
presents a beam optimization procedure for vehicle-to-network (V2N) systems in which a base station 
communicates with high-speed users. Aided by the a priori knowledge of the vehicle location, the 
base station is able to estimate the average signal-to-interference-plus-noise ratio (SINR) until the 
next beam refresh considering the positioning accuracy and the Doppler inter-carrier interference (ICI). 
The estimation includes the antenna beamwidth, which can be optimized to maximize the achievable 
throughput. The numerical results indicate that the SINR can be significantly enhanced compared to 
beam sweeping with identical hierarchical codebooks while reducing the probability of outage.

© 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

1.1. Motivation

Vehicles become simultaneously more connected and auto-
mated. New applications such as tele-operated driving, HD map-
ping, platooning, and cooperative driving are essential to enable 
automated driving. These applications come with stringent require-
ments on reliability and throughput, which are particularly chal-
lenging in high mobility scenarios. In general, one refers to quality 
of service (QoS) requirements, such as latency, data rate, and re-
liability [1,2]. It is foreseen that connected vehicles will require 
more spectrum than provided nowadays. Even the recent roll-out 
of the 5th generation cellular system (5G) in sub-6 GHz, i.e., fre-
quency range one (FR1), does not satisfy the spectrum need of con-
nected vehicles together with the increasing cellular user demand 
[3]. Therefore, research focuses on the use of mmWave bands. In 
particular, appropriate beamforming strategies addressing the QoS 
requirements in vehicular networks are essential and investigated 
in this paper.

* Corresponding author.
E-mail address: christian.ballesteros@upc.edu (C. Ballesteros).

Operating at mmWave bands requires the use of beamform-
ing techniques to cope with inherent additional losses [4,5]. This 
brings a few challenges with it, especially in vehicular scenarios. 
The authors highlighted in [6] the importance of massive antenna 
geometries in vehicle-to-infrastructure (V2I) based on the analy-
sis of the channel capacity and eigenvalues, also emphasizing the 
need of adequate beam refreshing times. Similarly, in [7], the use 
of singular value decomposition (SVD) precoding is compared to 
maximum-ratio combining (MRC) and pre-defined codebooks in 
terms of SINR for a given highway scenario. The peculiarities of 
highway and urban V2I can be found in [8] and in [9], respectively. 
The former presents very high probability of line of sight (LOS) 
with small angular spread of multipath components, whereas the 
coverage of a base station (BS) in the latter case is much degraded 
due to the grid-like shape of the streets.

The use of highly directive beams also intends to reduce the in-
terference between users and increase the energy efficiency, at the 
cost of higher beam update rates and signaling. To provide reliable 
focusing, accurate channel state information and/or user position-
ing needs to be exchanged. In case of mmWave channels, some 
experiment-based models are discussed in [10,11] that allow the 
prediction of the behavior of such type of links under realistic cir-
cumstances. However, accurate and real-time channel state updates 

https://doi.org/10.1016/j.vehcom.2022.100456
2214-2096/© 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/).
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are crucial in rapidly varying links to allow reliable communica-
tions, which is paramount in safety-related applications. The angu-
lar and temporal correlation of the channel is discussed in [12] for 
different sub-6 GHz and mmWave frequencies, with sparser multi-
path components as the frequency increases. Doppler effects may 
also cause significant impairments leading to beam steering inac-
curacy [13,14].

Location-based beamforming strategies require precise informa-
tion of the users position, which is not always achieved. In the 
particular case of vehicles, several positioning technologies are 
available, such as: cellular trilateration [15], GNSS [16], or joint 
in-band position prediction [17]. The advent of 5G also promises 
enhanced positioning features [18] with expected positioning er-
rors in the order of tens of centimeters.

In [19], the main use cases and challenges of beam manage-
ment in vehicular scenarios are presented. The procedure can be 
partitioned into two parts: First, the beam alignment phase, where 
the beams from both sides need to be aligned to establish a com-
munication link. Second, the beam management strategy including 
user tracking and refinement of beams. The collective knowledge 
of the vehicles’ trajectory allows to predict their behavior and op-
timize tracking and beam selection or adaptation as in [20]. Typ-
ically, beam sweeping methods based on hierarchical codebooks 
reduce signaling overhead and are usually specification-compliant, 
as in the IEEE 802.15.3c standard [21].

Different from this conventional approach, this paper targets 
to improve the antenna beamwidth by adapting it according to 
the positioning quality of the shared vehicle trajectories and the 
inter-carrier interference caused by Doppler shifts. This approach 
is particularly useful for those V2N links in which the BS has more 
sophisticated focusing capabilities and calculation power. Beam 
sweeping approaches are limited to power measurements, not al-
ways a sufficient criterion of quality, and their validity may be 
short in time. In contrast, using the knowledge of the vehicle tra-
jectory may help to enlarge the refreshing rate of the beams (and, 
thus, reducing overheads), as well as increase the accuracy of the 
focusing.

Other previous studies already tackled the problem of beam 
optimization in vehicle-to-everything (V2X). In [22], a beam-
switching strategy of unequal beams covering a highway lane is 
proposed. The authors consider the vehicle’s velocity with timing 
errors, but other undesired effects in complex environments with 
realistic radiation patterns are neglected. In [23], a triangular beam 
pattern modeling the vehicle radiation is optimized with the av-
erage capacity for a beam update period. The channel correlation 
and coherence time are also considered, which limit the validity of 
the beam and trigger the next update. However, other sources of 
error are not considered, such as Doppler effect or positioning in-
accuracy. More recently, the authors in [24] propose an algorithm 
for beamwidth optimization in vehicle-to-vehicle (V2V) highway 
scenarios. They consider the misalignment due to positioning er-
rors in the azimuth plane and the effect of surrounding users with 
a Montecarlo-based optimization of the entire system. The work 
presented in the current manuscript proposes a novel beamform-
ing strategy for BS-to-vehicle systems. Assuming an orthogonal 
frequency division multiplexing (OFDM)-like communication, an 
expression of the SINR in presence of the Doppler ICI due to the 
vehicle motion is obtained using the channel correlation. In this 
case, the location of the target vehicle is assumed to be known 
with a certain accuracy, which is also used in the calculation of 
the desired and self-interference signal. Then, the average SINR un-
til the next beam update is maximized for a given set of available 
beamwidths. The proposed strategy is studied for a large group of 
randomly distributed users and compared with the expected per-
formance in typical beam sweeping strategies.

Fig. 1. Steering errors due to inaccurate positioning and vehicle movement.

1.2. Scope of the study

In this section, the scope of the paper is presented. The main 
contributions can be summarized as follows:

• Proposing a novel beamforming strategy to optimize through-
put with a certain confidence level taking into account the 
vehicle position inaccuracy and speed.

• Considering Doppler effect and vehicle speed in the optimiza-
tion. Wider beamwidths are prone to larger Doppler spread. 
Depending on the probability density function (PDF) of the 
angle of arrival (AoA) of multipath components at the receiver 
[25,26], the divergence in Doppler frequency of each multipath 
degrades the system performance.

• Taking into account the impact of positioning accuracy (rela-
tive and absolute position) on the optimum beamwidth, and 
hence the achievable throughput.

• Simulating V2N channels with realistic beam pattern of the 
antenna arrays using the QuaDRiGa channel simulator [27].

• Comparing the performance of the proposed method with the 
widespread beam sweeping strategy, for which some standards 
already provide resource allocation, e.g., 5G new radio (NR) 
and IEEE 802.15.3c.

The manuscript is organized as follows: section 2 presents the 
modeling of the positioning and Doppler, section 3 depicts the 
equations to obtain the maximization expression of the SINR, sec-
tion 4 shows the simulated results to validate the proposed strat-
egy, and section 5 concludes the paper with the main outcomes of 
the work. In addition, an appendix is given at the end with the ICI 
derivation.

2. System model

2.1. Positioning error modeling

In this paper, the positioning errors of vehicles are modeled fol-
lowing a bivariate distribution including distance and angle around 
the expected vehicle location in the XY plane. It is common to ne-
glect small errors in height as the vertical beamwidth is assumed 
wide enough to prevent misalignment’s. Typically, two indepen-
dent and identically distributed Gaussian errors xε and yε are 
defined to model the position of the car on the pavement plane. 
One could also express the positioning error in polar coordinates 
as rε ∼ Rayleigh(σr) and α ∼ Unif(0,2π), being rε the distance be-
tween the estimated and the real positions, and α the angle of the 
error vector with respect to the driving direction.

Fig. 1 illustrates the relative position with respect to the BS 
of both the estimated and real vehicle locations. θLOS and φLOS

stand for the expected LOS angles from the vehicle towards the 
BS, whereas θ0 = θLOS + �θε and φ0 = φLOS + �φε are the real 
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angles for the first position of the vehicle trajectory. The steering 
error in azimuth (�φε) and elevation (�φε) is thus calculated as:

tan�φε = sin(φLOS − α)

D̃
r − cos(φLOS − α)

tan θ0 = tan θLOS
sin(φ0 − α)

φLOS − α
,

(1)

where D̃ = D cos θLOS is the distance from the BS to the car in the 
XY plane. All azimuth angles are referred to the driving direction 
defined by the velocity vector.

Following the same approach, one can calculate the beam mis-
alignment due to the vehicle motion. In this case, the error vector 
is replaced by the distance traveled by the car from its initial po-
sition. The angle between the error vector and the velocity vector 
is now zero. The error when estimating the velocity is assumed 
to be negligible. Its impact is expected much lower than the ac-
tual positioning and the information is updated so often that any 
change in the traveling direction is not substantially degrading the 
estimation.

Then, the azimuth (�φ) and elevation (�θ ) misalignment from 
its initial position follow these expressions:

�φ � vτ sinφ0

D0 cos θ0 − vτ cosφ0

�θ � δ − tan θ0

1 + δ tan θ0
,

(2)

where δ � h�φ/vτ sinφ0 and v is the magnitude of the velocity vector. 
It is worth mentioning that small angle approximations (sin x � x, 
cos x � 1) have been used in the previous expressions given the 
small error due to the movement, since the beam and vehicle 
dynamics update rate are considerably faster than any noticeable 
change in its motion.

2.2. Doppler effect on ICI

The use of multi-carrier modulation schemes such as OFDM in-
troduces a higher degree of robustness against channel dispersion. 
Long symbol duration is additionally compensated by a redun-
dant cyclic prefix (CP) and multipath delay spread is thus miti-
gated. However, OFDM systems tend to lose the orthogonality be-
tween subcarriers in fast time-variant scenarios. This is the case 
of vehicular communications. High speeds introduce large Doppler 
shifts that may severely degrade the signal quality. In V2V, where 
two or more vehicles exchange information using direct sidelink 
communications, Doppler represents a major challenge. Very di-
rective beams can alleviate this effect. A direct relation between 
beamwidth and Doppler spread is demonstrated in [25,26]. Con-
versely, thanks to the powerful focusing capabilities of next gen-
eration cellular stations, one could exploit the use of large arrays 
to mitigate the Doppler effect and also increase the power on the 
user’s side. This is the case of V2N communications, where a cel-
lular base station is linked to a vehicle using downlink and uplink 
streams. This work tries to address this situation in the following 
sections.

In [28], a statistical analysis of the ICI under the wide-sense sta-
tionary uncorrelated scattering (WSS-US) assumption is performed. 
The study also assumes Rayleigh fading but the channel is modeled 
in terms of a two-dimensional correlation function. Additionally, 
the authors in [29] present the temporal evolution of vehicular 
beamformed channels. This is later used to obtain the channel 
coherence time and a novel parameter such the beam coherence 
time, which can be related to a larger beam refresh. The work in 
[28,29] is thus used as baseline in the following sections to de-
rive the actual power of the ICI in beamformed V2N channels. The 

derivation is extended to a full 3D scenario in which a cellular BS 
optimizes its focusing towards a moving vehicle.

3. Optimum beamwidth analysis

3.1. Beamforming channel model

Given a wideband frequency selective channel, one can divide 
its impulse response for each OFDM k-th subcarrier to be hk(t, τ ). 
This response is zero-mean and stationary for all N subcarriers, 
with cross covariance between sub-channels hk(t, τ ) and hl(t, τ )

expressed as:

Rhk,hl (τ ) = E[hl(t)h
∗
k(t + τ )]; k, l = 1, ..., N. (3)

Assuming that the channel follows a WSS-US, the correlation 
function is factorable as follows [28,30]:

Rhk,hl (τ ) = R1(τ )R2(k − l) , (4)

where R1(τ ) is the delay correlation and R2(k − l) the correla-
tion between subcarriers. The first term is directly related to the 
Doppler spectrum, which cannot be assumed to follow a Clarke-
Jakes distribution [31,32]. In this case, the delay correlation func-
tion, R1(τ ), can be split into LOS and non-line of sight (NLOS) 
terms, being the first one related to the pointing direction whereas 
the second one is assumed to follow the one-ring scatterer model 
as in [29]:

R1(τ ) =E[hk(t)hk(t + τ )]
= K

K + 1
RLOS(τ ) + 1

K + 1
RNLOS(τ ) ,

(5)

where K is the Rician factor relating the power of LOS and NLOS 
components.

The channel correlation is also depending on the chosen an-
tenna pattern for such scenarios. Following the same approach 
as in [29], the analytical expressions used for beam optimization 
make use of the von Mises distribution to model the beamforming 
gain. In this paper, the bivariate von Mises distribution is used as 
a model for the azimuth and elevation gain [33]. For two uncorre-
lated variables, the expression of the antenna gain reduces to:

G(θ,φ|μθ ,μφ) = G0ekθ cos (θ−μθ )+kφ cos (φ−μφ) , (6)

where G0 is a normalization variable related to the maximum gain, 
μθ and μφ represent the elevation and azimuth steering angles 
and kθ ≈ 1/θ2

−3 dB and kφ ≈ 1/φ2
−3 dB are the concentration param-

eters of the bivariate von Mises distribution that are inversely pro-
portional to the squared half-power (-3 dB) beamwidth for highly 
directive antennas.

RLOS(t, τ )

= E

[(
G(θ0, φ0|θLOS, φLOS)G(θ̃ , φ̃|θLOS + �θ,φLOS + �φ)

)
Gmax exp{kθ + kφ}

×exp{ j2π f Dt
(

cos θ0 cosφ0 − cos(θ0 + �θ) cos(φ0 + �φ)
)}

×exp {− j2π f Dτ cos(θ0 + �θ) cos(φ0 + �φ)}
]

(7)

In (7), the LOS correlation is presented. Once normalized to the 
maximum achievable gain, two phase terms appear: one depend-
ing on time and one depending on delay. The former can be 
neglected since �θ and �φ are assumed to be very small (pro-
portional to the delay). The correlation thus is not dependent on 
time and the wide-sense stationarity is fulfilled. The second phase 
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term depends both on the initial positioning error and that small 
angular shift due to the movement in τ . The equation can be then 
simplified to the expression in (8).

Due to the inherently directive nature of beamforming mmWave 
links [34], those incoming paths close to the LOS component are 
expected to have a much higher impact on the perceived signal at 
the receiver. Therefore, for the sake of simplicity in the analysis, 
only the LOS correlation term is assumed from now on (K � 1). 
In any case, this simplification only affects the beam optimization 
function and not the numerical analysis carried out in the follow-
ing chapters, since all multipath components are considered when 
calculating the channel performance. In consequence, the delay-
term of the correlation from the initial position onward can be 
expressed as in (8).

R1(τ ) � RLOS(τ )

� E

[
exp

{
kθ

(
cos�θε + �θ

2
sin�θε − 1

)

+ kφ

(
cos�φε + �φ

2
sin�φε − 1

)}

exp
{

− j2π f Dτ cos
(
θ0 + �θ

)
cos

(
φ0 + �φ

)}]
(8)

The power delay profile (PDP) is assumed to be exponential, as 
in a tap delay model, in the form PDP(τ ) = 1

στ
exp (− τ

στ
), with τ ≥

0. In this expression, στ represents the delay spread, which can 
be translated to the channel coherence bandwidth. By calculating 
the Fourier transform of the PDP, one can obtain the correlation 
over the frequency, R H ( f ). The sampled frequency correlation at 
every subcarrier corresponds to the second term in (4), R2(k) =
R H (k� f ). Thus, the relation between the PDP and R2(k) can be 
summarized as:

R2(k) = 1

στ

∞∫
0

e− τ
στ e− j2πk� f τ dτ = κ

κ + j2πk� f
, (9)

where κ = 1/στ .

3.2. Received signal and SINR

The received signal at the user terminal is:

r(t) = h(t, τ ) � s(t) + n(t) , (10)

where s(t) is the baseband signal at the transmitter and n(t)
stands for additive Gaussian noise. The symbol � denotes the con-
volution operation.

Assuming a slow-fading subcarrier channel (i.e., the symbol pe-
riod is much smaller than the coherence time [6,29]), the symbols 
detected at the output of the k-th subcarrier of the OFDM receiver 
can be expressed as [28]:

x̂k = hk(t0)xk + NT

2π j

N∑
l=1
l 	=k

h′
l(t0)xl

l − k
+ nk , (11)

where T is the symbol period (T = 1
� f ), xk is the original symbol 

sent at the k-th subcarrier and ni is the Gaussian noise after the 
correlator with zero mean and N0 power density.

In the Appendix, details about the calculation of the SINR ac-
counting for ICI in beamforming environments are provided. Then, 
the SINR at each subcarrier can be expressed as:

Fig. 2. Sketch of the vehicle position relative to the beam spot.

SINRk = P

P |R ′′
1(0)|( NT

2π

)2 ∑N
l=1
l 	=k

1
(l−k)2 + N0 B

. (12)

As stated in (12), the SINR must be defined for each subcarrier. 
When accounting for those in-band fluctuations, SINReff can be 
used as an abstraction from multi-carrier instantaneous measures 
to a single value that allows to evaluate the link-level performance 
from a system perspective. In [35], further details about the calcu-
lation of the SINReff for OFDM systems are provided. The authors 
provide up to four different effective SINR mapping models for it 
calculation from the sub-carrier individual SINR values. Nonethe-
less, the links in the system experience less multipath components 
thanks to the inherent directivity of mmWave bands given the 
large attenuation of some multipath components, further increased 
by the use of sharp beams. Those components far from the angular 
region covered by the beam are severely attenuated, which trans-
lates to larger beam coherence times and smaller in-band SINR 
fluctuations. In that regard, and targeting to a low-complex imple-
mentation under realistic circumstances, the SINReff calculation is 
approximated to the average among all the individual SINR values 
per subcarrier.

SINReff ≈
N∑

k=1

SINRk (13)

3.3. Beam outage and link stability

High-mobility environments are prone to fast changes in the 
wireless channel characteristics. In the case of beamforming sys-
tems, steering information must be rapidly updated to provide an 
accurate enough tracking of the target. This information is also 
affected by prediction inaccuracies worsening the quality of the 
link. Beam recovery strategies must be provided to prevent beam-
steering algorithms to lose track but this is left out of the scope of 
the present work.

Given a beam with θ3 dB and φ3 dB beamwidth in elevation and 
azimuth, respectively, the probability of falling outside its -3 dB 
footprint, also coined here as beam outage, is expressed as:

Pbo = 1 −
μθ+ θ3 dB

2∫
μθ − θ3 dB

2

μφ+ φ3 dB
2∫

μφ− φ3 dB
2

fθ,φ(θ,φ)dθdφ , (14)

where μθ and μφ are the steering angles of the beam in elevation 
and azimuth and fθ,φ(θ, φ) is the joint density function of the ve-
hicle position based on the definitions in Section 2.1.

The definition of beam outage does not directly relate to actual 
outage or reliability but it might be used as a hint of the suitabil-
ity of a certain beam. Fig. 2 illustrates the position of a vehicle 
with respect to the beam spot for a given positioning accuracy for 
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a certain trajectory within the time period between t1 and t2. It 
is assumed that the BS beam uses the closest beam to the ex-
pected position of the vehicle. Higher speed or larger positioning 
inaccuracy might lead to a wrong beam choice and hence reduc-
ing dramatically the perceived signal. This issue can be alleviated 
by increasing the beamwidth at the expense of reduced gain.

3.4. Beamwidth optimization

The target vehicle reports its position and velocity every T v sec-
onds. In parallel, the BS updates its beam with a Tb periodicity. In 
case of typical beam sweeping strategies, this would represent that 
all beam combinations are swept every Tb seconds, for instance, by 
means of synchronization signal block (SSB) bursts in 5G NR.

Since the proposed strategy is a single-side optimization algo-
rithm, the BS makes use of the most recent vehicle information to 
predict the current position and driving direction. A safety margin 
due to positioning inaccuracies is considered by assuming that the 
standard deviation of the positioning error distribution is known. 
Thus the optimization is based both on the achievable channel 
capacity and the probability of the car to lay outside the beam 
footprint (beam outage).

The optimum beamwidths in elevation and azimuth (θopt
-3 dB, 

φ
opt
-3 dB) are chosen to maximize the overall data transmission for 

each beam period, Tb . In the optimization process, two simultane-
ous goals are pursued: minimize the outage probability and max-
imize the channel capacity (i.e., throughput). The abrupt degrada-
tion of the signal outside a beam coverage area makes the first goal 
almost a must, which also tightly relates to the second one. Data 
delivered outside the beam boundaries should be left as marginal, 
triggering an update of the beam for the next period in case that 
the vehicle is outside that area. Furthermore, accounting for invol-
untary data reception outside the beam coverage may lead to a 
suboptimal use of resources. Then, the optimization function can 
be written as:

θ
opt
-3 dB, φ

opt
-3 dB = arg max

kθ ,kφ

Tb∫
0

(1 − Pbo) log2(1 + SINReff) , (15)

which includes the effective SINR (SINReff) and the beam outage 
probability as parameters.

Given a set of pre-defined beamsets, with different azimuth and 
elevation beamwidth for their individual beams, the closest beam 
to the expected LOS is chosen for each. The optimum one from this 
subset of beams is chosen based on the maximization criterion in 
(15). This approach tackles a complex optimization problem with 
a simple, yet feasible way for massive deployment with multiple 
vehicles under real-time coverage.

4. Numerical evaluation

The proposed optimization strategy is then validated through 
numerical simulations. A set of Nv vehicles is randomly distributed 
within the coverage area of a BS. Each one is independently simu-
lated assuming a linear trajectory with a constant speed, v , during 
Tt seconds. Once the trajectory of the current vehicle is simu-
lated, the results are stored and the next vehicle is dropped to 
the scenario. The car positions are sampled every �t seconds and 
all values (e.g., SINR, outage) are computed for each sample. LOS 
visibility is assumed for all users, following the channel model 
proposed by the 3rd Generation Partnership Project (3GPP) for 
highway scenarios in [36]. In that regard, the QUAsi Deterministic 
RadIo channel GenerAtor (QuaDRiGa) libraries are used to retrieve 
the channel impulse response along each trajectory [27]. The re-
sults discussed below are based on the averaged values for all 

Fig. 3. Simulation scenario with a single vehicle. The update of the vehicle informa-
tion and the BS beam is illustrated along the trajectory.

Table 1
Parameters used for the simulation.

Parameter Symbol Value

Carrier frequency fc 28 GHz

Channel bandwidth B 50 MHz

Transmission power P T 20 dBm

Channel model Highway LOS [36]

Number of vehicles Nv 500

Max BS-vehicle distance 300 m

Velocity v {25,50,100,150,200} km/h

Total simulation time Tt 5 s

Sampling interval �t 0.01 s

Beam update period Tb {20,40,80,160} ms

Vehicle positioning period T v 200 ms

Number of sectors Ns 3

Azimuth sector [−60,60]◦
Elevation sector [−60,30]◦
Number of beamsets Nb 3

Azimuth beamwidth φ-3 dB {24,12,6}◦
Elevation beamwidth θ-3 dB {50,24,12}◦

computed trajectories to obtain suitable statistics. Fig. 3 depicts the 
simulation scenario for a given vehicle trajectory.

The BS is composed by Ns equal sectors covering the entire az-
imuth range. It calculates the optimum beam with Tb periodicity 
and the vehicle reports its (randomly erroneous) position every T v

seconds. Up to Nb beamsets are considered at the BS, choosing 
the closest beam towards the car for each of them. The Nb beams 
are then evaluated in terms of the expressions in Section 3.4. Then, 
every Tb , the process is triggered again with the most recent infor-
mation of the car. Table 1 lists the different simulation parameters.

When evaluating the suitability of a beam, one can follow 
several criteria. Typically, beam sweeping strategies are based on 
power measurements carried out by the receiver when the trans-
mitter sends some signaling messages with a finite set of beams. 
Nevertheless, the beam with the highest power is not always the 
one with the best performance in terms, for example, of SINR – 
tightly related to throughput and error rates. On the other hand, 
repeated messaging with several beams leads to an increased over-
head and larger periods of time to retrieve the optimum beam. 
In addition, the “instantaneous” measurement of such beams re-
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Fig. 4. SINR against LOS distance between the BS and the vehicles.

quires fast refresh rates so they are valid enough until the next 
update. The proposed approach only makes use of the position and 
speed information from the receiver, which is periodically reported 
but at a much lower rate with very low associated overhead. The 
position and speed information can even be sent in a separate 
channel at lower frequencies. The use of optimization algorithms 
to retrieve the optimum beamwidth is also discarded due to its 
complex application in realistic scenarios. However, the presented 
methodology later compared to some optimization algorithms with 
a subset of vehicles to prove that the benefit-cost ratio is quite low 
when compared with the proposed approach. The authors propose 
to substitute current beam sweeping stages by a single-message 
exchange from the vehicle to the base station and fast SINR calcu-
lations using existing codebooks with the previous expressions.

The performance of such approach is thus compared to a typical 
hierarchical beam sweeping strategy based on periodical power re-
ports from the receiver once the transmitter sends signaling bursts 
with all possible beams. It is decomposed in two phases. First, a 
low-directivity set of beams is evaluated, corresponding to the so 
called beam determination stage. The next beam update period is 
used for beam refinement, in which a set of narrower beams is 
used. The limit in the number of beams to sweep within a Tb in-
terval defines the maximum number of neighboring beams to test 
so they still fulfill the requirements of current standards as in 5G 
NR, which limits the signaling blocks to 64 per burst in the case 
of frequency range two (FR2) [37]. The beamwidth is reduced un-
til the highest hierarchy is reached. Then, only neighbor beams are 
swept until the vehicle exceeds the coverage of a sector, where the 
low-level beams are swept again and the process starts again. All 
beams are swept at the lowest level to allow the BS to find the car 
regardless its position. A fixed number of 5 neighbors per dimen-
sion (25 in total) are swept at higher levels.

4.1. SINR evolution

There are two main parameters that influence the optimization 
as previously stated: the vehicle speed and the accuracy of the 
positioning method, defined by the standard deviation of the posi-
tioning error (σr). In this section, the evolution of the SINR is stud-
ied for different cases in terms of those parameters. For instance, 
Fig. 4 depicts the SINR as a function of the distance between the 
vehicle and the BS for several positioning error values, i.e., stan-
dard deviation of the Rayleigh distribution. All vehicles drive at a 
constant speed of 100 km/h and the beam is updated every 40 ms.

As expected, the divergence between lines in Fig. 4 is reduced 
as the distance increases and the angular error becomes similar. 
For relatively short distances, the additional path losses are over-

Fig. 5. Beam outage for different speed and standard deviation of the positioning 
error values.

come with more directive beams. The performance of the beam 
sweeping strategy in terms of SINR is similar to the proposed so-
lution, even better for very high positioning errors, until 200 m. 
The use of the most directive beams during almost the entire tra-
jectory leads to much probable outage locations and this has an 
big impact in the statistics when power is comparable to noise. In 
addition, the change in the trend of all curves coincides with those 
distances for which the received power is so low that the ICI be-
comes much lower than the noise and propagation losses have a 
direct impact on the SINR.

4.2. Misalignment and gain loss

Optimized beams consider both channel capacity and beam 
outage probability. Therefore, it is a matter of interest to capture 
the evolution of the latter under various conditions. In this case, 
the simulated trajectories are limited to a coverage area of 200 m 
in which small positioning errors are still meaningful. It is also typ-
ical that highly demanding applications in terms of throughput as 
the ones offered by mmWave V2X are limited to a relatively small 
cell coverage.

The probability of the car to be outside the footprint of the 
chosen beam is as illustrated in Fig. 5. The values are given for 
speeds between 25 and 200 km/h and deviations of the vehicle 
position from 1 to 8 m. In light blue, the beam outage probabil-
ity for the beam sweeping case is also shown. The consideration 
of the vehicle positioning (with a certain accuracy) really helps 
the BS to avoid large outage periods as seen in Fig. 5. The fact 
that finer beams are used for low σr values implies slightly larger 
loss in SINR. When the car speed is increased, this difference of 
using narrow (low σr ) and wide beams (high σr ) is more notice-
able. However, the achievable SINR evolves as expected (Fig. 4). 
The average SINR degradation due to outage is much lower than 
the one due to the use of wider beams when the positioning error 
becomes higher. Targeting to provide accurate QoS for advanced 
vehicular use cases at mmWave bands, alternative optimization 
methods should be investigated to minimize the impact of outage.

Moreover, one could expect that outage increases both with the 
positioning error and the vehicle speed. For the former, this is true 
for relatively low speeds. However, this trend is not kept from 100
km/h forward. To understand this effect and provide a plausible 
explanation, Fig. 6 shows the ratio of usage of each beamset hi-
erarchy level depending on the error. In this case, the velocity is 
fixed to 100 km/h. It is evident that better positioning allows to 
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Fig. 6. Beamset hierarchy usage ratio for different values of the standard deviation 
of the positioning error when driving at 100 km/h.

Fig. 7. CCDF of the gain loss due to beam misalignment at 100 km/h. Black lines 
indicate a 3 dB loss (vertical) and 1% probability (horizontal).

use more directive beams, whereas high errors imply widening the 
footprint at the expense of less gain.

Finally, the values in Fig. 5 are not directly linked to any re-
liability metric but they can provide a hint on how effective the 
energy focusing is. However, the degradation in terms of SINR or 
packet reception rate (PRR) must be provided for such kind of as-
sessment.

The loss of gain due to beam misalignment is then depicted in 
Fig. 7. The values are calculated as the difference between the gain 
of the pattern resulting from the optimization towards the vehicle 
and the gain of the beam including the LOS direction at the same 
angles. Again, the speed of the vehicles is 100 km/h. The comple-
mentary cumulative distribution function (CCDF) of the gain loss is 
represented in such a way that one can somehow relate this pa-
rameter to a certain reliability level. For instance, regardless of the 
positioning accuracy, all beams suffer less than 3 dB losses on 94% 
of the cases. Inversely, with 1% probability, losses will be higher 
than 6.5 and 12.2 dB for {2, 4} and {1, 8} m accuracy, respectively.

4.3. Effect of beam update period

Lastly, the impact of the beam update period on the link per-
formance is studied. For the same highway scenario, the optimum 
beam is chosen with four update period: 20, 40, 80, and 160 ms. 
The same periods are used in the case of beam sweeping for com-

Fig. 8. Average SINR for different beam update periods.

Fig. 9. Outage probability for different beam update periods.

parison. All vehicles drive at a constant speed of 100 km/h and 
they report their position every 200 ms with an accuracy of 2
m. Fig. 8 shows how the average SINR evolves for each case. On 
the one hand, the proposed beam optimization method outper-
forms the beam sweeping strategy for all beam update periods, 
especially when this value is increased, with up to 0.4 dB more 
SINR in average. The optimum beam considering both ICI and ve-
hicle positioning also showcases a much more stable performance 
as the time between beam updates increases. On the other hand, 
it is of interest to evaluate the system-level performance in terms 
of beam outage probability. Again, the proposed beam optimiza-
tion presents a very stable behavior as seen in Fig. 9, with values 
always below a 0.2. The beam sweeping approach, with high use 
ratio of very narrow beams, shows an slightly increased probability 
of beam outage for higher beam update periods.

4.4. Comparison with other optimization methods

In order to evaluate the optimality of the proposed approach, it 
is compared to two different optimization algorithms. For a given 
beam update period (40 ms) and positioning accuracy (2 m), a 
subset of 10 vehicles is used to extract some quality parameters 
for two other optimization methods and compare them with the 
abovementioned results. In particular, the two chosen algorithms 
are: a global search with sequential quadratic programming (SQP) 
[38,39] and the genetic algorithm (GA) [40]. The former makes use 
of a large number of starting points to iteratively solve individual 
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Table 2
Performance comparison between the three optimiza-
tion methods.

Parameter Beamset SQP GA

Avg. SINR (dB) 7.37 8.46 8.44

Avg. Pbo 0.02 0.24 0.19

Avg. Time (norm.) 1 402 830

Avg. �θ−3 dB (deg.) – 6.78 6.37

Avg. �φ−3 dB (deg.) – 13.0 12.83

problems. It allows to solve non-linear constrained problems, as it 
is the case. The optimization variables (beamwidth in azimuth and 
elevation) are restricted to a range of values and the maximiza-
tion function is far from presenting a linear behavior. The second 
method, GA, is based on a natural-selection process, creating ran-
dom children at each iteration from a subset of the parents in 
the previous stage. When the population and iterations are large 
enough, the solution converges to the optimum. The following set-
tings are applied to both optimization methods:

• A total number of 500 trial points are initially used in the 
global search, which are reduced to 200 in successive itera-
tions.

• The tolerance of the SQP and GA optimizer variables (beam-
width) is set to 0.01◦ .

• No thread parallelization is used in the optimization, which 
could partially alleviate the time consumption.

Table 2 presents the results for a subset of 10 vehicles with po-
sitions ranging between 150 and 250 m along their trajectories. 
The distance criterion is used in order to obtain meaningful mean 
values of SINR and outage, since it does not make sense to av-
erage power for very distinct distances between transmitter and 
receiver. The average calculation time for each optimization (nor-
malized to the original beam search) and the average difference 
between the optimum beamwidth and the one chosen from the 
beamset are also given. As it can be stated, the use of optimiza-
tion algorithms improves the achievable SINR at the expense of 
much larger computation times. Regarding the beam outage prob-
ability, it is much larger for the optimum beams as well, since they 
tend to lower beamwidth values. The goal function for the entire 
trajectory is maximized but it does not imply that all points are 
maximum. Additionally, being out of the beam does not necessar-
ily mean that the received power is insufficient for an adequate 
decoding of data. For such analysis, higher layers should be imple-
mented to calculate other parameters such as the packet error rate 
(PER).

5. Conclusion

This paper addresses the optimization of the antenna beam-
width in high-mobility V2N communication scenarios using mas-
sive antenna arrays at mmWave band. In particular, the informa-
tion of the vehicle speed and position, assuming a certain error, 
are used to estimate the channel performance along the vehicle 
trajectory in terms of SINR and outage probability to optimize the 
antenna beam width. Analytical expressions are provided to esti-
mate the ICI depending on the Doppler shift due to the vehicle 
speed and the accuracy when positioning the car in the scenario. 
The results are also compared to those obtained with a hierarchi-
cal beamset codebook in which the beam is refined after an initial 
tracking phase.

An increased performance in terms of SINR and throughput 
is shown when the antenna beamwidth is adapted according to 
the vehicle dynamics compared to the wide-spread beam sweep-

ing case. This is true even when a finite beamset is chosen, equal 
to the one used in beam sweeping. The main constraint of the 
proposed methodology concerns the accuracy when estimating the 
user trajectory but this is compensated in the optimization at the 
expense of reduced antenna gains. SINR and throughput are max-
imized when the vehicle position is known with better accuracy, 
whereas gain drops due to beam misalignment do not always fol-
low this trend. Nevertheless, a loss smaller than 3 dB is given 
at least for 94% of the cases. The discussed optimization method 
also presents a very stable performance with beam update periods 
ranging from 20 to 160 ms.
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Appendix A

In [41], Bello justified that, under slow-fading condition, one 
can define the channel fading terms by the two first terms of its 
series expansion. In 5G FR2 communications, the symbol period, T , 
is 16.67 μs at most (� f = 60 kH z). Moreover, according to the cal-
culations in [6,29], typical values of the channel coherence time in 
mmWave V2I communications are strictly more than 1 ms. Hence, 
slow-fading condition is assumed to be fulfilled and the channel 
coefficients for the k-th subcarrier are expressed as:

hk(t) = hk(t0) + h′
k(t0)(t − t0) . (A.1)

The received signal in time, defined in (10), corresponds to the 
addition of all subcarrier symbols, that combined with (A.1) lead 
to the following expression:

r(t) = 1√
NT

N∑
k=1

hk(t0)xke j2π fkt

+ 1√
NT

N∑
k=1

h′
k(t0)(t − t0)xke j2π fkt + n(t) .

(A.2)

Then, the output of the k-th correlator is the one defined in (11). 
The three addends in (11) correspond to the signal, ICI and noise 
components. First, the symbol to be detected has a power, namely 
P , that is proportional to the transmit power divided by the chan-
nel path loss. The power perceived by the receiver will scale ac-
cordingly to the position with respect to the beam footprint. As-
suming that the BS focuses to the estimated position of the vehicle, 
there will be a decrease of the signal strength mainly due to two 
factors: the error in positioning and the vehicle movement.

The second term in (A.2) must be carefully depicted, since both 
the beamforming antenna (gain and misalignment) and user move-
ment (Doppler) influence the ICI power in different ways. The 
power of the ICI is then computed as
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Table A.3
Definition of terms in (A.5) for τ = 0.

Variable Definition

C ekθ (cos�θε−1)+kφ (cos�φε−1)

A′
1

1
2 kθ sin(�θε)�θ ′

A′
2

1
2 kφ sin(�φε)�φ′

B ′ − j2π f D cos θ0 cosφ0

�θ ′ hv(tan2(θ0)+1) cos θ0
(D0 cos θ0+h tan θ0)2

�φ′ v sin(θ0)
D0 cos θ0

A′′
1 (A′

1)2 + 1
2 kθ sin(�θε)�θ ′′

A′′
2 (A′

2)2 + 1
2 kφ sin(�φε)�φ′′

B ′′ B ′ − j8π f D

[
sin θ0 cosφ0�θ ′ + cos(θ0) sin φ0�φ′

]2

�θ ′′ 2hv2(tan2 θ0+1) cos2 φ0
(D0 cos θ0+h tan θ0)3

�φ′′ 2v2 sinφ0 cosφ0
(D0 cos θ0)2

D0 D cos θLOS sin(φLOS−α)
cos θ0 sin(φ0−α)

Ik = E

[∣∣∣∣∣ NT

j2π

N∑
l=1
l 	=l

h′
l(t0)xl

l − k

∣∣∣∣∣
2]

= I1 + I2 (A.3)

and it is decomposed in two parts, being I1 the crossed terms cor-
relation and I2, the self-correlation of all the undesired symbols 
at the i-th branch. Given zero-mean i.i.d. symbols, I1 = 0 and only 
the second term remains in the equation:

Ik = I2 =
( NT

2π

)2 N∑
l=1
l 	=k

1

(l − k)2
E[|h′

l(t0)xl|2]

=|R ′′
1(0)|P

( NT

2π

)2 N∑
l=1
l 	=k

1

(l − k)2 ,

(A.4)

where R ′′
1(0) is the second derivative of the self-correlation func-

tion particularized for τ = 0.
In (8), the temporal correlation of the LOS component is de-

tailed. Both positioning and movement errors influence the chan-
nel correlation in magnitude and phase. The angles are referred 
with respect to the axes defined by the driving direction and the 
zenith. The bivariant von Mises distribution [33] is used to model 
the beam pattern, which extends the initial approach in [29] to 
both angular dimensions, and the two variables are assumed to be 
uncorrelated.

For τ = 0, the second derivative of R1 can be expressed in the 
following form:

R ′′
1(0) = E

[
C
(

A′′
1 + 2A′

1 A′
2 + A′′

2 + 2A′
1 B ′ + 2A′

2 B ′ + B ′′)] (A.5)

and each term is detailed in Table A.3. The undefined parameters 
are: v stands for the magnitude of the velocity vector, D is the LOS 
distance between the BS and the vehicle at the reported position 
and h is the height difference between both.

Considering a noise power that scales with the sub-channel 
bandwidth, N0� f , the SINR of the i-th subcarrier follows the ex-
pression detailed in (12).
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Chapter 5

Vehicle Antenna Design Based on
Wireless Channel Performance

The paper included in this chapter, "Multi-Antenna 3D Pattern Design for Millimeter-

Wave Vehicular Communications", details the procedure to assess the best vehicular dis-

tributed antenna system. In the horizontal plane, a set of panels are mounted on the car’s

roof with variable number of elements. Based on the achievable coverage and system-level

performance under realistic conditions, the amount of panels and horizontal array elements

are assessed. In the vertical plane, the radiation is shaped by means of Fourier synthesis

in such a way that the scattering on the vehicle bodywork is minimized.

5.1 Publication

[J2] C. Ballesteros, L. Montero, G. A. Ramírez, and L. Jofre-Roca, "Multi-Antenna 3D

Pattern Design for Millimeter-Wave Vehicular Communications," in Elsevier Vehicular

Communications, vol. 35, article 100473, June. 2022, doi: 10.1016/j.vehcom.2022.100473.
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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 
vehicular multi-antenna systems with beamforming capabilities considering the practical limitations of 
their usage in real vehicular environments. The study considers both the influence of the vehicle itself 
at radiation pattern level and the impact of the urban traffic on physical layer parameters. Connectivity 
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 roof’s 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 

* Corresponding author.
E-mail address: christian.ballesteros@upc.edu (C. Ballesteros).

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.

https://doi.org/10.1016/j.vehcom.2022.100473
2214-2096/© 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/).
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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 

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.

Antenna ports Panels Antenna element distribution in array

8 2

16 2

4

2

32 2

4

2

4

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) × 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 × N × M × 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 

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 3.5 m
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 × 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 × 2 × 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 elo 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 

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 θ = 90◦ −el , −90◦ ≤ el ≤ 90◦ . An optimized AF directly 
relates to the final beam radiation, following �E = A F · �E0, where �E
and �E0 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:

A F goal(θ) =

⎧⎪⎨
⎪⎩

cos(θ1)/ cos(θ) 0 ≤ θ < θ1

1 θ1 ≤ θ ≤ θ2

0 otherwise

, (1)

where radiation is minimized for angles exceeding θ2 to address 
the interfering reflections from the vehicle’s body, while it is max-
imized for typical radiation directions, from θ1 to θ2. To avoid nulls 
when θ → 0, the AF is defined to be proportional to sec(θ) in 
the range up to θ1. 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 ψ = kd cos θ + α to capture the effects of inter-element 
spacing (d), frequency (k = 2π f /c0), and progressive phase (α) 
[41]. For this method to work properly, A F (ψ) must be speci-
fied over one entire period |Sψ | = 2π , regardless of the size of 
the visible region. The followed procedure to obtain the weights to 
synthesize the goal function with is described by:

A F (θ) → A F (ψ∈(−π,π)) → A F (ψn) → am , (2)

where the aM coefficients are a reduced set of the sampled array 
factor A F (ψn) through an Npts 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 am . 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]:

A F (ψ) =
M−1∑
m=0

ame jmψ (3)

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

an = 1

2π

π∫
−π

A F goal(ψ)e− jnψdψ (4)

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 θ1 = 60◦ , according to typical V2I LOS angles. θ2 is 
thoughtfully chosen depending on the angle at which reflections 
from the vehicle start being significant. This threshold is set as 
θ2 = 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◦ ≤ elo ≤ 90◦ with a 1◦ step. Those values for el0 < 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 elo , 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 elo j , 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.

Fig. 3. RMSE in elevation varying array elements and tilt.

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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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 Ki , the cor-
responding array is oriented towards azoi, j = j × 360◦/Ki , where 
j = 0, 1, ... , Ki − 1, to cover their corresponding sector with a re-
quired steering range of 360◦/Ki . 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 (azo = 0◦) and rear arrays (azo = 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:

al
n = 1√

NB
exp

{
− j

2πn(l − NB+1
2 )

N

}
(5)

where al
n denotes the weight of the n-th horizontal element when 

the l-th beam is to be created and NB is an odd number of beams, 
so l = 1, ..., NB . In this case, NB = N + 1. For illustration, Fig. 5
presents the aggregated directivity for K = {2,4} and N = {2,4,6}

Table 3
Maximum scan loss (in dB) obtained with dif-
ferent array configurations.

N 2 3 4 5 6

K 3 1.9 1.5 1.0 0.9 0.8
4 0.7 0.6 0.5 0.6 0.6
5 0.3 0.4 0.4 0.5 0.4
6 0.2 0.3 0.3 0.3 0.3

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 el0 = 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 (± 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 θ = 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 
O  × N × 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 Tb 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 Nb = 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 Nb . 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 P N = −174 + 10 log10 B + N F 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]:

ηse = log2

(
1 + 1.5 · SINR

−ln (5 · BLER)

)
(6)
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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 Tb {40,80,160} ms
Operating frequency f0 28 GHz
System bandwidth B 50 MHz
MCS Table Table 5.1.3.1-3 [30]
Target BLER 10−5

Transmitted Power P T 20 dBm
Receiver Noise Factor N F 13 dB
Array elements per panel N {2,3,4,6,8}
Beamset oversampling O 2
Number of layers l 1

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 ηse 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-

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

Beam update 40 ms 49.4 51.1 26.5 38.7 29.7
80 ms 52.5 34.3 38.7 41.7 39.8
160 ms 57.0 47.4 58.5 59.9 58.4

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 5.39 5.21 4.95 4.76 4.3
Right 0.62 0.90 0.75 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.

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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Chapter 6

Assessment of mmWave
Beamforming Handsets in
Presence of the User

This chapter is devoted to mobile pedestrian users. In particular, the impact of the human

body on the radiation of mmWave handsets is studied with numerical and experimental

campaigns. The resulting manuscript from this work is contained at the end of the chapter.

First, some related references and insights on the methodology of the study, the simulation

procedure, and the manufacturing of the human phantom are detailed.

6.1 Motivation and Related Work

There is a growing interest in studying the impact of the human body on the radiation of

mobile terminals operating at frequency bands higher than conventional sub-6GHz. It is

particularly important when dealing with multi-element architectures and array geometries,

which appear as the enabling technology for mmWave 5G communications. The effect of

the phone antennas on the user body is also a matter of interest in this framework given the

necessity of clarifying how the population will be exposed to this new types of radiation.

New metrics and methodologies are required to study mmWave radiation when dealing

with biological tissues.

During the last years, several numerical and experimental studies have been proposed.

Wu, Rappaport and Collins lit the path in [104] with a discussion on current and new meth-

ods of evaluating the radiation with human bodies. They also compare different models

of the skin dielectric properties and study its exposure under different conditions. The
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safety margins defined by the International Commission on Non-Ionizing Radiation Pro-

tection (ICNIRP) above 10GHz imply power density (W/m2) measurements rather than

typical specific absorption rate (SAR) (W/kg). In particular, the limits are established

according to this organization to 10W/m2 for general public and 50W/m2 for the occu-

pational group. Further details about electromagnetic field (EMF) exposure at mmWave

frequencies can be found in [104–106].

More recent works focused on the shadowing effect of the user and the impact in the

coverage for mobile array structures [107–110]. Typical solutions include phased array an-

tenna (PAA) architectures. The aforesaid publications detail the performance degradation

in terms of spherical coverage and shadowed power. Most results are simulated and some

experiments are carried out in presence of real users. Other studies tried to model the

shadowing effect of the human body using a knife-edge approach based on real human

measurements [111, 112]. The main drawback of such studies is the repeatability and the

difficulty of modeling the dynamic movement as it is the main goal of this chapter. Ad-

ditionally, those measurements are performed in indoor environments. In the literature, it

is also possible to find models for near-field effects of fingers close to mobile antennas as

in [113, 114]. The rest of the body is omitted and the impact of the finger in the antenna

detuning is only noticeable for very short distances (less than two wavelengths from the

antenna).

Human body phantoms are becoming a widely used tool in order to test real antennas in

presence of biological tissues. In practice, the use of real bodies presents two main issues:

as previously said, there is a lack of repeatability, as the person is not able to perfectly

adopt the same pose for all measurements, and, secondly, some tests require the integration

of certain parts inside the body, e.g., implants and embedded devices. In summary, the

increasing research in the realistic replication of the dielectric properties of human tissue

has allowed the use of body-like synthetic models. In that regard, Gustafson and Tufvesson

introduced some simple phantoms in [115] to characterize reflection and shadowing effects

of human bodies.

The study of the body dynamics when the user interacts with the mobile terminal is the

last mile to fully model a realistic communication in a cellular environment. The intro-

duction of beamforming capabilities to the mobile antennas relies on the proper shaping

of the radiation pattern under any circumstance. In consequence, not only the shadowing

due to the presence of a dielectric body must be studied but also the effect of the user

movement, which surely will have critical implications in the distribution of the fields when

beamforming techniques are applied.
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Cotton already tried in [116] to understand the human body shadowing in movement for

D2D communications. A statistical model is provided and then validated in a real outdoor

urban environment, but the entire study is carried out for frequencies below 1GHz. In

a second manuscript [117], a similar analysis at 28GHz can be found. It describes the

angular dynamics of a beamforming device in presence of moving pedestrians. In this case,

all human effects are present in the far-field region because there is no user holding the

antennas, which remain static during the measurements.

6.2 Methodology

The work presented in this chapter pretends to provide some useful insights on how the

interaction of the user, considering different postures, can modify the coverage of mobile

handset arrays in the mmWave region for 5G communications. For that purpose, a set of

numerical simulations are carried out and validated with two human-like phantoms for two

distinct grip modes.

The use of mmWave frequencies in the next generation of cellular networks is expected to

be devoted to short-range high-throughput communications, also called eMBB. This kind

of requirements are expected to be needed in very demanding applications such as ultra

high definition (UHD) multimedia streaming, augmented reality (AR) or cloud gaming.

In these cases, the user is regularly holding the phone in front of his or her face with

one or two hands. This can be called browsing mode, different from call mode in which

the user holds the phone next to his or her ear. In the latter case, lower frequency and

bandwidth requirements are needed to be fulfilled, so it is not a matter of interest to

study its performance when dealing with mmWave bands. Figure 6.1 depicts the two user

postures considered in the study.

6.2.1 Numerical Modeling

The numerical evaluation of the human bodies use as starting point the work related in [118]

in which a human model for a simulated environment is proposed. The model is created

using the MakeHuman software [119] and then the specific pose is applied in Blender [120].

The 3D object is then exported to the EM simulation software, CST Studio Suite [121] in

this case. The prototype uses a male human with the MakeHuman default parameters and

170 cm height. A flow diagram of the modeling steps is depicted in Fig. 6.2.

The mobile terminal includes a perfect electric conductor (PEC) chassis of 150mm ×
75mm × 8mm. Different antenna configurations are to be tested but all of them include
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(a) One hand. (b) Two hands.

Figure 6.1: Models of the two grip modes.

as elementary radiator a dual-polarized patch antenna. The chosen substrate is 0.127mm

thick Rogers 5880 (εr=2.2) and metal layers are 17µm of copper. The antenna is matched

at 26GHz, corresponding to the central frequency of lowest European band of 5G FR2.

Given the large dimensions of the body, up to 147λ× 43λ× 42λ, at 26GHz, volume

meshing starts to become unfeasible. Human skin dielectric properties extracted from

[104] are εr=16.55 and σ=25.82 S/m, which make the body even electrically bigger for the

simulator. In this case, the surface impedance equivalence is considered in order to obtain

a surface mesh model. The human body is assumed as a metallic object with a dielectric

coating whose properties correspond to the skin material. The penetration depth (δp) at

this frequency is considered to be 1mm [122,123] and the surface impedance is calculated

as follows:

Z =

√
iωµ0

σ + iωεrε0
, (6.1)

where µ0 = 4π×10−7H/m, ε0 = 8.854×10−12 F/m and ω = 2πf is the angular frequency.

Using the dielectric properties previously described, the skin surface impedance turns to

be Zskin=69.98 + j30.55 at 26GHz.

The modeling of the radiating source, i.e., the phone, is performed in a previous step

in which the user hands are also included. They are located in the near field region of

the phone, so it is a good practice to simulate them together with the actually radiating

structure. In this case, volume meshing is used in a time domain (TD) simulation. An
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Figure 6.2: Human body modeling and simulation steps.

equivalent field source is obtained for the near field boundaries and imported as radiating

source in the full human body model.

The numerical study of human body dynamics implies a large amount of complex and

time consuming simulations. In consequence, it is needed an initial validation of the models

under different assumptions and simplifications. It is essential to make an efficient use of

the calculation time to perform a thorough analysis of the body poses and their impact in

multi-antenna mobile systems.

The evaluation of the different models is based in the far-field radiation properties of the

phone antennas in presence of the human body. Each model is compared with a reference

case in which the full body is simulated for every position under study. The figure of merit

is the mean average error (MAE) of the far-field gain 3D pattern, calculated as:

MAE =
1

N

N∑
n=1

∣∣xn − x̃n∣∣ (6.2)

where xn is the n-th gain sample using the original full body model, x̃n is the sample of

the simplified model under study, both in linear scale, and N is the total amount of points

in the 3D space.

Given the radiation of patch antennas like the ones mounted on the phone structure, most

part of the fields are concentrated on the body when facing towards the user. Nevertheless,

it seems reasonable to avoid some parts which are far from the broadside direction. In order

to analyse the effect of those parts, it is decided to cut the body at different levels and

compare the far-field radiation with respect to the full body model. In this case, a single

hand grip is assumed and one dual-polarized patch is placed on the top right corner of the

phone. Three models are analysed and compared to the reference case with the full body.

Figure 6.3 shows the different cuts made in the human model to reduce the complexity of

the simulation. First, the body is cut on the knees and only the upper parts is considered.
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Figure 6.3: Different cuts in human body model.

In a second stage, only those parts over the waist are included in the simulation. These

two cases, as well as the full body model, use the default CST mesh settings in which 5

cells per wavelength are used. Finally, a third case considers the body cut on the knees

using a thicker mesh (4 cells per wavelength).

Given the results in Table 6.1, it is decided to cut the body model on its knees and

reduce the mesh size to 4 cells per wavelength. From this point forward, all results are

computed with this assumption.

Table 6.1: Metrics of the body simulations for different cut levels.

Full body Knee cut Waist cut
Knee cut
(thick mesh)

Mesh size 1.12M surfaces 915k surfaces 688k surfaces 600k surfaces
Mesher time 9m 40s 6m 26s 4m 01s 6m 15s
Solver time 4h 14m 2h 28m 2h 12m 1h 49m
RAM 30.12 GB 30.03 GB 28.77 GB 22.74 GB
MAE 3D
Farfield Port 1

N/A 0.20 dB 7.75 dB 0.30 dB

MAE 3D
Farfield Port 2

N/A 0.17 dB 9.46 dB 0.29 dB

6.2.2 Experimental Validation

Once the numerical evaluation procedure is defined, the experimental campaign must be

detailed. At this stage, the simulated results must be verified with enough realism. Based

on the criteria described in Section 6.1, a phantom model with the shape similar to the

simulated human user is used.
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For that purpose, a material mimicking the EM properties of the skin is prepared. The

authors in [124] propose a mixture based on distilled water and polyethylene at 60GHz.

In [125], the recipe is tuned and proven to work at lower bands like the one to be tested

in this work. Table 6.2 details the exact amount of each component for 100 g of distilled

water.

Table 6.2: Skin phantom composition per 100 g of water.

Material Quantity (g)

Distilled water 100
Polyethylene 35

Agar 3.8
TX-151 3.5

In order to validate the dielectric properties, a small sample of the resulting material

is tested. By means of an open-ended coaxial probe, the complex dielectric constant is

measured using the reflection parameter [126]. Due to practical limitations, the sample is

only measured up to 20GHz. Several measurements are performed with the same sample,

since the positioning of the probe strongly determines the measured results. The actual

properties of the sample are approximated as the average of the entire set of measurements.

(a) Real part. (b) Imaginary part.

Figure 6.4: Measured complex permittivity of a phantom sample up to 20GHz.

In Figure 6.4, the real and imaginary part of the permittivity measured with the probe

are compared to those obtained from the Cole-Cole relaxation model [127] when Gabriel’s

wet and dry skin measurements [128] are used as input parameters. The sample presents
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good agreement when approaching the region of interest despite some small oscillations.

In any case, the precise value of the dielectric constant is not as relevant for the study as

the effect the this change of the material properties with respect to the background produces

on the propagation of waves (i.e., shadowing effect). Then, the reflection coefficient at the

interface between a slab of phantom material and the air is calculated from the measured

properties. This value is compared to those obtained from Gabriel’s experiments [128] and

good agreement is found as seen in Figure 6.5.

Figure 6.5: Reflection coefficient between air and the phantom material up to 20GHz.

The authors in [124] used sodium azide for preservation purposes but it has been removed

from the formula used in this work for safety reasons. Due to this fact, the phantom must

be carefully preserved and handled, avoiding long-time exposures to contaminated air. In

good conditions, the material can be kept up to 3 months with valid dielectric properties.

The skin material can be then applied to a human-like shape. In this case, as for the

numerical simulations, only the torso is considered due to the lower impact of the legs

in the radiation when the phone antennas face the user chest. As mentioned above, two

models are used according to the two grip types for browsing: one and two hands. The

first model uses the existing shape from the authors in [125], whereas a new model is built

for the two-hand user. Figure 6.6 shows the manufactured phantom. A wooden pole in its

core is used to get all the pieces together and hold the entire structure to the measurement

rotor in the chamber. Each part of the torso and head is made of polystyrene foam and

covered with 5mm of skin material.

Finally, the prototype of the mmWave handset has to be prepared. As seen in the

publication later introduced, different types of phone arrays are to be studied. They

include a set of distributed patch antennas on the corners or edges of the chassis. To make
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Figure 6.6: Two-hand phantom ready to mount in the anechoic chamber.

sure that most positions can be covered with the same design, it is proposed a hybrid

model. It includes four dual-polarized patches, two on the top corners and two at the

center of the long edges of the phone. During the design stage, only vias through the

entire structure were allowed. The grounded coplanar waveguide (GCPW) feeding lines

required some vias very close to the radiating element and a perforated version of the patch

antenna is used (the Gruyère patch). Figure 6.7 shows the radiating element and printed

circuit board (PCB) stackup of the prototype.

The finally manufactured model is presented in Figure 6.8. To provide enough thickness

and robustness to the structure, the board containing the antennas is attached to a 1mm

FR-4 board and a 5mm piece of polystyrene foam in between. To avoid the effect of surface

waves, some conducting foil is used to cover the edges of the structure.

6.3 Publication

[J3] C. Ballesteros, L. Vähä-Savo, K. Haneda, C. Icheln, J. Romeu and L. Jofre, "Assess-

ment of mmWave Handset Arrays in the Presence of the User Body," in IEEE Anten-

nas and Wireless Propagation Letters, vol. 20, no. 9, pp. 1736-1740, Sept. 2021, doi:

10.1109/LAWP.2021.3095352.
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6. ASSESSMENT OF MMWAVE BEAMFORMING HANDSETS IN PRESENCE OF
THE USER

(a) Radiating element.

(b) PCB stackup.

Figure 6.7: Design of the mmWave mobile handset.

(a) Front view. (b) Handset attached to the phantom.

Figure 6.8: Manufactured prototype of the mmWave handset.
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Abstract—The emergence of mobile terminals operating at
millimeter-wave frequencies necessitates the ability to evaluate
the effect the environment, and in particular, users have on their
radiation properties. Some studies evaluated the shadowing effects
of a hand or an entire body for simple antenna configurations. This
letter proposes a method for reliably predicting the performance of
different array geometries in the presence of the users when they
operate the mobile with one or with two hands. In practice, the way
a mobile is operated is varying strongly between users, and hence,
it is of great interest to draw a methodology to both numerically
and experimentally evaluate any handset design in a large number
of use cases in a repeatable manner. The use of numerical models
and realistic phantoms allow high repeatability when evaluating the
terminal radiation under real use conditions. Both the simulated
body and the human phantom are used to study the field scattering
from the handset arrays subject to the user interaction, yielding
consistent results between them. Results suggest that shadowing by
the user’s torso usually decreases gain between 20–30 dB close to
the region of the user. The user posture largely affects the spherical
coverage, particularly for those antennas close to the corners in a
two-hand mode.

Index Terms—5G handset, millimeter-wave (mmWave) arrays,
user modeling.

I. INTRODUCTION

THERE is a growing interest in studying the impact of the
human body on the radiation of mobile terminals operating

at frequency bands higher than the conventional sub-6 GHz.
The body impact is particularly important when dealing with
multiple-element antenna architectures and array geometries,
which appear as the enabling technology for millimeter-wave
(mmWave) 5G communications [1] to overcome issues such
as greater losses of diffraction around blocking objects as the
frequency increases.

Over the last years, several numerical and experimental stud-
ies have been proposed. Wu et al. [2] lit the path with methods
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to evaluate the radiation in the presence of the human body
and to evaluate the absorption of radiation. More recent works
focused on the shadowing effect of the user and the coverage for
phased antenna arrays on mobile phones [3]–[6]. These publi-
cations detail the performance degradation in terms of spherical
coverage. They analyzed the radiation of one particular antenna
array type and/or are limited to a single user position. Most
results are from numerical simulations, while few experiments
were carried out in the presence of real users holding the phone
with one hand. At a channel (far-field) level, the shadowing
effect of the human body compared to a simplified geometric
model is evaluated in [7] with a comprehensive study on the
blockage loss. The evolution of the received power from a
handset when it is held with one hand by a real user is also
measured in [8]. The main drawback of previous studies is the
lack of repeatability or generalization of the conclusions to other
grip positions or antenna arrays, i.e., usage conditions. The 3rd
Generation Partnership Project (3GPP) introduced in Rel-14 a
model to cope with those issues related to repeatability and
general applicability by proposing a 30 dB gain drop due to
self-blockage, i.e., signal shadowing due to the user on its own
handset. Nevertheless, other effects such as the reflection from
the torso toward the back side of the phone (back radiation) are
excluded [9].

In [10], a realistic phantom of a one-hand human body is
proposed for the study of mmWave 5G terminals, where only the
one-hand browsing mode is considered. The present work bene-
fits from that methodology to provide a comprehensive study in
the 28 GHz (n257 NR) band for two operation modes and three
different array geometries both numerical and experimentally.
Given the large bandwidth available in 5G FR2, which is mainly
devoted to high-data-rate delivery to a mobile phone [11], only
data browsing operation mode is considered from now on, thus
no voice calls (phone close to the user’s head) are assumed.

The main contributions of this work related to the aforesaid
issues are, therefore, summarized as follows.

1) Extend the proposed antenna evaluation methodology
in [10] to more handset use cases and to different antenna
arrays. Therefore, it is possible to find the most robust so-
lution for relevant user postures according to the location
and interelement distance of the antennas.

2) Use of realistic human models in simulation and phantoms
in measurements to provide a large degree of repeatability
as in [10]. The impact of the user and antenna geometry
is also compared to state-of-the-art findings.

1536-1225 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. UE handset array geometries. Arrays (a), (b) are used both in the
simulated and experimental study, whereas (c) is only used in simulations (see
Section III) and (d), in the experimental campaign (see Section IV). Ports 9–16
are pairwise equivalent to 1–8 on the second module.

3) All situations are evaluated in terms of the figures of merit
defined by the 3GPP standard [12] to be comparable to the
industry requirements.

II. FRAMEWORK OF THE STUDY

In this section, the framework to study the interaction between
the user and the mobile handset is described.

A. Handset Mmwave Array Configurations

The antennas must be placed so that the radio link maintains
its robust performance under the presence of a mobile user that
affects antennas’ radiation properties. Three antenna array con-
figurations are considered, all composed of eight dual-polarized
patch elements, as shown in Fig. 1(a)–(c). The first configura-
tion is called colocated array (CA), already introduced in [10],
consisting of two 2× 2 patch arrays, one on the front and one
on the back side, at the top corners of the phone. The second
array is called as distributed array (DA), where four antenna
elements are arranged around each top corners of the phone
as a three-dimensional (3-D) array geometry. The edge array
(EA) encompasses patch elements placed at the center of each
edge of the phone, four per side. A metal cuboid, assumed as
a perfect electric conductor, with the dimensions 150 × 75 ×
8 mm models the phone chassis.

Fig. 2. Human postures modeling a realistic handset usage. (a) One-hand
mode. (b) Two-hand mode.

B. User Body Modeling

The methodology used to numerically model the human
body of a user is detailed in [13]. The scattering of the body
is computed by means of the surface integral method. As a
source, the near-field radiated fields of the handset array in the
presence of the hands are used, which are computed by means of
finite-difference time-domain (FDTD) and a complete 3-D mesh
of the hands. The skin properties defined by [2] are sufficient
to model the scattering of the human body, εr = 16.55 and
σ = 25.82 S/m, since the penetration depth at 28 GHz is only
about 1 mm [14], [15].

The user holds the phone with one or two hands, in front of his
or her face, in browsing (multimedia) mode. Thus, two operation
modes are assumed, with one- or two-hand grip (see Fig. 2). The
phone is tilted 20◦ away from the zenith direction in both cases.

C. Performance Evaluation

Beam scanning is for the three arrays performed with one 3
bit phase shifter per port in computer simulations, and in each
direction, the maximum gain of the available 1024 beams is
determined to analyze spherical coverage statistics.

Spherical coverage is usually analyzed by means of the cu-
mulative distribution function (CDF) of the effective isotropic
radiated power (EIRP) (in the transmission mode) or the ef-
fective isotropic sensitivity (EIS) (in reception) across different
pointing angles. The 3GPP specifies the over-the-air (OTA) radio
characteristics that the user equipment (UE) must satisfy in the
free space [12]. It is found relevant to investigate the degradation
in those figures when the user is present. The requirements for
power class 3, corresponding to mobile handsets, are detailed
in Table I. The impact is equivalent in downlink or uplink, and
hence, we analyze only the EIRP of the handset.

III. NUMERICAL RESULTS

The three handset array configurations are studied in two
operation modes, i.e., one- and two-hand grip in terms of their
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TABLE I
TRANSMITTER AND RECEIVER SPECIFICATIONS FOR POWER CLASS-3 UE IN

THE N257 NR BAND

1Values for 50 MHz bandwidth, 3 dB must be successively added for
100/200/400 MHz.

Fig. 3. Comparison of the EIRP CDF for the three arrays in one-hand mode.

TABLE II
VARIATION OF THE EIRP DUE TO A HUMAN BODY FOR THE THREE ARRAY

GEOMETRIES UNDER ONE-HAND OPERATION

EIRP. The transmit power is set to 10 dBm so the minimum
peak EIRP of the three arrays in free space conditions fulfills
the requirements from the 3GPP standard (see Table I).

A. One-Hand Operation

The user’s palm mainly affects the antennas mounted on the
back side of a mobile phone case in one-hand data mode. Also
the effect of the torso is significant, mainly on the front far-field
radiation. Fig. 3 shows the CDF of the EIRP for the one-hand
operation mode compared to the free-space case. The signal
from the dual-polarized antennas is coherently combined. For
all three array configurations, there is a clear degradation on the
realized EIRP.

This degradation is summarized in Table II with the variation
of the peak and median EIRP with respect to the free space.
Negative values mean a degradation of the EIRP with the human
body and positive values imply an improvement compared to the
free-space radiation. The most affected geometry is the EA, in
which back antennas are partially covered by the hand palm.
The top corner arrays like CA and DA are able to radiate across
the head and the self-blockage effect is somehow mitigated.

Fig. 4. Comparison of the EIRP CDF for the three arrays in the two-hand
mode.

TABLE III
VARIATION OF THE EIRP DUE TO A HUMAN BODY FOR THE THREE ARRAY

GEOMETRIES UNDER TWO-HAND OPERATION

B. Two-Hand Operation

The same analysis is carried out for the two-hand mode. The
phone structure is now rotated by 90◦ in a plane parallel to the
screen. The palm covers the antennas on the short edges and
corners, which is even translated in a slight detuning of the
resonant frequency, also considered in the simulation. Fig. 4
represents the CDF of the EIRP in a two-hand mode for the
three aforementioned array configurations. The results show
a noticeable loss with respect to free-space radiation and the
tendency is similar for all arrays. Only the CA has a clear higher
peak gain when the phone is held with two hands.

Table III details the loss in the spherical coverage for each
case. The overall coverage is degraded due to the fact that both
hands cover the phone and all antennas are right in front of
the torso. Nevertheless, the peak gain is not that much affected
compared to the one-hand operation. This is mainly due to the
back radiation that reinforces those angles opposite to the user.
Despite the larger degradation of the CA coverage, this geometry
still appears to be the one reaching larger gain values both for
one- and two-hand operation modes. However, in a two-hand
mode, the gain up to the 70%-tile for all geometries is practically
the same.

IV. EXPERIMENTAL VALIDATION

The performance of the handset antennas in the presence of the
user is now assessed through measurements in order to validate
the numerical approach. Two human phantoms are built as in
Fig. 5 to mimic the scattering effect of the human body when the
user holds the mobile with one hand or with two hands, similarly
to the two posture models in Fig. 2. The human phantom with
one hand is used to measure the CA and DA configurations,
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Fig. 5. Human phantoms representing a mobile user. (a) One-hand phantom
polystyrene body foundation before coating with skin material. (b) Two-hand
phantom once covered with skin material.

TABLE IV
DIFFERENCE OF THE HANDSETS’ EIRP BETWEEN MEASUREMENTS AND

SIMULATIONS OF USER’S POSTURES REPRESENTED IN FIG. 5 AND FIG. 2,
RESPECTIVELY

where all the antennas are on the top corners of the phone.
A prototype of mixed array [in Fig. 1(d)] with both edge and
corner antennas is used with the two-hand phantom. The two
types of antenna configurations are compared to provide further
understanding of the actual effect of the hands close to the short
edges. The EA design is not considered in this section. These
results extend the methodology in [10] to two grip modes and
three different handset arrays. The phantom does not include
the effect of the lower legs, and polar angles greater than 150◦

are removed because of the shadowing of the mast holding the
phantom in the chamber. The measurements are performed with
1◦ and 10◦ resolution in polar and azimuth angles, respectively.

The far-field radiation of the measured arrays with the two
phantom models is compared to the numerical results in terms
of the EIRP CDF. Table IV depicts the difference between the
measured and simulated EIRP and the three aforementioned
geometries. The results agree with small variance. The largest
difference is for the DA, in which assembly inaccuracies and
surface currents on the metal cuboid representing the phone
chassis affect the actual performance of the prototype.

For illustration, Fig. 6 shows the EIRP difference between
free-space radiation and the coverage in the presence of the
human phantom for the mixed array geometry in a two-hand
mode. As expected, the user shadows the region in front of
the phone, whereas some back radiation is reinforced, reaching
higher values than those in free space (particularly high for the
CA and mixed arrays).

The spherical coverage is then compared to the simplified
model of the 3GPP [9], which specifies the additional loss to

Fig. 6. Difference of EIRP between measured free-space and two-hand human
phantom for the mixed array.

TABLE V
STATISTICS OF THE MEASURED HUMAN BODY SHADOWING (LOSS IN EIRP)

COMPARED TO FREE-SPACE RADIATION

As a reference, the parameters of the blockage model from the 3GPP are shown [9].

those propagation paths within the self-blocking region. These
results are also in line with those found in the literature as in [3]
and [13]. The effect of the body shadowing is then summarized
in Table V in terms of the shadowing depth and its extent along
the azimuth (xsb) and elevation (ysb) dimensions. The maximum
additional loss agrees with the models of the 3GPP, while the
0-dB gain to other directions than the self-blocking region would
not be true because of the existence of the back-radiation. In ad-
dition, the azimuth and elevation spans do not completely agree.
In the experimental results, those are calculated by assuming
self-blockage when losses are greater than 20 dB within the
shadowed region as previously stated.

V. CONCLUSION

This letter proposes a method to assess the performance of
mmWave handset-antenna designs in the presence of a human
user. The shadowing and scattering properties of the body are
compared for two operation modes, holding the handset with one
or with two hands. The study presents the achievable coverage
of representative array geometries. A good agreement in the
antenna radiation characteristics is found in terms of the CDF of
the EIRP under the presence of a human body, both simulated
and measured with a phantom.

It demonstrated a high dependence between the array geome-
try, the operation mode, and the self-blockage shadowing effect.
The effect of the human phantom is compared to those blockage
models defined by the 3GPP with small discrepancies. None
of the arrays is found most robust for both one- and two-hand
scenarios in terms of coverage. More dual-polarized antennas
could be beneficial in this sense.
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Chapter 7

Conclusion

The last chapter of this thesis is devoted to discuss the main outcomes of the work pre-

viously detailed, as well as future lines of research to further develop those concepts and

introduce them in later releases of mobile communications.

7.1 Summary

By the time this thesis began, 5G and mmWaves started to appear on the horizon of

future mobile communications. The fast development of technology and the frenetic pace

of research on that regard forced me to shape this work and progressively steer its scope as

it was developed. However, the foundational principles that served as the basis to further

elaborate the project remain valid.

The trend in wireless communications towards higher frequency bands entails several

challenges to overcome. In particular, two main cases with unsolved issues prior to their

real implementation were identified: V2X and beamforming handsets. The former is asso-

ciated to high mobility scenarios were the channel response varies rapidly and the solutions

provided by current standards should be tailored to the actual challenges of such use cases.

Beam determination and user tracking represent a major concern in the telecommunica-

tions industry for a successful deliver of large data packets in crowded environments, where

medium- and short-range mmWave links are expected to thrive. Secondly, the impact of

the users on mobile handsets, also considering their dynamics and mobility patterns, is

paramount to successfully implement adequate beamforming techniques with DASs.

The evaluation of such situations, under the umbrella of 5G networks, needs a robust

simulation environment. For that purpose, a system-level simulator is created to emulate

multiple simultaneous links between mobile users (and fixed stations), i.e., the SLoBMo.
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7.1 Summary

It makes use, in its ultimate version, of Matlab objects representing the different entities

that participate in the system (antenna arrays, mobile users, the wireless channel...) and

QuaDRiGa to extract the channel impulse response for each link. The latter is a GB-

SCM tool that integrates the potential of well-known stochastic models and the physical

propagation of waves of ray tracing. This goes in line with the first of our hypotheses in

section 1.3.1. The validation of urban or highway scenarios with extremely random user

trajectories and links goes against deterministic approaches, but purely stochastic tools

sometimes lack of physical meaning at their outcome.

Both vehicular platforms and mobile handsets represent a major challenge due to the in-

teraction of external entities (a vehicle, a human user or the environment) with the antenna

systems proposed by engineers. An appropriate usage of the information concerning those

entities represent the success or failure of beamforming and, hence, mmWave bands in 5G

networks and beyond. For that reason, this thesis proposes the study of multi-element

DAS together with the related environment in three challenging situations:

• V2I highway links, where a cellular station must optimize the use of spatial resources

according the the vehicle speed and position information,

• the design of an optimum distributed multi-panel system for vehicles to provide good

coverage for any V2X link, considering both elevation and azimuth radiation as well

as the interaction with other vehicles and an urban environment,

• and the assessment of multi-antenna geometries at different locations of a mobile

handset to minimize the impact of the human user according to typical usage pat-

terns.

In [J1], the first case is addressed. First, a certain knowledge of the vehicular user is

assumed, since positioning and speed information is expected to be available in future

connected vehicles. By knowing the precision of that information, the optimum beam

size of a cellular station is obtained thanks to the analytical expression derived in the

manuscript. This expression includes the estimation of the SINR under Doppler effects

for high-speed scenarios such as highways and positioning errors. The results demonstrate

that not only the signal quality is enhanced but the probability of outage is reduced when

compared to current beam sweeping strategies with same periodicity of the beam update.

As in our initial guess in section 1.3.1, side-band information enables an accurate prediction

of beams to outperform conventional beam sweeping strategies. However, its feasibility is
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still under discussion due to the dependence of data which is external to the communication

link itself.

When considering the vehicle side, the number of antennas is also growing with the

emergence of advanced V2X use cases. The work in [J2] describes the methodology to

design a tailored beam according to the new needs of vehicular communications. The

coverage in elevation is ensured with a minimum impact of the scattering on the bodywork,

which benefits the use of beam sweeping strategies. In azimuth, full coverage is achieved

with up to four panels distributed on the roof edges. Our initial hypotheses about the

distribution of the antenna panels was partially true. Locating the antennas on the edges

reduces the impact of the bodywork, but it is not negligible yet. Besides, the amount of

antennas per panel cannot be arbitrarily large, since the performance in terms of achievable

data rate and outage probability is not always improving. Three radiating elements in

elevation and four in azimuth (per panel) ensures an adequate performance when the

system is mounted on realistic vehicles interacting with each other in an urban scenario.

Despite not proved, the reduced impact of the bodywork and the full azimuthal coverage

also make this DAS proposal suitable for V2N situations like the one described above and it

is in line with current developments within the industry and standardization bodies [129].

The unequal distribution of links on the azimuth plane also allows some flexibility in the

design and location of the panels. Beams pointing towards the vehicle sides take much

less time to be uncorrelated and faster updates should be needed. Then, wider beams

(obtained from less horizontal elements per array) can be used to ensure the tracking in

those less probable and rapidly changing situations.

Finally, the case of a pedestrian user is also studied in [J3]. In particular, the different

grip modes (with one or two hands) are considered to assess the impact of the body under

realistic operation conditions for different distributed multi-antenna geometries. For that

purpose, two numerical and phantom models of a standard user are created and validated

through simulations and measurements. High dependency between the array geometry and

the achievable coverage is proven. The loss in the achievable effective isotropic radiated

power (EIRP) of antennas distributed on the mobile corners is smaller in average for the

given postures when compared to co-located arrays or antennas located on the edges.

The attenuation of the user torso is specially critical when focusing towards the normal

direction from the screen of the phone, reaching self-shadowing values greater than 20 dB

and covering between 40 and 60 degrees in azimuth (less than the simplified models from the

3GPP in [93]). This information can be critical when proposing new alternative geometries

given the actual influence of the user and designers can target to a reduced impact on
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radiation, despite the final performance is somehow unpredictable and tightly dependent

on the particular user characteristics.

7.2 Open Research and Future Work

The world of mobile technologies and wireless systems is a source of endless challenges and,

thanks to the growth of research centers and related industries, the limits of knowledge

are constantly pushed forward. This thesis was born when 5G was far from being a reality

and, by its end, many new and exciting issues appear.

The solutions proposed in the previous chapters to deal with mmWave multi-antenna

systems, despite standard-compliant, are probably meant to be implemented in evolved

versions of the current generation, especially the beam adaptation of cellular stations that

require frequent update of the vehicle dynamics. Car manufacturers are also reluctant to

the inclusion of complex antenna systems into their vehicles, mainly for cost and aesthetic

reasons. However, it is expected an escalation of advanced automotive use cases demand-

ing larger bandwidth and, hence, higher frequency bands. From that point forward, the

proposed multi-panel design with shaped radiation in both azimuth and elevation may be

a plausible alternative.

To further complement the work related above and keep this project alive, some partic-

ular tasks are open to be investigated:

• Since V2P communications will also be an essential enabler of safe roads in future

cities, link quality and stability of such situations can be studied in realistic scenarios

using the given software platform. There, the radiation diagrams of mmWave hand-

sets in presence of pedestrian user can be included to enhance the realism of such

results.

• The impact of dynamic of pedestrians in real movement is also an open topic to be

studied. The variability of coverage may be very large with small movements of the

phone. Also, the investigation of other effects such as micro-Doppler could be of

interest.

• In [J1], the algorithm for beam adaptation is based on the use of sharp radiation

diagrams in LOS condition, like the one found in highway scenarios. The strategy

can be then extended to NLOS situations, where mmWave signals experience severe

degradation.
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7. CONCLUSION

• The proposal of DAS for vehicles is numerically validated in urban scenarios and

a prototype is tested in a controlled environment. The next step, if an industry

partner finds the design interesting enough, is to perform field trials of real V2X

communications and compare the performance of such systems when compared to

conventional ones.
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