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“Hacerse mayor es más fácil de lo que pensamos cuando aún lo vemos lejos.
Nos hacemos viejos viendo pasar trenes solo de ida desde nuestra propia
estación, y el tiempo nos enseña que cada vez quedan menos opciones,
que en cada cana muere una oportunidad, que el mundo cambia a una
velocidad que nos va superando. Sin embargo, uno tiene menos miedo y
menos prisa, porque sabiendo que podŕıamos subir al tren que queremos,

hemos encontrado el rincón ideal.”

David Sainz
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Abstract
5G wireless technology promises to change society as we know it. This

new technology enhances the user experience by increasing the network data
rate and the number of concurrent users, and reducing latency and power
consumption. To ensure all these improvements, there is a technological leap
where all layers of the network are involved. From a physical layer perspec-
tive, the main innovation is the frequency increase towards the millimeter
wave band, also known as the mmWave band. To date, communication
systems have been based on the sub-6 GHz spectrum, which is currently
saturated due to the limited bandwidth. To address this issue, the research
community is focusing on the feasibility of the mmWave band (30 GHz -
300 GHz) for commercial communications applications, since this band of-
fers great advantages, such as large spectrum availability. However, there
are also several technological challenges associated with millimeter waves,
such as higher attenuation losses and the paradigm shift in propagation
mechanisms compared to the sub-6 GHz band. In order to meet the neces-
sary requirements of this band, it is therefore essential to perform a detailed
study and characterization of the propagation channel involved in the com-
munication.

In this thesis, the main contribution is focused on the characterization
and measurement of communication channels in the mmWave band. To this
end, it proposes the study of the physical layer of the communication chan-
nel from different perspectives, such as optimization, simulation, emulation,
classification, characterization and measurement. Four main contributions
can therefore be identified.

First, the use of optimization algorithms based on evolutionary algo-
rithms has been proposed to optimize key performance indicators in a simu-
lated network deployment. The simulation of propagation channels through
simulators and channel modeling simplifies the complexity of the analysis
compared to costly measurement campaigns, making it a suitable solution
in the early stages of network development. Optimizing network parameters
from a simulator thus provides a first approximation to the requirements
of a real communication network. By optimizing the transmit power in the
radiating elements of the network, it is possible to simultaneously improve
several network parameters at multiple layers of such network.

Second, channel emulation and identification techniques have been de-
veloped for the emulation and classification of propagation channels. On the



one hand, channel emulation, based on the reconstruction of target channels
in the laboratory, is an intermediate solution between theoretical simulators
and complex measurement campaigns. The recreation of scenarios with
specific characteristics is useful for testing devices under specific operating
conditions and for analyzing the communication channel. This thesis con-
templates the time-gating technique as a postprocessing method for channel
emulation. On the other hand, scenario identification is crucial to under-
standing the environments in which communications take place and decid-
ing how they should be conducted. In this thesis, dimensionality reduction
techniques are considered as a classification strategy for several propagation
scenarios. Both channel emulation and scenario classification techniques
have been validated through measurements in controlled environments.

Third, the knowledge of the channel response with respect to an incident
wave is essential for establishing communication on a link. Therefore, it is
necessary to characterize the spatial and temporal profiles of the commu-
nication channel by determining the direction-of-arrival and time-of-arrival
of the channel multipath components. For this reason, this thesis devel-
ops techniques based on the joint estimation of the direction-of-arrival and
time-of-arrival based on frequency invariant beamformers, which are robust
to the large bandwidths employed in the mmWave band. In particular, two
different techniques have been proposed, one based on elliptical arrays for
2D characterization, and the other based on toric arrays for 3D characteri-
zation.

Finally, the thesis concludes with the presentation of a measurement
campaign in an industrial environment under operational conditions. The
characterization of the propagation channel based on simulations and chan-
nel emulation is complemented and validated by measurement campaigns
in the final stages of the development of a communication network. These
industrial environments have become particularly relevant due to industrial
processes automation in factories. However, these environments are particu-
larly challenging due to their time-varying and high-density nature, leading
to the high probability of link blockage. Therefore, this thesis examines
the radio propagation conditions in such environments and analyses how
network management techniques provide coverage in these challenging sce-
narios.

Keywords: anechoic chamber, beam management, channel emulation,
characterization, classification, dimensionality reduction, Direction-of-Arri-
val, frequency invariant beamformer, heterogeneous networks, industrial sce-
nario, measurement, mmWaves, optimization, radio propagation, reverber-
ation chamber, spectral efficiency, time-gating, Time-of-Arrival.



Resumen
La tecnoloǵıa de telefońıa móvil 5G promete cambiar la sociedad tal y

como la conocemos. Esta nueva tecnoloǵıa mejora la experiencia del usuario
al aumentar la velocidad de datos de la red y el número de usuarios si-
multáneos, a la vez que se reducen la latencia y el consumo de enerǵıa. Para
garantizar todas estas mejoras, se produce un salto tecnológico en el que
intervienen todas las capas de la red. Desde el punto de vista de la capa
f́ısica, la principal innovación es el aumento de frecuencia hacia la banda de
ondas milimétricas. Hasta la fecha, los sistemas de comunicaciones se han
basado en el espectro sub-6 GHz, que actualmente está saturado debido a
su ancho de banda limitado. Para solucionar este problema, se está estu-
diando la viabilidad de la banda de ondas milimétricas (30 GHz - 300 GHz)
para aplicaciones de comunicaciones comerciales, ya que esta banda ofrece
grandes ventajas, como una gran disponibilidad de espectro. Sin embargo,
también existen varios retos tecnológicos asociados a las ondas milimétricas,
como unas mayores pérdidas por atenuación y el cambio de paradigma en
los mecanismos de propagación en comparación con la banda sub-6 GHz.
Por tanto, para cumplir los requisitos necesarios de esta banda, es esencial
realizar un estudio y una caracterización detallados del canal de propagación
implicado en la comunicación.

En esta tesis, la principal contribución se centra en la caracterización
y medida de canales de comunicaciones en la banda de ondas milimétricas.
Para ello, se plantea el estudio de la capa f́ısica del canal de comunicaciones
desde diferentes perspectivas, como la optimización, simulación, emulación,
clasificación, caracterización y medida. Por tanto, se pueden identificar
cuatro contribuciones principales.

En primer lugar, se propone el uso de algoritmos de optimización basados
en algoritmos evolutivos para optimizar los indicadores clave de rendimiento
en un despliegue de red simulado. La simulación de canales de propagación
mediante simuladores y modelado de canal simplifica la complejidad del
análisis en comparación con las costosas campañas de medida, lo que la
convierte en una solución adecuada en las primeras fases de desarrollo y
despliegue de una red. La optimización de los parámetros de red desde un
simulador proporciona aśı una primera aproximación a los requisitos de una
red de comunicaciones real. Al optimizar la potencia de transmisión en los
elementos radiantes de la red, es posible mejorar simultáneamente varios de
sus parámetros de rendimiento en múltiples capas.



En segundo lugar, se han desarrollado técnicas de emulación e identifi-
cación de canal para la emulación y clasificación de canales de propagación.
Por un lado, la emulación de canal, basada en la reconstrucción de canales
objetivo en el laboratorio, es una solución intermedia entre los simuladores
teóricos y las complejas campañas de medida. La recreación de escenar-
ios con caracteŕısticas espećıficas es útil para la prueba de dispositivos en
condiciones espećıficas de funcionamiento y para analizar el canal de comu-
nicaciones. Esta tesis concibe la técnica de time-gating como un método de
postprocesado para la emulación de canales. Por otro lado, la identificación
de escenarios es crucial para comprender los entornos en los que tienen lu-
gar las comunicaciones y decidir cómo deben establecerse. En esta tesis se
plantea el uso de técnicas de reducción de la dimensionalidad como estrate-
gia de clasificación de varios escenarios de propagación. Tanto las técnicas
de emulación de canal como las de clasificación de escenarios se han validado
mediante medidas en entornos controlados.

En tercer lugar, el conocimiento del canal de propagación es esencial
para establecer la comunicación en un enlace. Por tanto, es necesario car-
acterizar los perfiles espaciales y temporales del canal de comunicaciones
determinando la dirección de llegada (DoA) y el tiempo de llegada (ToA) de
las componentes multitrayecto del canal. Por este motivo, en esta tesis se
desarrollan técnicas basadas en la estimación conjunta de la DoA y el ToA
mediante beamformers invariantes en frecuencia, que son robustos a los am-
plios anchos de banda empleados en la banda de ondas milimétricas. En
particular, se han propuesto dos técnicas diferentes, una basada en arrays
eĺıpticos para caracterización 2D y la otra basada en matrices tóricas para
la caracterización 3D.

Finalmente, la tesis concluye con la presentación de una campaña de
medidas en un entorno industrial en condiciones operativas. La caracteri-
zación del canal de propagación basada en simulaciones y en la emulación
del canal se complementa y valida mediante campañas de medida en las
etapas finales del desarrollo de una red de comunicaciones. Estos entornos
industriales han cobrado especial relevancia debido a la automatización de
los procesos industriales en las fábricas. Sin embargo, estos entornos son
particularmente complejos debido a su naturaleza variable en el tiempo y
su elevada densidad, lo que conlleva una alta probabilidad de bloqueo de
los enlaces. Por lo tanto, esta tesis analiza las condiciones de propagación
radioeléctrica en dichos entornos y analiza cómo las técnicas de gestión de
red proporcionan cobertura en estos desafiantes escenarios.

Palabras clave: cámara anecoica, gestión de haz, emulación de canal,
caracterización, clasificación, reducción de dimensionalidad, dirección de lle-
gada, beamformer invariante en frecuencia, red heterogénea, escenario indus-
trial, medida, mmWaves, optimización, radiopropagación, cámara reverber-
ante, eficiencia espectral, time-gating, tiempo de llegada.
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Chapter 1

Introduction

1.1 Background and motivation

Mobile communications have changed the world. Since the late 19th and
early 20th centuries, humanity has shown great interest in using electro-
magnetic waves as a tool for transmitting information. This was reflected in
pioneering works in the theoretical framework, such as those presented by
James Clerk Maxwell and Heinrich Rudolf Hertz, and in the practical frame-
work, such as the transmission of radio waves across the Atlantic Ocean by
Guillermo Marconi. Given the growing potential interest encouraged by the
use of radio waves as a means of information transmission, the research
carried out during the 20th century led to the implementation of the First
Generation (1G) technology for mobile networks in the 1980s [1]. These
primitive communications, based on voice communications through analog
technology, have been evolving until the current generation, the Fifth Gen-
eration (5G) technology for cellular networks, based entirely on digital tech-
nology and data communications [2]. Currently, the 3rd Generation Part-
nership Project (3GPP) has proposed three use cases, namely, enhanced
Mobile BroadBand (eMBB), Ultra Reliable Low Latency Communication
(URLLC), and Massive Machine Type Communications (mMTC), for the
deployment of 5G networks [3]. These use cases appear as a consequence of
the increasingly demanding requirements of the end users deployed in the
networks. The former requirements are reflected in the Key Performance
Indicators (KPIs), such as data rate, spectral efficiency, energy efficiency,
reliability or power consumption [4]. Simultaneously improving all these
KPIs is the main technological challenge for the scientific community, in
order to provide efficient communications for current (5G) and future (6G)
mobile generations.

With the purpose of enhancing the KPIs, the research community is mak-
ing multiple efforts from the physical layer perspective [5, 6]. Several fields
of study, such as antenna design [7], channel modeling [8], Multiple-Input

1



CHAPTER 1. INTRODUCTION

Multiple-Output (MIMO) systems [9], beam management [10], or signal pre-
coding [11], are currently involved in the development of enabling technolo-
gies. All the previous fields have a common point, they are moving towards
millimeter waves (mmWaves). The millimeter wave band includes those fre-
quencies in the range 30 - 300 GHz, whose wavelength is less than 1 cm.
Until just a few years ago, millimeter waves were not taken into account for
commercial deployments because they were considered technologically un-
feasible. Therefore, communications have traditionally been carried out in
the sub-6 GHz band [12]. However, the limited bandwidth available in the
sub-6 GHz band and studies carried out in the last decade have turned the
mmWave band into an opportunity for further technological development
of communication systems [13, 14, 15, 16, 17]. Although the millimeter
wave band has been proposed as a technological solution since the last cen-
tury [18, 19, 20], it was not until just 10 years ago that first deployments
in challenging scenarios demonstrated their feasibility in real communica-
tion environments. For instance, in 2013, fieldwork based on measurement
campaigns was conducted in the 28 GHz and 38 GHz frequency bands in
outdoor and indoor environments in Manhattan [21]. This work showed that
by using high-directive antennas, it is possible to overcome the attenuation
phenomena in dense environments such as Manhattan with cell radii of 200
meters. These promising results encouraged the radio propagation research
community to devote all its efforts to the analysis of these frequency bands,
extending this experimental work over the last decade [22, 23, 24]. Simulta-
neously, standardization organizations like 3GPP began to standardize the
radio access technology, known as 5G New Radio (5G NR), from Release
15 onwards. Thus, a new standardized frequency band, named Frequency
Range 2 (FR2), between 24.25 GHz and 71 GHz was added to the existing
Frequency Range 1 (FR1) band between 410 MHz and 7125 MHz, indicat-
ing the confidence of the major telecommunications companies in millimeter
waves [25, 26]. In just 10 years, commercial deployments of 5G NR networks
in the millimeter wave band are starting to become a reality [27, 28].

From the perspective of radio propagation research, not only the transi-
tion to millimeter waves is a turning point, but also the propagation scenar-
ios where communications can take place are increasing. Thus, the concept
of Heterogeneous Network (HetNet) networks proposes to improve the dis-
tribution of radio resources by subdividing the network into cells of different
sizes [29]. While traditional deployments have taken into account urban
propagation models for macrocell sizes in the FR1 band (e.g. the Okumura-
Hata model [30]), communication scenarios of different nature are emerging
today, such as vehicular [31], Unmanned Aerial Vehicle (UAV) [32, 33], rail-
way [34, 35, 36], or indoor [37, 38, 39] communications. Additionally, envi-
ronments that previously did not have a dedicated infrastructure to support
a communication network are now being analyzed, such as shopping malls
[40, 41], factories [42, 43], or stadiums [44]. Finally, even typical macrocell
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scenarios based on outdoor urban communications [45, 46, 47] and outdoor
rural communications [48] need to be re-examined to take into account the
characteristics of these higher frequency bands.

Both the emergence of mmWaves and the development of new commu-
nication scenarios emerge as an opportunity to improve mobile communica-
tions by providing a better quality of service based on higher bandwidth, less
interference, and higher spatial resolution, which involves high throughput
and high reliability in the cellular network. However, these advancements
also give rise to several issues, leading to new open challenges. The main
challenge is directly related to the propagation characteristics of millimeter
waves. The shorter wavelength at these frequencies implies a paradigm shift
in propagation mechanisms. Friis transmission formula [49], which expresses
the Path Loss (PL) in free space, increases quadratically with the frequency,
which signifies a higher channel attenuation in the mmWave band. In addi-
tion, the signals in this band are highly susceptible to shadowing and other
factors, not so relevant at sub-6 GHz, have to be taken into account. This
has implications such as rain attenuation due to the wavelength having a
size equivalent to raindrops [50, 51], or even atmospheric attenuation due to
the presence of gas molecules in the atmosphere [52]. Thus, the presence of
foliage [53, 54], human blockage [55, 56, 57] and material penetration [58]
becomes major blocking sources. Finally, reflection, scattering and diffrac-
tion propagation phenomena vary with respect to the sub-6GHz band. At
millimeter waves, surfaces with a roughness comparable to the wavelength
will favor propagation by diffuse scattering, to the detriment of specular
reflection [59, 60]. In addition, due to the short wavelength, the diffraction
loss phenomena are more pronounced because the objects are large in terms
of wavelength, which tends more toward blocking [61].

Given the large number of attenuation sources, it is essential to ensure
the Line-of-Sight (LoS) condition in the communication channel, or to enable
mechanisms to ensure an adequate signal level in the communication channel
even in Non Line-of-Sight (NLoS) condition. For that purpose, the physical
characterization of the propagation channel, i.e., channel modeling [8, 62,
63], is fundamental both from the temporal side, and from the spatial and
angular side. On the one hand, the temporal characteristics are summarized
in the Channel Impulse Response (CIR), or Power Delay Profile (PDP),
which express the amplitude/power of the Multi-Path Components (MPCs)
as a function of their Time-of-Arrival (ToA) [64]. From the measured PDP
of a propagation channel, temporal characteristics such as delay spread,
number of rays, or the ToA from each component are extracted [19, 65]. On
the other hand, the spatial characteristics are outlined in the Power Angular
Profile (PAP), which accounts for the received power of the MPCs in terms
of the angle [66, 67]. Thus, for a 3D spatial characterization, azimuth and
elevation angles must be taken into account, and features such as Direction-
of-Arrival (DoA) or Direction-of-Departure (DoD) can be extracted for each
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of the MPCs [68, 69]. Note that the previous profiles can be combined to
produce a joint angular and temporal characterization of the communication
channel [64, 69, 70].

The main problem with measurement campaigns is the high cost in terms
of complexity and logistics [21, 27]. To address this issue, theoretical chan-
nel models are proposed to reduce the complexity of measurement cam-
paigns [71]. Mainly, these are divided into deterministic models, such as
those proposed by ray tracing techniques [72, 73, 74, 75], and stochastic
models, which are based on probabilistic models of the channel characteris-
tics, such as Saleh-Valenzuela [76], Zwick [77] or standardized 3GPP [26, 78]
models. These channel models are eventually extended to channel simula-
tors, which efficiently calculate channel characteristics through simulations,
some of the best known being QuaDRiGa [79, 80] or NYUSIM [81, 82].
Therefore, these simulators are particularly useful in the early stages of mo-
bile network deployments.

As a trade-off solution between extensive measurement campaigns and
theoretical channel models, the concept of channel emulation emerges [83,
84]. This consists of the emulation of specific channel characteristics, either
of the spatial or temporal profile, from measurements taken in controlled
environments such as anechoic chambers [85, 86] and reverberation cham-
bers [87]. Thus, the complexity of the measurement process is significantly
reduced. This alternative has taken on particular relevance with the de-
velopment of MIMO systems, which are more complex in terms of radio
analysis as they have multiple transmitters and receivers operating simul-
taneously [88, 89]. Therefore, validating new 5G devices with Over-the-Air
test allows the radio analysis to be assessed in the laboratory. For instance,
additional examples of such techniques are the emulation of target channels
with Rician or Hyper-Rayleigh distributions [90, 91], or the emulation of
small-scale fading effects [92].

Another main field based on the study of channel modeling to improve
the characterization of the communication channel is based on Artificial In-
telligence (AI), Machine Learning (ML), and Deep Learning (DL). Several
AI techniques have been proposed for 5G research [93, 94], with the com-
munication channel being one of the main areas of interest. Specifically,
neural networks have been employed for satellite image processing, allowing
the inference of path loss channel models in both sub-6 GHz and mmWave
bands [95, 96, 97]. Another approach is based on the use of supervised
learning algorithms for the classification and identification of propagation
environments. Optimal classification of scenarios allows channeling models
to be adapted to the specific characteristics of a given environment, thereby
improving the reliability and performance of communications [98]. Several
practical cases of scenario identification of different nature can be found in
the literature, such as indoor [99], vehicular [100] or high-speed railways
[101] scenarios.
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In line with the earlier discussion regarding spatial and temporal profiles,
localization using these profiles has been one of the most extensively stud-
ied fields due to its interest in channel characterization [102, 103, 104]. For
that reason, multiple methods to estimate and characterize the Direction-
of-Arrival in multipath channels have been developed over time [105]. Typ-
ically, these methods exploit the spatial diversity of a sensor array by using
sensor signal processing theory to extract the angles of incidence of an incom-
ing wave. Some of them, such as Delay-and-Sum (DAS) [106] and Minimum
Variance Distortionless Response (MVDR) [107] techniques, are based on
spatial beam scanning. Others, such as the MUltiple SIgnal Classification
(MUSIC) [108] algorithm, exploit the orthogonality of the signal with respect
to the noise subspace in the spatial covariance matrix. Subsequently, new
approaches appeared based on matrix-shifting techniques such as Estimation
of Signal Parameters Via Rotational Invariance Techniques (ESPRIT) [109],
or based on expectation-maximization techniques, such as Space-Alternating
Generalized Expectation-maximization (SAGE) algorithm [110, 111], which
avoid an extensive search of the unknown DoAs. These methods have been
widely used during the development of measurement campaigns for the opti-
mal characterization of the spatial profile of the communication channel. In
addition, both localization mechanisms and channel identification take on
special relevance in the deployment of mmWave 5G networks due to the need
to ensure secure, reliable and robust communication links. This is mainly
due to the need to compensate for the attenuation losses at these frequen-
cies by designing highly directional antennas. This is where the concept of
beam management comes in, based on the intelligent design of mmWave
system architectures to manage the Radio Frequency (RF) chains to en-
sure optimum link performance [10, 112, 113]. Therefore, the beam man-
agement concept deals with a number of mechanisms that are in place to
facilitate this management [114]. For instance, beam sweeping provides spa-
tial coverage of a specific region and evaluates the beam suitable for each
user based on beam measurement, beam determination, and beam reporting
[115, 116, 117, 118]. Additionally, as mmWaves are prone to blocking, beam
recovery mechanisms are defined to recover a blocked link by identifying
a candidate beam [119]. Thus, the standardization of these mechanisms,
together with the development of theoretical channel models and channel
characterization techniques, as well as measurement campaigns, are key to
the development of future mobile communications.

This thesis is fundamentally aimed towards contributing to the char-
acterization and measurement of communication channels in the mmWave
band, to facilitate and enhance the deployment of future generation tech-
nologies for mobile communications. This thesis document is organized as
follows. Chapter 1, and more specifically Section 1.1, introduces the im-
portance of millimeter waves for 5G systems, outlining the main challenges
associated with the physical layer in this mmWave band and the studies and
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solutions proposed based on the current state-of-the-art. Sections 1.1.1 -
1.1.6 take a closer look at some of the issues presented in Section 1.1, which
will be key aspects for this thesis and will be explored in more detail in later
chapters. Sections 1.2 and 1.3 propose the main objectives developed and
the methodology followed throughout the thesis, respectively. Section 1.4
shows the main results obtained throughout the thesis. Chapter 2 presents
the journals, which include the main contributions performed during the
thesis. These are preceded by an introduction to each work. This chapter
is divided into four sections. Section 2.1 illustrates the simulation of prop-
agation channels through channel simulators and their optimization using
genetic algorithms and particle swarm optimization. Section 2.2 deals with
channel emulation and classification, proposing post-processing techniques
and identification algorithms. Section 2.3 introduces techniques based on
frequency invariant beamformers to jointly characterize DoA and ToA in
communication channels. Section 2.4 presents a measurement campaign per-
formed in an industrial scenario under operational conditions for a 5G NR
network, focusing on beam management procedures. Finally, Chapter 3
summarizes the main contributions developed and outlines potential future
research lines based on the work of the present thesis.

1.1.1 Anechoic and Reverberation Chambers

Anechoic Chambers (ACs) and Reverberation Chambers (RCs) have been
widely used in the antenna and propagation research community over time
[120, 121, 122]. As previously pointed out, these facilities are suitable for
Over-the-Air tests, measuring antennas, or electromagnetic compatibility
tests. Basically, the first ones are enclosed environments, covered with ab-
sorbers to prevent any reflection of the waves from any surface. Therefore, it
is possible to emulate an environment equivalent to free space propagation
in an indoor scenario. Thus, the Line-of-Sight of the propagation channel
between a Transmitter (TX) - Receiver (RX) link can be analyzed [123].
Based on this premise, several techniques have been developed for Over-the-
Air testing in these environments, ranging from antenna measurements [124]
to capacity and diversity assessment in MIMO systems [125, 126]. On the
other hand, reverberation chambers are cavities whose walls are completely
covered with conductive material. Unlike anechoic chambers, these environ-
ments favor multipath components, which make the LoS and NLoS compo-
nents to be present in the TX-RX link. Generally, reverberation chambers
are equipped with stirrers that randomize the multipath environment, i.e.
the temporal and spatial profiles. Thus, the samples are independent of
each other generating a stochastic approximation [127, 128]. In addition,
the electromagnetic response of the chamber can be tuned by modifying the
stirrer location and adding loads to the chamber. This allows a wide range of
studies to be carried out in these environments in terms of the chamber set-
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ting, such as emulation of channel model distributions [90, 91, 129], antenna
measurements [130, 131, 132], K-factor estimation [133], MIMO measure-
ments [134] or coherence bandwidth distribution [135]. In summary, both
types of chambers are excellent approaches for studying the communication
channel under specific conditions defined by a given setting. In this thesis,
these controlled scenarios take on particular importance in Chapters 2.2 and
2.3, where they are used to emulate communication channels that allow us
to validate the proposed techniques.

1.1.2 Optimization algorithms

An optimization algorithm is simply an algorithm whose objective is to find
the best element from a set of available elements in order to optimize a
specific criterion or a fitness function. If the set of elements is not large
enough, an extensive search is sufficient to find the optimal element. How-
ever, as the complexity of the problem increases, either through an increase
in the number of variables or a large solution space, finding the optimum
is no longer trivial. In addition, the criterion or fitness function to be met
can be based on multiple objectives simultaneously, giving rise to what is
known as multi-objective optimization [136]. As a result, a field of study
has been elaborated around the development of optimization algorithms for
solving general-purpose problems [137, 138]. Two main families of algo-
rithms can be highlighted, the Genetic Algorithms (GAs) and the Particle
Swarm Optimization (PSO). The genetic algorithms are techniques inspired
by the process of natural evolution. These exploit genetic evolution tech-
niques such as cellular crossover or cellular mutation to converge a set of
solutions to a heuristic optimum solution [139, 140]. To do this, from an
initial random population of individuals, the best candidates are selected
according to the chosen fitness function. These candidates are mixed using
the crossover mechanism, thus generating new individuals in the population.
Finally, small changes are randomly made to some individuals using a mu-
tation operator [141]. This adjustment prevents the population from being
trapped in a local maximum or minimum of the solution space. Repeating
this process iteratively over several iterations results in the convergence of
the individuals in the population toward a heuristic solution. A widely ex-
tended example of this type of algorithms is NSGA-II [142]. Particle swarm
optimization is based on the natural principles of the movement of animals,
such as the flight of a bird flock. It uses the interaction between the particles
in the swarm to converge on a solution [143, 144]. Applied to the field of op-
timization, a set of initial particles is distributed in the search space. Based
on the fitness function, these particles move through the solution space at
different speeds and accelerations according to the local fitness evaluation,
but also to the best fitness evaluation, i.e., the best known location in the
search space [145]. Iteratively, these swarms of particles eventually converge
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on heuristic solutions by exploring and exploiting the search space. These
techniques have been successfully applied to the electromagnetic field [146]
with algorithms such as SMPSO [147]. In this thesis, both families of al-
gorithms are exploited in order to search for the optimal parameters of a
5G network deployment by combining prior principles and channel model
simulators. These aspects are explored in detail in Chapter 2.1.

1.1.3 Time-Gating Technique

Time-gating is a post-processing technique that can be used for signal pro-
cessing purposes. Specifically, this method modifies the time response of a
given signal. In order to do this, the signal is windowed within the temporal
region of interest using a windowing function, e.g., rectangular, Hamming, or
Hann windows. Therefore, the temporal profile of interest can be analyzed
in depth. This technique is well known in the field of signal processing and
has been successfully used in real applications such as imaging for objects
identification [148], or cancer cell analysis for near-field scanning microwave
microscopy [149, 150]. Particularized to propagation channel applications,
this method applied over electromagnetic signals modifies the channel im-
pulse response in the time domain. Note that this technique can be properly
applied when the time resolution of the signal is sufficient to distinguish dif-
ferent multipath components. Therefore, mmWave band is feasible for the
application of time-gating due to the large bandwidth available [151]. In
the antenna field, this method has been proposed to remove non-desired
components in antenna radiation pattern measurements in anechoic cham-
bers [152] and highly reflective environments [153]. These measurements
are suitable even in purely reverberation chambers through windowing the
LoS component [154]. By isolating this component from NLoS reflections,
the channel impulse response of the equivalent free space channel is emu-
lated, i.e. the equivalent response that would be acquired in an anechoic
chamber is achieved. In this way, the advantages of this method can be
further extended. Not only does temporal windowing allow for the isola-
tion of a specific component, but also the shifting and replication of these
windows increase the degrees of freedom of the propagation channel. These
properties can be exploited in channel emulation to generate new emulated
communication channels, a topic thoroughly discussed in Chapter 2.2 of this
thesis.

1.1.4 Machine Learning and Dimensionality Reduction

As previously stated, machine learning approaches have been proposed for
solving problems related to the propagation field. Within ML algorithms,
two main branches can be distinguished. The first of these branches en-
compasses supervised learning algorithms, which, based on a set of labeled
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training observations, can learn to identify data distributions in order to
distinguish new observations [155]. This class of algorithms has been used
to solve propagation channel classification problems [98, 99, 100, 101], with
some classical supervised learning algorithms being k-Nearest Neighbors (k-
NN) [156], decision trees [157], Naive Bayes (NB) [158], Linear Discriminant
Analysis (LDA) [159] or Support Vector Machines (SVM) [160]. However,
these algorithms are subject to a specific number of classes that must be
known in advance. To solve this issue, the paradigm of unsupervised learn-
ing algorithms appears. This type of algorithm works on an unlabelled
dataset. This means that there is no a priori knowledge in the input [161].
Therefore, these techniques attempt to identify patterns and properties in-
herent to the dataset, generating data structures based on feature extrac-
tion [162]. Within these algorithms, there is a subset called Dimension-
ality Reduction (DR) algorithms. These convert a high-dimensional space
into a low-dimensional space while preserving the information of the original
dataset [163]. Thus, this dimensionality reduction can reveal information by
the cluster analysis in the low-dimensional space. One of the classic exam-
ples of DR algorithms is Principal Component Analysis (PCA) [164]. This
technique consists of transforming the original coordinate system into a new
lower-dimensional coordinate system which is a linear combination of the
original. This transformation is achieved by maximizing the variance of the
data for each coordinate. A more complex case is proposed by t-distributed
Stochastic Neighbor Embedding (t-SNE) [165]. This algorithm performs
non-linear transformations on a dataset to generate a low-dimensional space.
Specifically, the algorithm models the distances in the original space as a
set of probabilities between observations and generates the low-dimensional
space in such a way that these probabilities are preserved also for the ob-
servations in the new space. Additionally, the algorithm can be tuned by
using hyperparameters, in order to adjust the data visualization [166]. Ap-
plied over communication channels, an accurate classification can facilitate
channel modeling approaches, which are fundamental for the development
of future mobile deployments. In Chapter 2.2, these methods are studied as
a technique to visually identify and classify several communication channels.

1.1.5 Frequency Invariant Beamformers for DoA and ToA
characterization

Previously introduced in the background and motivation, the DoA and
ToA estimation algorithms are essential for the characterization of the spa-
tial and temporal profiles of the propagation channel. However, the solu-
tions previously proposed are generally valid for narrowband approxima-
tions [106, 107, 108, 109, 110, 111], meaning they are applicable to signals
with limited bandwidth. This approach is not valid for the 5G paradigm,
where bandwidth is expected to scale up significantly to take advantage
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of Ultra-Wide Band (UWB) technology [167]. For this reason, it is nec-
essary to analyze signal processing solutions based on wideband channels
[168]. One of the alternatives for these channels is the one devised by Fre-
quency Invariant Beamformers (FIBs). As the name suggests, they have
a frequency-invariant response, allowing them to operate over large band-
widths [169, 170]. Although FIBs were initially proposed to be implemented
using linear arrays, there was a quick convergence towards circular arrays
due to the full angular coverage in the spatial profile, and their uniform re-
sponse around the angular axis [171]. Thus, methods for joint estimation of
DoA and ToA with uniform circular arrays have been developed over time
[172, 173, 174]. These methods take advantage of the spatial distribution of
the elements along the array to model the phase distribution at each element
in terms of the DoA and ToA. Through the use of FIBs and basis function
expansions, it is possible to make the spatial and temporal components of
the channel independent, performing an independent analysis of each mul-
tipath component in both profiles. Measurement campaigns have validated
the good performance of these algorithms in multipath environments [175],
with the possibility of extending them to new geometries such as concentric
circular arrays [176]. In this thesis, an in-depth analysis of the performance
of these methods is carried out in order to propose new geometries that gen-
eralize the techniques already proposed in the state-of-the-art. This study
is presented in Chapter 2.3.

1.1.6 Radiopropagation in industrial environments

Communications in industrial environments have attracted particular in-
terest in the last decade [177, 178]. This interest stems from the desire
to automate industrial processes [179]. From a communications point of
view, the use of wireless technology will allow the elimination of wiring in
production lines, increasing the flexibility and reconfiguration of the agents
involved in the factories. However, this wireless communication must be
highly robust and reliable. This is the reason why the integration of 5G
networks is emerging as a candidate solution [180]. However, from a propa-
gation perspective, there are several challenges due to the unique nature of
these scenarios [181] and several studies and measurement campaigns have
been performed in order to characterize these factories and industrial en-
vironments [182, 183, 184, 185]. Naturally, as it has been generally the
case with any propagation channel, these studies have eventually moved to
the mmWave band [42, 43, 186]. In particular, compared to other indoor
environments, factories possess high ceilings and a large amount of metal
equipment, such as machinery or industrial ventilation ducts. In addition,
these environments tend to be divided into different halls depending on the
work being carried out. These characteristics make the environment prone
to heavy multipath propagation. Furthermore, they are also considered to
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be time-varying channels due to the influence of obstacles such as robots
or humans that are constantly moving. This makes the channel suscepti-
ble to fading due to LoS blocking, which can be critical for the reliability
of the network. In response to these issues, the beam management pro-
cedures previously addressed are crucial for optimal resource management
of the mobile agents involved in the communications [10, 112, 114]. Based
on these techniques, it is possible to design a smart robust network with
respect to time-varying channels and capable of providing highly reliable
communications. Chapter 2.4 deals with the addressed issues and presents
a measurement campaign performed in an FR2 5G network, which deeply
analyzes the physical layer of the communication channel. Additionally, a
focus on beam management procedures is proposed to assess the feasibility
of these techniques under operational conditions.

1.2 Objectives

As detailed in the previous Section, this thesis deals with the study of the
propagation channel in the mmWave band, since this topic is fundamental
for the development of mobile communications. The analysis of the prop-
agation channel is of special relevance as it is the physical source in which
communications take place. From this perspective, the present work pro-
poses the following objectives to be fulfilled:

• Simulation and optimization of propagation channels. Simu-
lation of communication channels is fundamental in the development
of early stages of network deployment. At the same time, the opti-
mization of network parameters allows an efficient deployment of radio
resources. This issue is addressed in Chapter 2.1 on the basis of a mul-
tilayer network optimization.

• Emulation and classification of communication channels. Due
to the constantly increasing number of propagation channels where
communications can take place, a proper classification of these chan-
nels is essential. Likewise, channel emulation emerges as an opportu-
nity to efficiently recreate these channels in controlled environments.
Chapter 2.2 analyzes these issues using post-processing and Machine
Learning techniques through channels acquired in controlled scenarios.

• Characterization based on DoA and ToA estimation. The de-
termination of Direction-of-Arrival and Time-of-Arrival in multipath
environments facilitates the design of a communications system due
to the crucial importance of knowing these parameters. Chapter 2.3
proposes and develops methods for the characterization of both pa-
rameters based on arrays with multiple geometries.
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• Measurements of communication channels. The validation of
the theoretical channel models is carried out on the basis of measure-
ment campaigns in operational conditions. Chapter 2.4 presents the
validation of an industrial scenario in the FR2 band based on mea-
surement campaigns in factories.

In summary, the present thesis aims to shed light on, and contribute
to the development of future mobile communications through the study and
analysis of the propagation channel in the mmWave wave band from multiple
approaches and points of view.

1.3 Research Methodology

In order to satisfactorily meet the challenges previously proposed, the fol-
lowing research methodology has been conducted. First, there has been a
thorough review of the state-of-the-art in the early stages of the develop-
ment of the thesis. This state-of-the-art review has mainly addressed the
following three topics: (i) Characteristics of controlled environments such as
anechoic and reverberant chambers, (ii) Measurement techniques and equip-
ment, and (iii) Post-processing methods and propagation channel character-
ization. After this review of the state-of-the-art, which has also been carried
out methodically throughout the thesis, the whole process of data analysis
process and programming tasks has been performed with MatLab software.
This programming language and computing environment has been used for
signal post-processing (e.g., Time-Gating technique), and the development
of characterization methods (e.g., Frequency Invariant Beamformers) and
propagation channel classification (e.g. Machine Learning techniques such
as t-Distributed Stochastic Neighbor Embedding). Regarding the simula-
tion and optimization of the propagation channel, in specific cases with a
high computational cost, the Spanish Supercomputing Network has been
employed through the Picasso node.

From the hardware and measurement perspective, fieldwork has been
mainly carried out in two locations: the facilities of the SWAT research group
of the University of Granada (UGR), Spain, and the 5G Smart Production
Lab of Aalborg University (AAU), Denmark. In the SWAT research group
facilities, a Vector Network Analyzer (VNA) has been employed. Specifi-
cally, Rohde & Schwarz ZVA67 model, which measures the scattering pa-
rameters and can operate up to 67 GHz. As radiating elements, standardized
gain horns fed with waveguide-to-coaxial transitions have been used. This
equipment has been used in the infrastructure consisting of a semi-anechoic
and semi-reverberant chamber equipped with automatic positioning systems
for the radiating elements. This fact has allowed to conduct several measure-
ments in controlled scenarios, which have been part of the focus of analysis
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in this thesis. In the 5G Smart Production Lab facilities, the radio scan-
ner Rohde & Schwarz TSME6 is employed. This equipment is mounted
on the top of an Autonomous Mobile Robot (AMR), which is designed to
self-navigate the facilities. Thus, this equipment allows and facilitates the
process of generating coverage maps in a propagation scenario, being able
to subsequently process and analyze the measurements through MatLab.

The combination of the acquisition of measurements by means of the
hardware elements previously introduced, together with the post-processing
analysis and methods proposed and implemented through the software tools,
has made it possible to perform and obtain the results shown in this thesis.

1.4 Thesis Results

This is the list of publications in renowned journals that support the
results achieved in this thesis:

• [J1]A. Ramı́rez-Arroyo, P. H. Zapata-Cano, Á. Palomares-Caballero,
J. Carmona-Murillo, F. Luna-Valero and J. F. Valenzuela-Valdés, “Mul-
tilayer Network Optimization for 5G & 6G,” IEEE Access, vol. 8, pp.
204295-204308, 2020.

• [J2] A. Ramı́rez-Arroyo, J. C. González-Maćıas, J. J. Rico-Palomo,
J. Carmona-Murillo, and A. Mart́ınez-González, “On the Spectral Ef-
ficiency for Distributed Massive MIMO Systems,” Applied Sciences,
vol. 11, no. 22, p. 10926, 2021.

• [J3] A. Ramı́rez-Arroyo, A. Alex-Amor, C. Garćıa-Garćıa, Á. Palo-
mares-Caballero, P. Padilla and J. F. Valenzuela-Valdés, “Time-Gating
Technique for Recreating Complex Scenarios in 5G Systems,” IEEE
Access, vol. 8, pp. 183583-183595, 2020.

• [J4] A. Ramı́rez-Arroyo, L. Garćıa, A. Alex-Amor and J. F. Valen-
zuela-Valdés, “Artificial Intelligence and Dimensionality Reduction:
Tools for Approaching Future Communications,” IEEE Open Journal
of the Communications Society, vol. 3, pp. 475-492, 2022.

• [J5] A. Ramı́rez-Arroyo, A. Alex-Amor, P. Padilla and J. F. Valen-
zuela-Valdés, “Joint Direction-of-Arrival and Time-of-Arrival Estima-
tion with Ultra-wideband Elliptical Arrays,” IEEE Transactions on
Wireless Communications, 2023.

In addition, the following two papers are included as results of the thesis
and are currently under review in peer-reviewed journals:

• [J6] A. Ramı́rez-Arroyo, A. Alex-Amor, R. Medina, P. Padilla and
J. F. Valenzuela-Valdés, “Joint Ultra-wideband Characterization of
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Azimuth, Elevation and Time of Arrival with Toric Arrays,” submitted
to IEEE Transactions on Wireless Communications, 2023.

• [J7] A. Ramı́rez-Arroyo, M. López, I. Rodŕıguez, T. B. Sørensen,
S. Caporal del Barrio, P. Padilla, J. F. Valenzuela-Valdés and P. Mo-
gensen, “FR2 5G Networks for Industrial Scenarios: An Experimental
Characterization and Beam Management Procedures in Operational
Conditions,” submitted to IEEE Transactions on Vehicular Technol-
ogy, 2023.

Other related papers that have been generated along the development of
this thesis but have not been included:

• [J8] F. Delgado-Ferro, A. Ramı́rez-Arroyo, J. Navarro-Ortiz and J.
F. Valenzuela-Valdés, “ML-based 5G Network Performance Analysis
in a Semi-Anechoic and Semi-Reverberation Chamber,” submitted to
IEEE Wireless Communications, 2023.

• [J9] J. E. Galeote-Cazorla,A. Ramı́rez-Arroyo, F. J. López-Mart́ınez
and J. F. Valenzuela-Valdés, “Empirical Validation of a Class of Ray-
Based Fading Models,” submitted to IEEE Transactions on Wireless
Communications, 2023.

Other related conferences that have been generated along the development
of this thesis but have not been included:

• [C1] A. Ramı́rez-Arroyo, A. Alex-Amor, C. Garćıa-Garćıa, Á. Palo-
mares-Caballero, P. Padilla and J. F. Valenzuela-Valdés, “Time-Gating
Technique to Emulate New Scenarios,” in 2021 15th European Confer-
ence on Antennas and Propagation (EuCAP), Dusseldorf, Germany,
pp. 1-5, 2021.

• [C2] A. Ramı́rez-Arroyo, L. Garćıa, A. Alex-Amor and J. F. Valen-
zuela-Valdés, “An Introduction to Dimensionality Reduction for Prop-
agation Measurements,” in 2022 16th European Conference on Anten-
nas and Propagation (EuCAP), Madrid, Spain, pp. 1-5, 2022.

• [C3] A. Ramı́rez-Arroyo, A. Alex-Amor, P. Padilla and J. F. Valen-
zuela-Valdés, “Wideband Elliptical Arrays for DoA and ToA Estima-
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Chapter 2

Publications

The research results obtained during the development of this thesis are pre-
sented in this chapter. For that purpose, the publications related with these
results are included and the main results and contributions are summarized
throughout this chapter in each publication. In total, 7 works are presented,
5 of which correspond to JCR indexed journals, and 2 of them are works that
have been submitted to journals and are being reviewed. These works have
been organized in four sections: (i) Network Optimization over simulated
Communication Channels, (ii) Emulation and Classification of Propagation
Channels, (iii) Characterization of Ultra-Wide Band Propagation Channels,
and (iv) Measurement Campaigns at mmWave frequencies. Thus, these four
sections cover the main issues related to propagation channels which have
been analyzed throughout the thesis, namely, optimization, simulation, em-
ulation, classification, characterization and measurement. In addition, each
paper provides information on the journals in which they have been pub-
lished and their quality indexes.
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ABSTRACT Mobile communications are growing and the number of users is constantly increasing at an
accelerated rate, as well as the demand for the services they request. In the last few years, many efforts
have focused on the design and deployment of the new fifth generation (5G) cellular networks. However,
novel highly demanding applications, which are already emerging, need to go beyond 5G in order to meet
the requirements in terms of network performance. But, at the same time, as the Earth does not allow
us to increase the carbon footprint anymore, the energy consumption of the communication networks
has to be critically taken into consideration. A multi-objective approach for addressing all these issues is
therefore required. This work develops a cellular network framework that allows the evaluation of different
system parameters over dynamic traffic patterns, as well as optimizing the different conflicting objectives
simultaneously. The novelty relies on that the optimization process integrates key performance indicators
from different layers of the network, namely the radio and the network layers, aiming at reaching solutions
that account for the power consumption of the base stations, the total capacity provided to mobile users
and also the signaling cost generated by handovers. Moreover, new metrics are needed to evaluate different
solutions. Starting from the well-known energy efficiency merit factor (bits/Joule), three new merit factors
are proposed to classify the network performance since they take into account several network parameters
at the same time. These indicators show us the ideal working point that can be used to plan the point of
operation of the network. These operation points are a medium-high power and capacity load and a low
signaling load.

INDEX TERMS 5G networks, optimization, heterogeneous networks, energy efficiency.

I. INTRODUCTION
In 2019, the monthly mobile traffic reached 38 Exabytes,
while this figure is estimated to be 160 Exabytes by 2025,
at a 30 percent compound annual growth rate. On the other
hand, the number of devices connected to the Internet will
triple the world population by 2022, when there will be
3.6 devices per user compared to 2.4 devices per user in
2017 [1], [2]. This growth is due to the emergence of new
applications on the Internet, such online video games, vehic-
ular communications, tactile Internet, remote surgery, virtual

The associate editor coordinating the review of this manuscript and

approving it for publication was Javed Iqbal .

reality (VR) and augmented reality (AR), which do not only
require large bandwidths, but also challenging requirements
such as a massive number of connections and ultra-low and
reliable latency [3]–[5]. In order to meet these requirements,
both public and private initiatives started to develop the new
generation of mobile networks, the fifth or 5G, almost a
decade ago. The design principles of this new technology
were aimed at reaching 100x data rates, end-to-end delay
below 1ms, 99.999% reliability, etc. Among them, given the
current carbon footprint of the ICT industry [6], [7], these
challenging operating requirements have to be achieved by
saving 90% of the energy consumption. Three main tar-
get scenarios have been standardized in the Release 15 of
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the 3GPP consortium [8], namely, enhanced mobile broad-
band (eMBB), for providing the users with higher data rates
than LTE, massive machine-type communications (mMTCs),
for enabling a massive number of device connections, and,
finally, ultra-reliable low-latency communications (uRLLC),
aimed at low latency transmissions for small amounts of
data with ultra-high reliability. Despite these predefined 5G
scenarios, applications such as the tactile Internet does have
requirements that go beyond 5G, as they need both extreme
high data rates and ultra-reliable low latency. Therefore, the
next generation networks (6G) will necessarily encompass
new scenarios that combine the features of eMBB and uRLLC
in order to provide services to the newly envisioned applica-
tions [9], [10].

Our working hypothesis is that a multi-layer optimization
will be required to satisfy these demands, as it is proposed
here. Indeed, this work targets these latter scenarios using a
novel approach that jointly optimizes not only several per-
formance criteria from both the radio and the network layer,
but also considering energy efficiency issues [11]. From the
radio interface, we have considered the capacity the network
provides to the users, and the power consumption of the base
stations (BSs). And, from the network layer, the number of
bits used for signaling when a handover occurs due to the
user mobility, as it is strongly correlated to the latency [12]
required for uRLLC scenarios. To the best of our knowledge,
these optimization objectives, which accounts for two com-
plementary planes of the network, are yet rarely considered
together. An accurate modeling of a heterogeneous network
has been used, taking into consideration 5G enabling tech-
nologies [13] such as mmWave [14], massive MIMO [15],
[16] and network densification [17].

The optimization of different layers of the network and
energy at the same time is seldom reported in the literature.
Several previous works related to the physical layer are, for
example, the work of Zhang et al. [18]. They have pro-
posed a joint power allocation, mode selection, and channel
assignment scheme for optimizing energy efficiency in D2D
(Device-to-Device) communications. Liu et al. [19] have per-
formed two-dimensional optimization on traffic data rate and
green energy generation onHetNets. Fletscher et al. [20], [21]
have proposed several methods to optimize user allocation
and energy efficiency simultaneously. Rengarajan et al. [22]
and Di Renzo et al. [23] propose novelty models for the
optimization of energy efficiency at the physical layer. On the
other hand, works related to the network layer are, for
example, the work of Keshavarzian et al. [24]. They have
introduced several algorithms to minimize the energy con-
sumption taking into account the mobility-aware capability.
Muñoz et al. [25] optimize load balancing and handover costs
in the network layer. Also, Xu et al. [5] address the handover
problem in ultra-dense heterogeneous networks, focusing
on a single-layer optimization where they can decrease the
delay in the network. Since the problem is addressed from
a single-layer perspective, the authors obtain slightly lower
data rates than their reference model.

In this article, several multi-objective optimization prob-
lems have been formulated, tackling separately all pairwise
combination of the capacity, signaling and power consump-
tion objectives, plus a three-objective approach that considers
them all simultaneously. The problems have been addressed
by using Pareto-based multi-objective metaheuristics that
compute a set of trade-off solutions to the problem, thus
providing the decision maker (the network designer) with
compromise network configurations.

The structure of this article is as follows. Section II
presents the configuration of the system, detailing the dif-
ferent models used to compute the parameters and asso-
ciation strategies for assigning users to the base stations.
In Section III, the optimization and network configuration
are shown. Section IV analyzes the results obtained in the
optimization. Finally, Section V provides the reader with the
main conclusions drawn in this work and the future lines that
remain open for future research.

II. SYSTEM MODEL
This section first describes the modeling of the target
scenario, including both the base stations and the users
of the network. Then, it details the formulation of the
problem objectives, such as, capacity, power consumption,
and signaling overhead. An availability indicator is also
used to measure the demand satisfaction of the users in
a given amount of time. Finally, the UE-BS association
policy is included. The inputs and outputs of all models
are combined to generate a comprehensive model based
on the physical and network layers. This comprehensive
model allows the realization of a multilayer optimization in
Sections III and IV.

A. CONFIGURATION
The scenario comprises a working area of dimensions
500× 500 m2, where the BSs are distributed according to a
uniform random distribution that is independent on each of
the axes. These BSs are characterized into three possible cell
types according to their size and operating frequency (macro,
micro or femto). Their specifications are shown in Table 1.
UEs are also randomly distributed around the terrain, but
they move using a Random Waypoint Model (RWP), where
their location, velocity and acceleration change over time.
A graphical example of cell types and UEs movements in
a scenario is illustrated in Fig. 1. According to the MIMO
framework used, UEs may be equipped with two, three and
four antennas, modelling low, medium and high demanding
users, respectively.

As a traffic model between the UE and the BS, we assume
that the session arrival follows a Poisson process with mean
rate λ = 0.2. We also assume that the duration of a typical
session is exponentially distributed with mean µ = 10 s.
In this scenario, BSs are connected to an access network
where the routers offer IPv6 connectivity between mobile
users and the rest of the deployed network.

204296 VOLUME 8, 2020



A. Ramírez-Arroyo et al.: Multilayer Network Optimization for 5G & 6G

FIGURE 1. UEs and BSs in different propagation scenarios. Purple ‘‘UMA
LOS’’, Blue ‘‘UMA NLOS’’ Green ‘‘UMi LOS’’, Red ‘‘UMi NLOS’’ Brown
‘‘RMa LOS’’ and Yellow ‘‘RMa NLOS’’.

TABLE 1. Specifications of the Base Stations.

B. CAPACITY MODEL
First of all, the calculation of the power received (PRX ) by
each user at each time t must be performed.

PRX [dBm] = PTX [dBm]+ G [dB]+ LPATHLOSS [dB] (1)

where PRX and PTX are the received and transmitted power,
respectively, G is the sum of the gains of the transmitting
and receiving antennas, and LPATHLOSS are the signal losses
due to the transmission path that depend on the region where
the signal is transmitted, as shown in Fig. 1. LPATHLOSS is
computed as:

LPATHLOSS [dB]=LSPACE [dB]+LSHADOWFADING [dB] (2)

where LSPACE are the signal losses due to the distance
between UE and BS, decaying following an attenuation expo-
nent n. LSHADOWFADING is the variation in LPATHLOSS due to
multiple variables such as multipath propagation, the dis-
tribution of which follows a log-normal distribution. This
distribution is given by an expected value µ and standard
deviation σ that depend on the transmission models depicted
below. Mathematically, LSPACE can be seen as

LSPACE [dB] = 20log10

(
4πd0
λ

)
+ n10log10

(
d
d0

)
(3)

where the first term computes the signal losses in free space
until reference distance d0 for a specific wavelength λ, and
the second term considers how the signal decays at a distance
d depending on the region with an attenuation exponent n.

Three transmission models are used in the experiment,
UMi (Urban Microcells), UMa (Urban Macrocells) and RMa

(Rural Macrocells) [26]–[28]. Fig. 1 shows how the terrain is
divided according to different transmission models randomly.
Each transmission model has also two possible cases, LOS
(Line-Of-Sight) and NLOS (Non-Line-Of-Sight). They are
assigned randomly to each region, making NLOS to appear
more frequently in urban models, whereas LOS does in rural
scenarios. The combination of models and cases results in
six scenarios characterized by the attenuation exponent n, the
expected value µ and the standard deviation σ .
Finally, the signal to interference plus noise ratio (SINR)

has been calculated as follows:

SINRk =
Prx,j,k (mW )

(
∑M

n=1
n6=j

Prx,n,k (mW ))+ PN0 (mW )
(4)

where Prx,j,k is the power received by user k from BS j and∑M
n=1
n6=j

Prx,n,k is the total power received by user k from all the

base stations M that work at the same frequency excepting
BS j, i.e., the interference. Finally, PN0 is the noise power
given by:

PN0 [dBm] = −174+ 10 log10 (BW j(MHz)) (5)

where BW j is the bandwidth available by the BS j in MHz.
Once the SINR is obtained, the capacity of the channel

can be calculated. The main aim when using MIMO is to
improve the spectral efficiency by increasing the number of
transmitters and receivers, resulting in better transmission
conditions compared to a SISO system. This MIMOmodel is
commonly used for studies of different nature, such as chan-
nel estimation [29], radiation pattern studies [30], or MIMO
channel efficiency evaluations [31]. The capacity is computed
for each time instant t due to the UEs movement. Eq. (6) is
used for MIMO systems [29]–[32].

Ck,j,t

(
bits
s

)
=
BW j,t

Nj,t
log2

∣∣∣∣Ij + SINRk,t
No.Rxk

∗ H ∗ HH
∣∣∣∣ (6)

where BW j,t/Nj,t is the total bandwidth available to the user,
and the log2 calculates the spectral efficiency in bits/s/Hz,
where Ij is an identity matrix whose dimension is the number
of transmitter antennas by BS j and H is the channel matrix,
which is generated randomly by using a complex normal
distribution. The channel matrix dimensions are given by
the number of antennas from users (rows) and base stations
(columns).

C. POWER CONSUMPTION MODEL
One of the objectives of the optimization problem is the
reduction of energy cost. Therefore, energy efficiency (EE) is
an important parameter to define [33]. This indicator becomes
fundamental in the deployment of new mobile generations
due to the requirements of 90% reduction of power consump-
tion. Nowadays, energy efficiency is a parameter to be taken
into account in any new deployment [34], [35]. We have
considered an EE indicator that shows the performance in bits
per Joule, that is, the number of bits of information that can
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be reliably transmitted through the communication channel
per energy unit. It can be defined as:

EE
(
bits
Joule

)
=

DataRate(bits/s)
PowerConsumption(W )

(7)

One of the main motivations for including EE issue is
the fact that the theoretical limits of both the transmission
data rates and the minimum latency are known: the Shannon
limit and the speed of light, respectively. However, there is
no known limit of the maximum energy efficiency that can
be obtained in a network. In addition, Section IV will show
how energy efficiency is a major distinguishing criterion to
characterize the results.

Regarding the power consumption model, it takes into
account both the consumption between UE and BS and the
consumption between BS and the router in the access net-
work. The power consumption of a BS, denoted as Pbc, can
be expressed in the Aggregated Power Consumption Model
[36] as:

Pbc = αP+ β + δS + ρ (8)

where P represents the transmitted or radiated power of each
BS and S is the data rate. The coefficient α denotes the
power transmission efficiency due to an RF amplifier and
supply losses, β represents the power dissipated due to signal
processing, and δ is a constant denoting dynamic power
consumption per data unit. These terms differ for different
BS types defining a differential consumption model [37].

Detailing this model further, it can be seen that the power
consumption can be therefore divided into three types. On the
one hand, αP, the power consumption proportional to the
transmission that depends directly on the power transmitted
by the BS. On the other hand, δS, the power consumption
proportional to the capacity that depends exclusively on the
demand required by the user since it is directly linked to the
data traffic. Finally, β and ρ represent fixed consumption
terms.

Taking all this into consideration, the total power consump-
tion in the system can be calculated as follows:

PTotal =
∑BS

i=1
MiPbc + PBackhaul (9)

where the first term is the sum of the powers of all base
stations multiplied by the number of transmitting antennas
corresponding to each base station, and PBackhaul represents
the energy consumed by the backhaul. This latter has to be
included to sum up the power consumption required to carry
the signaling information from one region to another through
the access network.

D. SIGNALING MODEL
To achieve an efficient service provisioning and a better usage
of the network resources, 5G networks require to address
issues not only in the radio and data link environment, but
also in the layer 3 management protocols. Mobility manage-
ment mechanisms allow reachability and maintain ongoing

communication during roaming of mobile users in different
networks. One of the key aspects in the performance of these
protocols is related to the signaling, especially in densified
networks, where high-speed mobile nodes experience fre-
quent handovers with a high signaling load due to the short
cell radius [38], [39].

Thus, for optimal system design, it is necessary to accu-
rately model the impact of the mobility in other network
parameters. In this work, we measure the impact of the
mobility management on radio and link metrics. In current
centralized solutions, the mobility management relies on an
IP mobility anchor node, which is the network agent that
tracks the network connection point of a user as the user
moves. Whenever the user changes their point of attachment
to the network, the user registers with this agent through
signaling messages informing of its current location. As a
result of this signaling exchange, the Mobile Node (MN)
acquires a new IP address in this foreign network.

In mobility management protocols [40], [41], this anchor
node is the centralized part of the system since it is on the
critical path of both signaling and data for mobile users.
Regarding the signaling, a mobility management protocol
requires that an MN sends a location update to its mobility
anchor whenever it moves from one subnet to another. This
location registration is required even though the MN does not
communicate with others while moving. The signaling cost
associated with location updatesmay become very significant
as the number of MNs increases.

Moreover, this cost depends on the size in bytes of the
signaling messages (su) and the number of hops between the
MN and the mobility anchor (hMN−anchor ) in every handover
process during the time interval that the MN communication
remains active. Thus, we refer to the aggregate signaling cost
of registration update for a session as Cs and it is expressed
as:

Cs = suhMN−anchorNh (10)

where Nh is the number of handovers that cause a
layer 3 handover.

E. AVAILABILITY MODEL
Availability is defined as the probability of a user demand to
be fulfilled at a given time. This parameter turns out to be of
vital importance because in many occasions the total capacity
provided is not sufficient to meet the user requirements. This
fact will depend on whether his demand is satisfied by the
capacity, so availability in the model is computed as

Availabilityk = P{Ck ≥ Dk} (11)

whereCk is the capacity for the user k andDk are the demands
from the user k . Total availability in the system is computed
as an average of every user present in the scenario.

AvailabilityTotal =

∑k
i=1 Availabilityk

N
(12)

204298 VOLUME 8, 2020



A. Ramírez-Arroyo et al.: Multilayer Network Optimization for 5G & 6G

F. BS-UE ASSIGNMENT
Two policies for pairing UEs and BSs have been devised,
being they two aimed at maximizing SINR. Other criteria
could have been used, such as minimizing the distance or
maximizing the power received between UE and BS. How-
ever, the maximization of the SINR is the one usually applied
in actual network deployments. The two strategies are:

• Planning 1: the UE is paired with the BS that provides
the highest SINR out of all those available in the sce-
nario, regardless its type.

• Planning 2: the aim is to avoid continuous handovers
between BSs. As so, it pairs the UE with the BS that
provides the highest SINR among all those available
in the scenario, but only when the change leads to an
improvement in the SINR above a certain threshold.

III. MULTILAYER NETWORK OPTIMIZATION
A. NETWORK CONFIGURATIONS
Two different configurations have been devised. A light set-
ting with 20 UEs and 5 BSs, and a heavy one with 50 UEs
and 20 BSs, respectively. From now on, the first configuration
will be mentioned as light configuration, and the second one
as heavy configuration. These configurations distribute the
propagation models randomly as shown in Fig. 1. Moreover,
the type of UEs and BSs are also uniformly distributed.

B. OPTIMIZATION PROBLEM
This section clearly states the optimization problem
addressed in this work. First, the decision variables that define
the problem are the transmitted powers of the BSs, which
fully impacts all the optimization objectives defined in the
previous section. Indeed, it clearly determines the power
consumption of the network (eq. (9)). As it also directly
changes the SINR, because it modifies the power received
by the users (eq. (4)) and, hence, the data rates provided by
the network (eq. (6)) and the cell limits, inducing a different
number of handovers, thus modifying the signaling cost.
Moreover, the availability changes if the data rates changes.
As it can be seen, updating the transmission power of just one
single base station may provoke changes in the values of all
the objectives.

Given the problem difficulty, with a severe epistasis among
the decision variables, and the potential large scale of the
instances of the ultradense deployments, we have relied on
metaheuristics [42] as optimization tools. More concretely,
evolutionary multi-objective algorithms (MOEAs) have been
used [43] because, on the one hand, they can approximate the
Pareto front of a problem in one single run and, on the other
hand, as randomized black-box optimizers, they can address
optimization problems with nonlinear, non-differentiable or
noisy objective functions. The objectives to be optimized are
those shown in Section II, namely, capacity, power consump-
tion, signaling cost and availability.

In this way, the optimization problem is mathematically
formulated as follows: Let B be the set of the deployed

Base Stations (BTSs). A solution to the presented problem
is then a real-valued vector, s ∈ (0, 1]|B|, where si indicates
the transmitted power of BTS i. Thus, the four objectives
functions are:

f1 (s) = min PowerConsumption(s)

f2 (s) = max Capacity(s)

f3 (s) = min SignalingCost(s)

f4 (s) = max Availability(s)

which are grouped and combined resulting in several multi-
objective optimization problems.

C. ALGORITHMS
A brief technical description of the each of the algorithms
used to address the problem is provided in the following. Note
that in order to measure the quality of the approximated fronts
given by the algorithms, the hypervolume indicator (HV)
was used, which is recognized as one of the most suitable
Pareto-compliant metrics in the multi-objective community
[44]. Higher values of this indicator are better.

• NSGAII: The Non-Dominated Sorting Genetic
Algorithm II [45] is a genetic algorithm based on gener-
ating a new population from the original one by applying
the typical genetic operators (selection, crossover, and
mutation); then, the individuals in the new and old
population are sorted according to their rank, and the
best solutions are chosen to create a new population.

• SMPSO: SMPSO [46] is a multi-objective particle
swarm optimization algorithm in which global best par-
ticles are generally the non-dominated solutions found
during the particle movement and they can be exploited
to guide the particle swarm to approach the entire Pareto
Front.

All the two algorithms use Polynomial Mutation as muta-
tion operator, with a probability of 0.01. In the case of
NSGAII, SBXCrossover with crossover rate of 0.9 is also
used.

IV. RESULTS
In order to provide the results with confidence, 30 inde-
pendent runs of the MOEAs have been carried out. Also,
thorough statistical procedures have been used [47] with
a confidence level of 95% (p-value < 0.05). The p-value
obtained for the multcompare test is 1.5229e-06. The results
of this procedure have shown that all the differences are
statistically significant, thus pointing out that the HV of
SMPSO is statistically greater (better) than that of NSGA-II
and the MatLab algorithms. The results have been analyzed
in terms of the empirical attainment functions (EAF) [48]
and the best aggregated front among all the non-dominated
solutions found in all the 30 runs. The EAD used here is
the 50%-attainment surface in the multi-objective domain
that is analogous to the median value in the single-objective
one.
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FIGURE 2. Pareto front of the average capacity per user against power
consumption. Results obtained for planning 1 in both heavy and light
configurations.

A. JOINT OPTIMIZATION OF CAPACITY AND POWER
CONSUMPTION
The first experiment carried out considers two objectives: the
capacity per user and the power consumption. The results
show the average over time of the capacity for every UE.
Similarly, they show the power consumption for every BS.
Both light and heavy configurations have been considered.
The assignment UE-BS selected is planning 1.

Fig. 2 shows the average capacity that a user can reach for
the lowest power consumption that can provide that capac-
ity. It can be concluded that heavier configurations need to
use larger amounts of power to fulfill the user data rates
demanded by each user. This behavior can be explained from
two points of view. On the one hand, the number of UEs is
larger in the heavy configuration. Therefore, the number of
BSs has to be larger to obtain the same capacity per user,
and the transmitted power will be larger for a larger number
of BS. On the other hand, the more UEs and BSs, the more
interference is generated in the system for the same scenario,
which implies difficulties to provide the same service.

The benefits of having such an approximated Pareto front
is that the decision maker can easily choose whether s/he
desires to lose the capacity to save power, or conversely to
provide the maximum possible capacity at the expense of
power savings. One of the ways to find the balance between
these two parameters can be obtained representing the rela-
tionship among themselves, the energy efficiency, as it can be
observed in Fig. 3. This illustrates EE in the capacity range.
The horizontal axis is the same as in Fig. 2, so that the vertical
axis is scaled by normalizing it with respect to the horizontal
axis and thus obtaining the EE. Therefore, the maximum
point in terms of EE for both light and heavy strategies could
be considered as an optimal operation point.

Fig. 3 shows how themost efficient points are those with an
average capacity of around 3 Gbps for the light configuration
and 4 Gbps for the heavy configuration. In addition, it can
be clearly seen how the light configurations work better than
the heavy configurations. Finally, it shows the differences in
efficiency are greater in the light configurations.

From this point on, only light configuration has been used
(in this section and in the others as well). The solutions with
higher energy consumption have also been limited. As it can

FIGURE 3. Energy efficiency of the Pareto front of the average capacity
per user against power consumption. Results obtained for planning 1 in
both heavy and light configurations.

FIGURE 4. Pareto front of the average capacity per user against power
consumption for several fixed thresholds. Results obtained for planning 2
in the light configuration. Best aggregated value.

FIGURE 5. Pareto front of the average capacity per user against power
consumption for several fixed thresholds. Results obtained for planning 2
in the light configuration. Average.

be seen in Fig. 3 the energy efficiency falls drastically at these
points and we are not interested in working on these points.

Now, the planning strategy (BS-UE assignment) is changed
to evaluate its impact. The optimization is done separately
with 5 different threshold values (1, 3, 5, 7 and 9 dB). The
approximated Pareto fronts for the fixed threshold values
are shown in Figs. 4 and 5. The results represent the best
aggregated non-dominated solutions of the 30 runs of each
threshold case in Fig. 4, whereas the attainment functions are
depicted in Fig 5. Looking at Fig. 4, the results show similar
results for the different thresholds, except for 3 dB (orange
line), which is slightly worse. Despite the range between
3.2 and 3.5 Gbits/s, the best approximated front is when the
threshold is equal to 9 dB. However, when moving to the
average fronts in Fig. 5, the differences among thresholds
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FIGURE 6. Energy efficiency of the Pareto front of the average capacity
per user against power consumption for several fixed thresholds. Results
obtained for planning 2 in the light configuration.

FIGURE 7. Pareto front of the average capacity per user against power
consumption when the threshold is optimized. Results obtained for
planning 2 in the light configuration.

diminish. In this figure, the blue line that represents a thresh-
old of 1 dB is slightly better. This indicates that the algo-
rithm can more easily find solutions with that threshold since
average optimal results are achieved by the lowest threshold.
In contrast with Fig. 4 where the best Pareto front results are
foundwith a threshold of 9 dB. This fact indicates the need for
a high computing workload to approach the average results
towards the best aggregated values.

As it is explained in Section II.C, the merit factor accepted
by the scientific community, EE (bits/Joule), eases the com-
parison of different solutions of a given approximation to
Pareto front. In order to obtain the maximum limit of the
energy efficiency, the values have been obtained from the
aggregated Pareto fronts (see Fig. 4). Thus, Fig. 6 illus-
trates the energy efficiency for several thresholds, which are
very similar among them. The only remarkable difference
appears, again, in the central part of the graph, between 3 to
3.5 Gbits/s, where it seems that the slope decreases and the
orange line (3 dB) is clearly below.

To obtain more information about the effects of the thresh-
old on the network parameters, a new experiment has been
conducted, but now including a threshold parameter as a
decision variable to be optimized. The results obtained in this
case are illustrated in Figs. 7 and Fig 8.

Fig. 7 depicts the approximated Pareto front when the
threshold is taken into consideration. It also displays a color
scale on the right part of the plot to show the threshold value
computed by the algorithm for each of the non-dominated
solutions reached. It can be observed that all these solutions

FIGURE 8. Energy efficiency of the Pareto front of the average capacity
per user against power consumption when the threshold is optimized.
Results obtained for planning 2 in the light configuration.

have always obtained thresholds above 5 dB. A second inter-
esting finding arises when the capacity is roughly 3.2 Gbits/s,
where a sharp increase in the power consumption occurs.
This is a very valuable information for the network designer
(decision maker) as s/he can significantly reduce the energy
consumption of the network, penalizing minimally its capac-
ity. As it can be seen, at this point the algorithm tries different
values for the threshold around 7 dB, without finding a better
performance in terms of capacity without increasing power
consumption. At a first glance, if only Fig. 7 is considered,
it may seem reasonable to work at operating points below
3 Gbps. However, observing the energy efficiency in Fig.
8, the true fact is that the solutions near 4 Gbits/s do have
the higher energy efficiency. This is due to the fact that the
increase in energy consumption is counteracted by the rapid
increase in capacity, so that in terms of efficiency, the increase
in capacity is bearable at the expense of the additional trans-
mission power required. It is also important to note from
Fig. 8 that in the zone where the algorithm does not find
suitable solutions (3 to 3.5 Gbits/s approximately) the trend
of energy efficiency changes showing that best efficiencies
are in accordance with Fig. 7.

B. JOINT OPTIMIZATION OF SIGNALING COST AND
CAPACITY
The second experimentation is the joint optimization of data
rates and signaling cost. As explained above, signaling cost
is the accumulative layer 3 mobility signaling overhead for
supporting mobility service for a user. This metric is directly
proportional to the number of hops between the mobility
anchor and the user and also to the total number of handovers.
Therefore, the reduction of this cost implies an overall reduc-
tion in the handover latency. Therefore, the aim of this second
experiment is to target a possible 6G scenario where ultra-low
latency and very high transmission data rates are required.

In a similar way to the previous section, the variables to be
optimized are the transmitted power at the base station and the
optimization is performed for fixed thresholds. Fig. 9 shows
the aggregated front of the non-dominated solutions reached
in the 30 independent runs. It can be seen that higher thresh-
olds obtain the approximated fronts that converge the most.
It has to be clarified that, a zero signaling cost indicates that
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FIGURE 9. Pareto front of the average capacity per user against signaling
cost for several fixed thresholds. Results obtained for planning 2 in the
light configuration. Best aggregated value.

FIGURE 10. Efficiency (bitsdata/bitssignaling) of the Pareto front of the
average capacity per user against signaling cost for several fixed
thresholds. Results obtained for planning 2 in the light configuration.

the user remains in the same cell throughout the simulation,
sacrificing capacity at the cost of decreasing latency. In order
to further analyse the information enclosed in the approx-
imated fronts, similar to the merit factor shown previously
(EE), this work proposes for the first time, and to the best of
our knowledge, a merit factor that provides the ratio of data
sent for each signaling bit used (if no signaling is generated
because no handover occurs, the metric remains undefined).

Fig. 10 shows the results, which indicates that lower capac-
ities obtain higher efficiencies in terms of signaling bits sent
through the network per data bit. It can be therefore concluded
that it is more interesting to work at operation points with low
signaling. From the results, it can be seen that a high threshold
is required to obtain the highest values in our merit factor
(green and purple lines) since they obtain same merit factor
for larger capacities.

In a similar way to the previous section, an optimization
with a threshold as the variable is done. Figs. 11 and 12
show capacity-signaling cost optimizationwhen the threshold
value is a decision variable for the best aggregated value
in order to see the maximum performance of the network.
Similar to Fig. 9, Fig. 11 reveals that the higher capacity
incurs the higher signaling cost. This is explained by the
fact that to obtain maximum capacity, the user has to be
constantly moving between those BSs that provide the best
SINR, which incurs in signaling cost, and therefore, higher
latencies. Moreover, paths followed by the signaling traffic
are fixed. For that reason, it is not possible to find a large
number of solutions in the Pareto front.

FIGURE 11. Pareto front of the average capacity per user against
signaling cost when the threshold is optimized. Results obtained for
planning 2 in the light configuration.

FIGURE 12. Efficiency (bitsdata/bitssignaling) of the Pareto front of the
average capacity per user against signaling cost when the threshold is
optimized. Results obtained for planning 2 in the light configuration.

To conclude this section, it can be said that high thresholds
produce better results than low thresholds. It should also be
noted that the cost of signaling vary much more strongly than
the capacities in relative terms. Finally, it is more convenient
to work in the area of low signaling as it is shown in Fig. 12.

C. JOINT OPTIMIZATION OF SIGNALING COST AND
POWER CONSUMPTION
In this section, a power consumption-signaling cost optimiza-
tion is carried out following the methodology of the previous
ones. Figs. 13 and 14 show the best aggregate and average
value of the 30 simulations respectively. In these figures,
it can be seen how the high threshold values (green and

FIGURE 13. Pareto front of the power consumption against signaling cost
for several fixed thresholds. Results obtained for planning 2 in the light
configuration. Best aggregated value.
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FIGURE 14. Pareto front of the power consumption against signaling cost
for several fixed thresholds. Results obtained for planning 2 in the light
configuration. Average.

FIGURE 15. Efficiency (1/(bitssignaling · Joule)) of the Pareto front of the
power consumption against signaling cost for several fixed thresholds.
Results obtained for planning 2 in the light configuration.

purple) work much better. Furthermore, the differences are
much more pronounced for lower power consumption values.
The higher power consumption incurs in lower signaling cost.
The increase in the transmitted power by BSs decreases the
number of handovers since the users tend to stay connected
to the same BS.

In a similar way to the previous sections, a newmerit factor
that can compare the different points on the Pareto front is
proposed. This new merit factor is the inverse of the watts
consumed multiplied by the signaling cost. This merit factor
will indicate the joint cost of the signaling and the power
consumption and it will show the best operation points. Thus,
Fig. 15 shows this new merit factor. In line with the previous
figures, the best values of the new merit factor are obtained
for the higher thresholds. This trend is shown across the entire
range of power consumption. It can be seen how the most
efficient working points are for the highest power consumed.

To follow the same structure as in the previous sections,
optimization is carried out with the threshold as another
decision variable in the optimization. The results are shown
in Figs. 16 and 17. Fig. 16 presents the best Pareto front and
Fig. 17 presents the merit factor. The results show how in
the extremes of power consumption, the algorithm always
chooses very high values for the threshold. This is in line
with Figs. 13 and 14 where it can be seen that the differences
between the different thresholds are greater at the extremes.

D. TRI-OBJECTIVE OPTIMIZATION PROBLEM
From the previous sections, it can be seen how when com-
paring data rates and power consumption, the best operation

FIGURE 16. Pareto front of the power consumption against signaling cost
when the threshold is optimized. Results obtained for planning 2 in the
light configuration.

FIGURE 17. Efficiency (1/(bitssignaling · Joule) of the Pareto front of the
power consumption against signaling cost when the threshold is
optimized. Results obtained for planning 2 in the light configuration.

points are for high data rates. However, when comparing
signaling cost and data rates, the optimum operation points
are at low data rate points. Therefore, these operation points
are contradictory and a joint optimization of the three factors
is necessary in order to draw conclusions. Therefore, a com-
bination of the three previous optimizations is made, where a
surface is obtained as Pareto front as it is a three-dimensional
optimization. Fig. 18 depicts this optimization and three
trends can be distinguished. Signaling is minimized for low
capacities and high power consumptions. Capacity is max-
imized for high power consumptions and high signaling.
Power consumption is minimized for low capacities and high
signaling.

FIGURE 18. Pareto front of average capacity per user against power
consumption against signaling cost. Results obtained for planning 1 in
the light configuration.

Finally, a merit factor that takes into account the
three network parameters simultaneously (data rates, power
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FIGURE 19. Merit factor (bitsdata/(W · bitssignaling)) as a function of:
(a) data rate, (b) power consumption and, (c) signaling cost.

FIGURE 20. Pareto front of average capacity per user against power
consumption against availability. Results obtained for planning 1 in the
light configuration.

consumption and signaling cost) is proposed. This merit
factor is calculated by dividing the data bits by the power
consumed and the signaling bits. It reveals how many data
bits can be sent with a watt of power and one bit of signaling.
Fig. 19 shows this new merit factor as a function of average
capacity in Fig. 19(a), as a function of power in Fig. 19(b) and
as a function of signaling in Fig. 19(c). In these figures, it can
be seen that the highest efficiencies of this merit factor are
given for medium-high capacity and power values (around
3.5 Gbits/s and 30 to 31 kW). Also, in accordance with the
previous sections, the best operations points are those found
for low signalization values.

In addition, Fig. 20 shows a three-dimensional optimiza-
tion that involves capacity, power consumption and avail-
ability. Taking into account availability is another key factor
since the user should have coverage in order to satisfy his
requirements. Total availability is obtained for high power
consumptions where higher SINRs are able to improve the
capacity, and therefore the data rate.

E. NSGAII AND SMPSO TRI-OBJECTIVE OPTIMIZATION
PROBLEM
The previous section shows the study of the objectives with
the default algorithm used by MatLab. Going further as
explained in Section III, this study is performed with two
additional algorithms, NSGAII and SMPSO. These allow
us to go deeper into the tri-objective optimization case and
extend results depending on the algorithm used. Ten iterations
have been performed for each algorithm. The figures shown
throughout this section show a representative description of
the set of all the iterations.

Following the idea proposed in Fig. 18, a representation of
the three-dimensional Pareto front is drawn in Fig. 21 for each
of the three algorithms applied. On the one hand, the front
of NSGAII differs slightly from the original MatLab front.
On the other hand, the front proposed by SMPSO is quite
different from the two previous ones.

In order to study these results further, the objectives
are divided into three two-dimensional planes presented in
Fig. 22. The first column, which draws the signaling as a
colour scale, shows that NSGAII and SMPSO achieve bet-
ter results than MatLab. NSGAII finds a space of solutions
with lower energy consumption (objectives are shifted down-
wards) and less signaling (colder colors). In SMPSO it is
remarkable that a set of low signaling cost objectives is found.
They minimize energy consumption and signaling cost in
exchange for lower average capacity per user. This set of
objectives at the bottom left would be the example of a conser-
vative deployment. The second column represents the power
consumption as a colour scale. NSGAII gets colder colours
since it is the algorithm with the best solutions in terms of
energy saving. SMPSO concentrates the objectives in high

FIGURE 21. Pareto fronts of average capacity per user against power consumption against signaling costs. Optimization algorithms are default in
MatLab, NSGAII and SMPSO. Results obtained for planning 1 in the light configuration.
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FIGURE 22. Two-dimensional representation of the Pareto fronts. First, second and third rows represent MatLab, NSGAII and SMPSO algorithms
respectively. First, second and third column represent signaling costs, power consumption and average capacity per user as a colour scale.

TABLE 2. Hypervolume Comparison.

capacity areas except for a small section corresponding to the
conservative case explained above.

Finally, the third column draws the power average capacity
per user as a colour scale. By the same reasoning as above,
NSGAII objectives are shifted to the left, corresponding to
more energy efficient areas for similar capacities and signal-
ing. SMPSO explores a new area at the bottom left corre-
sponding to the conservative case.

The previous analysis of the Fig. 22 can be completed
with another analysis using performance metrics such as
hypervolume. Table 2 shows the average hypervolume for all
iterations of each algorithm.

In terms of hypervolume, the best algorithm is SMPSO,
followed by NSGAII in second place, and finally MatLab.
The explanation is similar to that given in Fig. 22. On the
one hand, NSGAII improves on MatLab with decreases in
power consumption. On the other hand, SMPSO explores
Pareto front areas that are not analyzed in the two previous
algorithms. This case allows a more complete view of the
Pareto front, which maximizes the hypervolume.

F. BASELINE COMPARISON
The hypervolume indicator shows the best Pareto fronts in
a very compact way. However, it does not allow to see the
improvement from the starting point. A visual comparison
with the baseline can be made. The baseline used for the
study consists on the average capacity per user, signaling
cost and power consumption objectives when all BSs are
operating at maximum power. This operation point provides
the following results: 2.51 Gbps (average capacity per user),
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FIGURE 23. Baseline in the two-dimensional representation of the Pareto fronts. First, second and third rows represent MatLab, NSGAII and
SMPSO algorithms respectively. First, second and third column represent signaling costs, power consumption and average capacity per user as a
colour scale.

43.9 kW (power consumption) and 116.5 kbps (signaling
cost). Fig. 23 shows the operating point of the baseline on
the Pareto fronts obtained for the three algorithms. In the first
column it is clear that the power consumed in the deployment
is improved, going from 43.9 kW to values in the range of
23 kW to 33 kW. The second column shows that the baseline
obtains intermediate values in terms of signaling and capac-
ity. However, the yellow color of the baseline indicates that
the power consumed to obtain these capacities and signaling
is much higher than the rest of the objectives on the fronts.
Finally, the third column shows a performance similar to the
first one, where the power consumed is much higher than the
Pareto front.

V. CONCLUSION
In this work, we have presented a multilayer network
optimization that optimizes some performance criteria. The
comprehensivemodel, based on the physical and network lay-
ers, allows the multilayer optimization where all objectives

are improved simultaneously. UEs capacity and BSs power
consumption from the network layer are optimized. UEs
signaling bits due to handovers in the network from the data
link layer are also considered in the optimization. These
optimizations are reflected in Pareto fronts, which show a
set of non-dominated solutions to the problem. They keep
a trade-off that provides the network designer with a set
of optimal settings for the network deployment. In order to
decide a certain configuration, the calculation of efficiency
parameters, such as energy efficiency, has also been carried
out, showing the optimum operating point for the network.
To go deeper into finding the optimal working point, three
new merit factors have been proposed that take into account
different parameters of the network.

The analysis of the merits factors shows the opti-
mal operation points. These points can be useful for the
telecommunication companies in order to allow new services
with high performance in all parameters. Therefore, the new
merits factors play a fundamental role in finding the balance
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between the different criteria assessed. Pareto fronts have
been obtained from three different optimization algorithms.
The comparison with the baseline shows that these Pareto
fronts are able to improve multiple objectives simultaneously.
The hypervolume analysis indicates that SMPSO presents the
best objectives on the Pareto front.

As a future direction, D2D communications and
multi-access edge computing (MEC) could improve the
performance indicators since these technologies decrease
the signaling costs and power consumption on the scenario
due to the cooperation among close users. Moreover, the
statistical multiplexing could increase the benefits of the
optimization by coordinating several streams simultaneously.
Although this technique slightly increases signaling traffic in
the network, this is offset by the potential resource savings in
terms of spectrum allocation.

5G and 6G aim to substantially improve all these QoS
metrics simultaneously. To this end, this study has easily
illustrated the trade-off between these performance indicators
reached by three multi-objective optimization algorithms.
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2.2 Emulation and Classification of Propagation
Channels

2.2.1 On the Spectral Efficiency for Distributed Massive
MIMO Systems

Distributed MIMO (D-MIMO) is expected to be a disruptive technology for
future mobile generations due to the multi-connectivity between the User
Equipment and the Base Station. This paper analyzes the spectral efficiency
of D-MIMO systems under different operating conditions. Simulations have
been carried out in the sub-6 GHz band (FR1) and mmWave band (FR2).
Additionally, these simulations have been complemented with measurements
performed in anechoic and reverberation chamber environments in order to
emulate D-MIMO systems. Properties such as power allocation, antenna
spacing, and LoS vs NLoS condition have been analyzed for the optimal de-
ployment of a D-MIMO system. Simulation results and channel emulations
demonstrate that low spatially correlated and power-balanced channels take
advantage of the spatial diversity of the propagation channel, thus maximiz-
ing the performance of these systems.
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Abstract: Distributed MIMO (D-MIMO) systems are expected to play a key role in deployments
for future mobile communications. Together with massive MIMO technology, D-MIMO aims to
maximize the spectral efficiency and data rate in mobile networks. This paper proposes a deep
study on the spectral efficiency of D-MIMO systems for essential channel parameters, such as the
channel power balance or the correlation between propagation channels. For that purpose, several
propagation channels were acquired in both anechoic and reverberation chambers and were emulated
using channel simulators. In addition, several frequency bands were studied, both the sub–6 GHz
band and mmWave band. The results of this study revealed the high influence of channel correlation
and power balance on the physical channel performance. Low-correlated and high-power balance
propagation channels show better performances than high correlated and power unbalance channels
in terms of spectral efficiency. Given these results, it will be fundamental to take into account the
spectral efficiency of D-MIMO systems when designing criteria to establish multi-connectivity in
future mobile network deployments.

Keywords: distributed MIMO systems; anechoic chamber; reverberation chamber; spectral efficiency;
power balance

1. Introduction

The prognosis for average user data consumption in 2026 is expected to be 35 GB/month
compared with approximately 9 GB/month currently [1,2], which implies a 25% compound
annual growth rate. In 2026, the most consumed user applications will continue to be
based on streaming video. It is anticipated that these applications will require up to
27 GB/month per user, compared with 6 GB/month today. Applications contributing
to this dramatic increase in 2026 include: (i) 1080 p full HD (1920 × 1080); (ii) full HD
virtual reality (VR); and (iii) 4K UHD (3840 × 2160). Beyond 2026, more demanding video
streaming applications are expected to take user traffic to new levels, such as: (i) 8K UHD
(7680 × 4320); and (ii) volumetric data streaming [3]. Consequently, this prediction shows
an increase of approximately 4 times in 5 years until 2026. If we linearly extrapolated
this result to 2030, we obtain an increase factor of between 20 and 30 times the current
traffic of the users. It is expected that the above usage cases and any future cases will
require the same type of 5G key performance indicators (KPIs) including: (i) new target
values (e.g., higher data rates, lower latency, higher reliability . . . ); and (ii) new cut-off
hybrids across the three types of user services for 5G, enhanced mobile broadband (eMBB),
ultra-reliable low-latency communications (uRLLCs) and massive machine-type communi-
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cations (mMTCs) [4]. Technological challenges and goals for the short (SEVO), medium
(MEVO) and long (LEVO)-term evolution of 5G are shown in Figure 1.
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for future mobile communications.

Within this framework and perspective, technological advances are mandatory to
fulfill the user requirements. Thus, multiple-input multiple-output (MIMO) is fundamental
for the development of mobile networks. In particular, massive MIMO technology expects
to increase the transmission speed on the network by using multiple antennas at the
transmitter (TX) and receiver (RX), and high frequencies, known as millimeter waves
(mmWaves) [5]. However, the propagation channel for mmWaves is particularly exposed
to attenuation and fading issues. Therefore, it will be necessary to connect the user
equipment (UE) to several base stations (BSs) simultaneously. Systems with multiple BSs
may be known as distributed MIMO (D-MIMO) systems or coordinated multipoint (CoMP)
systems. CoMP term usually refers to systems where a suppression is sought through
channel awareness being distributed by the backhaul network [6]. These systems will
allow the multi-connectivity between BS and UE, which will require a deep study on the
designing criteria on the network in order to provide an optimal network operation.

Massive MIMO and coordinated interference schemes have been proposed as solu-
tions to mitigate high interference and thus increase spectral efficiency [7]. However, the
main issue of this technique is the increased system overload in the fronthaul [8] and
backhaul [9] networks. A solution for cooperation in transmissions is to find a balance for
the number of coordinated cells in order to decrease the overheads [10,11]. These coordi-
nated transmissions are typically based on three techniques: coordinated beamforming,
coordinated transmissions and coordinated scheduling [12–15]. Moreover, new strate-
gies are emerging to improve the performance of the previous techniques, such as those
based on games or deep learning [16–18]. Previous work by MacCartey and Rappaport [6]
demonstrate that the full knowledge of the propagation channel provides an increase in
the data rate for the CoMP systems. However, it also proves that both the sharing of full
CSI and BSs coordination imply a drastic increase on the backhaul overhead, as stated
previously in [9]. For that reason, the interference mitigation may not be worthy in practical
cases. Nevertheless, it is preferable to use multi-BS systems to increase the data rate of the
network, since they avoid overheads. For this, the joint spectral efficiency of the distributed
MIMO systems is sought. This study deals with the above-mentioned issues and proposes
the following contributions:
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• A field study on the spectral efficiency of distributed MIMO systems for the sub–6 GHz
band that quantifies the losses of spectral efficiency due to power unbalance in several
distributed MIMO systems working together. In this paper, channel propagation mea-
surements are acquired in reverberation chambers to emulate different environments;

• A theoretical study is carried out in order to simulate a distributed massive MIMO
system in the mmWave band. A deep analysis on the spectral efficiency is presented
using the NYUSIM simulator;

• A field study is performed to emulate a distributed MIMO system in the mmWave
band. A measurement campaign is performed to emulate several distributed MIMO
scenarios above 30 GHz. A comparison with the power unbalance in the sub–6 GHz
band is made in order to see the implementation viability of distributed MIMO
scenarios for future mobile generations.

The study is organized as follows. Section 2 introduces the distributed MIMO model
and the channel matrix that provides the spectral efficiency of the measured scenario.
Sections 3–5 show the analysis of the D-MIMO scenarios in real deployments and simula-
tions, and sub–6 GHz and mmWave bands. Finally, the main conclusions of the article are
drawn in Section 6.

2. Distributed MIMO Model

The main goal to study the scenarios is the emulation of distributed MIMO systems by
combining values from several communication channels acquired in different environments.
Therefore, diverse channel matrices are combined in order to form a single matrix that
symbolizes the D-MIMO channel matrix [6,19]. Each propagation environment has a certain
number of transmitting (TX) and receiving (RX) antennas. TXs simulate a transmitting BS,
where each BS is placed in a different location, emitting to a user equipment (UE) located
in a fixed place and composed by several RXs. Mathematically, the combination of channel
matrices can be depicted in Equation (1). A deep and detailed explanation on channel
matrix models can be found on [20,21].

H =
[

HT
1 , HT

2 , . . . , HT
N

]
T , (1)

N is the total number of MIMO systems that form the D-MIMO. Hi is the channel
matrix from a single MIMO whose dimension is Li × R. Li and R is the number of TX and
RX in the BS and UE for the i-MIMO system, respectively. Finally, H is the channel matrix
of the D-MIMO with dimensions L × R, where L is computed as ∑N

i=1 Li.
It is essential to emphasize that each Hi, related to different MIMO systems, represents

propagation channels that may differ from each other due to the unique conditions of each
scenario. Therefore, the power received by the UE is expected to be different from different
schemes. In this paper, a modulation of Hi is introduced to emulate the unbalance power
that might occur in a D-MIMO system. In order to perform this unbalance, Hi is multiplied
by a balance factor (Att) that emulates losses in the transmission due to obstacles in the
propagation path or shadow fading.

HAtt
i = Atti·Hi ; Atti ≥ 0 (2)

By applying this balance factor to certain i-MIMO systems, the performance of
D-MIMO systems can be analyzed when they suffer a strong power unbalance. The spectral
efficiency of the system can be computed to determine the effect on the D-MIMO once the
power balance is modified. This metric of the full communication channel is estimated
using the following formulas [22]:

Hnorm( fi) = H( fi)


 1

N f

N f

∑
i=1
||H( fi)||2



− 1

2

, (3)
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η(bps/Hz) = log2

∣∣∣∣IL +
SINR

L
HHH

∣∣∣∣, (4)

where SINR is the signal-to-interference-plus-noise ratio rate, H represents the channel
matrix of the D-MIMO, I is an identity matrix, and the superscript (H) denotes the conjugate
transpose operator. First of all, H must be normalized (Hnorm) in order to take into account
the frequency dependence of the communication channel in Equation (3) [23], where N f is
the number of frequency samples. Note that the number of frequency samples N f must
be chosen long enough so that no channel effect at a single frequency is unnoticed. The
spectral efficiency in Equation (4) is calculated from the normalized channel frequency
response Hnorm. Throughout the article, additional modifications will be added to the
channel frequency response shown in Equation (3) to demonstrate the importance of effects
such as power unbalance in D-MIMO systems.

A visual example of the composition of a D-MIMO system is illustrated in the Figure 2.
This example shows the composition of a D-MIMO throughout several measurements ac-
quired in a semi-anechoic and semi-reverberation chamber. As previously stated, n–MIMO
systems are deployed, where the UE/RX is located in a fixed position. However, the BS/TX
position is changed in order to move and point to different locations inside the chamber.
This provokes the diversity of the propagation channel which is finally reflected on the
channel matrix H. Each one of the following sections details how the channel matrices Hi
were obtained.
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Figure 2. Scheme of a D-MIMO consisting of a set of MIMO subsystems acquired in a semi-anechoic
and semi-reverberation chamber.

3. Power Unbalance on Sub–6 Ghz D-MIMO Systems

This section presents the effect of the power unbalance for a D-MIMO system com-
posed by multiple MIMO subsystems acquired in a reverberation chamber. The first part
of the section briefly describes the acquisition process of the propagation channels. The
second part shows and details the results of this power unbalance. From an analytical
perspective, the relevance of this section lies in understanding how the spectral efficiency
can be maximized while the power allocation is minimized at the same time.

3.1. Measurement Scenario

The first subset of measurements is taken in a reverberation chamber. These measure-
ments are characterized by the rich scattering scenario generated inside the chamber. The
reflection of the waves on the shielded walls creates several multipath components (MPCs)
that reach the UE in different time instants, which increase the diversity of the scenario.
Seven different scenarios are measured inside the reverberation chamber, where the BS has
twelve transmitter antennas and UE has three receiver antennas. In order to generate diver-
sity on the propagation channel, two mechanical stirrers are inserted inside the reverbera-
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tion chamber. Since stirrers can adopt 50 different positions, together with 201 frequency
points (250 kHz frequency spacing) from 1775 GHz to 1825 GHz, 10,050 channel propagation
are measured for each TX-RX pair on each scenario. The main difference between the
seven scenarios is found in the load of the reverberation chamber, which is changed by
introducing several absorbers in different positions. A deep explanation of the measuring
process can be found in [24,25].

Once the acquisition process is carried out, seven MIMO systems are achieved and
saved on seven Hi. The full D-MIMO system is formed by the matrix H =

[
HT

1 , HT
2 , . . . , HT

7
] T

whose dimensions are 84 TX × 3 RX.

3.2. Power Balance Analysis

In order to analyze the effect of the power balance in a D-MIMO system, the balance
of the measurements must be assessed. For that purpose, Table 1 shows the normalized
power balance (NPB) over the maximum value for the i-MIMO system. Since all scenarios
are normalized, it can be seen that scenario A reaches the maximum power in the receivers.
As stated in [22,23], this scenario lacks absorbers, so it is logical to expect maximum
received power. The higher the number of absorbers, the lower the received power due to
the absorption effect.

Table 1. Normalized power balance (NPB) for the i-MIMO system.

A (H1) B (H2) C (H3) D (H4) E (H5) F (H6) G (H7)

Power allocation 1 0.48 0.36 0.85 0.58 0.15 0.14

Once the power allocation is known, we can establish a D-MIMO system formed by
the first transmitter of the scenarios from A to E and all three receivers from every scenario.
This leads to a D-MIMO whose channel matrix H has the dimensions 5 TX × 3 RX. In this
new H, the average value of the normalized power is 0.65. Scenarios A and B are modified
by applying the balance factors Att1 and Att2 Equation (2) to the first two rows of H to see
the effect of the power balance. Figure 3a shows the spectral efficiency of the D-MIMO
when it is modulated with both balance factors simultaneously. As it can be seen, the
higher the Att2 value is, the higher the spectral efficiency obtained. Since Att2 modulates
H2 (NPB = 0.48) and the average NPB for the full matrix H is 0.65, it is intended to obtain
an Att2 value as close as possible to 1. This fact provides an NPB in the H2 row that is the
closest to the average NPB. Observing the effect of Att1, the spectral efficiency rises from
0.01 to 0.6, where it reaches a maximum. From that value, the metric tends to decrease.
Since H1 NPB is 1, the value of Att1 that provides a NPB similar to the average NPB is 0.65.
It is clearly observed that the maximum spectral efficiencies are reached for these values.
In short, the D-MIMO is able to maximize its spectral efficiency when the i-MIMO systems
tend to be balanced due to the balance factor inclusion.

In order to validate this reasoning, a second experiment was carried out. The first
transmitter from the scenarios C, D, E, F and G were chosen. Therefore, a D-MIMO with
channel matrix H (5 TX × 3 RX) was created. In this case, the average NPB is 0.42 and the
balance factors Att3 and Att4 are applied to the scenarios C (H3) and D (H4), respectively.
Figure 3b presents the spectral efficiency when both balance factors are included. First,
the NPB in scenario C is 0.36. Therefore, larger values of Att3 obtain a NPB closer to
the average NPB of the D-MIMO. Consequently, the spectral efficiency increases as Att3
increases. Based on the modulation of scenario D (Att4), the NPB is 0.85. In order to
maximize the spectral efficiency, the NPB must tend to values around the average NPB.
This is obtained for values of Att4 around 0.5. Note that Att4 values above 0.5 do not
increase the spectral efficiency even when it implies increasing the transmission power of
scenario C. This fact is due to the power unbalance when Att4 is too high.
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To conclude this section, it was proven that the spectral efficiency of a D-MIMO system
is directly proportional to the power balance. Therefore, the received power variance
between the TX-RX pair should be reduced in order to provide satisfactory UE services.

4. Correlation and Los on Emulated D-MIMO Systems above 6 Ghz
4.1. Emulation Scenario

In this section, an analysis on the TX correlation and the effect of the line-of-sight
(LoS) in D-MIMO systems is performed. For that purpose, several measurements of the
propagation channel are simulated in NYUSIM [26]. NYUSIM is a mmWave simulator that
has a wide variety of configuration parameters for the simulated environment. In particular,
it allows to simulate scenarios for a wide frequency range and several propagation models.
In this study, simulations from 10 GHz to 78 GHz are carried out for two environment
models: urban macrocell (UMa) and urban microcell (UMi). Several channel matrices H
were simulated for a wide range of configuration parameters. Table 2 shows the choice of
simulation parameters in detail. Note that each simulation was iterated ten times in order
to avoid outliers in the channel matrices H. The chosen distances, antenna spacing, and
frequencies ensure the UE far-field condition for all simulations shown in this section.

Table 2. NYUSIM simulation parameters.

Simulation Parameters

Frequency 10 GHz, 28 GHz, 40 GHz and 78 GHz
Bandwidth 800 MHz

Frequency samples 1601 (500 kHz frequency spacing)
Propagation environment Urban macrocell (UMa) and urban microcell (UMi)

Visibility Line-of-sight (LoS) and non-line-of-sight (NLoS)
UE-BS distance 50 to 1000 m

TX antennas in the BS 200 antennas (Lineal array)
RX antennas in the UE 20 antennas (Lineal array)
TX antenna separation λ/10, λ/2 and λ

RX antenna separation λ/10, λ/2 and λ

EIRP 30 dBm
Iterations 10

4.2. Correlation and LoS Analysis

The first test consists of studying the TX/RX antenna spacing in the BS/UE to deter-
mine its effect on spectral efficiency. For that purpose, a D-MIMO system with 50 TX and
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10 RX was created. The D-MIMO is formed by 3 BS which are 100 m, 120 m, and 140 m away
from the receiver. The relative distance between BSs is set to be the largest BS-UE distance
(140 m). On each BS the transmission is made with 17 TX, 17 TX, and 16 TX, respectively.
The simulations are made for two environments (UMa and UMi) and three frequencies
(28 GHz, 40 GHz, and 78 GHz). Since the goal is to study the TX/RX antenna spacing
effect, three distances are considered for the TX/RX spacing: λ/10, λ/2, and λ. For the
sake of clarity, the spacing is set to the same value on both sides of the communication.
Theoretically, the closer the antennas are to each other, the lower the benefit from spatial
diversity is due to the higher correlation between channels. Figure 4a,b show the results for
this test. We define Θ as the difference between the Shannon theoretical limit and the spec-
tral efficiency simulated. The Shannon theoretical limit establishes the spectral efficiency
for completely decorrelated channels. Therefore, the Shannon limit cannot be exceeded
and Θ provides an idea of how far the scenario is from the theoretical limit. Looking at
both scenarios, UMa (Figure 4a) and UMi (Figure 4b), the UMa scenario tends to obtain
similar results for all frequencies, while the UMi scenario shows differences up to 3 bps/Hz
due to the frequency band. However, the main effect is induced by the TX/RX spacing.
The farther apart the TX and RX are spaced in the ULA, the closer the theoretical limit of
spectral efficiency is. In this case, the propagation channel looks different for the receivers
and the propagation channels become independent from each other. Therefore, we can take
advantage of the spatial multiplexing and the spectral efficiency to be closer to the Shannon
limit. It is remarkable that curves between λ/10 and λ/2 are more separated than curves
between λ/2 and λ. This fact shows that a λ/10 spacing significantly affects the channel
due to the high correlation. However, spacing values above λ/2 are enough decorrelated to
take advantage of the channel diversity. In absolute terms, the improvement from λ/10 to
λ/2 is 13 bps/Hz (UMa) and 12 bps/Hz (UMi). Nevertheless, the improvement from λ/2
to λ is only 2 bps/Hz (UMa) and 5 bps/Hz (UMi). In conclusion, a wider spacing between
BS antennas allows an increase in spectral efficiency for the user by decreasing the antenna
correlation and increasing the independence of the communication channels.
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The second test studies the influence of LoS and NLoS on the communication channels
of a D-MIMO system. A D-MIMO formed by 50 TX and 10 RX is analyzed, where 2 BS
are considered (25 TX per BS). Both BS are moved simultaneously from 50 to 1000 m away
from the UE. The relative distance between BSs is set to be the BS-UE distance. According
to the previous test, the antenna spacing is set to λ/2. Two environments were tested
(UMa and UMi) and two frequencies were considered (10 GHz and 28 GHz). Figure 5a,b
show the spectral efficiency of both frequencies and visibility conditions in function of
the distance between the UE and both BSs for the UMa and UMi scenario respectively.
For the UMa and UMi environment (LoS and NLOS cases), the spectral efficiency slightly
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decreases over distance due to attenuation in the propagation path. This decrease is not
linear. Due to fading effects, there are distances where a constructive contribution of the
multipath environment implies an increase in the efficiency. Likewise, at other distances,
a destructive contribution from the multipath environment decreases the efficiency. Note
that the 28 GHz channel also has lower efficiency than the 10 GHz channel due to higher
attenuation. However, besides all effects mentioned, the main one is the LoS/NLoS
condition. For both environments, the spectral efficiency is increased by approximately
25% when the propagation path includes the Line-of-Sight. In conclusion, the network
deployment for massive D-MIMO systems should ensure a spacing antenna above λ/2 and
should provide the UE with LoS to maximize the spectral efficiency of the communications.
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5. D-MIMO System on a Semi-Anechoic and Semi-Reverberation Chamber in the
mmWave Band
5.1. Measurement Scenario

This last section is focused on the analysis of a D-MIMO system in the mmWave band
acquired in a controlled scenario, such as a semi-anechoic and semi-reverberation chamber.
For that purpose, two distinct scenarios are taken into account. On the one hand, the
semi-anechoic part is commonly used for the characterization of radiating elements due to
the absorption of any reflection in the scenario. In this case, it is used as a communication
channel where the lack of reflections decreases the diversity of the scenario. Only one direct
beam reaches the receiver through the LoS. Therefore, it is expected to notice a very high
correlation between channel measurements. On the other hand, the semi-reverberation part
implies a rich scattering environment since the metallic walls generate several propagation
paths for the electromagnetic waves. In this case, any movement on the BS/UE generates
a totally different propagation path, which makes the correlation between channels low.
A complete and detailed description of the chamber is available in [27].

5.2. Anechoic and Reverberation Channel Analysis

Once the two types of propagation channels are known, two MIMO systems are
acquired. The first one has a BS with 11 TX pointing the UE in the semi-anechoic part. The
transmitters are arranged at 90◦ amplitude in the azimuth angle, with an angle separation
between consecutive transmitters of 9◦. The UE is composed by 5 RX in a 20 cm lineal
array, where the separation between consecutive RX is 5 cm. The frequency range of the
measurement goes from 40 GHz to 50 GHz for 101 frequency samples (100 MHz frequency
spacing) and the distance on the LoS is 150 cm. The second MIMO measured is similar to
the first one. The main difference lies on the BS pointing angle. In this case, the BS points
directly to the metallic wall in the semi-reverberation part, which makes a NLoS scenario
where the signal reaches the RX through several reflections. In this case, the shortest path
from the TX to the RX is 720 cm.
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Due to the peculiarities of the scenarios, several conclusions can be drawn. The
anechoic channels are expected to achieve lower attenuations due to the proximity between
the pair TX/RX. However, the correlation between channels will be high due to the low
spatial diversity of the scenario. On other hand, the reverberation channels are expected to
obtain higher attenuations due to the TX-RX distance. Nevertheless, the channels tend to
be independents.

Once the previous facts were known, we created a D-MIMO system formed by both
MIMO systems. A matrix channel H =

[
HT

1 , HT
2
] T with dimensions 22 TX × 5 RX for

101 frequency samples was obtained. The normalized power balance for the submatrix H1
and H2 is 1 and 0.158, respectively. As previously stated, the anechoic channels achieve the
maximum power, and the reverberation channels are attenuated in a factor 6.325 in average.
Without the application of a normalization factor, reverberation channels will be masked
by the anechoic channels. Therefore, as shown in Section 3, Att1 and Att2 factors multiply
the anechoic and reverberation channels in order to modulate the D-MIMO balance power.
Figure 6 shows a parametric sweep of both factors for the spectral efficiency. Att1 moves in
the range from 0 to 2 and Att2 in the range from 0 to 5. Moreover, a black line with slope
6.325 is shown. This line represents those operating points where the D-MIMO is balanced
in terms of power. On the right side of this line, the D-MIMO system is dominated by
anechoic channels, while the reverberation channels prevail in the left side. The higher
the prevalence of the anechoic channels, the lower the spectral efficiency due to the high
correlation between these channels. As we approach the equilibrium line, the presence of
the significantly less correlated reverberation channels becomes higher, which increases the
efficiency. In the balanced region, the efficiency is maximized around 45 bps/Hz. On the
left side, the values remain around the maximum because the reverberation channels are
the predominant ones over the anechoic channels.
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Finally, to further explore this scenario, three key operating points were studied in
terms of SINR. Figure 7 illustrates the spectral efficiency of the MIMO subsystem formed
by the anechoic channels, the unbalanced D-MIMO and the balanced D-MIMO. The first
curve takes into account only the H1 channel matrix. For 30 dB SINR, it reaches a spectral
efficiency of 24.5 bps/Hz. This operating point is shown in Figure 6 for Att1 = 1 and
Att2 = 0. If we include the reverberation channels, the unbalanced D-MIMO is formed.
In this case, diversity is added to the scenario, although reverberation channels are masked



Appl. Sci. 2021, 11, 10926 10 of 13

due to unbalancing. The effect can be seen in the second curve, where the spectral efficiency
is slightly improved. This operating point corresponds to Att1 = 1 and Att2 = 1, where
the spectral efficiency is 30.9 bps/Hz in Figure 6. Finally, the channel power balance can
improve further the scenario. This effect is shown in the third curve, where the spectral
efficiency is significantly improved (Att1 = 0.158 and Att2 = 1). Due to this fact, values
up to 45 bps/Hz are achieved. This means an improvement of 45.6% compared with the
unbalanced case and 83.7% compared with the anechoic subsystem.
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Once the previous case was studied, a second set of measurements was acquired.
On the one hand, 33 TX points the UE in the semi-anechoic chamber. As in previous
case, TXs are arranged at a 90◦ amplitude in the azimuth angle with a separation of 9◦

(11 locations). However, we added 11 TX 5 cm on the left and 11 TX 5 cm on the right to
form a ULA. Each position includes 11 TX that varies in the azimuth angle, for a total of
33 TX. On the other hand, the UE is composed of 25 RX in a 20 cm uniform rectangular
array (URA), where the separation between the consecutive RX is 5 cm in both axes. The
second MIMO is similar to the first one, but pointing the semi-reverberation chamber. The
distances and frequency ranges are the same as in the previous example.

After the acquisition, the D-MIMO channel matrix is formed by combining both MIMO
system, whose size is 66 TX × 25 RX. The normalized power balance for the anechoic
MIMO and reverberation MIMO is 1 and 0.091, respectively. This means the reverberation
MIMO is even more unbalanced than in Figure 6. Specifically, reverberation channels are
attenuated in an 11.042 factor compared with the anechoic channels. Figure 8A presents
a sweep parameter for Att1 and Att2 factors, where we can extract similar conclusions
as in Figure 6. Note that the black line which indicates the balance power equilibrium
is shifted to the left. This is due to the larger unbalance from the reverberation chamber.
The slope of this equilibrium point is 11.042. In the balance region, the spectral efficiency
is maximized around 205 bps/Hz. Figure 8B shows the operation points previously
illustrated in Figure 7. When the number of propagation channels increases and the
power distribution is balanced, the spectral efficiency is also expected to increase. For a
30 dB SINR, the anechoic MIMO obtains 60.7 bps/Hz, the unbalanced D-MIMO gets
94.3 bps/Hz and the balance D-MIMO achieves 205.8 bps/Hz. In relative terms, the
balanced D-MIMO system has an improvement of 118.3% compared with the unbalanced
case and 238.9% compared with the anechoic subsystem. These results show how critical a
proper assignation of the power resources is for massive D-MIMO systems.
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The analysis made in this section shows that decorrelation of channels in a D-MIMO,
as well as channel power balance, imply the improvement of propagation channel condi-
tions, ensuring both conditions induce optimal physical channel performance. Furthermore,
by comparing both D-MIMOs, it was shown that the higher the number of propagation
channels are, the more noticeable this improvement is.

6. Conclusions

In the current work, an analysis of the performance of D-MIMO systems under
different conditions was carried out. Several MIMO scenarios have been proposed. On the
frequency side, several bands were studied, including the sub–6 GHz and the mmWave
band. On the scenario side, both simulated and real measurements were analyzed for a
wide variety of environments. Rural and urban scenarios were emulated, and channels
from anechoic and reverberation chambers were acquired.

The analysis of all these measurements was focused on the balance power and the
correlation between propagation channels for distributed MIMO systems. These systems
are expected to be fundamental in the future deployment of mobile networks due to the
large number of antennas which allows high spectral efficiencies. In this study, it was
found that D-MIMO provides high data rates compared with common MIMO systems.
However, it is fundamental to perform an accurate deployment analysis in order to find
decorrelated and balanced propagation channels in terms of power. Throughout the study,
we observed how the combination of both properties takes full advantage of the benefits
of the propagation channel, significantly increasing the spectral efficiency on the physical
layer of the communication channels. The network operation following design criteria
such as those seen in this study is fundamental for the multi-connectivity expected in
D-MIMO systems. An optimal choice of such criteria showed network performances of
45.6% (22 TX × 5 RX D-MIMO) and 118.3% (66 TX × 25 RX D-MIMO) better than non-
optimal cases in terms of spectral efficiency for similar D-MIMO systems but with different
power allocation criteria.
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CHAPTER 2. PUBLICATIONS

2.2.2 Time-Gating Technique for Recreating Complex Sce-
narios in 5G Systems

Due to the constant evolution of mobile communications, it is fundamental
to characterize propagation conditions in a large number of scenarios. In
some cases, in situ measurements are not feasible. In this publication, a
scenario-creation strategy based on the time-gating technique is proposed.
This technique can modify the propagation channel in the time domain by
removing reflections, shifting multipath components, or generating new arti-
ficial reflections. Therefore, its use in anechoic and reverberation chambers
is proposed. By means of a geometrical study of the scenario, it is possible
to recreate multipath propagation channels by using single path compo-
nents modified with the time-gating technique. According to the previous
work, the recreation of low spatially correlated and power-balanced chan-
nels maximizes the spectral efficiency. This emulation technique opens up
the possibility to recreate scenarios based on measurements in controlled
scenarios such as anechoic and reverberation chambers.
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ABSTRACT This article presents a novel application of the time-gating technique to the field of propagation
channel study. The time-gating technique is well known in the field of antenna measurement and it is used to
eliminate reflected components in outdoor measurements or anechoic chambers. In this article, we present
a new measurement configuration for shielded chambers that allows to configure different propagation
scenarios. In this configuration, the chamber is covered in one part with absorbers and in the other without
absorbers (in order to generate reflected components). Applying the time-gating technique, we can modify,
adjust and tune the reflections that a certain propagation environment has. This yields a relative control of the
propagation environment in both far field and near field regions and allows to quantify the spectral efficiency
and signal correlation that MIMO systems would display operating in those propagation environments.

INDEX TERMS Anechoic chamber, impulse response, MIMO, recreate scenarios, reverberation chamber,
time-gating.

I. INTRODUCTION
Advances in communication systems and technologies are
having a fundamental and profound impact on people’s daily
lives and social activities [1], [2], leading to a continu-
ous expansion of data traffic and the number of connec-
tions [3]. In this scenario, wireless communication systems
have become one of the most powerful, dynamic and promis-
ing areas for user access to the Information and Communi-
cation Technologies (ICTs). The 3rd Generation Partnership
Project (3GPP) divides the 5G program into two phases,
phase 1 in the Release-15 and phase 2 in the Release-16 [4].
In the first one there is a growing support to vertical indus-
tries [5], [6]: non terrestrial networks (NTN), vehicle to all
(V2X), public safety, Industrial Internet of Things (IoT) that
has been boosted in the Release-16 and in the predefinition
of the Release-17 [7]. Since communication needs will not
be fully met by 5G networks, the International Telecommu-
nications Union (ITU) has already set up a working group
to look at the development of future networks beyond 5G

The associate editor coordinating the review of this manuscript and
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(ITU-T Focus Group Technologies for Network 2030,
FG NET-2030). This focus group has stated that autonomous
vehicles, machine-to-machine mass communications, touch
Internet and holographic communications will become a
reality in the coming years and frequency bands above
100 GHz will need to be explored in order to make these
communications a reality. In this context, any communica-
tion system is conditioned and limited by the propagation
environment in which the communication takes place [8].
This makes it essential that the influence of the radio envi-
ronment is properly studied in order to determine the con-
ditions under which the communications take place (level
of available power, maximum transmission speed, etc.),
as well as the main limitations and clear risks of commu-
nication failure. On this basis, many scenarios need to be
emulated, such as: Microcellular outdoor scenarios (O2O,
Outdoor-to-Outdoor) [9], indoor scenarios [10] (I2I, Indoor-
to-Indoor), outdoor-to-indoor scenarios [11], [12] (O2I,
Outdoor-to-Indoor), or vehicular scenarios (V2X, Vehicular-
to-Vehicular/Infrastructure), among others. Moreover, it will
also be necessary to characterize particular scenarios, such
as tunnels, factories, trains and car interior (on-car), which
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complete the environments proposed for 5G and beyond
applications [13], [14]. Therefore, it is necessary to character-
ize the propagation conditions in a large number of scenarios.

There are many research groups performing in-situ mea-
surements with different channel sounders at different fre-
quencies and very different locations. As an example, three
surveys of the propagation measurements can be found
in [15]–[17]. However, a cheaper alternative is to reproduce
such environments in the laboratory. Different alternatives
have been proposed in recent years to perform Over the Air
Test (OTA) measurements in the laboratory [18]–[22]. The
first alternative is to perform measurements in an anechoic
chamber with multiple antennas positioned in a circle that are
connected to a channel emulator that reproduces the channel
conditions. Another cheaper solution is based on reverbera-
tion chambers in which the configuration of the scenario is
achieved by introducing different objects inside the cham-
ber [23]. For example, in [24] the propagation environment
of an oil refinery is compared to the introduction of a certain
load into the chamber. In [25], [26] different scenarios are
emulated with different angles of arrival and different num-
ber of multipath components (MPCs). In addition, there are
specific designs to reproduce certain scenarios such as those
found in [27], [28] where vehicle scenarios are reproduced.
In order to refine those scenario emulations, post-processing
techniques have been developed, such as changing the Rician
factor [29] or selecting certain samples [30] to reproduce a
specific scenario. In order to increase the number of recreated
scenarios, this article proposes the use of a scenario cre-
ation strategy based on the well-known time-gating technique
for measuring antennas, where different parameters such as
spectral efficiency, signal correlation or power balance are
analyzed. On what follows, it is shown how the time-gating
technique can be used to modify the real propagation scenario
allowing to remove some reflections inside a chamber, or with
an appropriate signal processing, to change the time of arrival
of some reflections. Furthermore, it allows to go beyond the
limits of a certain measurement setup, i.e., allowing new
degrees of freedom with the creation of artificial reflections.

The paper is organized as follows. Section II introduces
the time-gating technique and particularizes its use to antenna
measurement. Sections III and IV show the capabilities of the
time-gating technique for the recreation of complex scenarios
in anechoic chambers and reverberation chambers, respec-
tively. Finally, the main conclusions of the work are drawn
in Section V.

II. MEASUREMENT SET-UP AND TIME-GATING
TECHNIQUE
This section describes the measurement set-up and the steps
followed in the application of the time-gating technique.
Afterwards, we particularize its use to the characterization of
antenna radiation patterns, in order to test the capabilities of
the method.

The measurements were taken in a shielded chamber with
the following dimensions: 5×3.5×3.5 meters. This chamber

was designed to make measurements above 10 GHz, so we
will have a maximum wavelength of 3 cm. Specifically,
in this article measurements above 30 GHz have been made.
Therefore, a maximum wavelength of 1 cm is considered,
which together with an antenna diameter of 28 mm (see
Section III), ensures that measurements are in the far field.
This assumption is valid due to the use of virtual arrays for
the consideredMIMO configurations. The chamber, shown in
Figs. 1 and 2, is divided into two parts. The left part resembles
a traditional anechoic chamber and has been successfully
used for the measurement of radiation patterns in [31]–[33].
The measurement of radiation patterns is possible because
the minimum reflections caused in the reverberant chamber
can be eliminated with the time-gating technique and because
the level of the reflections is very low when going through
an electrically long distance (large number of wavelengths),
since they are reflected in some of the walls on the right. The
part on the right has been left uncovered with absorbers to
resemble a reverberation chamber. If we position the trans-
mitter in the direction of the wall there will be multiple
reflections that will vary depending on the direction. In this
way we can approximately control the number of reflections
that our measurement has. The chamber is equipped with
two different positioning systems. On one side a motorized
system has been installed that allows the movement of the
receiving antenna in the x-axis and in the z-axis according to
Fig. 3, with a movement amplitude of 2 meters in the x-axis
and 1 meter in the z-axis with the aim of being able to form
virtual arrays. On the other side we have a motorized table
that allows us to move in 4 directions: (i) the 360◦ turn in roll
(β) as shown in Fig. 1 (ii) the turn in azimuth (φ), (iii) the
movement in x2-axis, that is in parallel with the x-axis of the
other system and (iv) the movement in y-axis (Fig. 3) to move
the two systems closer and further apart. Therefore, at this
end it will be possible to configure virtual arrays with almost
infinite possibilities. Depending on the configuration and the
pointing direction, it will allow us to have a relative control
of the directions of arrival and the number of clusters. From
now and on, we will refer in this article to the left side as the
anechoic chamber part and to the right side as the reverberant
chamber part although strictly speaking they are neither an
anechoic nor a reverberant chamber.

Figs. 1(a) and 1(b) show a sketch of the anechoic and rever-
berant chamber, respectively. Fig. 2 illustrates a panoramic
view of the chamber. The transmitter can be rotated to target
the anechoic zone or the reverberant zone. This transmitter
can be oriented on three axes (y, φ, β) as Fig. 3 details. Also,
the receiver has mobility in the axes x and z. Fig. 3 shows
the signal processing steps associated to the time-gating tech-
nique. The frequency samples acquired in the VNA rep-
resent the channel matrix H (f ). The time-gating technique
enables the channel matrix processing by means of con-
trolling the impulse response of the channel h(t). In a first
step, h(t) is obtained from H (f ) after applying the inverse
Fourier transform (IFT). Then, the impulse response h(t) is
modified according to the needs of the scenario: In antenna
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FIGURE 1. Schematics of the anechoic (a) and reverberation (b) chamber. In the anechoic chamber, the receiver is reached by LoS to the transmitter.
In the reverberation chamber, the receiver is reached by multiple paths due to the multiple reflections.

FIGURE 2. Panoramic view of the chamber. The picture is taken from the
bottom right of the diagrams view.

FIGURE 3. Antenna measurement scenario and signal processing steps.
The transmitter (TX) antenna is able to move in roll (β) and azimuth (φ)
angles and along the y axis. The receiver (RX) antenna is able to move
along the x and z axes.

measurement, noise and reflections are removed from the
radiation pattern. In propagation, we may want to amplify
or create artificial reflections, in order to study their impact
on the capacity of the channel. Finally, the modified channel

matrix HTG(f ) is recovered from the time-gated impulse
response hTG(t) with the use of the Fourier transform (FT).
This HTG(f ) is the new channel matrix that can recreate
new scenarios. We are interested in applying the time-gating
technique for the recreation of realistic propagation scenar-
ios. However, time-gating has also application in antenna
measurement [34], being particularly useful to improve the
performance of imperfect anechoic environments. In addi-
tion, its use has recently been extended for the accurate
characterization of antenna radiation patterns in reverberat-
ing enclosures [35]. In our case, it will be our test field in
order to validate the time-gating method and calibrate the
optimal parameters of its configuration and it is depicted in
Appendix A.

III. RECREATING SCENARIOS IN ANECHOIC CHAMBERS
In this section, the potential of the time-gating technique for
the recreation of MIMO scenarios inside anechoic chambers
is illustrated. In this side of the chamber the environments
are fully controlled and it serves us to test and validate our
technique. The objective of this section is to show that with a
single measurement (SISO) we can recreate several scenarios
and save some resources and measurements. In Appendix B,
it is described the method used to estimate the time of arrival
and the amplitude of the reproduced arrays.

A. MISO SCENARIO
As an example, we will try to recreate with the use of time-
gating the measurement scenario presented in Fig. 4. Four
transmitting antennas are separated by 30 cm forming a linear
array. The RX antenna is placed at 80 cm from the first TX
antenna, TX1. All radiating elements are standard gain horns,
fed in this case with aWR22waveguide-to-coaxial transition.
The operating frequency range of the measurement covers
from 32 GHz to 39 GHz.

The normalized impulse response h(t) of the measured
MISO (Multiple Input Single Output) scenario is illustrated
in Fig. 5(a). For the sake of clarity, the peaks associated to
the different TX antennas are marked in different colors. The
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FIGURE 4. Measurement scenario for the MISO (4× 1) system. The TX
antennas are separated by 30 cm, forming a virtual linear array.

location of the peaks is related to the distance between TX and
RX antennas. The first transmitting antenna (TX1) is located
at 80 cm from the RX antenna. As a consequence, the prop-
agating signal takes 2.67 ns to reach the RX antenna. How-
ever, note that the maximum is located at 3.4 ns, taking into
account the length of the waveguide-to-coaxial transitions,
not included in the calibration. The separation between con-
secutive peaks is constant in Fig. 5(a), being approximately
1 ns, since the distance between adjacent antennas is constant
too. Therefore, the impulse responses of TX2, TX3, and TX4
are centered at 4.4 ns, 5.4 ns and 6.4 ns, respectively. Addi-
tionally, if reflections and noise are negligible in the measure-
ment, the amplitude decay between consecutive peaks can
be approximated by only considering free space losses. The
attenuation factor att is estimated for each TXi antenna as the
relation between the distances of the considered TXi antenna
and the first transmitter antenna TX1 to the RX antenna.
That is, 80cm/80cm = 1 for TX1, 80cm/110cm = 0.73 for
TX2, 80cm/140cm = 0.58 for TX3 and 80cm/170cm = 0.47
for TX4.
As a result, the measured impulse response of the com-

plete MISO scenario can be reconstructed from the impulse
response of an individual TX antenna. For this case,
we applied the time-gating technique over TX1 and kept
the relevant information of the measurement (from 1.8 ns to
5 ns). A symmetric Hann window with a relative window size
of 20% is used in the process. Then, identical but attenuated
and delayed copies of TX1 are used to recreate the impulse
responses of TX2(att = −0.73,tTX2 = 4.4 ns), TX3(att =
0.58,tTX3 = 5.4 ns) and TX4(att = −0.47,tTX4 = 6.4 ns).
For TX2 and TX4, note that a minus sign was used in the
attenuation factor since the TX antennas are separated by half
a wavelength. Thus, this sign preserves the original shape
of the impulse response in Fig. 5(a) by adding an additional
phase of 180◦. Fig. 5(b) presents the reconstructed impulse
response of the MISO scenario after the time-gating tech-
nique is applied. As it is shown, the similarities between the
original and reconstructed impulse response of Figs. 5(a) and
5(b) are noticeable.

In order to quantify the quality of the recreation, we will
compare the spectral efficiency of the original and recreated
scenarios. The spectral efficiency of a MIMO (Multiple Input

FIGURE 5. Normalized impulse response of the MISO scenario: (a)
original, (b) reconstructed with time-gating technique. (c) Spectral
efficiency for different SNR values.

Multiple Output) system is calculated according to [36]

η

[
bps
Hz

]
= log2

∣∣∣∣det(INRX + SNR
NTX

HHH
)∣∣∣∣ (1)

where NTX is the number of transmitter antennas, NRX is the
number of receiver antennas, SNR is the signal-to-noise ratio,
H is the channel matrix of dimensions NTX × NRX , and the
superscript H indicates the conjugate transpose. To include
the frequency dependence of the channel, channel matrices
H are normalized as detailed in [37], [38]

Hnorm(fi) = H(fi)

 1
Nf

Nf∑
i=1

‖H (fi)‖2

−1/2 (2)

where ‖ · ‖ is the Frobenius norm.
Fig. 5(c) shows the spectral efficiency of the original (mea-

sured) and reconstructed scenarios for different SNR values.
As it can be appreciated, there is an excellent agreement
between both curves. The differences at the beginning and
end of the frequency band are caused by the frequency
window used in the Fourier transform. With the use of the
time-gating technique, it is shown how the original MISO
scenario can be recreated from the measurement of a single
TX antenna, saving time and resources during the process.
This technique could be of special interest for massiveMIMO
scenarios, due to their complexity and large number of ele-
ments required.

B. MIMO SCENARIO
Fig. 6 presents the measurement scenario of a MIMO
4 × 3 system. Four transmitter antennas are separated by
30 cm along the y axis and three receiver antennas are
separated by 40 cm along the x axis. We will demon-
strate that the time-gating technique can be used to recre-
ate MIMO scenarios, simplifying and saving resources in
the process. Similarly to the previous study, the measured
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FIGURE 6. Measurement scenario for the MIMO (4× 3) system.
TX antennas are separated by 30 cm. RX antennas are separated by 40 cm.

FIGURE 7. Original (blue curves), reconstructed (red curves) and
theoretical limit (black curve) spectral efficiencies for different MIMO
NTX × NRX systems when varying the number of RX antennas. For each
SNR value, the spectral efficiency is averaged in the whole frequency
range.

FIGURE 8. Correlation matrices of the three RX antennas for the
(a) reconstructed and (b) original scenarios.

impulse response of the complete MIMO channel can be
reconstructed from the impulse response of a reference
SISO scenario. Thus, the channel matrix (4 × 3) is formed
by attenuated and delayed copies of the reference signal,
href (t). In our case, the reference TX and RX antennas from
which the copies are built are TX1 and RX2, respectively.
The attenuation factors and time delays are subsequently
extracted by applying basic trigonometry and taking into
account the gain drop associated to the radiation properties
of the utilized horn antennas. More details are provided in
Appendix B.

Fig. 7 illustrates the original and reconstructed spectral
efficiency as a function of the SNR for different scenarios:
MISO 4 × 1 (all TX and RX2), MIMO 4 × 2 (all TX,

FIGURE 9. Original (blue curves), reconstructed (red curves) and
theoretical limit (black curve) spectral efficiencies for every possible
combinations of RX antennas in a MIMO 4× 2 system. For each SNR
value, the spectral efficiency is averaged in the whole frequency range.
Solid (−), dash-dotted (−.) and dashed (−−) lines correspond to
RX1 − RX2, RX2 − RX3 and RX1 − RX3 pairs of RX antennas, respectively.

RX1 and RX2), and MIMO 4 × 3 (all TX and all RX).
In addition, the theoretical limit is shown, where a fully
uncorrelated matrix is generated by using a normal Gaussian
distribution. In this case, all the signals between any transmit-
ter and receiver are completely different, which maximizes
the transmitted information and consequently, the spectral
efficiency. Analyzing the results, a noticeable agreement is
evidenced between the measured and reconstructed scenario.
As expected, the spectral efficiency increases as the SNR
and the number of receivers is increased. However, note
that the increase in spectral efficiency between MISO and
MIMO 4 × 2 systems is greater than between MIMO 4 × 2
and MIMO 4 × 3. This fact could be linked to the high
correlation [39] between the signals arriving at RX1 and RX3.
For this reason, Fig. 8 shows the correlation matrices of
the RX antennas for the configuration illustrated in Fig. 6.
In the recreated scenario, the signals arriving at RX1 and
RX3 are forced to be identical due to the symmetry of the
scenario (see Appendix B). Thus, the correlation coefficients
C13 = C31 are exactly one in Fig. 8(a). In the original
measured scenario, these coefficients are expected to be high,
but different from one due to asymmetries in the radiation
pattern, reflections, noise, etc. Conversely, the receivers RX1
and RX3 are uncorrelated with the central receiver RX2,
as the coefficients C12 = C21 and C23 = C32 indicate in
Figs. 8(a) and 8(b).

Fig. 9 focuses on the MIMO 4 × 2 system for every
possible combination of RX antennas. The lowest spectral
efficiency is obtained for RX1 and RX3 due to the high
correlation between the receivers (see Fig. 8(b)). When the
system is measured with RX1 and RX2, or RX2 and RX3,
the spectral efficiency is higher than the previous case on
account of the decorrelation of the signals. In fact, the spectral
efficiency when RX1−RX2 are used is slightly higher since
the correlation in this case is slightly lower than in the case
of RX2−RX3.
The measurements on the MIMO 4× 2 system can also be

compared with the theoretical limit. Compared to the MIMO
4 × 3 system (see Fig. 7), the measurements in Fig. 9 are
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closer to the theoretical limit. This fact is explained because
in the MIMO 4 × 2 system it is possible to decorrelate the
signals received as explained previously. In the MIMO 4× 3
system the correlation between RX1 and RX3 is always taken
into account, and due to the symmetry of the system the
correlation is close to one, moving the measurement away
from the theoretical limit.

IV. RECREATING SCENARIOS IN REVERBERATION
CHAMBERS
A. SISO SCENARIO
In this section, we show how the time-gating technique can
be applied for the recreation of complex scenarios in rever-
beration chambers. For this case, the measurement scenario
is presented in Fig. 10. A transmitter horn antenna (same
one used in Section III) points at the metallic wall of the
reverberation chamber. The multiple reflections inside the
reverberating environment are acquired by a receiver antenna,

FIGURE 10. Measurement scenario for the SISO system inside the
reverberation chamber. A transmitter antenna (TX) points at the metallic
wall of the chamber and a receiver antenna (RX) acquires the multiple
reflections inside it.

which is aligned with the TX antenna. The frequency range
of the measurement is set from 38 GHz to 39 GHz.

Fig. 11 shows the original and reconstructed signals inside
the reverberation chamber. As previously done, we will use
the spectral efficiency to quantify the quality of the recreation.
It is remarkable that fewer reflections are observed compared
to a reverberant chamber. It is due to the fact that half of the
chamber is anechoic, so some of the reflections are attenu-
ated. The reconstruction process is presented in three steps:
Fig. 11(a) illustrates a comparison between the original and
reconstructed scenarios when only the primary reflection Rp
is considered. As it can be appreciated, the primary reflection,
placed at 22 ns, contains most of the relevant information
about the original scenario. It gives an average estimation of
the spectral efficiency. However, secondary reflections must
be also considered to completely define the scenario. Thus,
identical but attenuated and delayed copies of Rp are used to
recreate the secondary reflections Rs1 and Rs2. In the present
scenario, Rs2 has a higher amplitude than Rs1. Therefore, the
contribution of Rs2 to the spectral efficiency is expected to
be more significant compared to Rs1. Fig. 11(b) confirms this
fact, showing that a good recreation of the measured scenario
can be achieved by only considering the primary reflection
Rp and the second secondary reflectionRs2. Finally, Fig. 11(c)
presents the final reconstruction, which considers the primary
reflection Rp and the two secondary reflections Rs1 and Rs2.
The inclusion of Rs1 in the recreation adjusts some of the
small details of the small measured spectral efficiency. The
improvement through the addition of reflections can be quan-
tified from the spectral efficiency normalized mean square
errors (NMSEs), which for Figs. 11(a), 11(b) and 11(c) are
2.164, 1.653 and 1.506 respectively. The greater contribu-
tion of Rs2 with respect to Rs1 implies a greater decrease
in the NMSE between Figs. 11(a) and 11(b) than between
Figs. 11(b) and 11(c). The rest of the peaks observed in

FIGURE 11. Original and reconstructed signals in the reverberation chamber. The reconstruction is presented in three steps, and the impulse responses
and spectral efficiencies (for a SNR = 30dB) are provided together: (a) Only the primary reflection (Rp) is considered. (b) The primary reflection (Rp) and
the second secondary reflection (Rs2) are considered. (c) Final reconstruction, including the primary reflection (Rp) and both secondary reflections
(RS1,RS2). Secondary reflections are identical but attenuated and delayed copies of Rp (Rs2 = −0.4Rp,Rs2 = −0.75Rp). BR refers to back radiation. The
spectral efficiency NMSEs for the three reconstructions are 2.164, 1.653 and 1.506, respectively.
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the measured impulse response of Fig. 11 are low-amplitude
reflections that contain little information about the envi-
ronment. Therefore, these peaks were excluded from the
recreation for the sake of simplicity. Conversely, the origin
of the two peaks observed at 5 ns and 9.5 ns is different.
They appear before the primary reflection. This means that
both peaks correspond to back radiation (BR) from the TX
antenna. In addition, the amplitude level of both peaks is
reduced, since the transmitter horn antenna is a directive
antenna with low back-lobe level. Unlike the flat response
observed in the MISO scenario of Fig. 5(c), there is a promi-
nent ripple in the measured spectral efficiency of Fig. 11.
The existence of multiple reflections in the reverberation
chamber creates interference patterns that cause an increase
or decrease in spectral efficiency at certain frequencies. For
this reason, the reconstructed spectral efficiency is flatter
when only a single reflection,Rp, is considered (see Fig. 11(a)
vs Figs. 11(b) and 11(c)). In addition, the amplitude of the
ripple is related to the amplitude of the secondary reflections.
That is, the bigger the secondary reflections are, the bigger
the ripple is.

B. MIMO SCENARIO
Once the SISO case has been studied, a more complex case
is analyzed. Fig. 12 presents the measurement scenario of the
MIMO 3×3 system located inside the reverberation chamber.
Three TX antennas, oriented in azimuth angles of −45◦, 0◦

and 45◦, face the front metallic wall of the reverberation
chamber. Three RX antennas, separated by 40 cm, are placed
along the x axis behind the TX antennas. The frequency range
of the measurement is set from 36 GHz to 39 GHz.

Fig. 13 shows the nine original and reconstructed time-
domain signals for the different TX and RX antennas. Sim-
ilar to previous sections, a reference signal (TX2−RX2) is
used to replicate the different reflections observed in the
chamber. The primary reflection is observed approximately at

FIGURE 12. Measurement scenario for the MIMO system inside the
reverberation chamber. Three transmitter antennas (TX) point at the
metallic wall of the chamber and three receiver antennas (RX) acquire the
multiple reflections inside it.

22 ns, which fits the expected travelling time corresponding
to the distance that the wave takes to hit the front wall and
to be reflected back towards the receivers, approximately
6.2 meters. Finally, Fig. 14 shows the original and recon-
structed spectral efficiencies as a function of the frequency
and SNR. Good agreement is observed in the recreation.

C. MODIFYING THE MIMO SCENARIO
The time-gating technique allows to recreate complex sce-
narios, but also to go beyond the limits imposed by the mea-
surement setup. In previous sections, we saw that the phase
and amplitude of an antenna array can be easily controlled
and that the number of required antennas can be reduced,
which is especially useful for massive MIMO systems. Inside
reverberation chambers, controlling andmodifying the differ-
ent reflections could be of potential interest. As an example,
Figs. 15(a) and 15(b) illustrate the effect of eliminating all
reflections inside the chamber except the primary one, located
at 22 ns in Fig. 13. Eliminating the reflections in the reverber-
ation chamber provokes an increase in the correlation of the

FIGURE 13. Original and reconstructed signals for the MIMO 3× 3 scenario inside the reverberation chamber: (a) TX1 (−45◦), (b) TX2 (0◦), (c) TX3 (45◦).
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FIGURE 14. Original and reconstructed spectral efficiencies for the MIMO
3× 3 scenario inside the reverberation chamber: (a) as a function of the
frequency (SNR = 30 dB), (b) as a function of the SNR (averaged in
frequency).

TABLE 1. Normalized average power values.

differentMIMO channel, as shown in the correlationmatrices
of Figs. 15(c) and 15(d). As a consequence, the spectral
efficiency is reduced.

The decrease in spectral efficiency due to the correlation
is not as high as it might be expected, being only 1bps/Hz.
Therefore, other factors such as the power balance can be
decisive for the spectral efficiency curve. In order to see the
effects of the power balance for each TX−RX pair in the
MIMO system, Table 1 is shown. It presents the average
power values of each TX−RX pair normalized to the lowest
average power. Consequently, the values shown indicate the
power factor in which each TX−RX pair multiplies to the
worst case.

The table shows a clear trend. The pairs involving TX2
have an average power approximately one order of magnitude
higher than the other transmitters. This can be explained by
the fact that TX1 and TX3 are oriented in azimuth angles
of −45◦ and 45◦ respectively. Thus, the distance the wave
travels is greater for these transmitters, as well as the number
of reflections given the shape of the chamber. The normal-
ized average power values are not exactly identical for TX1
and TX3 due to the fact that the reverberant environment is
not perfectly symmetrical to the YZ plane. However, these

FIGURE 15. Degradation of the spectral efficiency after removing all
reflections in the reverberation chamber except the primary one (red
curves): (a) as a function of the frequency (SNR = 30 dB), (b) as a function
of the SNR (averaged in frequency). Correlation matrices of the three TX
antennas for the (c) original scenario and (d) the modified scenario
where only the primary reflection (22 ns) is considered.

FIGURE 16. Spectral efficiency comparison for balanced and unbalanced
power cases for the MIMO scenario in the reverberation chamber.

receivers keep the same order of magnitude. The power
unbalance causes the real behavior of the system to tend
to a 1 × 3 SIMO rather than a 3 × 3 MIMO since only
one transmitter radiates 77.4% of the power received by the
receivers. To solve this problem, the values of each pair are
scaled to create a perfectly balanced system. The results are
shown in Fig. 16, where the spectral efficiency is shown for
the original signal and only for the primary reflection, both
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in the balanced and unbalanced case. Additionally, the power
balance increases the spectral efficiency both for the original
signal and for primary reflection. On the other hand, when the
power is balanced the effect of signal decorrelation is much
greater as the curves are muchmore separated. Power balance
does not change the correlation of the signals, so it remains
as shown in Figs. 15(c) and 15(d).

V. CONCLUSION
This article presents a deep analysis of the use of the time-
gating technique to the field of propagation channel. Several
parameters concerning the propagation channel are analyzed,
such as spectral efficiency, signal correlation and power
balance. The time-gating technique is well known in the
field of antenna measurement as a tool to eliminate reflected
components in outdoor measurements or imperfect anechoic
chambers. This technique can be applied in both far field
and near field measurements. Taking advantage of its poten-
tial, a new measurement configuration for shielded chambers
based on time-gating is provided. This configuration allows
to configure different propagation scenarios. The proposed
configuration is based on a mixed chamber that is covered
in one part with absorbers (anechoic zone) and in the other
without absorbers (reverberating zone) in order to generate
reflected components. Applying the time-gating technique,
it is possible to modify, adjust and tune the reflections that
a certain propagation environment has. This yields a relative
control of the propagation environment and lets to quantify
the capacity that MIMO systems can display operating in
those propagation environments. Furthermore, it allows to
go beyond the limits of a certain measurement setup, allow-
ing new degrees of freedom with the change of the time
of arrival of some reflections or the creation of artificial
reflections.

In order to show the potential of the time-gating technique
for the recreation of propagation scenarios inside anechoic
chambers, different configurations have been deeply stud-
ied in the frequency range between 32 GHz and 39 GHz.
Therefore, MISO, MIMO and SISO scenarios are recreated
either for anechoic or reverberating environments. Addi-
tionally, we explore the capability of tune the propagation
scenario controlling the phase and amplitude of an antenna
array along with modifying the different reflections in the
scenario, which is especially useful for massive MIMO sys-
tems. The experimental results provided are of relevance
and validate the use of the time-gating technique for the
recreation and characterization of new propagation channels,
reducing the complexity and the limitations derived from the
on-site measurements of real scenarios. As a future direc-
tion, several metrics can be exploited when applying time-
gating. Some of them, such as the angle and time of arrival,
add new degrees of freedom, which add a wide range of
possibilities to the recreation of scenarios. Thus, this tech-
nique opens the door to create a tool capable of emulating
different specific environments (vehicular scenarios, trains,

tunnels, etc.) in the laboratory based on measurements in the
chamber.

APPENDIX A. TIME GATING VALIDATION
For the validation of the method, we set the following mea-
surement scenario based on the configuration of the anechoic
chamber shown in Fig. 3. A fixed receiver antenna is placed
in front of a transmitter antenna, which is only able to move in
azimuth angles (φ). Both radiating elements are standard gain
horns with 47 mm diameter, fed with aWR-34 waveguide-to-
coaxial transition. The operation frequencies of the measure-
ment are within the range 22-27.5 GHz. The radiation pattern
is measured with a R&S-ZVA67 vector network analyzer
(VNA). Note that the pattern results of the UGR measuring
system shown in this Appendix have been validated through
an exhaustive comparison process with the measuring facili-
ties of the Technical University of Madrid (UPM) [40].

Fig. 17 shows the normalized impulse response of
the system before, h(t), and after, hTG(t), applying the
time-gating technique. The time interval associated to the
direct ray is highlighted in green in the figure. Outside
this interval, the presence of noise and reflections pro-
vokes a further degradation in the reconstruction of the
antenna radiation pattern. With the time-gating technique,
the impulse response is truncated in the interval of inter-
est and noise and reflections are eliminated. As illustrated
in Fig. 17, different kinds of windows can be applied for this
purpose [41].

Fig. 18 presents the radiation pattern of the horn antenna
(E-plane) at 27.5 GHz before and after applying the time-
gating technique. The bandwidth of the measurement is
B = 5.5 GHz, with Nf = 101 frequency samples. Then,
a symmetrical-centered time-domain (t1 = t2 = tTG) Hann
window was used for the reconstruction of the radiation pat-
tern. As shown in Fig. 18, the time-gating technique improves
considerably the quality of the measurements after eliminat-
ing the ripple associated to noise and reflections. Further-
more, it has emphasized the presence of the first null in the
radiation pattern (±38◦), which was masked by reflections in
the anechoic chamber. These facts potentially allow to reduce

FIGURE 17. Normalized impulse response of the original h(t) and
time-gated hTG(t) signals. Time-gating is applied in the antenna
measurement scenario to eliminate noise and reflections.
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FIGURE 18. Radiation pattern of the horn antenna (E-plane) at 27.5 GHz
before and after using the time-gating technique. For the time-gated
measurement, a Hann window was used with t1 = t2 = tTG = 2.2 ns
(20%). For a fair comparison, no additional smoothening technique has
been applied to the time-gated signal in a post-processing step.

the number of azimuth samples in order to speed up the
measurement, while maintaining a good overall performance.
We should remark that no additional smoothing process has
been utilized in Fig. 17 except from the time-gating itself.
As a consequence, the ripple can be further reduced if the
time-gated signal is smoothed in a post-processing step (i.e.,
see Fig. 22).

A. EFFECT OF THE WINDOW SIZE
The window size plays a fundamental role in the time-
gating technique. Narrow windows may eliminate part
of the information about the direct ray contained in
the impulse response. Conversely, wide windows may
not completely eliminate reflections in the anechoic
chamber.

Fig. 19 shows the effect of varying the window size on
the radiation pattern when a symmetrical Hann window is
applied. In the plot, the width of the window is referred
as a percentage of the total time interval (11 ns) of the
impulse response. As previously detailed, a narrow window
(green curve: 1%) cuts relevant information of the impulse
response, leading to the degradation of the main lobe and
the loss of the first null in the radiation pattern. Conversely,
a wide window (blue curve: 80%) cancels out the bene-
ficial effect of time-gating, since most of the reflections
are kept inside the window. For this measurement scenario,
we determined that tTG = 20% (black curve) is an optimal
value.

B. EFFECT OF THE NUMBER OF FREQUENCY SAMPLES
The number of frequency samplesNf acquired from the VNA
represents a trade-off between measurement time and quality
of the acquisition. The higher Nf is, the longer the measure-
ment takes, but the better the reconstruction is. From the
results illustrated in Fig. 20, the optimal number of frequency
samples is Nf = 101, which is the value assigned for the
rest of the measurements. Below 51 samples (blue and red
curves), the antenna pattern starts to degrade, appearing a
ripple in the main lobe and losing the information of the first

FIGURE 19. Effect of varying the window width on the radiation pattern.
In the plot, t1 = t2 = tTG is referred as a percentage of the total time
(11 ns).

FIGURE 20. Effect of varying the number of frequency samples Nf
obtained from the VNA. In all curves, a Hann window was used with
t1 = t2 = tTG = 2.2 ns (20%).

null. Below 13 samples (green curve), the ripple maintains
and the symmetry in the main lobe is lost.

APPENDIX B. RECREATION OF THE MIMO SCENARIO
Fig. 21 describes in detail the recreation of the MIMO sys-
tem shown in Fig. 6. As previously discussed in the text,
a reference signal href (t), obtained from the measurement of
a simple SISO (single input single output) scenario, is used
to recreate the full MIMO system. Thus, each signal hij (t)
that radiates the transmitter antenna TXi and reaches the
receiver antenna RXj is an attenuated and delayed version of
the reference signal href (t). That is,

hij (t) = Aijhref(t − tij) (3)

where Aij is the attenuation factor and td is the time delay.
Equivalently, the problem can be formulated in the frequency
domain:

Hij (f ) = AijHref (f ) e
−j2π ftij (4)

where Href (f ) is the Fourier transform of href (t) .
By applying basic trigonometry, the time delay can

be extracted from the location of the reference antennas.
In Fig. 6, the reference antennas are TX1 and RX2 and their
separation is dref = 80 cm. Thus, the time delay is calculated
as

tij =
dij − dref

c
(5)
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FIGURE 21. Recreation of the MIMO scenario for a pair of TX and RX
antennas: TXi and RXj , respectively.

FIGURE 22. Measured and time-gated radiation pattern (E-plane) at
39 GHz of the horn antenna used in Section III. For a given azimuth angle
φij , the gain drop can be estimated.

TABLE 2. Attenuation factors and time delays of the MIMO 4×3 scenario.

where c is the speed of light in the air. The attenuation factor
Aij is expressed as

Aij[dB] = 0− 20 log
(
dij/dref

)
−1G(φij) (6)

Aij presents two major contributions: free space loss and
a gain drop 1G(φij) that depends on the position of RX
antennas. Considering a normalized reference signal href(t),
the term associated to free space loss is calculated with
basic trigonometry, as shown in equation (6). The gain drop
1G(φij) can be estimated by looking at the radiation pattern
of the utilized horn antenna, displayed in Fig. 22. Note that if
TX and RX antennas are aligned along the y axis (φij = 0),
the gain drop is zero.

The different attenuation factors and time delays used for
the reconstruction of the MIMO 4 × 3 scenario presented
in Section III.B are illustrated in Table 2. For each cell of
Table 2, the attenuation factor (in linear units) is shown at the
top and the time delay at the bottom. The reference is assumed

to present no attenuation (A12 = 1) and no delay (t12 = 0).
The incoming signals to RX1 and RX3 can be considered the
same in practice, since the radiation pattern of the TX antenna
is symmetric and both antennas are separated 40 cm from the
central receiver, RX2. Therefore, RX1andRX3 share identical
attenuation factors and delays.
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2.2.3 Artificial Intelligence and Dimensionality Reduction:
Tools for Approaching Future Communications

Artificial Intelligence has burst into multiple fields of science and technol-
ogy in recent years, and telecommunications field has been no exception.
In this work, unsupervised machine learning techniques, specifically, dimen-
sionality reduction techniques, are proposed for the visual classification of
multiple communication channels. By reducing the dimension of several
channel parameters to a two-dimensional space, it is possible to separate
communication channels into different clusters according to their nature. In
particular, the use of t-SNE with an optimal selection of its hyperparameters
proves to be the best choice compared to other state-of-the-art techniques
such as PCA. The classification of these data based on supervised learning
algorithms shows that dimensionality reduction preserves the data informa-
tion since the accuracy obtained prior to t-SNE application is similar to that
obtained a posteriori. Additionally, this work validates the recreation of sce-
narios by using the time-gating technique since the visual classification of
the channels considers as similar the channels measured in real environments
and the channels emulated from measurements in anechoic and reverbera-
tion chambers.
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ABSTRACT This article presents a novel application of the t-distributed Stochastic Neighbor Embedding
(t-SNE) clustering algorithm to the telecommunication field. t-SNE is a dimensionality reduction algorithm
that allows the visualization of large dataset into a 2D plot. We present the applicability of this algorithm
in a communication channel dataset formed by several scenarios (anechoic, reverberation, indoor and
outdoor), and by using six channel features. Applying this artificial intelligence (AI) technique, we are
able to separate different environments into several clusters allowing a clear visualization of the scenarios.
Throughout the article, it is proved that t-SNE has the ability to cluster into several subclasses, obtaining
internal classifications within the scenarios themselves. t-SNE comparison with different dimensionality
reduction techniques (PCA, Isomap) is also provided throughout the paper. Furthermore, post-processing
techniques are used to modify communication scenarios, recreating a real communication scenario from
measurements acquired in an anechoic chamber. The dimensionality reduction and classification by using
t-SNE and Variational AutoEncoders show good performance distinguishing between the recreation and
the real communication scenario. The combination of these two techniques opens up the possibility for
new scenario recreations for future mobile communications. This work shows the potential of AI as a
powerful tool for clustering, classification and generation of new 5G propagation scenarios.

INDEX TERMS Artificial intelligence, clustering, dimensionality reduction, propagation, t-SNE, unsuper-
vised learning, wireless communications.

I. INTRODUCTION

THE GROWTH in wireless communication networks
in recent years has been exponential. An increas-

ingly interconnected world, together with technological
advances, makes this field one of the main topics in
the research community [1]–[3]. 5G emergence promises
multiple improvements at the user level, including improved
transmission rates, reduced end-to-end delay, reduced power
consumption, improved energy efficiency and ultra-densified
networks [4]–[6]. In order to provide all these benefits, a
deep analysis must be performed over the communication
channels considered for these wireless communications. As

user demands are increasing, the diversity of communication
scenarios do it as well. New environments are emerging, as
for example, Vehicle-to-Vehicle (V2V) [7], UAV-to-UAV [8],
Ship-to-Ship (S2S) [9], High Speed Train-to-High Speed
Train [10], or any combination of the above [11]. The
characterization of these environments will be fundamental
to determine the communication channels key performance
indicators (KPIs): data rate, reliability, latency or transmit
power.
Since the number of these new scenarios is increasing,

the complexity of their analysis is also escalating [12].
In order to solve this problem, Artificial Intelligence (AI)

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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appears as a tool that can be applied in the telecom-
munication field. Several examples show the feasibil-
ity of its use in this field, such as deep learning for
microwave imaging [13] and inverse scattering [14], sup-
port vector regression for antenna design [15] or deep
neural networks for estimation of the Direction-of-Arrival
(DoA) [16]. The AI field includes Machine Learning
(ML), where classification, clustering and dimensionality
reduction (DR) algorithms are found. Multiple classifica-
tion algorithms have been developed over the last decade,
like Deep Convolutional Neural Networks (DCNN) [17]
or Variational AutoEncoders (VAEs) [18]. In the same
way, several clustering methods have been developed, for
instance, k-means [19] or Density-Based Spatial Clustering
of Applications with Noise (DBSCAN) [20]. Finally,
some examples of dimensionality reduction techniques
include Principal Component Analysis (PCA) [21], Isometric
feature mapping (Isomap) [22], t-distributed Stochastic
Neighbor Embedding (t-SNE) [23] or Uniform Manifold
Approximation and Projection (UMAP) [24].
Among the works that combine communication scenarios

and AI techniques, the following are worth mentioning:
• Zhou et al. [25] propose a deep neural network (DNN)
and a score fusion scheme for classification purposes.
Four scenarios related to high-speed railway channels
(Rural, Station, Suburban and Multi-link) are classified
by using four channel features (K Factor, RMS delay
spread, RMS Doppler power spectrum and RMS angular
spread).

• Zhang et al. [26] apply several classifiers and clustering
techniques [k-nearest neighbor (k-NN), support vector
machine (SVM), k-means, and Gaussian mixture model
(GMM)] to identify four simulated scenarios (Urban
Macrocell (UMa) and Rural Macrocell (RMa) for Line-
of-Sight and Non Line-of-Sight). In order to perform
this analysis, four features are taken into account: Path
loss, K Factor, RMS delay spread and RMS angular
spread.

• Thrane et al. [27] propose deep learning techniques
to predict the path loss in the propagation channel at
2.6 GHz. A DNN is able to learn from input as dis-
tances, positions and satellite images. The DNN output
infers the radio quality parameters, which estimate the
path loss of the communication channel.

• Yang et al. [28] classify four scenarios related to
vehicular communications, i.e., urban, highways, NLoS
channels and tunnels. They use a back-propagation neu-
ral network (BPNN) and a feature set formed by four
features: power delay spectrum, shadow fading, RMS
delay spread and K Factor.

This work combines communication scenarios with AI and
ML techniques to propose a tool for clustering, classification
and generation of new 5G communication channels. The
main contributions of the work are as follows:

• We evaluate the potential application of t-SNE, an unsu-
pervised algorithm for dimensionality reduction and

clustering, in the communication field. Although t-SNE
technique is well known as a clustering tool, it has
not been widely applied in this field. To demonstrate
its potential as a powerful and promising tool for the
scientific community in this field, the authors cluster
five different communication scenarios by using six
channel communication features. The DR allows to per-
form a rapid visual classification of the scenarios. These
scenarios, of diverse nature, include real wireless com-
munication scenarios and measurements acquired in an
anechoic and reverberation chamber.

• A fitness function that chooses the t-SNE hyperparam-
eters is analyzed. This metric gives those hyperparam-
eters which provide the best visualization of clusters
in a two-dimensional plane. The clustering of scenar-
ios is able to show the separation of environments in
a very visual way. Moreover, it has been found that
t-SNE is able to separate a certain scenario itself into
several subclasses, showing its potential as clustering
technique.

• The authors make use of post-processing techniques
for scenario modification and generation, studying the
effect of a modified scenario in the clustering. As
previously stated, the recreation of new scenarios arises
as one of the main challenges for future mobile commu-
nications. The application of a DR technique validates
the scenario emulation. If an emulated scenario is
embedded in the same cluster than a real scenario,
it indicates that the DR technique considers both real
and emulated scenario as similar. These post-processing
techniques, together with classification and clustering
algorithms open up the possibility of new scenario
recreations.

The paper is organized as follows. Section II explains
the measurement scenarios that are analyzed throughout the
study and the domains in which the communication channels
scenarios are presented. Section III presents the clustering
technique, t-SNE, for the dimensionality reduction and the
input propagation parameters for this algorithm. Section IV
analyzes the results obtained from the clustering technique
in several communication environments. Section V provides
a comparison among several DR techniques for the analyzed
environments. Section VI applies post-processing techniques
in order to recreate propagation channel scenarios. Finally,
Section VII summarizes the conclusions extracted in this
work.

II. MEASUREMENT SCENARIOS
This section describes the measurements and environments
that are studied and depicted throughout this work. A distinc-
tion must be made between two main types of measurements.
On the one hand, controlled measurements are acquired in
anechoic and reverberation environments, where the physi-
cal conditions of the propagation channel are managed. On
the other hand, real measurements are collected in scenarios
that could become part of real communications. Finally, this
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FIGURE 1. Scheme of the semi-anechoic and semi-reverberation chamber. The scheme shows an anechoic setup, where the transmitter points at the receiver in LoS. In a
reverberation setup, the transmitter is rotated 180◦ and it points at the metallic wall. The azimuth (φ) and roll (β) angles correspond to the rotation of the transmitter in the XY and
XZ planes, respectively. The receiver is free to move in the XZ plane.

section explains the two domains (time and frequency) in
which the propagation channel is analyzed.

A. ANECHOIC AND REVERBERATION CHAMBER
The first group of channel measurements has been acquired
in the facilities of the Smart Wireless Applications and
Technologies (SWAT) research group, located at the
University of Granada, Spain. The facilities consist of a half
anechoic and half reverberation chamber with dimensions
5 × 3.5 × 3.5 meters (61.25 m3). Fig. 1 shows a three-
dimensional view of the chamber. The semi-anechoic part
is fully covered with absorbers which avoid any reflec-
tions. Thus, a receiver (RX) located inside the anechoic
environment that is pointed by a transmitter (TX), receives
exclusively the electromagnetic wave from the Line-of-Sight
(LoS) path. The semi-reverberation part is composed of
metallic walls. The presence of the metallic walls provokes
that the incident wave is reflected and diffracted into several
multipath components (MPCs) that reach the RX at differ-
ent times. This chamber has been thoroughly described, used
and validated in previous works for antenna and propagation
measurements [29]–[34].
In this work, several communication channels are mea-

sured for both anechoic and reverberation environments to
create a dataset that allows the study of the clustering of sce-
narios. For that purpose, the measurement system can move
both the receiver and the transmitter. The first one can be
shifted in the XZ plane, while the transmitter can be moved
in y axis, azimuth (φ) and roll (β) angles (see Fig. 1). The
receiver, initially aligned with the transmitter, is moved in

4 cm steps in the XZ plane, for a total of 11 positions in
each axis, resulting in 121 positions that form a square of
dimensions 40 x 40 cm. The transmitter adopts three azimuth
positions (−30◦, 0◦ and 30◦) in order to modify the pointing
angle. In addition, three roll angles (−30◦, 0◦ and 30◦) are
measured to take into account the polarization effect. Zero
degrees in the azimuth angle stand for the LoS path between
the pair TX-RX, negative angles for counterclockwise rota-
tion and positive angles for clockwise rotation. Zero degrees
in the roll angle imply no depolarization losses between TX
and RX. The combination of all possible configurations of
the measurement system provides 1089 scenarios for both
anechoic and reverberation cases. For the anechoic measure-
ments, the distance between antennas has been set to 160 cm.
For the reverberation measurements, the distance between
antennas is 600 cm, corresponding to the LoS between the
transmitter and the metallic wall plus the return path to the
receiver. Note that TX-RX antenna range is different for
the anechoic and reverberation cases. This fact increases the
diversity of the measured communication channels due to
the different ToA (Time of Arrival). Real communication
scenarios consider several ToAs, which have high influence
on the channel response. Therefore, this can be a critical
parameter in scenario clustering. These measurements gen-
erate the first two environments that will be evaluated: (i)
anechoic and (ii) reverberation.
The acquisition for environments (i) and (ii) is performed

with a Vectorial Network Analyzer (VNA Rohde & Schwarz
ZVA67), which measures the scattering parameters in the
propagation channel and can operate up to 67 GHz. The
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FIGURE 2. Photographs of the (a) indoor, (b) rooftop and (c) auditorium scenarios that form the dataset. Indoor photograph is taken from the RX perspective. Rooftop [36] and
auditorium [37] scenarios have been acquired at the Fraunhofer-Heinrich-Hertz-Institut.

chosen antennas for the acquisition are standardized gain
horns fed with a WR-34 waveguide-to-coaxial transition
(Flann Kband antenna Model: #21240-20) for both trans-
mitter and receiver. Radiating patterns of these elements
can be found in [29]. Prior to the acquisition process, a
TOSM (Through — Open — Short — Match) calibration
is performed to eliminate the effect of the coaxial cable.
Therefore the scattering parameters are measured from the
aperture of the radiating elements. The transmit power is set
to 10 dBm in the VNA. The frequency range for these sce-
narios goes from 24.25 GHz to 27.5 GHz, for a total of 651
frequency samples. This provides 5 MHz frequency separa-
tion. This band, also called 3GPP n258 [35], is considered
fundamental for the deployment of 5G and millimeter wave
communications in the European Union.

B. INDOOR AND OUTDOOR SCENARIOS
In addition to the anechoic and reverberation scenarios, three
additional scenarios that could be part of real communication
environments will be evaluated.
(iii) The third one is an indoor scenario located in the same

facilities than those from Section II-A. In this case, the
transmitter points at a furnished laboratory through the
chamber door [see Fig. 2(a)]. The receiver, placed in a
measurement system similar to the one in the previous
section, has mobility in XZ plane. Therefore, we con-
sider 121 positions in a square of dimension 40 ×

40 cm. The transmitter moves in the azimuth (−30◦,
−15◦ and 0◦) and roll angles (−30◦, 0◦ and 30◦)
for a total combination of 1089 configurations. When
φ = −30◦, TX points through the window on the right
side in Fig. 2(a). When φ = −15◦, TX points towards
the chamber door frame. Finally, the case φ = 0◦

describes the angle where TX points directly at RX
through the chamber door in LoS. The measurement
configuration, i.e., radiating elements, calibration pro-
cess, transmitted power, frequency range and frequency
samples, is similar to the one shown in environments
(i) and (ii).

(iv) The fourth environment consists of a dataset from a
rooftop outdoor scenario located at the Fraunhofer-
Heinrich-Hertz-Institut in Berlin, Germany [36] [see
Fig. 2(b)]. Two antennas are aligned in LoS with a
separation of 800 cm. Both TX and RX are steered
in azimuth angle from −45◦ to 45◦ with 64 possible
positions for each antenna. Moreover, the dataset is
increased by acquiring measurements placing the TX
and RX misaligned between them and also switched. In
order to keep a balance in the number of measurements
of each type, 1089 of the total number of measure-
ments are selected. The signal acquisition technique is
based on real-time sampling, where the sampling rate
is 3.52 GHz. The transmitted signal is centered in the
millimeter wave band at 60.48 GHz.

(v) The fifth environment comes from a dataset measured
in an auditorium at the Fraunhofer-Heinrich-Hertz-
Institut [37]. Similar to the previous scenario, two
antennas are aligned in LoS and the distance between
them is chosen to be 700 cm and 800 cm. TX and
RX can point in the vertical axis from −45◦ to 45◦

degrees with 64 positions. 1089 measurements from
this dataset are selected. The acquisition properties
and operation frequencies are similar to those of the
rooftop scenario.

The (iv) rooftop and (v) auditorium communication sce-
narios have been acquired at the Fraunhofer-Heinrich-Hertz-
Institut in Berlin, Germany. The datasets have been made
public through the NextG Channel Model Alliance. Further
information about the dataset, i.e., the acquisition process,
the channel sounder architecture and the scenario physi-
cal parameters for environments (iv) and (v), is thoroughly
detailed in [36], [37].

C. PROPAGATION CHANNEL IN TEMPORAL AND
FREQUENCY DOMAIN
In order to perform the clustering that will be shown in
Section IV, we need to extract several properties from the
communication channels that allow the differentiation of the
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five proposed scenarios. For that purpose, the propagation
channels can be analyzed in two domains, the temporal
domain through the Channel Impulse Response (CIR) and the
frequency domain through the Channel Frequency Response
(CFR).
Traditionally, CIR is modeled as follows [38]:

h(tn) =

K−1∑
k=0

αkδ(tn − τk) (1)

where tn refers to the n-th time sample, k is the index of
considered sample, K is the number of samples in the time
domain, δ(·) stands for the Dirac delta function, τk shows the
delay of the arrival in the propagation channel between the
pair TX-RX and αk denotes the complex amplitude which
takes into account the attenuation and phase change due
to the physical phenomena (reflection, scattering, refraction,
diffraction) that occur during signal propagation.
The CIR has its equivalent in the frequency domain

through the CFR:

H(f ) =

K−1∑
k=0

bke
−j2π f τk (2)

where bk stands for the complex amplitude of the CFR, and
e−j2π f τk denotes the complex exponential that depends on
the frequency and the time of arrival.
Once a measurement in one of the two domains has

been acquired, Discrete Fourier Transform (DFT) and Inverse
Discrete Fourier Transform (IDFT) allow the calculation of
the CFR from the CIR [eq. (3)] and vice versa [eq. (4)].

H(f ) =

tmax
T∑

n=0

h(tn)e
−j2π ftl (3)

h(t) =

B
�f∑
l=0

H(fl)e
j2π flt (4)

In eq. (3), tmax is the time of the last sample acquired and
T is the sampling period. In eq. (4), B stands for the total
bandwidth of the measurement band and �f is the frequency
step. Therefore, tmax/T and B/�f factors are the total num-
ber of points acquired in the time and frequency domain,
respectively.
As previously explained, environments (i), (ii) and (iii)

are analyzed through the scattering parameters acquired in
the VNA. Therefore, these environments follow the nota-
tion of the eq. (2). On the other hand, environments (iv)
and (v) are acquired through a channel sounder in the time
domain. Consequently, the acquired data can be expressed
as eq. (1). Since all environments need to be expressed in
both domains to extract the propagation features that will
be shown in Section III, we apply eq. (4) to the environ-
ments (i), (ii) and (iii), and eq. (3) to the environments
(iv) and (v).

III. AI FOR PROPAGATION MEASUREMENTS
As stated in Section I, Artificial Intelligence is becoming one
of the main topics in several research fields [39], [40]. In
wireless communications, AI emerges as a potential tool for
scenario recreation and generation in future mobile com-
munications. This section shows the clustering algorithm
that is implemented, the hyperparameters involved in its
performance and the channel features that are considered
as the input of this algorithm.

A. AN OVERVIEW OF T-SNE
The t-distributed Stochastic Neighbor
Embedding [23], [41], [42] is an unsupervised learning
algorithm that reduces the dimensionality of a high-
dimensional dataset {x1, x2, . . . , xN} into a low-dimensional
(2D) dataset {y1, y2, . . . , yN}. The high-dimensional space
is defined by the matrix X ∈ RN×F , where N is the number
of communication channel measurements and F is the
number of communication channel parameters contained in
the high-dimensional space. Each row of X contains the
channel parameters of the i-th observation; namely, xi is a
row vector that can be defined as

xi =
[
Ki, τRMS,i, τmean,i, τvar,i,PLi, η̄i

]
(5)

These communication channel parameters will be identi-
fied later on Section III-B. Similarly, the low-dimensional
space is defined by the matrix Y ∈ RN×2. The dimension
of this space is set to two due to the ease of visualization
in a two-dimensional plane.
t-SNE arises as an improvement to the Stochastic

Neighbor Embedding (SNE), where the distances between
datapoints in the high-dimensional dataset are modeled as
joint probability distributions pij, known as the similarity
between the datapoints. Therefore, the similarity for every
pair xi and xj is computed as the probability pij, calculated
as follows:

pj|i =

exp
(
−

∥∥xi − xj
∥∥2
/2σ 2

i

)
∑

k �=i exp
(
−‖xi − xk‖2/2σ 2

i

) (6)

pij =
pj|i + pi|j

2N
(7)

where σ 2
i is the variance of a Gaussian probability density

function (PDF) for the normal distribution centered in the
datapoint xi, pj|i and pi|j are the conditional probabilities
between the datapoints xi and xj, and ‖ · ‖ stands for the
Euclidean norm.
For the low-dimensional dataset, t-SNE uses a Student’s

t-distribution in order to define a joint probability denoted
by qij and calculated as:

qij =

(
1 +

∥∥yi − yj
∥∥2

)−1

∑
k �=l

(
1 + ‖yk − yl‖2)−1

(8)

Once both joint probabilities pij and qij have been
defined, t-SNE minimizes the Kullback-Leibler divergence
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[KL(·)] between joint probability distributions in the high-
dimensional (P) and low-dimensional (Q) spaces. Intuitively,
large pij values [eq. (7)] indicate that xi and xj are closer
in the high-dimensional space. In the same way, large qij
values [eq. (8)] indicate that yi and yj are closer in the
low-dimensional space. If the dimensionality reduction per-
forms a proper mapping, the probability distributions P and
Q should resemble each other. In order to quantify the qual-
ity of the dimensionality reduction, a cost function is defined
as [23]:

C = KL(P‖Q) =

∑
i

∑
j

pij log2
pij
qij

(9)

The minimization of this function indicates an accurate
mapping between the high-dimensional (probability distri-
bution P) and low-dimensional (probability distribution Q)
spaces. The minimization is made by using a gradient
descend technique, where the gradient has the following
form [23, Appendix A]:

δC

δyi
= 4

∑
j

(
pij − qij

)(
yi − yj

)(
1 +

∥∥yi − yj
∥∥2

)−1
(10)

Through several iterations of the algorithm, the
dimensionality reduction of the high-dimensional
dataset {x1, x2, . . . , xN} into a low-dimensional dataset
{y1, y2, . . . , yN} is improved. A detailed explanation of the
whole technique can be found in [23].
One of the key features of this dimensionality reduc-

tion technique is its flexibility given a set of configuration
hyperparameters. Previous works made by the authors [43]
have shown the relevance of a correct choice of hyper-
parameters. Particularly, we detected three hyperparameters
which are crucial in order to find a proper dimensional-
ity reduction. These parameters are: the type of distance
between datapoints, the perplexity, and the learning rate.
A brief explanation, as well as its relation to the previous
formulation, is given below.

1) Distance: Previous equations [eqs. (6), (8), (10)] con-
sider the Euclidean distance between datapoints. When
the variance between different features in the high-
dimensional dataset {x1, x2, . . . , xN} is in a different
range (see Section III-B), the Euclidean distance does
not give the same importance to all the variables. In
order to avoid this fact, the Mahalanobis distance takes
into account the covariance matrix ξ . Therefore, this
distance is used throughout the work. It is defined as:

dm
(
xi, xj

)
=

√(
xi − xj

)
ξ−1

(
xi − xj

)T (11)

where ξ is the sample covariance of matrix X with
dimensions F × F.

2) Perplexity: In eq. (6), the conditional probability
depends on the variance of a Gaussian PDF σi. This
value is chosen such that the joint probability for all
the datapoints is fixed to a certain perplexity, which

is defined as:

Perpi = 2ψi (12)

ψi = −

∑
j

pj|i log2
(
pj|i

)
(13)

where ψi stands for the Shannon entropy. Since there is
not a single perplexity value that provides the optimum
performance, Section IV shows a search for a proper
value of this parameter in terms of visualization for
our datasets.

3) Learning Rate: This value is related to the convergence
of the algorithm through several iterations. For each
iteration, the learning rate ρ multiplies the gradient
shown in eq. (10) [23]. On the one hand, if this value
is too small, the gradient descent could be slow. On
the other hand, if this value is too high the gradient
descent might not converge correctly. In Section IV,
a proper value of this parameter is discussed for the
presented datasets.

B. COMMUNICATION CHANNEL PARAMETERS FOR
T-SNE
In this paper, five datasets have been shown in Section II,
containing 1089 communication channel measurements each
one, for a total of 5445. This leads to a six-dimensional
dataset composed by 5445 observations {x1, x2, . . . , x5445}.
Each measurement is characterized by six communication
channel parameters:

1) K Factor: It represents the relation between the dom-
inant multipath component, usually the LoS, and the
rest of multipath components in the time domain. It
is approximated as the ratio between the maximum
power component |hi(tnmax)|

2
max and the sum power of

the remaining taps in the power delay profile (PDP).

Ki = 10 log10

( ∣∣hi(tnmax

)∣∣2
max∑

n=0,n �=nmax
|hi(tn)|2

)
(14)

2) τmean: The mean delay is defined as the first moment
of the PDP [44]. It shows the average delay of the
power measured in the communication channel.

τmean,i =

∑
n=0 tn · |hi(tn)|2∑
n=0|hi(tn)|

2
(15)

3) τvar: The variance delay is obtained as the second
moment of the PDP and depicts how fast the PDP
power varies in short time intervals.

τvar,i =

∑
n=0 tn

2
· |hi(tn)|2∑

n=0|hi(tn)|
2

(16)

4) τRMS: The root-mean-square delay spread is calcu-
lated as the second central moment root square of
the PDP [44] and presents the power deviation of the
communication channel. Large values indicate that the
power is divided into several MPCs. On the other hand,
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small values are representative of scenarios where
the power is concentrated on the main MPC, typi-
cally the Line-of-Sight. In other words, this feature
describes the power dispersion in the time domain of
the communication channel.

τRMS,i =

√√√√∑
n=0

(
tn − τmean,i

)2
· |hi(tn)|2∑

n=0|hi(tn)|
2

(17)

5) Path Loss (PL): This parameter shows the attenuation
between the pair TX-RX due to propagation losses
through the communication channel. For this study,
this value includes the contribution of the antenna gain
from the TX and RX antennas. This value is calculated
as the absolute value of the channel frequency response
averaged over the complete domain of the CFR, i.e.,
averaged over all frequencies (PLi).

PLi(f ) = 20 log10(|Hi(f )|) (18)

6) Spectral Efficiency (η): The spectral efficiency is
defined as the information rate that can be sent through
a communication system, i.e., a propagation channel. It
is measured in bps/Hz and calculated as follows [45]:

ηi(f ) = log2

(
1 + SNR · |Hi(f )|

2
)

(19)

where SNR stands for the Signal-to-Noise Ratio. Then,
ηi(f ) is averaged over the whole frequency range of
the measurement. The average spectral efficiency is
noted as η̄i.

Notice that the former expressions [eqs. (14)-(19)] stand
for the i-th observation. Once every communication channel
feature has been calculated, they form the six-dimensional
space xi for the i-th observation.

IV. CLUSTERING RESULTS
Once the theoretical basis and t-SNE have been explained,
this section presents and discusses the results obtained for
several clustering of communication scenarios, where each
subsection shows the results for a specific data subset. Good
scenario separation using clustering techniques involves the
unambiguous identification of communication environments.
This fact can be crucial in the classification and generation
of future communication scenarios, such as UAV-to-UAV,
S2S or V2V systems.
As demonstrated in [43], the Mahalanobis distance is the

distance metric that provides the best dimensionality reduc-
tion. However, clusters are also altered by the learning rate
and perplexity. For these two hyperparameters, the choice
of a proper value in terms of visualization is not trivial.
In order to solve this fact, we define a fitness function F,
which measures the ratio between the inter class distance
and intra class distance. Intra class distance is described as
the sum of distances in the low-dimensional space between
datapoints belonging to the same class. On the other hand,
inter class distance is defined as the sum of distances in

FIGURE 3. Fitness function for the subset composed by the anechoic, reverberation
and indoor datasets (see Section IV-A).

the low-dimensional space between datapoints from differ-
ent classes. If we use this fitness function, we are able to
find those configuration parameters that provide the largest
separation between classes. By maximizing this metric, the
visualization of the figures is easier for the reader due to
the formation of clear clusters. Mathematically, this fitness
function can be defined as:

F(X) =

∑
i∈X

∑
∀j/∈X de(i, j)∑

i∈X
∑

k∈X de(i, k)
(20)

F =
1

(Nc − 1)

Nc∑
X=1

F(X) (21)

where de stands for the Euclidean distance, X is the consid-
ered class, i, j, k are indexes represented by natural numbers,
and Nc > 1 is the total number of classes.

For a better visualization of the results, it is intended that
the inter class distance becomes as large as possible and the
intra class distance becomes as small as possible. Therefore,
the main idea is to find those parameters that maximize F.
As an example of this fitness function, Fig. 3 shows results
for the dataset composed by the anechoic, reverberation and
indoor datasets for values of learning rate and perplexity in
the range [1, 750] ∈ N.
Two main conclusions can be drawn from Fig. 3. First,

the algorithm tends to converge for learning rate above 15.
Below this value, the gradient descent in eq. (10) is too
slow and the algorithm is not able to find a good solution.
Second, when the learning rate is in a good range, the critical
configuration parameter is the perplexity. Too small or too
large perplexity values do not find an optimal solution since
small values do not properly group the clusters and large val-
ues tend to group inter classes, which minimizes the inter
class distance. Therefore, the optimal solution lies some-
where in between. In this case, the maximum is found for
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FIGURE 4. Clustering of anechoic, reverberation and indoor scenarios. Learning
rate and perplexity are fixed to 600 and 440.

perplexity values around 420. Specifically, the fitness func-
tion maximum is F = 5.23 for learning rate and perplexity
values equal to 600 and 440. This value means that, in aver-
age, the distance between datapoints from different classes is
5.23 times higher than distances between datapoints from the
same class. Due to this fact, the visualization of the clusters
in the low-dimensional space is straightforward. These t-SNE
hyperparameters (learning rate and perplexity) are detailed
on the caption of subsequent figures throughout this Section.
In addition, a radar chart (see Fig. 10) with the numerical

results of the mean and standard deviation of the communi-
cation channel properties for each possible scenario is shown
at the end of this section. The channel features have a direct
impact on the KPIs, i.e., they directly influence the behavior
of the communication channel. As an example, the spectral
efficiency is related to the network data rate performance.
These results are discussed throughout this section to provide
a rational explanation for the clustering results.

A. ANECHOIC, REVERBERATION AND INDOOR
ENVIRONMENTS
As a proof of concept, the first clustering includes the ane-
choic, reverberation and indoor scenarios. These scenarios
are characterized by different propagation conditions so that
we expect a good separation between clusters. The anechoic
environment is typically identified by an unique MPC since
the reflections are attenuated by the absorbers. In the rever-
beration scenario, several MPCs following an exponential
decay in the time domain are expected. These MPCs reach
the RX at discrete times due to the presence of absorbers in
the semi-anechoic part of the chamber. Finally, the indoor
scenario presents several MPCs following a continuous expo-
nential decay due to the presence of furniture in the room.
The clustering presented in Fig. 4 shows an excellent separa-
tion in the low-dimensional space when t-SNE is applied for
the communication channel parameters previously explained.
Note that a cluster is defined as the two-dimensional area
where the datapoint density is high, thus generating a group-
ing of observations expected to have some common behavior.
Looking at the radar chart (see Fig. 10), this separation is

FIGURE 5. Clustering of anechoic, reverberation and indoor scenarios for several
values of the azimuth angle. Learning rate and perplexity are fixed to 600 and 440.

obtained due to the following reasons. τmean is significantly
lower in the anechoic case due to the proximity between
antennas (160 cm), compared to the reverberation and indoor
cases (600 cm), where multiple reflections enlarge this dis-
tance even further. The K Factor is substantially larger in the
anechoic scenario due to LoS previously stated. However,
in the reverberation and indoor scenarios, this number tends
to be below 0 dB, meaning that the signal is more spread
across multiple MPCs. τRMS and τvar also play a key role
since they are small for the anechoic and reverberation sce-
narios. This fact can be explained due to the presence of
absorbers inside the chamber, obtaining a smoothed PDP
that reduces these two values. In the anechoic case, there
is one dominant MPC since the NLoS paths are attenuated
by the absorbers. In the reverberation case, several MPCs
impinge the RX. However, these MPCs have short delay
offsets since large delay offsets MPCs are attenuated by the
absorbers. Therefore, the absence of these absorbers in the
indoor scenario induces higher τRMS and τvar.

Inspecting Fig. 4, it can be observed that classes present a
tendency towards internal separation. Actually, the azimuth
angle can be considered as a discriminating parameter, divid-
ing the main class into subclasses. This change leads to the
results shown in Fig. 5. Indoor scenario can be separated into
three subscenarios depending on the angle, and anechoic and
reverberation scenarios tend to separate the central azimuth
angle φ = 0◦ from the others two. Since clear differences
are noticeable within the clusters themselves, Section IV-B
goes one step beyond and analyzes these differences.

B. DEEP ANALYSIS OF ANECHOIC, REVERBERATION
AND INDOOR SCENARIOS
Since Fig. 5 shows that intra class differences exist, t-SNE
is computed for each scenario (1089 datapoints) in order to
find intrapopulation separation evidences. The first case is
displayed in Fig. 6, where the clustering of the anechoic sce-
nario for three azimuth angles is performed. Two conclusions
can be drawn. First, the measurements for φ = −30◦ and
φ = 30◦ are mixed on the right side of the figure. This fact
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FIGURE 6. Clustering of the anechoic scenario for three azimuth angles (−30◦ , 0◦
and 30◦). Learning rate and perplexity are fixed to 650 and 240.

FIGURE 7. Clustering of the reverberation scenario for three azimuth angles (−30◦ ,
0◦ and 30◦). Learning rate and perplexity are fixed to 700 and 90.

can be explained from the symmetry of the semi-anechoic
chamber in the YZ plane (see Fig. 1). Due to the presence
of absorbers, the MPCs are attenuated, and the main MPC
(LoS case) reaches the RX identically for a positive or neg-
ative azimuth angle. Since no information about the angle
of arrival (AoA) is included in xi [eq. (5)], it is reasonable
that both angles are mixed. Secondly, the measurements for
φ = 0◦ tend to be correctly separated from the two previous
angles. For this angle, the perfect alignment for the TX-RX
antennas causes lower values for the path loss, and therefore,
higher spectral efficiency values. These differences between
angles explain the large values of standard deviation for the
spectral efficiency in Fig. 10(a).
The clustering for the reverberation scenario with three φ

angles is shown in Fig. 7. Although the cases φ = −30◦ and
φ = 30◦ were mixed in Fig. 5, it can be observed a good
separation between both angles in Fig. 7. Considering the
symmetry of the semi-reverberation chamber, these results
may appear to be incorrect. However, the presence of the

FIGURE 8. Clustering of the indoor scenario for three azimuth angles (0◦ , −15◦ and
−30◦) and three roll angles (−30◦ , 0◦ and 30◦) for φ = 0◦ . Learning rate and perplexity
are fixed to 600 and 140.

chamber door for φ = 30◦ has to be taken into account,
as well as the measuring table [see Fig. 2(a)]. The door
and the measuring table break the symmetry of the semi-
reverberation scenario in the YZ plane, altering the MPCs.
This leads us to conclude that the global dataset tends to
discover global differences among classes (inter class), giv-
ing less importance to intra class differences. The input data
must be adjusted to the specific classes when intra class
differences are searched, as depicted in Fig. 7.
The third case is shown in Fig. 8, where three azimuth

angles are clustered for the indoor environment. As shown
by the trend in Fig. 5, the three subscenarios are separable
into clusters. It is important to note that these three angles
correspond to three completely different pointing angles:
φ = −30◦ (TX points at the window of the reverbera-
tion chamber), φ = −15◦ (TX points at the chamber door
frame), and φ = 0◦ (LoS through the chamber door). Another
interesting detail is the separation of the angle φ = 0◦ into
two subclusters. It has been found that the upper left clus-
ter corresponds to β = 30◦, while the lower left cluster
groups the datapoints corresponding to angles β = −30◦ and
β = 0◦. Therefore, it is proved that this clustering technique
can also separate measurements as a function of the polariza-
tion of the incident wave. Note that the clustering of this roll
angle implies that the datapoints have been previously sep-
arated according to scenario and azimuth angle. As a result,
Fig. 8 is the consequence of a clustering in several layers
since the roll angle is three-levels depth (scenario, φ and β).
This fact proves t-SNE’s potential to cluster communication
scenarios at several depth levels.

C. ANECHOIC, REVERBERATION, INDOOR, ROOFTOP
AND AUDITORIUM
The last example mixes the clustering of previously analyzed
environments (anechoic, reverberation and indoor) with real
communication scenarios (rooftop and auditorium). The clus-
tering from these five environments is shown in Fig. 9. From
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FIGURE 9. Clustering of the anechoic, reverberation, indoor, rooftop and auditorium
scenarios. Learning rate and perplexity are fixed to 650 and 400.

an analytical viewpoint, it is observed an excellent separa-
tion between the three previous scenarios and new (rooftop
and auditorium) scenarios. However, rooftop and auditorium
seem to be totally mixed. The frequency, the distance and
the antenna positions are identical in both scenarios, being
the environment surrounding the radiating elements the only
difference. In the rooftop scenario, it is expected to obtain a
single peak in the PDP due to the outdoor nature. In the audi-
torium scenario, we would expect to get the main MPC due
to the LoS and several reflections from the walls. However,
due to the frequency and the distance to the walls of the
antennas, the LoS is dominant over any reflection (that is
attenuated) and a single peak is seen on the PDP. Therefore,
the auditorium scenario behavior is identical to the rooftop
scenario. Actually, Figs. 10(d) and 10(e) show how close the
communication parameters are for both scenarios, affirming
the previous explanation. Therefore, both scenarios are sim-
ilar in terms of electromagnetic wave propagation. This fact
explains that both scenarios are grouped in the same cluster.
As a last note, it should be remarked how part of the

anechoic datapoints tends to approach the rooftop and audi-
torium data. This data subset represents the orange dots seen
earlier in Figs. 5 and 6. These dots, belonging to the case
φ = 0◦, are characterized by a single peak in the time domain
corresponding to the LoS path. Since the signal shape in the
time domain is similar to the rooftop and auditorium cases,
these dots tend to stay close. The difference between them
is mainly due to the power amplitude and delay of the sig-
nal. This fact opens a way to the rooftop and auditorium
recreation from a controlled scenario as the anechoic case.

V. COMPARING THE PERFORMANCE OF
DIMENSIONALITY REDUCTION TECHNIQUES
Throughout the present work, clustering and dimensionality
reduction of the communication channels have been per-
formed using the t-SNE technique. Now, the efficiency of
t-SNE is compared with other state-of-the-art techniques

in order to demonstrate that this technique shows the best
performance of the presented approaches.
Three datasets are considered in the comparison. The first

one (Fig. 4) is composed by the anechoic, reverberation
and indoor measurements. The second one (Fig. 5) includes
these three scenarios plus the φ angle differentiation, for a
total of 9 classes. The third one (Fig. 9) is formed by the
three original scenarios plus the measurements obtained in
the Fraunhofer HHI, for a total of 5 classes. With respect
to the DR techniques, three state-of-the-art techniques are
selected to perform this study: PCA [21], Kernel PCA [46]
and Isomap [22]. Principal Component Analysis is one of
the oldest techniques used for DR. In summary, this tech-
nique aims to reduce the dimensionality of a given dataset
by preserving the variance statistical information. For that
purpose, this technique calculates linear functions of the vari-
ables contained in the original dataset. These new variables,
known as Principal Components (PCs), are uncorrelated to
each other and contain the maximum possible variance from
the original dataset. Typically, the PCs are derived by solv-
ing a singular value decomposition (see Appendix A). The
analysis of the PCs in our dataset showed that the most
influential communication channel parameters for the sce-
nario discrimination are the path loss and the K-factor,
followed by the spectral efficiency, and the time param-
eters (τRMS, τmean, τvar). One step further, Kernel PCA is
a PCA extension which allows a nonlinear dimensionality
reduction. For that purpose, Kernel PCA applies a nonlinear
transformation to the original dataset variables. This is done
through the dataset projection with a kernel function, e.g.,
polynomial, Gaussian, Laplacian [47] (see Appendix A). If
the dataset has a structure that can not be separated into a
linear subspace, Kernel PCA tends to improve the dimen-
sionality reduction performed by standard PCA. Finally, a
technique based on isometric mapping (Isomap) is proposed.
The Isomap aim is to preserve the geodesic distance of the
dataset in the low-dimensional space. To this end, Isomap
generates a neighborhood graph with K neighbors. Therefore,
the geodesic distance is estimated as the shortest paths in the
graph where each datapoint is connected to K neighbors. In
the end, the dataset is embedded into a low-dimensional
space through a eigenvalue decomposition of the matrix
formed by geodesic distances (see Appendix B).
Fig. 11 shows the dimensionality reduction of the datasets

previously detailed for PCA, Kernel PCA and Isomap DR
techniques. Note that Kernel PCA utilizes a Laplacian kernel
with γ = 0.1 and Isomap uses K = 15 neighbors. Visually,
the three columns should be compared with the DRs in Figs.
4, 5 and 9, respectively. It can be seen that none of these new
proposed techniques improves the performance of t-SNE in
terms of visualization. There are several areas in the low-
dimensional embedding space where multiple classes are
mixed together. Although there is a tendency of separating
classes, it is not as evident as we saw in t-SNE.
In order to quantify the quality of these embed-

ding spaces, the fitness function proposed in Section IV
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FIGURE 10. Radar chart of the anechoic (a), reverberation (b), indoor (c), auditorium (d) and rooftop (e) scenarios. The average value for each one of the five datasets is shown
in a solid dot. The standard deviation is represented as the width of the lines.

[eqs. (20) and (21)] is applied to each low-dimensional
space illustrated in Fig. 11. Table 1 presents the fitness
function for several datasets and DR techniques. Note that
a higher value of the fitness function is directly related to
a better clustering visualization of the considered commu-
nication scenarios. Concerning the first and second dataset,
t-SNE fitness function outperforms the results obtained by
PCA, Kernel PCA and Isomap. For the third dataset, t-SNE
also obtains a slightly better value. The results provided
in Table 1 support the visual comparison made in Fig. 11.
Both studies show that the performance of t-SNE for com-
munication channel embedding is superior compared to other
techniques.
As a final study, a classification of the classes in the

low-dimensional space is carried out. If a trained classi-
fier is able to correctly classify the observations in the
low-dimensional space, it means that the DR technique
properly infers and separates the discriminative aspects
of each scenario. Therefore, those techniques where the
classifier provides the highest accuracy are the ones whose
low-dimensional space includes the most easily discriminable
classes. Five well-established classifier families are con-
sidered: k-Nearest Neighbors (k-NN) [48], Support Vector
Machine (SVM) [49], Naive Bayes [50], Bagging [51] and
Linear Discriminant Analysis (LDA) [52]. k-NN classifies a
given observation based on the class of its closest neighbors,

where k is the number of considered neighbors. SVM finds
a mapping such that the different classes of the dataset are
divided into subspaces separable by a hyperplane with the
largest possible margin. The support vectors (SVs) are those
observations that bound the hyperplane (see Appendix C).
Naive Bayes is a classifier based on Bayesian statistics where
the observation features are considered independent. Under
this assumption, Naive Bayes estimates that an observation
belongs to a given class with the maximum a posteriori
decision rule (see Appendix D). Bagging, also known as
bootstrap aggregation, replicates the original dataset into sev-
eral new learning datasets. These new datasets are trained
independently by using independent classifiers (e.g., k-NN
or decision trees). Finally, the classification of each indepen-
dent classifier is aggregated into a single estimation by the
majority of the classifier predictions. Linear Discriminant
Analysis assumes that each scenario is modeled by a multi-
variate Gaussian distribution (see Appendix E). This model
leads to a subspace formed by linear decision boundaries.
Therefore, each region includes the observations for a given
class.
In order to perform the classification with each of the five

classifiers, a 10-fold cross validation is carried out. Each
10-fold cross validation is iterated 10 times for statistical
validity purposes. Therefore, the accuracy is calculated as
the average accuracy over the ten iterations of the 10-fold
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FIGURE 11. 2D dimensionality reduction comparison for multiple techniques and datasets. The rows show the following techniques: PCA, Kernel PCA and Isomap. The
columns represent the three datasets used during the work. For comparison with t-SNE, the low-dimensionality spaces in the first, second and third column are equivalent to
Figs. 4, 5 and 9, respectively.

TABLE 1. Fitness function for several datasets and dimensionality reduction
techniques.

cross validation. This procedure avoids outliers due to a
non representative sample choice of the training set in the
classifiers. Each iteration of the 10-fold cross validation
is randomised by shuffling the rows of the matrices X
(6D space classification) and Y (2D space classification).
Concerning the configuration parameters for the classifiers:
k-NN classifier considers k = 10 neighbors. SVM classi-
fier uses (Nc2

−Nc)/2 binary learners, i.e., a one-versus-one
strategy. The kernel function is linear, which means that a

linear boundary separates the classes. For the Naive Bayes
classifier, the probabilities according to Bayes rule are dis-
tributed following a Gaussian distribution centered on a
feature average value given a class. It uses a one-versus-
one strategy, providing the same binary classifier number
than in SVM. Finally, the bootstrap aggregation classifier is
formed by 100 independent decision tree classifiers. Each
decision tree includes on average 63% of the observations,
which are randomly chosen from the original dataset.
Table 2 shows the classification accuracy for these five

classifiers and three datasets. The accuracy is defined as the
number of predicted scenarios that matches the true class
over the total number of predicted scenarios for each class,
and the considered accuracy is the average for all iterations.
For a given classification technique and dataset (columns in
Table 2), t-SNE generally obtains the best accuracy com-
pared with PCA, Kernel PCA and Isomap. This fact implies
that t-SNE exploits in a better way the discriminative aspects
of each scenario. Although the accuracy for some datasets
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TABLE 2. Classification accuracy (%) by using several classifiers for several datasets and dimensionality reduction techniques.

is almost identical, note that the cluster visualization in the
low-dimensional space throughout the work is more straight-
forward in t-SNE. This fact is supported by the proposed
fitness function in eqs. (20) and (21), and Table 1.
As a final comparison, the classification accuracy of the

original 6D space is shown in Table 2. Since no information
is lost due to the application of a DR technique, the
expected accuracy should be larger than cases where DR is
applied. However, if DR works properly over the dataset,
the classification accuracy with DR should be close to
the classification accuracy without DR. Particularly, t-SNE
for 3 classes dataset obtains similar accuracies than 6D
space. This implies that t-SNE preserves the information
from the 6D space into the two-dimensional space. For
9 and 5 classes datasets, t-SNE obtains a misclassifica-
tion due to DR of 8.4% and 2.3% in average, respectively.
In exchange for slightly decreasing classification accuracy,
the space complexity decreases from 6D to 2D. An unique
case is found for the Naive Bayes classifier, where t-SNE
gets better classification accuracies than 6D space for 3
and 5 classes datasets. This is explained by the fact that
Naive Bayes assumes independence between the communi-
cation channel parameters (see Appendix D). This is not
meet in the 6D space and it induces classification errors.
However, the large separation achieved by t-SNE in 2D (see
Figs. 4 and 9) increases the classification accuracy. Finally,
it should be remarked that the misclassification between
the 6D space and PCA, Kernel PCA and Isomap is larger
than in t-SNE, which implies increased information losses in
the DR.
This section has demonstrated by three different experi-

ments (visualization in Fig. 11, fitness function in Table 1
and accuracy in Table 2) that t-SNE provides the best
performance compared to other state-of-the-art dimensional-
ity reduction techniques.

VI. GENERATION OF SCENARIOS
In our previous works [29], [30], [53]–[55], we have applied
post-processing techniques in order to modify several sig-
nals in anechoic and reverberation chambers. For example, a
time-domain signal acquired in the semi-anechoic and semi-
reverberation chamber can be modified to emulate several
environments [29], [30]. These works illustrate that it is pos-
sible to recreate different types of communication scenarios

from measurements acquired in the chambers. Now, the com-
bination of post-processing techniques and clustering with
DR techniques allows the generation and comparison of new
communication environments.
In Section IV, it was explained that the anechoic scenario

behaves similarly as the rooftop and auditorium scenarios due
to similar PDP shapes. The main differences between both
and what keeps them apart, are the distances between TX-RX
antennas and the acquisition frequency. On the one hand, the
time of arrival is affected by the TX-RX distance, which is
160 cm for the anechoic case and 800 cm the distance for the
rooftop and auditorium. Therefore, for a propagation speed c,
the time of arrival is 5.33 ns and 26.66 ns respectively (see
Fig. 10). On the other hand, the attenuation is affected,
again, by the TX-RX distance and the acquisition frequency
(25.875 GHz in the anechoic dataset and 60.48 GHz in the
rooftop and auditorium). Since the distance and the frequency
are higher in real scenarios, it is logical to find higher path
losses in the rooftop and auditorium in Fig. 10.
Once the theoretical basis is set, we are able to apply

a certain delay and attenuation to the anechoic dataset to
obtain a modified version as close as possible to the rooftop
and auditorium scenarios. In order to do this, we apply in
the frequency domain an attenuation factor to the anechoic
dataset such that the average path loss is equal to the aver-
age path loss in the rooftop and auditorium, i.e., −93 dB.
This attenuation factor is directly applied to the scattering
parameters acquired in the CFR. In the time domain, 21.33
ns delay is applied in the anechoic dataset, corresponding
to the time difference between the time of arrival of both
datasets. This value is also the time that a signal needs to
travel the distance difference between scenarios, i.e., 640 cm.
Once these changes have been implemented, t-SNE is exe-
cuted with the original datasets together with the anechoic
modified version. The results, presented in Fig. 12, show the
formation of a large cluster in the upper left corner. This
cluster is formed by the anechoic, rooftop and auditorium
datapoints, confirming that the modified anechoic datapoints
have joined the real scenarios. The fact that t-SNE can-
not separate those three scenarios proves that measurements
taken in controlled scenarios can recreate measurements from
real scenarios when post-processing techniques are applied.
To confirm this statement from another perspective, a

Variational AutoEncoder (VAE) [18] is applied as classifier
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FIGURE 12. Clustering of the modified anechoic, reverberation, indoor, rooftop and
auditorium scenarios. Learning rate and perplexity are fixed to 650 and 400.

FIGURE 13. Classification of communication scenarios by using a Variational
AutoEncoder.

to the parameters that constitute the communication chan-
nel. VAEs are composed by two neural networks, encoder
and decoder, respectively. On the one hand, the encoder
decreases the dimensionality of the inputs into a latent space.
On the other hand, the decoder learns how to reconstruct
the inputs from the latent space. Therefore, VAEs can be
proposed for two different purposes: classification [56]–[58]
and generation [59]–[61]. For classification purposes, the
Variational AutoEncoder minimizes the reconstruction error
for each class given the latent space. For generation pur-
poses, the encoder provides a set of latent space parameters
that characterizes the scenario, and the decoder generates
an estimation x̂i, which should be similar to the original
input xi. In this section, the VAE is set as a classifier
that assigns one of the five possible classes to each vec-
tor xi. Half of the data from each dataset is chosen to train
the VAE, 25% for validation and 25% for test. Therefore,
545 datapoints from each class are the input for the train-
ing process and 272 datapoints are for validation and test
purposes. Fig. 13 shows the classification accuracy of the

communication scenarios for the test data once the VAE is
trained. As discussed above, indoor and reverberation sce-
narios are well predicted with accuracy values above 97.5%.
However, the classification of anechoic, rooftop and audi-
torium scenarios shows poor results with accuracies below
47.1%. The average combined accuracy of these three sce-
narios is 44.24%. Considering that the classification of the
reverberation and indoor cases is good, a random classifi-
cation between these three scenarios would imply a 33%
accuracy, not far from the accuracy obtained with the VAE.
Results in Fig. 13 also confirm that the VAE is not able
to optimally separate the modified anechoic environment
from the rooftop and auditorium environments. Therefore,
the use of post-processing techniques to recreate real sce-
narios from anechoic measurements is satisfactory. As future
research, we intend to emulate communication scenarios by
using the VAEs generator function. Together with the time-
gating technique, we expect it to be a powerful generation
tool. This fact, together with the use of generative models
and deep reinforcement learning, opens up new possibilities
for the generation of future mobile communication scenar-
ios as Vehicle-to-Vehicle, UAV-to-UAV, Ship-to-Ship or High
Speed Train-to-High Speed Train.

VII. CONCLUSION
This work presents a deep analysis of the t-SNE technique
to cluster several communication channel scenarios. t-SNE
is a well-known technique in the AI and machine learning
fields. However, this technique has not been widely exploited
in the telecommunication field.
Six channel features have been extracted from 5089 mea-

surements of five types of communication scenarios: (i)
anechoic, (ii) reverberation, (iii) indoor, (iv) rooftop and
(v) auditorium. A deep study on the configuration param-
eters (learning rate and perplexity) has been performed for
the six-dimensional space formed by the communication
channel features. For fitting configuration values, t-SNE
exhibits outstanding performance in the ability to separate
communication channel scenarios. Moreover, it has been
seen how t-SNE is able to cluster at multiple sublevels,
performing a deep clustering. The case shown in Section
IV separates the scenario itself and the azimuth and roll
angles into subclasses, reaching three-levels depth. In fact,
Section V has proved the best performance of t-SNE as
DR technique compared with other techniques of the state-
of-the-art. Future research work includes the comparison of
t-SNE performance with others non-linear techniques which
preserve the data local structure, e.g., Uniform Manifold
Approximation and Projection (UMAP).
Finally, we have modified, by applying suitable post-

processing techniques, one of the controlled scenarios in
order to recreate another of the real scenarios. The mod-
ification of the delay and attenuation of a dataset formed
by an anechoic scenario has led to a scenario with similar
propagation conditions. The application of the t-SNE tech-
nique as a clustering algorithm and a VAE as a classifier has
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proved that the modified version of the anechoic scenario
is confused with the real scenarios. This fact demon-
strates that the modification of communication scenarios
with post-processing techniques is feasible to recreate new
communication environments.
As stated in Section V, although VAEs are used for clas-

sification in this work, they have a much bigger potential
as generative models once the probability distribution of
known scenarios is well modeled. Therefore, future work
will include the generation of new scenarios based on the
knowledge acquired by the VAEs through the clustering
and classification analysis. The generation of new com-
munication scenarios seems fundamental from a technology
perspective due to the exponential growth of the users and
devices in the world. New mobile communication paradigms
need a deep understanding of the propagation environments
where the communications are held. The clustering technique
for communication scenarios and the recreation of scenarios
shown throughout this work arise as powerful tools to sim-
plify the understanding of a telecommunication deployment
in terms of the channels through which communications can
take place for future mobile communications. These tools
are able to provide a simple visualization of channel simi-
larities which at first sight may appear to be different and
thus increase the knowledge of the communication channels
in a telecommunication deployment.

APPENDIX A
PRINCIPAL COMPONENT ANALYSIS
Let X ∈ RN×F be the matrix that represents the high-
dimensional space dataset, where X is centralized as X →

X − X̄. The single value decomposition (SVD) of X is:

X = P�QT (22)

where P ∈ RN×L contains the eigenvectors of the matrix
XXT and Q ∈ RF×L contains the eigenvectors of XTX.
�2

= �, where � is the diagonal matrix that includes the
eigenvalues of the matrix XXT (and XTX). Note that L is
the rank of X. We can define F ∈ RN×L as:

F = P� (23)

where the rows of F include the principal components
into the low-dimensional space, also called projections. By
combining eqs. (22) and (23), it can be seen that

F = XQ (24)

Therefore, Q can be denoted as the projection matrix, since
it provides the linear combination needed to obtain the low-
dimensional space.
For the Kernel PCA technique, we have used a Laplacian

transformation as kernel function:

K
(
xi, xj

)
= exp

(
−γ

∥∥xi − xj
∥∥)

(25)

K ∈ RN×N is the kernel matrix and xi, xj ∈ R1×F are
the rows i and j of X. By using this kernel matrix K

together with the kernel trick [46], it is possible to obtain
the low-dimensional space of KPCA without an explicit
mapping. This problem could by solved by applying the
Laplacian transformation X → �(X), followed by standard
PCA [eqs. (22), (23) and (24)]. However, this is not usually
performed for computational reasons.

APPENDIX B
ISOMAP
Let X ∈ RN×F be the high-dimensional space of our dataset
and xi, xj ∈ R1×F be the rows of X. In the first step,
through k-NN, a graph G is created by connecting the node
i with the node j if it is one of its closest K neighbors.
In the second step, the Dijkstra’s algorithm is applied to
G in order to find the shortest path between observations i
and j. These distances are saved in the matrix D ∈ RN×N .
In the last step, the low-dimensional space is created by
applying multidimensional scaling (MDS) [62] to the graph
distances D.

APPENDIX C
SUPPORT VECTOR MACHINE
SVM binary classifier is a supervised learning algorithm
which looks for a hyperplane that optimally separates a
dataset into two classes. The hyperplane is also intended
to maximize the margin between both classes. Two types of
classes can take place: separable classes, where the margin
between the hyperplanes is not crossed by any observations,
and inseparable classes, where the hyperplane can not sepa-
rate both classes and a penalty is applied for the observations
which cross the boundary. Under the inseparable classes
assumption, the hyperplane function is given by:

f (xi) = xiβ + b = 0 (26)

where β ∈ RF×1 and b ∈ R1 are the coefficients that define
a hyperplane orthogonal vector and a bias term, respectively.
The optimal hyperplane is found by minimizing:

min

(
1

2
‖β‖

2
+

∑
i

κi

)
(27a)

subject to: yif (xi) ≥ 1 − κi (27b)

κi ≥ 0 (27c)

where κi is a penalty score applied to the i-th observation if
it crosses the boundary decision defined by the hyperplane.
yi = {1,−1} stands for the class of the observation.

This optimization problem is typically solved with
the method of Lagrange multipliers. The solution defines
the coefficients of β and the bias term b, which form the
boundary decision.

APPENDIX D
NAIVE BAYES
Naive Bayes is a supervised learning algorithm that learns
the data distribution through a training set. This algorithm
takes advantage of the Bayes rule and uses density estimation
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in a certain test set. The key point for this classifier is to
assume the features (communication channel parameters) to
be independent given a class. Therefore, in a binary learner
classifier, 2F independent predictors are created during the
training process. Let Zj|k ∼ N(μj|k, σj|k2) for j = 1, . . . ,F
and k = 1,−1 be a normal distribution with μj|k mean and
σj|k standard deviation for feature j and class k. Mean and
standard deviation are calculated as:

μj|k =
1

Nk

∑
{i:yi=k}

xij (28)

σj|k =

√√√√ 1

Nk − 1

∑
{i:yi=k}

(
xij − μj|k

)2 (29)

where Nk indicates the number of observations of the class
k in the training set, and

∑
{i:yi=k} is the summation only

including the observations that belong to the class k.
Once the predictors are trained, the probability that an

observation i belongs to the class k given F features is
calculated as:

P̂(Yi = k|Z1, . . . ,ZF)

=
Pprior(Yi = k)

∏F
j=1 P

(
Zj|Yi = k

)∑
k=1 Pprior(Yi = k)

∏F
j=1 P

(
Zj|Yi = k

) (30)

Pprior(Yi = k) is the prior probability that an observation i
belongs to the class k, calculated as the density of each
class in the training set. Note that

∏F
j=1 P(Zj|Yi = k) can be

performed due to the feature independence assumption.
Finally, the i-th observation is assigned to the class that

generates the maximum a posteriori probability.

APPENDIX E
LINEAR DISCRIMINANT ANALYSIS
Discriminant Analysis is a supervised learning algorithm
that divides a feature space into regions. LDA implies
that these regions are linearly separated, where each region
includes an observation set which belongs to a certain class
k. Mathematically, the observation xi is assigned to the
class k according to the classifier yi, where ŷi estimation
is calculated as:

ŷi = arg min
yi=1,...,K

K∑
k=1,k �=yi

P̂(k|xi) (31)

P̂(k|xi) is the estimated probability of belonging to class k,
given the observation xi. It is calculated as:

P̂(k|xi) =
P(k)

P(xi)
P(xi|k) (32)

where P(xi|k) is a F−dimensional multivariate normal
density function for the observation xi given the class k:

P(xi|k) =
1√

(2π)F|ξ |
e

(
−

1
2 (xi−μk)ξ

−1(xi−μk)T
)

(33)

ξ ∈ RF×F is the covariance matrix of X and μk ∈ R1×F is
the mean for each feature given the class k. Both are com-
puted through the training dataset. Finally, P(k) is the class
distribution on the training set and P(xi) is a normalization
factor calculated as

∑
k P(xi|k) · P(k).

The i-th observation is assigned to the class k that
minimizes the expected cost in eq. (31).
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2.3 Characterization of Ultra-Wide Band Propa-
gation Channels

2.3.1 Joint Direction-of-Arrival and Time-of-Arrival Estima-
tion with Ultra-wideband Elliptical Arrays

The characterization of the Direction-of-Arrival and Time-of-Arrival in com-
munication channels is fundamental to understanding and making optimal
use of the channel. This paper proposes the joint estimation of the DoA
and ToA through phase-mode expansions and the use of nearly frequency-
invariant filters for elliptical arrays at mmWave frequencies. The proposed
method generalizes the state-of-the-art approximation performed with cir-
cular arrays providing new degrees of freedom: (i) semi-major axis aperture,
(ii) eccentricity, and (iii) angle of rotation, which allow the approximation
of pseudo-random array patterns by a superposition of elliptical arrays. The
method is validated on the basis of simulations and measurements in ane-
choic chambers.
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Joint Direction-of-Arrival and Time-of-Arrival
Estimation with Ultra-wideband Elliptical Arrays

Alejandro Ramı́rez-Arroyo, Antonio Alex-Amor, Pablo Padilla, and Juan F. Valenzuela-Valdés

Abstract—This paper presents a general technique for the joint
Direction-of-Arrival (DoA) and Time-of-Arrival (ToA) estima-
tion in multipath environments. The proposed ultra-wideband
technique is based on phase-mode expansions and the use of
nearly frequency-invariant elliptical arrays. New possibilities
open with the present approach, as not only elliptical, but also
circular and linear (highly flattened) arrays can be considered
with the same implementation. Systematic selection/rejection of
signals-of-interest/signals-not-of-interest in smart wireless envi-
ronments is possible, unlike with previous approaches based
on circular arrays. Concentric elliptical arrays of many sizes
and eccentricities can be jointly considered, with the subsequent
improvement that entails in DoA and ToA detection. This leads
to the realization of pseudo-random array patterns; namely,
quasi-arbitrary geometries created from the superposition of
multiple elliptical arrays. Some simulation and experimental tests
(measurements in an anechoic chamber) are carried out for
several frequency bands to check the correct performance of
the method. The method is proven to give accurate estimations
in all tested scenarios, and to be robust against noise and position
uncertainty in sensor placement.

Index Terms—Direction-of-arrival (DoA), time-of-arrival
(ToA), elliptical arrays, propagation, wireless channels, broad-
band communications.

I. INTRODUCTION

D IRECTION-of-arrival (DoA) estimation has been one of
the main lines of research in the field of wireless com-

munications in the last decades [1]–[6]. Knowing the position
(and time) at which a wave arrives is essential in mobile
networks [7], [8], vehicular networks [9], [10], MIMO systems
[11], tracking and navigation systems such as GPS [12]–[14],
radar [15], [16], sonar [17], and many other wireless systems.
Even more exotic applications such as failure detection in
electronic components are starting to use DoA techniques as
a novel alternative [18], [19]. In fact, new communication
environments are materializing these days; namely, vehicle-
to-everything (V2X), ship-to-ship (S2S), high speed train-to-
train or UAV-to-UAV [20]–[24]. Thus, a great deal of effort is
being put into characterizing their most important parameters

This work was supported in part by the Spanish Government under Project
PID2020-112545RB-C54, and Project TED2021-129938B-I00; in part by
“Junta de Andalucı́a” under Project A-TIC-608-UGR20, Project P18.RT.4830,
and Project PYC20-RE-012-UGR; and in part by the Predoctoral Grant
FPU19/01251. (Corresponding author: Alejandro Ramı́rez-Arroyo.)

Alejandro Ramı́rez-Arroyo, Pablo Padilla and Juan F. Valenzuela-Valdés
are with the Department of Signal Theory, Telematics and Communications,
Universidad de Granada (UGR), 18071 Granada, Spain (e-mail: alera@ugr.es;
pablopadilla@ugr.es; juanvalenzuela@ugr.es).

Antonio Alex-Amor is with the Department of Information Tech-
nologies, Universidad San Pablo-CEU, CEU Universities, Campus Mon-
teprı́ncipe, 28668 Boadilla del Monte (Madrid), Spain (e-mail: anto-
nio.alexamor@ceu.es).

and key performance indicators, direction of arrival (DoA)
and time of arrival (ToA) among them, with the aim of
improving bandwidth, latency, data rate, power consumption
and reliability in present and future communication systems
[25]–[31].

Conventional DoA and ToA estimation methods, i.e., delay-
and-sum beamforming [32] or the more classical implemen-
tations of MUSIC [1], ESPRIT [33] and maximum-likehood
[34] algorithms, were originally developed to work under a
narrowband assumption. Naturally, their use is not adequate
for today’s broadband communication channels such as the
high-frequency millimeter-wave links (26, 38, and 60 GHz)
dedicated to 5G wireless networks. Thus, many broadband
DoA methods have emerged in recent years to overcome
the limitations of narrowband approaches [35]. Among the
well-established broadband methods, we can find narrowband
decomposition (a wideband channel is decomposed into small
bins that are treated independently with narrowband tech-
niques) [36] or the use of tapped-delay filters with adaptive
coefficients [37]. Although they are simple solutions, both
demand high computational resources since the number of
required filters increases as the considered bandwidth does.

Alternatively, frequency-independent beamformers (FIB)
[38], [39] were formulated to reduce the number of required
filters in a fixed bandwidth, and thus the computational
demands. Originally, FIB focused on the use of linear ar-
rays. Then, FIB-based algorithms were smartly combined
with the omnidirectional characteristics that uniform circular
arrays offer to develop efficient methods for DoA and ToA
estimation [40]. The outcomes of this original work were
promising, as the spatial response of the filter was equalized
with a remarkably reduced number of weight coefficients.
Nonetheless, some important aspects of the method were later
clarified in [41]. Subsequently, [40] was rapidly extended in
different ways. For instance, in [42], it was demonstrated that
the bandwidth of FIB circular arrays can be broadened and
the precision on the DoA estimation improved by employing
multiple concentric arrays instead of a single one. In [43],
[44], multipath components and spherical 3-D propagation
were also considered. Moreover, the approach was directly
applied to the millimeter-wave frequency range.

In this document, we propose a generalization of the method
successfully developed in [40]–[44] for the joint estimation
of the direction-of-arrival and time-of-arrival in multipath
environments. Those previous works were based on the use
of wideband circular arrays. Here, we demonstrate that wide-
band elliptical arrays can extent the capabilities of the joint
estimation in many forms:
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(i) Circular geometries are subcases contained by more gen-
eral elliptical shapes. Thus, we present one of the few
methods reported in the literature that is able to deal with
circular and elliptical arrays in a single stroke. Moreover,
linear arrays can be approximated and analyzed as highly-
flattened elliptical arrays.

(ii) Elliptical arrays present new degrees of freedom com-
pared to circular arrays. Particularly, the ellipse radius
is not fixed, which provides many configurations for
several arrangements based on different eccentricities and
rotation angles.

(iii) Highly flattened elliptical arrays (and so, linear arrays)
show an excellent directivity along the direction of its
semi-major axis, as well as remarkable estimation per-
formance for many elevation angles in this direction.
Thus, the present methodology allows for the efficient
and systematic selection of signals-of-interest (SOI) and
rejection of signals-not-of-interest (SNOI) in smart radio
environments, unlike conventional FIB-DoA methods im-
plemented with circular arrays.

(iv) Concentric elliptical arrays (CEAs) can be analyzed with
the present formulation. As reported by previous works,
the use of concentric arrays is expected to significantly
improve the accuracy in the joint estimation as well as
the bandwidth [42]. Furthermore, the use of concentric
elliptical arrays can lead to the implementation of pseudo-
random grids, a fact that will be exploited in Section III.D
for DoA and ToA estimation. These pseudorandom grids
have the advantage of not being limited to a certain
number of sensor arrangements.

(v) The method is proven to be robust to noise and position
uncertainty in DoA and ToA detection. In addition, its
computational demands are comparable to state-of-art
approaches.

The document is organized as follows. Section II presents
the theoretical framework for the joint DoA and ToA es-
timation with ultra-wideband elliptical arrays. Furthermore,
we discuss on the advantages and limitations of the method.
Section III presents some numerical simulation results in order
to validate the present approach. Section IV presents some
experimental results extracted from the measurement facilities
at the University of Granada. Finally, conclusions are drawn
in Section V.

II. THEORETICAL FRAMEWORK

Let us consider the situation illustrated in Fig. 1. An incident
spherical wave l, described by the unknown azimuth and eleva-
tion angles ϕl and θl, respectively, impinges on the P sensors
(p = 0, 1, ..., P − 1) that conform the elliptical array. The
elliptical array is defined by its eccentricity ξ =

√
1− b2/a2,

which relates the semi-major (a) and semi-minor (b) axes,
respectively. The frequency response at the center of the
elliptical array is given by

Hl(f) = κl e
j2πfτl , (1)

where κl is the attenuation for path/wave l for any given path
loss exponent, and τl stands for the propagation delay for
path/wave l. Both parameters are to be determined.

Fig. 1. Scheme illustrating the different parameters involved in the joint
estimation of DoA and ToA with a single elliptical array.

The frequency response at the p-th sensor, Hp,l(f), will
include a phase shift with respect to the frequency response
estimated at the center of the array, Hl(f). By applying
trigonometric relations, we arrive to

Hp,l(f) =

(√
dℓ
dp,ℓ

) γ

Hℓ(f) e
j2πf∆dp,ℓ/c , (2)

where c is the speed of light, the term
(√

dℓ/dp,ℓ

) γ
accounts

for amplitude attenuation given a path loss exponent γ between
the center of the array and the p-th sensor, and

∆dp,l = dl − dp,l , (3)

with

dp,l = ||dl − rp|| =
√
d2l + r2p − 2dlrp sin(θl) cos(ϕl − ϕp) .

(4)
In the former expression, dl is the distance from the center of
the elliptical array to the source point, rp is the distance from
the center of the array to sensor p, ϕp is the azimuth angle
associated to sensor p (see Fig. 1), both given by

rp =
√
x2p + y2p , (5)

ϕp = arctan

(
yp
xp

)
. (6)

Additionally, the Taylor series for ∆dp,l allows to expand this
term as [44]

∆dp,l ≈ rp sin(θl) cos(ϕl − ϕp) . (7)

Thus, (2) can be expressed as

Hp,l(f) =

(√
dℓ
dp,ℓ

) γ

Hl(f) e
j2πfrp sin(θl) cos(ϕl−ϕp)/c .

(8)
Considering that the source l is located far from the elliptical
array, the term dl/dp,l ≈ 1, so (8) can be simplified to

Hp,l(f) = Hl(f) e
j2πfrp sin(θl) cos(ϕl−ϕp)/c . (9)

Now, we particularize the study to the case θl = 90o; namely,
where the incident plane coincides with the plane where the
elliptical array is located. Thus, (9) reduces to

Hp,l(f) = Hl(f) e
j2πfrp cos(ϕl−ϕp)/c . (10)

This approximation is fundamental in order to develop further
steps of the method. Although it may seem prohibitive, this
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approach was demonstrated to work over a wide range of
elevation angles different from θl = 90o [44].

The Jacobi-Anger identity [45] allows us to expand the
former expression and decouple the frequency-dependent and
phase-dependent components in two different terms as

Hp,l(f) = Hl(f)

∞∑

n=−∞
jnJn,p

(
2πfrp
c

)
ejn(ϕl−ϕp) , (11)

where Jn,p(·) is the Bessel function of the first kind of order
n associated to sensor p. At a first glance, some differences
can be observed with respect to the cases shown in [41], [42],
[44] for circular arrays. When considering elliptical arrays,
the frequency-dependent component [Jn,p(·)] varies for each
sensor p. This is due to the fact that the distance between
the center of the array and the position of sensor p is not
constant [rp = rp(ϕp) ̸= r], unlike in circular arrays where
this distance is the same for all sensors (rp = r).

The azimuth angle ϕl can be estimated by applying a
phase-mode expansion, Hm,l(f), [41], [42], [44] to the for-
mer expression that includes basis functions of the form
ejmϕp (m being the integer order of the phase-mode) and a
frequency-dependent filter Wm,p(f), leading to

Hm,l(f) =
1

P

P−1∑

p=0

Hp,ℓ(f) e
jmϕpWm,p(f)

=
1

P
Hℓ(f)

P−1∑

p=0

+∞∑

n=−∞
jnJn,p

(
2πf

rp
c

)
Wm,p(f)

× ejnϕℓ ej(m−n)ϕp .
(12)

The infinite sum in n can be split in two different addends:
the term n = m and a series for all n ̸= m. This allows to
rewrite (12) as

Hm,l(f) =
1

P
Hℓ(f)

P−1∑

p=0

Wm,p(f)

×
[
jmJm,p

(
2πf

rp
c

)
ejmϕℓ

+

+∞∑

n=−∞
n ̸=m

jnJn,p

(
2πf

rp
c

)
ejnϕℓ ej(m−n)ϕp

]
. (13)

Previous works [41], [42], [44] focused on circular arrays
took advantage of the independence of the Bessel functions
with respect to p [Jn,p(·) = Jn(·)] and the orthogonality
relations of the sum

∑P−1
p=0 ej(m−n)ϕp/P to cancel out the

infinite series (∀n ̸= m) in eq. (13). However, this is not
exactly the situation for elliptical arrays. Thus, some approxi-
mations have to be considered in order to proceed. Under the
assumption of low eccentricity ξ levels (ellipses that are not
too flattened, ξ ≪ 1), the former discussion still applies since
rp ≈ r (constant radius in average) and the sensors in the
elliptical array are quasi-uniformly distributed (ϕp ≈ 2πp/P ).
As a consequence, Jn,p(2πfrp/c) ≈ Jn(2πfr/c) can be
cleared out from the sum in p and the orthogonality relation∑P−1
p=0 ej(m−n)ϕp/P = 0 ,∀n ̸= m, remains valid. Thus, the

last double sum in eq. (13) is approximately zero under low-
eccentricity assumption; namely,

1

P

P−1∑

p=0

Wm,p(f)

+∞∑

n=−∞
n ̸=m

jnJn,p

(
2πf

rp
c

)
ejnϕℓ ej(m−n)ϕp

ξ≪1≈ Wm(f)

+∞∑

n=−∞
n ̸=m

jnJn

(
2πf

r

c

)
ejnϕℓ

P−1∑

p=0

ej(m−n)ϕp

P
= 0 .

(14)

Thus, eq. (13) is simplified to

Hm,l(f) ≈
jm

P
Hℓ(f) e

jmϕℓ

P−1∑

p=0

Jm,p

(
2πf

rp
c

)
Wm,p(f).

(15)
The approximation taken above, although originally derived
for low eccentricities, will be demonstrated in Sections III
and IV to be applicable to a wide range of elliptical arrays,
even those that reach eccentricity values of ξ = 0.99, as long
as the number of considered sensors is large. The reason is
that, even for high eccentricities, the main contribution of the
transformation is given by the phase mode n = m, while the
rest of the contributions (sum ∀n ̸= m) is normally negligible
[see eq.(13)]. Nonetheless, an increment of the artifact levels
is expected as the eccentricity increases, thus degrading the
joint DoA and ToA estimation in some angular regions. In
practice, P should be selected so the sensor separation is less
than λ/2, where λ stands for the wavelength.

Then, we can reduce (13) to

Hm,l(f) ≈ Hℓ(f) e
jmϕℓ , (16)

if we consider the filter Wm,p(f) to be

Wm,p(f) =
1

jm Jm,p
(
2πf

rp
c

) . (17)

Alternatively, we can choose Wm,p(f) as

Wm,p(f) =
2

jm
[
Jm,p(2πfrp/c)− j J ′

m,p(2πfrp/c)
] , (18)

since it was proven in [44] to give more accurate results
in realistic scenarios where elevation angles different from
θl = 90o were involved. Additionally, eq. (17) involves deep
nulls for some frequencies f , a fact that limits the channel
bandwidth. The situation is different for the filter depicted
in eq. (18), whose performance is similar to that in eq. (17)
but operates over a noticeably larger bandwidth. A detailed
discussion on the filter choice can be found in [43]. In eq. (18),
J ′
m,p(·) is the first derivative of the Bessel function of order n

related to sensor p.
The array response for the m-th phase mode is calculated

by taking into account the contribution of the L incident waves
as

Hm(f) =

L∑

l=1

Hm,ℓ(f) ≈
L∑

l=1

Hℓ(f) e
jmϕℓ , (19)
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which admits a matrix-form representation H(m, f). Finally,
the joint DoA and ToA estimation is extracted by computing
the 2-D fast Fourier transform (FFT) of H(m, f),

H̃(ϕ, τ) = FFT{H(m, f)}, (20)

which includes a general representation of the wireless channel
properties for all considered angular and time steps. Note
that DoA and ToA resolution of H̃(ϕ, τ) is given by the
number of phase modes and frequency samples in H(m, f).
Concretely, DoA resolution is calculated as 360°/M , where M
is the number of considered phase modes. Thus, higher DoA
resolution requires of a larger number of phase modes. ToA
resolution is calculated as 1/B, where B is the bandwidth of
the channel. The maximum observable time in the estimation
is (K − 1)/B, which is determined by B and the number of
frequency samples K. Therefore, channel bandwidths belong-
ing to the range of ultra-wideband technologies are required
to achieve good spatial resolution in the estimation since there
exists a trade-off between the spatial resolution and B.

The maximum number of considered phase modes M
[eq. (15)] is restricted by the denominator in Wm,p(f)
[eq. (18)]. This denominator may introduce numerical errors
as it approaches zero. In order to avoid numerical instabilities,
M must be chosen such that

jm
[
Jm,p(2πfrp/c)− j J ′

m,p(2πfrp/c)
]
̸≈ 0 ∀m. (21)

To fulfill the previous condition, we know that there is a
number of phase modes, namely |Mlim|, above which the
Bessel function Jm,p(·) and its derivative tend to zero [41].
Therefore, stability can be guaranteed if M is chosen below
|Mlim| [43]. This limit value is dependent on the argument
of Jm,p(·) and J ′

m,p(·). The larger the argument (2πfrp/c),
the larger |Mlim|. Consequently, i) high frequencies provide
higher resolution in DoA estimation, and ii) |Mlim| is defined
by the sensor p whose distance rp is the smallest for a given
frequency f . This distance turns out to be the semi-minor axis
in elliptical arrays. Throughout Sections III and IV, it is shown
that eccentricity values up to 0.99 allow the method to work
properly even when |Mlim| is reduced.

A. Improving the Efficiency of the Method

It can be noted from eqs. (17), (18) that each sensor p that
conforms the elliptical array has a different filter Wm,p(f).
Considering M phase modes in the computation, elliptical
arrays will require of M × P filters for the DoA and ToA
estimation. This situation is different in circular arrays, where
all the sensors share the same filter for the m-th phase mode.
Thus, only M ×1 filters are needed in the case of considering
circular arrays. This causes that the joint estimation with ultra-
wideband elliptical arrays is less computationally efficient than
with ultra-wideband circular arrays, despite the multiple ben-
efits that elliptical arrays offer (generality, selectivity, pseudo-
random grids, etc.) compared to circular ones. Nonetheless, we
can exploit the symmetries of elliptical geometries and Bessel
functions to improve the efficiency of the proposed method.

Let us name as αp an azimuth angle that is contained in
the first quadrant of the elliptical array. Angles of the form

180o−αp (second quadrant) , 180o+αp (third quadrant), and
360o − αp (fourth quadrant) have associated the same value
of rp. Therefore, the number of required filters in the joint
estimation can be reduced to M × [P/4+1] by exploiting the
symmetries of the ellipse. Thus, when P is large, the required
number of filters is approximately reduced by a factor of 4
compared to the raw processing.

We can further reduce the complexity of the problem by
considering the symmetry of Bessel functions. Concretely, we
can take advantage of the following expression

J−m,p(χp) = (−1)mJm,p(χp) , (22)

that relates negative and positive integer orders m. Thus, the
number of filters would reduce to [M/2+ 1]× [P/4+ 1]. For
large values of M and P , the number of required filters is
asymptotically reduced from M × P to M/2 × P/4, that is,
by a factor of 8.

Additionally, the use of a single average filter Wm(f)
can provide good DoA and ToA estimations when low- and
medium-eccentricity elliptical arrays are involved. The average
filter is given by replacing all rp values in eqs. (17)-(18)
by r, computed as the average between the semi-major and
semi-minor axes of the ellipse. Note that in the case of
considering a single average filter, the number of required
filters is reduced to M × 1, as in the case of circular arrays.
Therefore, a good approximation for elliptical arrays with low
and medium eccentricities can be obtained, notably reducing
the computational complexity of the problem. The single-
average-filter approach is expected to give accurate results as
long as the elliptical array is not highly flattened. In practice,
this approach has been found to be valid up to ξ ≲ 0.7.
Finally, note that the time required in the total propagation
channel characterization process is limited by the measurement
acquisition. The previous fact is true for setups based on
virtual arrays. Due to the high number of sensors required
to fulfill the spatial Nyquist theorem, phase-mode expansion
for DoA and ToA characterization makes use of these virtual
arrays [41], [43], [44]. Therefore, the measurement process
takes orders of magnitude longer than the time required to
apply the estimation method. Thus, the global time for taking
measurements and applying the method ends up being similar
in both circular and elliptical arrays.

B. Rotated Elliptical Arrays

A simple modification can be applied to the present formu-
lation for the convenient use of rotated elliptical arrays in DoA
and ToA estimation. Actually, this will serve as the basis for
the analysis of advanced scenarios (concentric arrays, pseudo-
random grids) in next sections. Considering that the elliptical
array is azimuthally rotated counterclockwise by an angle α
[see Fig. 2(a)], the values of xp and yp in eq. (5) should be
simply replaced by

xp → xp cosα+ yp sinα

yp → xp sinα− yp cosα
. (23)

Alternatively, it could be convenient to work with the elliptic
coordinate system, formed by the radial coordinate ρ ∈ [0,∞)
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(a) (b)

Fig. 2. Representation of a (a) single rotated elliptical array and (b) three
concentric elliptical arrays. All the arrays are lying in the XY plane.

and the angular coordinate η ∈ [0, 2π), when positioning the
sensors that conform the rotated elliptical array. In that case,
the p-th sensor will be located at

xp = a cos ηp cosα− b sin ηp sinα

yp = a cos ηp sinα+ b sin ηp cosα
, (24)

where a and b are the semi-major and semi-minor axes of
the elliptical array, respectively. Both parameters are related
through the eccentricity value ξ. Note that a uniform angular
placement for the sensors in elliptical coordinates, η, does
not necessarily imply a uniform angular placement in polar
coordinates, ϕp.

C. Concentric Elliptical Arrays

As an additional step, the joint estimation of the direction-
of-arrival and time of arrival can be generalized to the case
where multiple concentric elliptical arrays are considered [see
Fig. 2(b)]. As pointed out in previous works [42], the fact of
including several concentric arrays is expected to increase the
accuracy in the estimation, as well as the frequency response
of the entire array if the geometry of the concentric elliptical
array is appropriately selected. This is because the response
of the entire array is a combination of the individual arrays
that compose it [42]. Additionally, the use of ultra-wideband
concentric elliptical arrays will lead to advanced functionalities
in DoA and ToA detection. These advanced functionalities
will be deeply explored in Sections III and IV of the present
manuscript.

Let us consider Ψ concentric elliptical arrays (ψ =
0, 1, ...,Ψ − 1) lying in the same plane (XY plane), each of
them constituted by P sensors. The phase-mode expansion for
the ψ-th elliptical array will be now

Hm,l,ψ(f) =
1

P

P−1∑

p=0

Hp,l,ψ(f) e
jmϕp,ψ Wm,p,ψ(f)

=
1

P
Hℓ(f)

P−1∑

p=0

+∞∑

n=−∞
jnJm,p,ψ

(
2πf

rp,ψ
c

)

× Wm,p,ψ(f) e
jnϕℓ ej(m−n)ϕp,ψ .

(25)

Thus, the phase-mode expansion of the whole system,
Hm,l(f), will be of the form

Hm,l(f) =
1

Ψ

Ψ−1∑

ψ=0

Hm,l,ψ(f) ≈ Hℓ(f) e
jmϕℓ , (26)

Fig. 3. DoA and ToA estimation example for a single incident wave at
ϕl = 90° and τl = 30 ns. A 2D representation of the angular-temporal
domain is shown in the upper left corner.

which is simply the average of the individual phase-mode
contributions of each elliptical array. In fact, notice that the
resulting expression for Hm,l(f) in eq. (26) is identical to
eq. (16), despite the computation of the filters Wm,p,ψ(f) is
different in this case for each elliptical array.

Naturally, the computational complexity increases when
considering concentric arrays. Now, the system is formed by
P × Ψ sensors, so the number of required filters for DoA
and ToA estimation increases to M ×P ×Ψ. Nonetheless, by
following the recommendations given in Sec. II.A, the number
of filters can be similarly reduced by a factor of 8.

III. SIMULATIONS

This Section shows and discusses some results obtained
through the formulation derived in Sec. II for DoA and ToA
estimation in ultra-wideband elliptical arrays. Regarding the
organization, Sec. III.A analyzes the accuracy of the method
for single elliptical arrays and the influence of eccentricity ξ
and rotation angle α in the estimation. Sec. III.B introduces
concentric elliptical arrays and their benefits compared to
single elliptical arrays. Sec. III.C presents the performance
of the joint estimation for elevation angles different than 90°.
Finally, Sec. III.D explores the use of pseudorandom grids
based on concentric elliptical arrays.

In order to validate the estimation for elliptical arrays, it
must be ensured that DoA and ToA estimation matches ϕl
and τl for the incident wave, as well as the artifacts (non-
desired values expected to be several orders of magnitude
below the real path of the incident wave) do not disguise the
correct angles and delays. As an example, Fig. 3 shows the
joint angular and delay domain of a particular H̃(ϕ, τ), with
a single incident wave at ϕl = 90° and τl = 30 ns. Both
parameters are correctly estimated. However, some artifacts
can be observed. If they were large compared to the real
incident wave, they could misled the real path. Thus, we
define ∆ as the ratio between the correct estimation and the
largest artifact in the azimuth and delay domain. The larger
the ∆, the better the estimation. Throughout this document,
this ratio will be considered as a metric.

A. Single Elliptical Arrays
The main benefits of elliptical arrays compared to circular

arrays are the new degrees of freedom related to the sensor
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position. While in circular arrays we only have the control
of the radius r, three different independent parameters can be
modified in elliptical arrays: i) semi-major axis a, ii) eccen-
tricity ξ, and iii) rotation angle α. This fact allows for a wide
variety of sensor arrangements.

The first simulation aims to determine the influence of the
eccentricity on the joint DoA and ToA estimation. For this
purpose, four ellipses with ξ = 0, 0.7, 0.95 and 0.99 are
simulated for an incident azimuth range ϕl = [−90°, 90°] and
τl = 30 ns. The frequency band is chosen to be from 28 GHz
to 30 GHz (B = 2 GHz) for K = 100 frequency samples.
These frequencies are part of the band n257 defined by the 3rd
Generation Partnership Project (3GPP) and are expected to be
fundamental in the deployment of 5G New Radio (5G NR)
[46]. In order to ensure a proper DoA and ToA estimation,
spatial Nyquist theorem must be fulfilled. This implies that
the separation between adjacent sensors must be less than half
wavelength. In the present work, we have typically assumed
a distribution of P = 720 sensors per array (angular spacing
of 0.5°), ensuring that spatial Nyquist theorem is fulfilled for
all sensors. Naturally, the number of sensors could be further
reduced from 720, normally at the expense of degrading the
performance in the estimation. The considered semi-major axis
a = 0.5 m and the ellipse is placed with its semi-major
axis oriented along the horizontal direction (α = 0°). Given
the highest frequency f = 30 GHz, we can ensure that the
largest separation between sensors is 0.437λ for any value of
eccentricity. Finally, the elevation incident angle is θl = 90°,
i.e., matching the plane of the elliptical array sensors.

Fig. 4(a) shows the metric ∆ for several azimuth angles ϕl
and eccentricity values ξ. ∆ is constant for the circular array
(ξ = 0) through the whole azimuth range due to the constant
directivity at any given azimuth angle. When the eccentricity
increases, the ellipse tends to flatten on the semi-minor axis.
Therefore, the directivity of the estimation increases in the
direction of the semi-major axis. For ξ = 0.7, the estimation
is correct in the whole range. For ξ = 0.95, ∆ > 0 for
azimuth values up to ±50°, where the largest artifact begins
to mislead the correct incident angle. The same behavior can
be found for ξ = 0.99, where the estimation is valid up
to ±15°. The reasoning behind these results is that for very
high eccentricities, the angular response of an elliptical array
closely resembles that of a linear array in the direction of
the semi-major axis. Therefore, when the incident wave is
perpendicular to the semi-major axis of the elliptical array,
ambiguity affects the estimation and, consequently, an artifact
appears at ϕl + 180°, since the near-zero curvature of the
array only exploits half of the angular domain, i.e., 180°.
This evolution can be seen as the eccentricity increases and
the array flattens out in Fig. 4(a). As previously explained in
Fig. 3, ∆ value is calculated by taking into account the highest
artifact found in the DoA and ToA estimation since ϕl can take
any value on the entire range, i.e., ϕl ∈ [0°, 360°). However,
if there were information on a bounded ϕl range, it would be
possible to discard artifacts outside that range, thus improving
the estimation of ∆ value if the highest artifact is not part
of the considered interval. Note that the formulation derived
in Sec. II is valid for circular, elliptical and linear arrays.

(a)

(b)

(c)

Fig. 4. Metric ∆ (dB) for several incident azimuth angles ϕl and several
eccentricities ξ. a) Single ellipse with α = 0°, b) single ellipse with α = 90°,
and c) two concentric ellipses with α = 0° and α = 90°. These geometries
show angular selectivity for ϕl = 0° and ϕl = 90°.

Although it is not explicitly shown, due to the array symmetry,
the estimation is similar in the range ϕl = [90°, 270°]. Also
notice that the larger the eccentricity, the lower the number
of considered phase modes M , as detailed in Sec. II. The
computation time, as shown in the complexity analysis (see
Section II.A), is expected to be higher for elliptical arrays. In
the circular array case, the DoA and ToA computation time
is 7.39 s. For the elliptical arrays with eccentricities 0.7, 0.95
and 0.99, computation times are 98.11 s, 54.06 s and 13.62
s, respectively. These times are obtained as the average for
10 iterations of the method in a laptop with an i7-10750H
processor and 16 GB RAM. Table I summarizes the main
features of the different geometries. tB stands for the required
time to numerically compute the Bessel functions for the filters
Wm,p(f) and tf is the required time to apply Wm,p(f) to
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TABLE I
COMPUTATIONAL COMPLEXITY, COMPUTATION TIME, DEGREES OF FREEDOM AND ∆ FOR SEVERAL GEOMETRIES

Geometry Computational
complexity Parameters tB(s) tf (s) tt(s) ∆(dB) Degrees

of freedom
Pseudorandom

patterns
Angular

selectivity

Circular O(M Ψ) r = 0.5 m 1.96 5.43 7.39 24.53 1 ✗ ✗

a = 0.5 m, α = 0°, ξ = 0.7 93.68 4.43 98.11 24.07

Elliptical O(PM Ψ) a = 0.5 m, α = 0°, ξ = 0.95 52.58 1.48 54.06 22.81 3 ✓ ✓

a = 0.5 m, α = 0°, ξ = 0.99 13.04 0.58 13.62 21.70

Hp,l(f) and compute the 2-D FFT. tt is the sum of the two
previous times. Despite the longer required time, elliptical
arrays provide three degrees of freedom that generalize the
circular case and allow the creation of pseudorandom patterns
discussed in depth in Section III.D.

At the beginning of this Section, three degrees of freedom
related to ellipses were discussed: semi-major axis, eccentric-
ity and rotation angle. As Fig. 4(a) has shown, highly flattened
ellipses are angularly selective along direction of the semi-
major axis. In order to tune the angular response, Fig. 4(b)
analyses the effect of a rotation angle α in the ellipse geometry.
Particularly, it includes a rotation angle α = 90° compared
to the geometry of Fig. 4(a). The direct consequence is the
90° shift on the azimuth angle estimation. Now, the semi-
major axis is located in the vertical axis, providing excellent
estimation for very flattened ellipses when the incident angle is
nearby ±90°. However, incident angles in the horizontal axis
(0° and 180°) get poor estimations if eccentricities are large,
contrary to what is observed in Fig. 4(a). Additionally, as it
is previously stated, the number of sensors can be reduced at
the expense of degrading the estimation performance. In order
to show the effect of this reduction, Fig. 5 shows the joint
DoA and ToA estimation for an incident wave at τl = 15 ns
(dl = 450 cm) and ϕl = 180° in an elliptical array with
a = 0.5 m, α = 135° and ξ = 0.7. Three different numbers
of sensors P = 720, 300 and 100 are considered. While for
P = 720, the maximum spacing between sensors remains
below λ/2, for P = 300 and 100, these distances becomes
1.048λ and 3.143λ. This causes the artifacts to move from
19.34 dB below the estimation to 13.73 dB and 5.99 dB
respectively. Thus, although it is possible to perform the
estimation even for adjacent sensor distances larger than λ/2,
it is advisable to comply with the spatial Nyquist theorem to
minimize the appearance of artifacts.

In summary, the proposed formulation performs proper
estimation of DoA and ToA for the whole azimuth range for
eccentricity values up to 0.7. Above this value, the estimation
shows a directional behavior in the direction where the semi-
major axis is located. By rotating the ellipses, the angular
response can be tuned. This can be easily achieved in virtual
arrays. Logically, mechanical or electrical reconfiguration in
a real-world implementation always adds an extra level of
technical complexity that is beyond the features of the method
and the scope of the present work. Thus, the angular selectivity
of the elliptical geometries could be of potential application
for the selection (suppression) of signals-of-interest (signals-

Fig. 5. DoA and ToA estimation for an incident wave at ϕl = 180° and
τl = 15 ns (dl = 450 cm) when varying the number of sensors P . Non-
compliance with the spatial Nyquist theorem (cases P = 300, 100) leads to
the appearance of new artifacts and an undesired increase in their contribution
to the joint DoA and ToA estimation.

not-of-interest) in smart wireless environments.

B. Concentric Elliptical Arrays

Sec. II.C introduced the analysis of concentric elliptical
arrays. Since previous subsection has shown the eccentricity
effect on the estimation, we can take advantage of the concen-
tric arrays in order to improve the estimation. By combining
Hm,l(f) from the ellipses shown in Figs. 4(a) and 4(b) [see
eq. (26)], a new ellipse arrangement can be formed. Fig. 4(c)
presents the metric ∆ for the joint DoA and ToA estimation
when two concentric elliptical arrays are considered. For high
eccentricities, an interesting behavior can be found. ∆ is
maximized for all those DoA coinciding with the semi-major
axes of the concentric ellipses (i.e., ϕl = 0° and ϕl = 90°).
A clear example can be seen for ξ = 0.95. In Figs. 4(a) and
4(b), ∆ indicates good estimations for approximately an 80°
azimuth range. However, in Fig. 4(c), ∆ > 8 dB in the whole
range. Therefore, concentric ellipses with different rotation
angles can provide different ∆ patterns. This fact opens up
the possibility of implementing pseudorandom grids contained
within elliptical geometries, which will be discussed in later
sections.

C. Technique performance for θl ̸= 90o

Up to this point, simulations have been carried out for a
fixed elevation angle of θl = 90°. In [43], it was demonstrated
that the filter from eq. (18) provides accurate estimations for
θl ̸= 90°. With the purpose of validating the estimation for
different elevation angles, Fig. 6 shows the metric ∆ for
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Fig. 6. Metric ∆ (dB) for several elevation angles θl when ϕl = 0° (solid
line) and ϕl = 30° (dashed line).

different values of θl for two different incident azimuth angles,
ϕl = 0° and ϕl = 30°. The configuration parameters are the
same as those shown in Sec. III.A. For the case ϕl = 0°,
although the analytical framework discussed in Sec. II was
originally derived under the assumption of θl = 90°, it can
be observed in Fig. 6 that the accuracy in DoA estimation
is still satisfactory in a wide range of elevation angles. This
is a remarkable feature, as elevation/tilt angles typically vary
between 90 and 75 degrees in real deployments [47], [48]. In
this range, ∆ > 13 dB for all the considered eccentricities.
Concerning ToA, it is estimated as 30 ns for θl = 90°,
matching τl. When θl moves toward 30°, ToA estimation
suffers a slight variation of +0.5 ns. This effect was also
noticed for circular arrays in [44]. Finally, it is worth noting
that elliptical arrays outperform DoA and ToA estimation
compared to circular arrays for several elevation angles when
ϕl = 0°. This is due to the fact that when the angle of
incidence ϕl coincides with the semi-major axis, the elliptical
shape of the array preserves the directivity of the array better
for θl ̸= 90° compared to the circular shape. For the case
ϕl = 30°, ∆ with θl = 90° for high eccentricities is lower as
previously depicted in Fig. 4(a) due to the directivity attribute.
Similar to the case ϕl = 0°, ∆ decreases as the wave incident
plane separates from the plane where the elliptical array lies.

D. Pseudorandom Grids

Previous subsections have shown that elliptical arrays
present directive behaviour for DoA estimation. Fig. 7 shows
some examples of generic geometries formed through the su-
perposition of concentric ellipses. In contrast to concentric cir-
cular arrays where only concentric ring shapes can be obtained
[42], concentric ellipses provide a wide range of possible
sensor arrangements. Hence, some of these geometries may
be approximated as pseudorandom grids and the joint DoA
and ToA estimation could be performed with sensors located
in pseudorandom positions. In real deployments, the use of
circular arrays may not be feasible due to space limitations.
Conversely, elliptical arrays take up a smaller area and can
adapt better to the geometry of any structure. Additionally, we
can take advantage of the directivity property in the direction
of the semi-major axis to steer the elliptical arrays in a specific
range of angles.

Fig. 7. Generic geometries generated from the superposition of concentric
ellipses. Each ellipse is characterized by semi-major axis a, eccentricity
ξ and angle of rotation α. The combination of several ellipses results in
pseudorandom grids.

Fig. 8. (a) Superposition of nine concentric elliptical arrays. DoA and ToA
estimation when the incident wave is located at (b) ϕl = 45° and τl = 20 ns,
and (c) ϕl = 250° and τl = 40 ns.

As a study case, Fig. 8(a) shows a superposition of con-
centric ellipses to form a pseudorandom grid. Throughout
this subsection, it will be studied in depth to analyze its
performance compared to single and concentric circular arrays.
This geometry consists of 8 ellipses with semi-major axis
a = 34.5 cm, eccentricity ξ = 0.9 and rotation angle
α = 22.5° for consecutive ellipses, plus an outer circle
of a = 34.5 cm and ξ = 0. In this case, the frequency
band goes from 39.5 GHz to 43.5 GHz (n259 band and
B = 4 GHz) [46]. 720 sensors are considered per ellipse, which
gives a maximum separation between consecutive sensors of
3 mm (0.437λ at f = 43.5 GHz). The number of considered
frequency samples is K = 200 and the number of phase modes
is fixed to M = 250.

By applying the formulation for concentric elliptical arrays,
Figs. 8(b) and 8(c) present two cases of joint estimation for
this geometry. Particularly, Fig. 8(b) shows the estimation of
the angular-delay domain for an incident wave at ϕl = 45°
and τl = 20 ns. Fig. 8(c) illustrates the same domain for
ϕl = 250° and τl = 40 ns. In both cases, the estimation
is clearly maximized around ToA and DoA. In addition to
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(a)

(b)

(c)

Fig. 9. DoA and ToA estimation for an incident wave at ϕl = 55° and
τl = 20 ns for different geometries: (a) Uniform Circular Array, (b) Uniform
Concentric Circular Array, and (c) Concentric Elliptical Array.

these cases, the geometry has been tested for incident waves
in the entire range of ϕl and τl, showing excellent results with
artifacts below 20 dB in the worst case.

In order to compare the performance of concentric elliptical
arrays with other array arrangements, Fig. 9 shows the angular-
delay estimation for three different arrangements. Fig. 9(a)
is obtained from a uniform circular array (UCA) with radius
r = 34.5 cm and P = 720. Fig. 9(b) represents the estimation
for a nine ring uniform concentric circular array (UCCA)
whose outer circle is equal to the one shown in Fig. 9(a).
The inner circle has radius r = 15 cm and all nine rings
are equidistant. Finally, Fig. 9(c) uses the geometry presented
in Fig. 8(a), i.e., a concentric elliptical array (CEA). Some
conclusions can be extracted by looking at Fig. 9. First,
the figure illustrates that the proposed method works as a
generalization of former approaches, being able to deal with
circular and elliptical geometries at the same time. This leads
to the realization of elliptical-based pseudorandom mesh grids

(a)

(b)

(c)

(d)

Fig. 10. DoA and ToA estimation when the incident wave reaches the CEA at
ϕl = 45° and τl = 20 ns. Uncertainty in sensor placement is considered, with
respect to the center position {xp, yp}, by means of the standard deviation
σ. Cases: (a) σ = 0.5λ (3.45 mm), (b) σ = λ (6.89 mm), (c) σ = 2λ (13.78
mm) and (d) σ = 5λ (34.46 mm).

that can be used to improve the joint DoA and ToA estimation.
In that sense, the level of artifacts (sidelobes) has been reduced
more than 10 dB when considering concentric arrays instead
of a single circular array, the UCCA and CEA outperforming
the UCA array due to a better mapping of the spatial region.
Naturally, the improvement in the estimation comes at a price.
Computational complexity increases when a greater number
of arrays is considered. Thus, there exists a trade-off between
performance and computational complexity. Scenarios where
the impact of the artifacts in the joint estimation should be
minimized benefit for the inclusion of a greater number of
concentric (elliptical) arrays. Conversely, scenarios where the
processing time should be minimized benefit from placing a
fewer number of arrays.

Previously, the degrees of freedom of the position of the
sensors in an ellipse have been discussed. Actually, it is
possible to go one step further. The theoretical framework
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developed in Sec. II has demonstrated that non constant rp
values are feasible for the joint estimation. In order to achieve
a real pseudorandom grid, an independent and uncorrelated bi-
variate normal distribution N2(0, σ

2), with σx = σy = σ/
√
2,

is included in the sensor positions xp and yp [eq. (24)].
This distribution adds noise in the sensor position, which
randomizes the grid. Figs. 10(a)-(d) shows the angular-delay
domain estimation for arrangements with different σ values.
Simulation parameters are equal to those ones shown for Fig. 8
with incident wave at ϕl = 45° and τl = 20 ns. Standard
deviation σ is chosen in terms of wavelength and it ranges
from 0.5λ to 5λ. The maximum artifacts from Fig. 10(a) to
Fig. 10(d) are found to be 23.9 dB, 23.5 dB, 21.4 dB and
18.2 dB below the correct estimation, respectively. Although
artifacts increase as the position noise does, they are still low
enough to correctly detect the DoA and ToA. A remarkable
result is that shown in Fig. 10(d), where the elevated value
σ directly hides the elliptical shape of the CEA. Even in this
case, the joint estimation is remarkably good. For a dense
enough sensor arrangement, most of the sensors satisfy the
spatial Nyquist theorem. If, on average, the spatial Nyquist
theorem is fulfilled, a good estimation is expected. Therefore,
it can be concluded that, if a dense pseudorandom mesh
is approximated by a set of concentric ellipses, the joint
estimation of DoA and ToA can be properly performed.

As a last proof of concept, the estimation of DoA and ToA
from a completely random sensor distribution approximated
by a set of concentric ellipses is proposed. For the sensor
distribution, 10000 sensors are placed in a square based on
a bivariate uniform distribution U2 (−0.345, 0.345). As an
example, this distribution expects to be approximated by three
concentric ellipses with P = 720, a = 34.5 cm, ξ = 0.9 and
α = [30°, 50°, 90°]. Frequency band goes from 39.5 GHz to
43.5 GHz, K = 200 and M = 250. For this approximation,
those sensors of the random distribution whose distance to the
theoretical sensor in the three ellipses is minimum are chosen.
Fig. 11 shows the random sensor distribution (gray dots) and
the sensors chosen to form the concentric elliptical array (black
dots). This figure also presents the DoA and ToA estimation
for an incident wave at ϕl = 230° and τl = 30 ns, with
the largest artifact appearing 13.45 dB below the real path.
Thus, the method is valid for elliptical arrays generated from
random distributions. Note that the random grid can be used
in order to generate any other geometry with several ellipses
and several semi-major axis, eccentricity and rotation angle
values. Finally, note that the pseudorandom and random grids
shown in Figs. 10 and 11 cannot be rigorously analyzed with
previous approaches [40]–[44], as sensors with different radius
rp must be considered.

IV. MEASUREMENTS

In order to validate the simulations and theoretical frame-
work, multiple measurements have been carried out at the
facilities of the University of Granada. These facilities consist
of a semi-anechoic and semi-reverberation chamber whose
dimensions are 5 × 3.5 × 3.5 meters (61.25 m3). The mea-
surements are performed in the semi-anechoic part, where

Fig. 11. DoA and ToA estimation for an incident wave at ϕl = 230° and
τl = 30 ns for a sensor distribution based on a bivariate uniform random
distribution (gray dots). Three concentric elliptical arrays are approximated
from the randomly arranged sensors (black dots).

multiple absorbers are found in the walls in order to avoid any
reflection. Therefore, the Line-of-Sight (LoS) can be analyzed
in the propagation channel between a transmitter (TX) and a
receiver (RX). To recreate the simulation setup, TX is placed
at a distance dl and azimuth angle ϕl with respect to the center
of a certain ellipse, which is formed by a virtual array at RX.
Fig. 12 shows the measurement setup in the semi-anechoic
chamber. The transmitter antenna is fixed, while the receiver
antenna, located in the measurement system, can move in
the XY plane positioned at the same height (z = 179 cm)
as the transmitter antenna. The measuring system allows a
maximum displacement of 1 m in both x and y axes. The
communication channel is acquired through a Vector Network
Analyzer (VNA Rohde & Schwarz ZVA67), which measures
the scattering parameters up to 67 GHz. In order to prevent
the effect of the coaxial cables in the communication channel,
a Through — Open — Short — Match (TOSM) calibration
is performed. Thus, Hp,l includes the contribution of the
propagation channel and the radiation pattern of the antennas
in TX and RX. Particularly, TX is a standardized gain horn fed
with a WR-15 waveguide-to-coaxial transition (Flann Kband
antenna Model: #25240-20). RX is a monopole antenna based
on a 1.85 mm coaxial transition to free space, centered at
60 GHz, with a matching bandwidth higher than 8 GHz below
−10 dB, and omnidirectional radiation pattern for θl = 90°
in the XY plane. The frequency range is chosen to be from
58 GHz to 62 GHz, for measurements and simulations, i.e.,
B = 4 GHz in the mmWave range. K = 200 frequency
samples are acquired, providing 20 MHz frequency step. Given
the bandwith B, the temporal and distance resolution are
0.25 ns and 7.5 cm respectively. Consequently, the maximum
observable time and distance are 49.75 ns and 14.925 m.

In the first experiment, TX is placed at distance dl = 120 cm
and angle ϕl = 330°. RX forms an ellipse with a = 24.2 cm,
ξ = 0.7 and α = 0°. P = 720 sensors are considered, for
a maximum separation of 2.1 mm between sensors (0.437λ
for f = 62 GHz). Finally, the number of phase modes M
is set to 250. Figs. 13(a) and 13(b) show the DoA and ToA
estimation for the simulated and measured cases, respectively.
As expected, the estimation is maximized for τl = 4 ns
(dl = 120 cm) and ϕl = 330°, with an artifact located at
ϕl ± 180°. In Fig. 13(b), the estimation of DoA and ToA is
slightly more spread due to measurement imperfections with
respect to simulation. However, the maximum is still found at
τl = 4.25 ns (dl = 127.5 cm) and ϕl = 330°. The variation
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Fig. 12. Photograph of the measurement setup. TX is fixed and RX forms
the elliptical array due to the movement of the measurement system located
at the bottom.

(a)

(b)

Fig. 13. DoA and ToA estimation for an incident wave at ϕl = 330° and
τl = 4 ns (dl = 120 cm). (a) Simulation and (b) measurement in the semi-
anechoic chamber.

of 7.5 cm is mainly due to the calibration process; namely,
horn length (7.6 cm) and monopole transition (2 cm) are not
initially considered. The distance resolution is 7.5 cm, thus
the estimated value of dl is within the expected error band
in measurement. Finally, note that two reflections due to back
propagation in the semi-reverberation chamber can be found
at 31.5 ns and 39.25 ns in Fig. 13(b).

Fig. 13 has shown a good agreement between the theoretical
framework and the simulations proposed for this estimation
method. As explained in Sec. II, this technique is based on
a correct modeling of the incident signal on the P sensors,
i.e., Hp,l. Thus, phase-mode expansion Hm,l and 2-D FFT
lead to the joint DoA and ToA estimation. A proper mod-

Fig. 14. Simulated and measured Hp,l(f) phase distribution when a single
wave impinges at ϕl = 330° and τl = 4 ns. Ellipse parameters are a = 24.2
cm, ξ = 0.7, α = 0° and P = 720.

Fig. 15. Normalized measured PDP for an incident wave at ϕl = 270°
and τl = 6.5 ns in two different setups: (left panel) rotated ellipse and (right
panel) non-rotated ellipse.

eling of the phase is fundamental in Hp,l. As an example,
Fig. 14 illustrates the Hp,l phase distribution for every sensor
and frequency in the setup previously shown in Fig. 13.
High similarity of the phase distribution in simulations and
measurements can be observed. This fact demonstrates the
proper modeling of the incident wave for elliptical cases in
real measurements, thus yielding good joint DoA and ToA
estimations.

One of the features observed in the simulation is the high
angular selectivity offered by highly flattened elliptical arrays.
One way to explain this behavior is based on understanding
how the wave reaches the array. For this purpose, two different
setups have been measured. The first one has the TX posi-
tioned at a distance of dl = 195 cm and an angle ϕl = 270°.
The RX is a virtual array with parameters: a = 24.2 cm,
ξ = 0.99, α = 90° and P = 720. The second setup is
similar, except for the rotation angle α = 0°. Fig. 15 shows
the normalized Power Delay Profile (PDP) for every sensor p
in RX. This PDP is calculated as the square of the IFFT
of the channel frequency response Hp,l for each sensor. On
the left panel, it can be seen that the wave impinges in
the direction of the semi-major axis. Therefore, this wave
travels sensor by sensor through the entire array. This fact
generates the curvature observed in the PDP for the different
sensor positions. On the right panel, the wave impinges in
the direction of the semi-minor axis. In this case, for high
eccentricities, the wave simultaneously reaches all the sensors
of the array. This results in no curvature in the PDP, i.e, the
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Fig. 16. Simulated and measured DoA and ToA estimation for an incident
wave at ϕl = 270° and τl = 5.66 ns when the elevation angle is θl = 70°.

measured channel for the different sensors is similar. In the
first case, the curvature is unambiguous, since only this DoA
generates such curvature. In the second case, the practical
absence of curvature causes ambiguity in the estimation, since
ϕl = 90° would generate exactly the same PDP. Hence, it can
be concluded by the measurement study that this technique
takes advantage of the curvature of the elliptical array, thus
justifying the curves simulated in Fig. 4. As it was noted
in Sec. III.A, the selectivity is an attribute of the sensor
arrangement.

Sec. III.C presented the technique performance for elevation
angles θl ̸= 90°. In order to validate previous simulations, a
setup with θl = 70° is measured. TX antenna is placed at
height z = 120 cm with ϕl = 270°, and the elliptical array is
kept at z = 179 cm. The distance in the XY plane between
TX and the center of the elliptical array is 160 cm. Therefore,
by applying basic trigonometry, dl = 170 cm (τl = 5.66 ns)
and θl turns out to be 70°. RX parameters are a = 24.2 cm,
ξ = 0.7, α = 90°, P = 720 and M = 250. Fig. 16 shows
the simulated and measured joint estimation of the DoA and
ToA for the previous scenario. The measured scenario matches
the simulation with 270° DoA and 6 ns ToA estimation. The
artifacts appear 16 dB below the estimation, showing a good
agreement with the simulation prediction (see ξ = 0.7 in
Fig. 6).

For the sake of completeness of the experimental study,
it will be shown that the use of this technique is valid for
i) multipath environments, and ii) concentric elliptical arrays.
For that purpose, i) two measured rays are combined in the

Fig. 17. Simulated and measured DoA and ToA estimation for a multipath
component scenario and concentric elliptical arrays. The first ray reaches RX
for 330° DoA and 4 ns ToA, and the second ray for 300° DoA and 8 ns.
Two ellipses with ξ = 0.7 and different rotation angle are considered.

semi-anechoic chamber as the sum of the frequency response
of each of the rays incident at the p-th sensor [see eq. (19)].
The first wave reaches the center of the array from 330° and
4 ns (120 cm) delay, while the second wave impinges the
ellipse from 300° azimuth angle and 8 ns (240 cm) delay.
ii) Two ellipses are combined to form a concentric elliptical
array. The phase-mode response from the sum of the two
previous waves is summed to create the new arrangement
[see eq. (26)]. The parameters for the first elliptical array are
a = 24.2 cm, ξ = 0.7, α = 0°, P = 720 and M = 250,
while the second array is characterized by the same parameters
except for α = 90°. Fig. 17 shows the joint estimation
for the multipath scenario and the superposition of ellipses.
Both waves can be clearly depicted in the simulations and
measurements for the correct values of DoA and ToA. A good
estimation is seen, which validates the proposed approach and
the experimental setup for usage in multipath environments in
wireless communication links.

In general, it should be stated that the level of the main
artifacts varies as multiple concentric arrays of different ge-
ometries are considered. Flattened elliptical arrays present
angular selectivity, normally in angular regions near the semi-
major axis (see Fig. 4). This fact provokes that the level
of artifacts either decreases or increases depending on the
location of the DoA. In the case that the semi-major axis
of the elliptical array is aligned with the DoAs, the level of
the artifacts decreases (the metric ∆ increases). On the other
hand, if the DoAs are not aligned with the semi-major axis,
the level of the artifacts is expected to increase (the metric ∆
decreases). More than a limitation of the proposed method, the
modification of ∆ as a consequence of the orientation of the
array should be considered an inherent property of flattened
elliptical and linear arrays.

V. CONCLUSIONS

This work proposes a technique for joint DoA and ToA
estimation based on ultra-wideband elliptical arrays. The the-
oretical framework introduces a generalization of frequency-
independent beamformers based on uniform circular arrays.
This new approach is a generalization not only valid for
elliptical arrays, but also feasible for circular and linear arrays.
The geometry of the elliptical array provides new degrees of
freedom compared to the circle, where only the radius can
be modified. The ellipses, besides tuning the semi-major axis,
also allow to adjust their eccentricity or rotation angle. These
degrees of freedom, together with the superposition of con-
centric ellipses, result in pseudo-random sensor geometries.
This novel concept avoids the problem of being limited to a
specific set of geometries, being able to adapt the array to
several arrangements in a real deployment.

The analysis of the technique through simulations has
shown good joint DoA and ToA estimations, with artifacts
appearing orders of magnitude below the main component.
The study has been performed for the whole range of azimuth
angles ϕl, as well as for multiple time-of-arrival τl, and
three frequency bands within the mmWave range: 28-30 GHz,
39.5-43.5 GHz and 58-62 GHz. Additionally, the effect of
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modifying the rotation angle α, eccentricity ξ and elevation
angles θl on the joint estimation has been analyzed. Through
these degrees of freedom, arrangements of nine geometries
with pseudo-random array distribution have been simulated.
One step further, an independent and uncorrelated bivariate
normal distribution is included in the sensor position in order
to recreate a random grid. The results show that even includ-
ing this random distribution, the estimation can be properly
performed.

Finally, the simulations have been validated through multi-
ple measurements in a semi-anechoic chamber at 58-62 GHz
frequency band. DoA and ToA estimation has been initially
carried out for single ellipses and single-path environments.
Then, this has been extended to multipath scenarios and
concentric elliptical arrays, simultaneously. Both the measured
frequency response, phase distributions and the joint estima-
tion of the DoA and ToA agree with those predicted by the
simulations. These experimental results validate the theoretical
framework, thus providing a method which gives accurate
estimations for a large number of sensor arrangements and
arbitrary geometries.
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Universidad Politécnica de Cartagena, in 2004. In
2007, he joined EMITE Ing., Murcia, Spain, as the
Head of research. In 2011, he joined the Universidad
de Extremadura, Mérida, Spain, and in 2015, he

joined the Universidad de Granada, where he is currently a Full Professor.
He is also the Head of the SWAT Research Group, University of Granada,
Granada, Spain, and the Co-Head of the Singular Laboratory of electromag-
netic characterization of microwave and millimeter devices and antennas. His
publication record comprised of more than 100 publications, including 50 JCR
(Journal Citation Reports) indexed articles and seven book chapters. He holds
several national and international patents. His current research interests include
wireless communications, radio frequency devices, antennas, and propagation.
Dr. Valenzuela-Valdés received several prizes, including a National Prize to
the Best Ph.D. in mobile communications by Vodafone.



CHAPTER 2. PUBLICATIONS

2.3.2 Joint Ultra-wideband Characterization of Azimuth, El-
evation and Time of Arrival with Toric Arrays

Based on the principles of the previous work, this paper presents a gener-
alization of the joint DoA and ToA characterization derived from the use
of circular arrays. In two-dimensional arrays, the angle of arrival can only
be correctly estimated in the plane where the array is located when apply-
ing phase-mode expansions. This means that in circular arrays, only the
azimuth angle can be estimated, while the elevation of an incident wave is
unknown. As a solution to this issue, the use of toric arrays is proposed to
achieve nearly frequency-invariant beamformers in circular arrays deployed
in several planes around the torus. This is possible due to the definition of
the torus as a Cartesian product of two circular arrays. This allows the joint
characterization of azimuth and elevation Direction of Arrival and Time of
Arrival, i.e., a fully 3D characterization of the propagation channel. The
simulations show the correct performance of the method to jointly estimate
the channel parameters at mmWave frequencies (30 GHz and 60 GHz) with
UWB communication channels.
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Joint Ultra-wideband Characterization of Azimuth,
Elevation and Time of Arrival with Toric Arrays

Alejandro Ramı́rez-Arroyo, Antonio Alex-Amor, Rubén Medina, Pablo Padilla, and Juan F. Valenzuela-Valdés

Abstract—In this paper, we present an analytical framework
for the joint characterization of the 3D direction of arrival (DoA),
i.e., azimuth and elevation components, and time of arrival (ToA)
in multipath environments. The analytical framework is based on
the use of nearly frequency-invariant beamformers (FIB) formed
by toric arrays. The frequency response of the toric array is
expanded as a series of phase modes, which leads to azimuth–time
and elevation–time diagrams from which the 3D DoA and the ToA
of the incoming waves can be extracted over a wide bandwidth.
Firstly, we discuss some practical considerations, advantages
and limitations of using the analytical method. Subsequently,
we perform a parametric study to analyze the influence of the
method parameters on the quality of the estimation. The method
is tested in single-path and multipath mm-wave environments
over a large bandwidth. The results show that the proposed
method improves the quality of the estimation, i.e., decreases
the level of the artifacts, compared to other state-of-art FIB
approaches based on the use of single/concentric circular and
elliptical arrays.

Index Terms—Direction-of-arrival (DoA), time-of-arrival
(ToA), 3D characterization, toric arrays, propagation, wireless
channels.

I. INTRODUCTION

KEY performance indicators (KPI) are parameters that
quantify the overall yield of a wireless communication

channel [1], [2]. Examples of KPIs are throughput, bandwidth,
latency, jitter, mobility and energy consumption. Improving
KPIs, and therefore the performance of wireless links, requires
a proper characterization and knowledge of all channel pa-
rameters: direction of arrival (DoA), time of arrival (ToA),
delay spread, path loss, and K factor, among others. With
knowledge of the channel parameters, different scenarios can
be effectively distinguished [3], even recreated and emulated
through the use of post-processing techniques based on the
creation/removal of reflections in the communication channel
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MCIN/AEI/10.13039/501100011033 and by the European Union NextGener-
ationEU/PRTR. It has also been supported by grants PDC2022-133900-I00,
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Granada through grant PPJIB2022-05; and in part by the Predoctoral Grant
FPU19/01251 and FPU19/04085. (Corresponding author: Alejandro Ramı́rez-
Arroyo.)
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[4], [5]. This is fundamental in today’s interconnected society,
considering the huge variety of propagation environments
associated with different communication scenarios: 5G/6G
mobile [6]–[8], RIS-aided [9]–[11], industrial [12]–[14], and
vehicle-to-everything [15]–[18] networks.

Among all the channel parameters, DoA and ToA are among
the most noteworthy. A joint estimation of DoA and ToA
is essential because current communication scenarios suffer
from temporal variations of the physical properties of the
channel. Accurate DoA and ToA information can account
for the changes occurring in the channel. In the sub-6 GHz
regime, DoA and ToA estimation techniques have been widely
explored in the literature [19]. Most of the applied techniques
are of narrowband nature [20]–[25], which generally limits
their use for modern broadband applications in the mm-wave
frequency range. As a consequence, new efficient wideband
alternatives are being sought that feature DoA and ToA
simultaneously.

The implementation of nearly frequency-invariant beam-
formers (FIB) has proven to be a suitable alternative for (ultra)-
wideband DoA estimation [26]–[28]. The objective of FIB
is to parameterize the array coefficients so that the spectral
and spatial dependences can be treated independently [29].
Previous implementations of FIB have ranged from the use
of one-dimensional (1D) arrays [30] to two-dimensional (2D)
configurations based on the use of circular arrays [31]–[34].
Recently, the use of FIB was extended by the authors to
include elliptical geometries [35], [36]. This is a generaliza-
tion of previous approaches based on circular geometries, as
circular and linear arrays are subcases included in the more
general elliptical arrays. However, many of the DoA and ToA
estimation methods are only capable to accurately estimate the
time of arrival and one of the two spatial DoA components,
i.e., either azimuth or elevation, but not both at the same time
[31]–[33], [35], [36]. In this regard, it is not so common to
find analytical approaches that accurately estimate azimuth,
elevation and time of arrival in one go.

In this paper, we present a novel estimation method for joint
3D DoA (azimuth, elevation) and ToA characterization. The
technique is based on the use of nearly frequency-invariant
toric arrays. Following a similar rationale than in [31]–[38], the
multipath frequency response, acquired in the different spatial
points that are part of the toric array, can be expanded as a
series of phase modes and a preselected frequency-dependent
filter. This leads to diagrams in the azimuth–time (AoA–
ToA) and elevation–time (EoA–ToA) domains, from which
the direction and time of arrival of the incoming waves can
be accurately estimated in a wideband range of frequencies
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(a) (b)

Fig. 1. Torus geometry: Representation of the circles arranged in (a) the XY plane, and (b) ΦlZ plane.

in either single-path or multipath environments. This is a
remarkable feature of the proposed method, as a joint 3D-
DoA and ToA characterization is rarely found in the literature.
Moreover, the accuracy in the joint DoA and ToA estimation
is improved with respect to previous state-of-art frequency-
invariant beamformers. This is essentially due to the geometry
of the torus. The geometrical disposal of spatial samples in
a toric array efficiently exploits the geometrical disposal of
the spatial samples for an optimal estimation. Within a torus,
multiple concentric circular arrays can be defined in horizontal
planes, thus improving the estimation of the azimuth angle.
Then, the optimal vertical plane, which includes a single cir-
cular array, is selected for a precise estimation of the elevation
angle and time of arrival. Finally, it is worth mentioning that
the proposed technique works efficiently in under-sampling
conditions, which can be used to reduce processing time and
the number of samples employed.

The document is organized as follows. Section II presents
the mathematical framework for the joint characterization of
the azimuth, elevation and time of arrival. It also discusses
some practical considerations, advantages and limitations of
the method. Section III illustrates some numerical examples,
including single-path and multipath scenarios, in order to val-
idate the proposed theoretical framework. A parametric study
on how the main involved parameters affect the performance
of the method is also carried out. Finally, general conclusions
are drawn in Section IV.

II. THEORETICAL FRAMEWORK

A torus is defined as a closed surface formed by the
Cartesian product of two circles. Parametrically, it can be
defined as:

x(ϕ, θ) = (R+ ρ sin θ) cosϕ

y(ϕ, θ) = (R+ ρ sin θ) sinϕ,

z(ϕ, θ) = −ρ cos θ
(1)

where R is the distance from the torus center to the tube
center, and ρ is the tube radius. ϕ is the azimuth angle, which
represents the rotation around the axis of revolution. θ is the
elevation angle, i.e., the rotation angle around the tube. R > ρ
is considered in order to ensure a ring torus shape.

Due to the nature of this geometry, circles can be generated
in the XY plane given a specific z height. Since z(ϕ, θ) only
depends on θ for any value of ϕ, θ can be directly substituted
in x(ϕ, θ) and y(ϕ, θ) as sin(θ) = sin(arccos(−z/ρ)) =√
1− (−z/ρ)2). This expression can be further simplified,

leading (1) to:

x(z, ϕ) = (R±
√
ρ2 − z2) cosϕ

y(z, ϕ) = (R±
√
ρ2 − z2) sinϕ.

(2)

An example of circumference in this XY plane is illustrated
in Fig. 1(a) when z = 0. Similarly to the previous case, two
circumferences are found in the plane formed by the Z-axis
and a given angle ϕ. Fig 1(b) shows this plane when ϕ = ϕl,
which represents a smart selection of the plane given the
ϕ-axis, as will be detailed in later sections. These properties
of the torus to define circumferences in several planes will
be used to accurately estimate the 3D DoA (azimuth ϕ and
elevation θ), as well as the ToA τ in multipath environments.

Now, let us assume an incident spherical wave l character-
ized by the azimuth angle ϕl, elevation θl and time of arrival τl.
This signal impinges on a torus formed by P samples on each
circumference arranged in the XY plane, and P samples on
each circumference of the ΦlZ plane, for a total of P 2 spatial
samples. The estimation of the three previous parameters is
performed in two steps: (i) The first one takes advantage of the
circumferences located in the XY plane to make an accurate
estimation of ϕl. (ii) The second step makes use of the previous
value of ϕl to accurately estimate θl and τl.

A. Azimuth of Arrival (AoA)

In the first step, the frequency response at the center of the
circumferences lying in the XY plane is expressed as

Hl,z(f) = κle
j2πfτl,z = κle

j2πf(τl+τz), (3)

where κl stands for the complex amplitude for the l-th wave
and τl,z for the delay of the l-th wave for a given height z. The
term τl,z can be expressed as τl,z = τl + τz , where τl is the
delay characterized at the center of the torus (z = 0) and τz is
an additional delay introduced by the height z. According to
the torus geometry, the largest difference between τz values is
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Fig. 2. Planes where the circular arrays are placed on the torus. P circular
arrays can be found in the XY plane given several heights z (left panel). For
visualization purposes, only five circles are marked in blue in the XY plane. A
single circular array is located in the ΦlZ plane (right panel). The P circular
arrays in the XY plane and the single array in the ΦlZ plane allow us to
estimate the AoA and the pair {EoA, ToA}, respectively.

given by 2ρ/c, which is the diameter of the torus tube divided
by the wave propagation speed, i.e., the speed of light c. This
is the case for θl = 0° and θl = 180°. For θl = 90°, the
incident wave impinges on the different circles at the same
time, so the difference between values of τz becomes zero.
Generally, it is satisfied that τl ≫ 2ρ/c, so we can assume
that τl,z ≈ τl. This effect generates a slight temporal spread
in the time domain estimation, which will be analyzed in the
following sections. Regardless of this fact, note that there is
no negative effect on the estimation since the ToA is not yet
estimated in this step.

For each circle at a height z, Hp,l,z(f) reads as the channel
frequency response acquired at the p-th sample. Since the
spatial samples are uniformly distributed around the position
of Hl,z(f), Hp,l,z(f) is given by

Hp,l,z(f) =

(
dl,z
dp,l,z

)γ/2
Hl,z(f) e

j2πf∆dp,l,z/c , (4)

where dl,z = c τl,z , and dp,l,z is the distance traveled by the
wave to reach the p-th spatial sample. Therefore, the term
(dl,z/dp,l,z)

γ/2 is the attenuation factor given the distance
between the torus center at a height z, and the p-th sample for
a path loss exponent γ. The complex exponential term stands
for the phase shift introduced by the additional distance to the
center of the torus, where

∆dp,l,z = dl,z − dp,l,z. (5)

According to the torus geometry, the previous term can be
expanded as

∆dp,l,z = dl,z−
√
d2l,z + rz2 − 2dl,zrz sin(θl) cos (ϕl − ϕp,z)

(6)
where ϕp,z is the azimuth angle for the p-th sample located
at a height z, which is evenly spaced in the angular domain
ϕ ∈ [0, 2π). The term rz stands for the radius of the circles
deployed at different heights. From (2), it is defined as

rz = R±
√
ρ2 − z2. (7)

Through the expansion in Taylor series, (6) can be approxi-
mated as

∆dp,l,z ≈ rz sin(θl) cos(ϕl − ϕp,z). (8)

which allows us to simplify (4) to

Hp,l,z(f) =

(
dl,z
dp,l,z

)γ/2
Hl,z(f) e

j2πfrz sin(θl) cos(ϕl−ϕp,z)/c ,

(9)
As a starting point, this first step considers a fixed elevation

incidence angle θl = 90°. Although this approximation might
seem restrictive, it is possible to perform an accurate estima-
tion of the azimuth angle ϕl for several angles θl [37], while
the estimation of the elevation angle θl is performed in a sub-
sequent step. Additionally, dl,z/dp,l,z ≈ 1 for dl,z ≫ ∆dp,l,z ,
i.e. the wave source is far away from the toric array (plane
wave approximation). After these two considerations, (9) can
be simplified to

Hp,l,z(f) = Hl,z(f) e
j2πfrz cos(ϕl−ϕp,z)/c . (10)

As observed in (10), phase and frequency components are
linked in the complex exponential term. The Jacobi-Anger
identity, given by [39]

ejυ cosα =

∞∑

n=−∞
jnJn(υ)e

jnα , (11)

allows us to decouple phase (ϕl) and frequency (f ) terms,
extending (10) to

Hp,l,z(f) = Hl,z(f)

∞∑

n=−∞
jnJn,z

(
2πfrz
c

)
ejn(ϕl−ϕp,z).

(12)
The former step opens up the possibility of a solution based on
nearly frequency-independent beamformers (FIBs). Note that
Jn,z (·) is the Bessel function of the first kind of order n for
the circular array with radius rz .

The former expression can be projected onto basis func-
tions of the form ejmϕp,z that excite the frequency response
Hp,l,z(f) when ϕp,z = ϕl. This method is known as phase-
mode expansion [31], [38], which provides the phase-mode
domain Ĥm,l,z(f):

Ĥm,l,z(f)

=
1

P

P−1∑

p=0

Hp,l,z(f) e
jmϕp,z

= Hl,z(f)

+∞∑

n=−∞
jnJn,z

(
2πfrz
c

)
ejnϕl

P−1∑

p=0

ej(m−n)ϕp,z

P
.

(13)
Note that the rightmost term (1/P )

∑P−1
p=0 ej(m−n)ϕp,z be-

comes zero when n ̸= m. Otherwise, when n = m this term
is one, leading to:

Ĥm,l,z(f) = Hl,z(f) j
mJm,z

(
2πfrz
c

)
ejmϕl . (14)

This excited frequency response Ĥm,l,z(f) contains the
frequency-dependent component, which can be eliminated by
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the optimal choice of an inverse filter Wm,z(f). Mathemat-
ically, the phase-mode response Hm,l,z(f) can be calculated
as
Hm,l,z(f) = Ĥm,l,z(f)Wm,z(f)

= Hl,z(f) j
mJm,z

(
2πfrz
c

)
Wm,z(f) e

jmϕl

= Hl,z(f) e
jmϕl = κl e

j2πfτl,z ejmϕl ,

(15)

with

Wm,z(f) =
2

jm
[
Jm,z

(
2πfrz
c

)
− j J ′

m,z

(
2πfrz
c

)] , (16)

where J ′
m,z (·) is the first derivative of Jm,z (·). This filter

has demonstrated to be an optimal choice since J ′
m,z (·) avoid

deep nulls in Wm,z(f), providing larger bandwidth for the
estimation [37].

In order to improve the estimation, the phase-mode aver-
age domain between all the circles at different heights z is
calculated, being the phase-mode expansion

Hm,l(f) =
1

P

zP−1∑

z=z0

Hm,l,z(f) ≈ Hl(f)e
jmϕl . (17)

The distribution of the P circles in the XY plane is shown
in Fig. 2. These circles are distributed in the range of heights
zi ∈ [−ρ, ρ]. Previous work has shown that the use of multiple
arrays significantly improves the estimation of DoA and ToA
[32], [35], [36]. Note that Hl(f) represents the frequency
response at the origin.

In multipath environments (l > 1), the phase-mode response
for every wave impinging the toric array is the sum of the
individual contribution from each wave, which leads to

Hm(f) =
∑

∀l
Hm,l(f) =

∑

∀l
Hl(f) e

jmϕl . (18)

The 2-D Discrete Fourier Transform (DFT) of the former
expression provides the joint azimuth DoA and ToA estimation
as:

H̃(ϕ, τ) =
∑

∀m

∑

∀k
Hm(f) e

−j
(
mϕ
M +

2π(fmin+kfs)τ
K

)
, (19)

where K stands for the number of frequency samples and
frequency spacing fs = B/K with B being the signal
bandwidth and M is the total number of considered phase
modes. The term fmin is the lowest frequency considered in
the bandwidth and m and k are the indexes that characterize M
phase modes and K frequency samples, respectively. The ToA
τl is extracted through the frequency f obtained in ej2πfτl ,
while ϕl is related to the phase-mode domain in the complex
exponential ejmϕl [see (15)]. Consequently, the time domain
resolution and the maximum observable time are given by 1/B
and (K − 1)/B. Similarly, the angular resolution is given by
2π/M in the phase domain. The previous expression can be
efficiently calculated through the Fast Fourier Transform (FFT)
algorithm.

B. Elevation of Arrival (EoA) and Time of Arrival (ToA)

The second step takes advantage of the previous estimation
of the azimuth ϕl to accurately estimate the elevation angle
θl and the time of arrival τl. Basically, the same P 2 spatial
samples previously defined to generate P circles with P
samples in the XY plane can be used to form circles in the
planes defined by the ϕ−Z axes. These P circles, also with P
samples per circle, are those contained in perpendicular cuts
to the tube [see Fig. 1(b)].

Similarly to (3), the frequency response at the center of the
tube, given an angle ϕl, is

Hl,ϕl(f) = ηl e
j2πfτl,ϕl , (20)

where ηl is the complex attenuation, and τl,ϕl is the delay of
the wave l from the source to the tube center at ϕl. Therefore,
the frequency response at the p-th sample reads

Hp,l,ϕl(f) =

(
dl,ϕl
dp,l,ϕl

)γ/2
Hl,ϕl(f) e

j2πf∆dp,l,ϕl/c , (21)

with

∆dp,l,ϕl = dl,ϕl −
√
d2l,ϕl + ρ2 − 2dl,ϕlρ cos (θl − θp,ϕl).

(22)
After Taylor’s series expansion (8), we arrive to

Hp,l,ϕl(f) =

(
dl,ϕl
dp,l,ϕl

)γ/2
Hl,ϕl(f) e

j2πfρ cos(θl−θp,ϕl)/c ,

(23)
Note that, by choosing the ring coincident with the ϕl esti-
mation, we ensure to align the wave incidence plane with the
distribution of the P tube samples. Thus, the sine dependent
variable term that appeared in eqs. (6), (8) and (9), becomes
constant and is removed from eq. (23). Visually, the chosen
circular array laying in the ΦlZ plane is illustrated in Fig. 2.
This fact ensures the correct estimation of θl and τl,ϕl as the
optimal estimation is provided when the plane of incidence
coincides with the plane where the spatial sampling lies [35].

Therefore, considering a negligible attenuation between the
edge and the center of the tube, Hp,l,ϕl(f) is given by

Hp,l,ϕl(f) = Hl,ϕl(f) e
j2πfρ cos(θl−θp,ϕl)/c , (24)

The former expression is similar to the one proposed in
(10), with the difference of: (i) considering a radius ρ; (ii)
the cosine term depends on the elevation θl; and (iii) the
considered center is that of the tube and not that of the torus.
Hence, a development in the form of basis functions ejmθp,ϕl ,
and the choice of an optimal Wm,ϕl(f) filter, similar to that
in (11)-(16), results in

Hm,l,ϕl(f) = ηl e
j2πfτl,ϕl ejmθl . (25)

The summation of the multiple incident waves (18) leads to
Hm,ϕl(f). Finally, the application of the 2-D FFT to Hm,ϕl(f)
provides the joint angular-time domain for the DoA elevation
angle θ and the ToA at the center of the tube τϕl , i.e.,
H̃(θ, τϕl). According to the torus geometry, the delay at the
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center of the tube, τl,ϕl , is related to the delay at the center
of the torus, τl, as follows:

τl − τl,ϕl =
R |sin(θl)|

c
. (26)

This last step completely characterizes the DoA and ToA of
the l-th wave by extracting the angles ϕl, θl, and the time τl.

C. Considerations of the method

Subsections II.A and II.B have presented the theoretical
framework for the 3D characterization of the communica-
tion channel. Although the method has been shown to work
correctly in 2D scenarios with several geometries, due to
some simplifications that are carried out, it is necessary to
perform a correct assignment of the considered parameters.
These approximations involve the appearance of artifacts, i.e.
spectral contributions in H̃(ϕ, τ) and H̃(θ, τϕl) that may
mislead with the real incident wave. As long as these artifacts
are controlled, the characterization can be properly performed.
For this purpose, we define a metric ∆, which indicates the
difference between the power of the incident signal and the
largest artifacts. If the value of ∆ is greater than 0 dB, the
incident signal is distinguishable from the artifacts [35, Fig. 3].

Concerning the number of spatial samples P , it must be
chosen in such a way that we ensure compliance with the
Nyquist spatial sampling theorem, i.e., a separation between
samples less than half wavelength. Otherwise, spatial aliasing
appears, which translates into an increase in the level of the
artifacts. Fundamentally, this depends on the radii considered
for the circles in the different planes of the torus. In Section
II.A, the boundary is given by the outer circle when z = 0,
where rz = R+ρ, while in Section II.B, the considered radius
is directly ρ.

Given the maximum value of rz , we can ensure that the
sampling theorem is satisfied on the torus with P equispaced
samples per circle if

2(R+ ρ) sin(π/P ) < λ/2. (27)

Regarding the number of phase modes M , it can be demon-
strated that Jn(·) ≈ 0 for a sufficiently large order n [33], [39].
Thus, M must be chosen so that it is lower than the above
threshold. Otherwise, the denominator in (16) would tend to
zero, generating numerical instabilities in the method.

Logically, the greater the number of filters, the greater the
required computational time. The number of raw Wm,z(f)
filters needed is M × P in the first step. However, by taking
advantage of the reflection (mirror) symmetry of the torus
on the z-axis, the number of filters can be decreased to
M × (P/2 + 1). Also, by taking advantage of the symmetry
of the Bessel functions for positive and negative indexes m
[J−m(x) = (−1)mJm(x)], the total number of filters is
reduced to (M/2+1)× (P/2+1). In the second step, only a
single circle is considered, thus, M/2+1 filters are needed in
this case. In total, (M/2+ 1)× (P/2+ 2) filters are required
for a joint characterization of the AoA, EoA and ToA.

Fig. 3. Relation between the power of the estimated wave and artifacts
(∆) as a function of the number of spatial samples P for several incident
elevation angles θl. Parameters of the considered scenario: R = 0.5 m,
ρ = 0.25 m, ϕl = 180° and τl = 15 ns. Non-compliance with the spatial
sampling theorem increases the artifacts, thus decreasing the value of ∆ in
the estimation.

III. VALIDATION OF THE METHOD

This Section discusses and validates several aspects of the
method presented in Section II. Specifically, a parametric study
shows the main implications of the different parameters in-
volved in the joint characterization of the AoA, EoA and ToA.
According to the torus geometry, several aspect ratios, i.e.,
R/ρ, and sizes are considered to show the good performance
of the method for diverse cases. Later, the joint estimation is
validated through simulations at several frequency ranges for
different scenarios based on both single-path and multipath
scenarios.

A. Parametric analysis

Regarding the physical geometry of the torus, R, ρ and
P are the main parameters to be considered. As previously
stated, these are directly related to the Nyquist spatial sampling
theorem [see (27)]. In order to analyze the effect of fulfilling
this theorem, it is considered a case with a single-path scenario
impinging the toric array with τl = 15 ns (dl = 4.5 m), and
ϕl = 180° for several values of θl. The torus size is given by
R = 0.5 m and ρ = 0.25 m, with a frequency range that goes
from 28 GHz to 32 GHz (B = 4 GHz) and K = 200 frequency
samples. M = 300 phase modes are considered. Given R, ρ,
and fmax = 32 GHz (λmin = 9.37 mm), the Nyquist theorem
is satisfied even for outer circles (rz = 0.75 m) if P > 1006.
For 336 < P < 1006, it is exclusively satisfied for some inner
circles. If P < 336, it is not fulfilled even for the inner circles
(rz = 0.25 m).

For the given parameters, Fig. 3 illustrates the value of the
metric ∆ when the number of samples P is varied. Note that a
higher value of ∆ implies a better DoA and ToA estimation, as
the level of the artifacts is reduced. For the case θl = 90°, the
quality of the estimation is optimal due to the approximation
performed in (10). However, even non-coincident waves in the
elevation plane (θl ̸= 90°) provide good results for ∆.

Concerning the number of spatial samples P , a flat behavior
is observed in Fig. 3 when the Nyquist theorem is fulfilled
(P > 1006). This implies that the estimation will not improve
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Fig. 4. Relation between the power of the estimated wave and artifacts (∆)
as a function of the number phase modes M for several elevation angles θl.
Parameters of the considered scenario: R = 0.75 m, ρ = 0.25 m, ϕl = 180°
and τl = 15 ns.

even if the number of samples is increased. In an intermediate
region (336 < P ≤ 1006), even though sampling is not
performed correctly for the outer circles, a flat behavior is
still observed until the sampling theorem is no longer satisfied
for about half of the circles, i.e., rz = R. This fact contrasts
with estimation on single arrays, where not complying with
the sampling theorem dramatically increases the artifacts [35].
The geometry of the torus, which supports estimation from
concentric circles [see (17)], allows the number of P sensors
to be reduced below the sampling theorem, compensating for
this decrease with the larger number of arrays deployed. When
P is further reduced (P < 336), the value of ∆ begins to
significantly decay. In any case, note that despite the presence
of artifacts, ∆ > 0 dB, which makes the incident wave
distinguishable from the artifacts even for a reduced number
of samples.

In a second study, the influence of the number of phase
modes M in the DoA and ToA estimation is analyzed. All the
parameters remain the same as in the previous experiment,
except from the torus geometry. The parameters of the torus
are: R = 0.75 m, ρ = 0.25 m and P = 1440. Fig. 4
shows the value of ∆ when varying the number of considered
phase modes M . Above a certain threshold, approximately
M > 700 in this case, Jn(·) ≈ 0. This causes numerical
instabilities in the computation of the filter Wm,z(f) [eq.
(16)] as the denominator approaches zero. As a result, the
quality of the estimation significantly degrades. In the range
300 < M < 600, an almost flat region is found, showing that,
regardless of the number M chosen, the estimation performs
correctly. Finally, if M is even more decreased, the estimation
tends to degrade, besides decreasing the angular resolution
(see Sec. II.A). Ideally, one should operate in the nearly
flat region where ∆ approaches the maximum. This region
depends exclusively on the 2πfrz/c argument of the Bessel
function, so a prior analysis of the optimal working regions is
essential.

Finally, to demonstrate the potential of the toric geometry,
the metric ∆ is compared with previous two-dimensional ge-
ometrical approaches that make use of frequency-independent
beamformers and phase-mode transformations. For this pur-
pose, we consider the same incident wave (ϕl and τl) as in

Fig. 5. Degradation of the estimation as θl increases for the joint AoA
(ϕl = 180°) and ToA (τl = 15 ns) values. Four different geometries are
considered: (i) elliptical array, (ii) rotated elliptical array, (iii) circular array,
and (iv) toric array.

the previous experiments, and the same frequency range, B and
K. Fig. 5 shows the value of ∆, given the azimuth (AoA) –
time (ToA) domain, for different elevation angles θl given four
different geometries: (i) elliptical array, (ii) rotated elliptical
array, (iii) circular array and (iv) toric array. The number of
phase modes is fixed to M = 300. Both elliptical arrays have a
semi-major axis of 0.5 m, an eccentricity of 0.7, and P = 720.
Additionally, the rotated ellipse includes an angle rotation of
45°. For further details regarding the estimation with elliptical
arrays, the reader is referred to [35], [36]. The single circular
array has a radius of 0.5 m, and P = 720. The toric array
parameters are R = 0.5 m, ρ = 0.25 m and P = 720. It can be
appreciated that the toric array estimation outperforms all other
geometries. This is due to the joint estimation based on the use
of the concentric circular arrays that are discerned in the toroid
geometry itself. Note that this sample distribution will later
allow us to perform the accurate estimation of the elevation
angle θl, while in the other geometries, it is not possible due
to the two-dimensional distribution of the samples.

B. Single-path Characterization

Once some of the key parameters for the method have been
analyzed, this Section illustrates some examples of the 3D
joint characterization of the AoA (ϕl), EoA (θl), and ToA
(τl). Let us assume a frequency range f ∈ [58, 62] GHz with
B = 4 GHz and K = 200 frequency samples. According to
Section II.A, for R = 0.25 m and ρ = 0.125 m, P = 720 spa-
tial samples and M = 300 phase modes are enough to reduce
the level of the artifacts and ensure a proper estimation. Let
us assume a wave impinging the toric array with τl = 20 ns,
ϕl = 45°, and θl = 90°. Fig. 6(a) shows the azimuth–time
domain extracted from the phase-mode transformation. As
observed, the value of the metric ∆ is maximum around the
correct values of the AoA (ϕl = 45°) and ToA (τl = 20 ns).
The level of the artifacts is below -30 dB, so they do not
appear in the figure. This effect is obtained due to the joint
estimation of the multiple concentric circles contained in the
torus.

Given the azimuth estimation, the circumference lying on
this angle ϕl is chosen. Fig. 6(b) illustrates the elevation–time
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(a)

(b)

Fig. 6. Joint azimuth (ϕl = 45°), elevation (θl = 90°), and time
(τl = 20 ns) of arrival estimation for a toric array. (a) Azimuth–time
domain. (b) Elevation–time domain. Parameters of the scenario: R = 0.25 m,
ρ = 0.125 m, P = 720, M = 300 and f ∈ [58, 62] GHz.

domain. Note that the value of ∆ is maximum at the EoA
(θl = 90°) and ToA (τl,ϕl = 19.25 ns). According to eq. (26),
the exact time of arrival should be 19.17 ns, appearing this
difference due to the temporal resolution 1/B. Nonetheless,
this value is within the resolution range of the method, being
a correct τl,ϕl estimation. In Fig. 6(b), the level of the artifacts
is below -23 dB.

In a second experiment for the single-path scenario, we
consider a wave with ϕl = 160°, θl = 110°, and τl = 30 ns.
The additional parameters remain identical to the previous
experiment. Figs. 7(a) and 7(b) illustrate the azimuth–time and
elevation–time domains, respectively, for the joint estimation
of this incident wave. As observed, the maximum value of ∆
coincides with the AoA, EoA and ToA positions in both fig-
ures. Artifacts amplitude appears 20.3 dB and 18.4 dB below
the correct estimation in Figs. 7(a) and 7(b), respectively. Note
that the temporal dispersion explained in Section II.A due to
an elevation θl ̸= 90° is not appreciable because of the high
working frequencies (fc = 60 GHz), since the physical size of
the array decreases notably, being τl,z ≈ τl. The two previous
experiments have shown the ability to correctly identify waves
in the three-dimensional space and in the mm-wave frequency
range.

C. Multipath Characterization

The previous section has validated the performance of the
FIB for the 3D channel characterization in a single-path
scenario. According to (18), for a multipath scenario (l > 1),

(a)

(b)

Fig. 7. Joint azimuth (ϕl = 160°), elevation (θl = 110°), and time
(τl = 20 ns) of arrival estimation with a toric array. (a) Azimuth–time
domain. (b) Elevation–time domain. Parameters of the scenario: R = 0.25 m,
ρ = 0.125 m, P = 720, M = 300 and f ∈ [58, 62] GHz.

the spectral response of the beamformer is directly the sum
of the responses of each incident wave. However, in practice,
the amplitude of the spectral response is actually dependent
on the elevation θl due to the assumption made in (10). This
fact was corroborated in Fig. 5 with differences of up to 30 dB
when going from θl = 90° to θl = 130°. This implies that,
under the assumption of a set of L incident waves with similar
θl, the DoA-ToA domain provides a correct characterization
of the scenario. However, if this set of waves has θl different
from each other, the waves with θl close to 90° may fade the
rest of the incident waves. Therefore, estimation in multipath
environments with several θl values, i.e., the most general
case, can be performed based on a subtraction strategy of the
previously estimated waves. Given the estimation of the l-th
path, the influence of the previous l−1 paths can be removed
as
∑L
n=lHp,l,z(f) =

∑L
n=1Hp,l,z(f) −

∑l−1
n=1Hp,l,z(f). If

the estimation is performed correctly, the effect of the sub-
stracted l− 1 waves is removed from H̃(ϕ, τ) and H̃(θ, τϕl).
In case that the subtraction is not effective due to the temporal
(1/B seconds) and angular (2π/M radians) resolution values,
one can proceed to reconstruct Hp,z(f) as a discretized set
of waves based on a low-complexity search with expectation-
maximization algorithms such as Space Alternating General-
ized Expectation-maximization (SAGE) [34], [40].

To summarize the rationale previously described, Algo-
rithm 1 presents a pseudocode that illustrates the main steps
to be followed in a general multipath environment. The
method, originally based on DoA and ToA estimation for
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circular arrays, has been generalized to toric arrays where the
geometry of the torus has been exploited to define circles
in multiple planes. Through an appropriate choice of the
parameters involved in the method, good performance of the
characterization will be obtained.

In order to validate the multipath characterization, a scenario
with L = 3 waves is simulated. The first, second and third
wave parameters are: first (ϕ1 = 270°, θ1 = 90°, τ1 = 30 ns),
second (ϕ2 = 225°, θ2 = 60°, τ2 = 20 ns), and third
(ϕ3 = 315°, θ3 = 120°, τ3 = 40 ns), respectively. For a
frequency range f ∈ [58, 62] GHz with K = 200 frequency
samples, a toric array with R = 0.25 m, ρ = 0.125 m,
P = 720, M = 300 is chosen. Fig. 8 shows the whole process
for the multipath estimation of the three waves. Each column
illustrates the estimation of the l-th wave. For the first path
(left column), H̃(ϕ, τ) domain is maximum around the pair
{ϕ1, τ1}. Note that the other two waves are not visible in
a dynamic range of 30 dB due to the amplitude difference
introduced by the different values of θl (see Fig. 5). According
to ϕ1 estimation, H̃(θ, τϕ1

) is calculated by taking into account
the samples distributed through the ring with ϕ = 270°. This
domain is maximum for the pair {θ1, τ1,ϕ1

}. The appearance
of two vertical lines denotes the presence of two additional
waves. In this first step, the estimation does not converge
correctly for the two additional waves (l = 2, 3) because the
plane of incidence is not close to the ring at ϕ = 270°.

Given the first path estimation, we can proceed to estimate
the second path after subtracting the first path from the signal
Hp,z(f). After the application of the phase mode transforma-

Algorithm 1 Joint Characterization of Azimuth, Elevation
and Time of Arrival based on Toric Arrays. Multipath case.

Input: Channel Frequency Response samples
at the toric array, i.e., Hp,z(f).

Output: Azimuth, Elevation and Time of Arrival
{ϕl, θl, τl}.

1 for l = 1 : L

2 Azimuth of Arrival (AoA)
3 if l > 1

4 Hp,z(f) =
∑L

n=l Hp,l,z(f)

5 end
6 Ĥm,z(f) = 1/P

∑P−1
p=0 Hp,z(f) ejmϕp,z

7 Hm,z(f) = Ĥm,z(f)Wm,z(f)

8 Hm(f) =
∑

z Hm,z(f)

9 H̃(ϕ, τ) = 2-D FFT{Hm(f)}
10 ϕl = argmax

ϕ,τ

(
H̃(ϕ, τ)

)

11 Elevation of Arrival (EoA) and Time of Arrival (ToA)
12 Choose Hp,ϕl (f) based on the estimated ϕl

13 Ĥm,ϕl (f) = 1/P
∑P−1

p=0 Hp,ϕl (f) e
jmθp,ϕl

14 Hm,ϕl (f) = Ĥm,ϕl (f)Wm,ϕl (f)

15 H̃(θ, τϕl ) = 2-D FFT{Hm,ϕl (f)}
16 {θl, τl,ϕl} = argmax

θ,τϕl

(
H̃(θ, τϕl )

)

17 τl = R |sin(θl)|/c+ τl,ϕl
18 end

Fig. 8. Joint azimuth, elevation, and time of arrival estimation for a toric array with R = 0.25 m, ρ = 0.125 m, P = 720, M = 300, K = 200 and
f ∈ [58, 62] GHz. A multipath environment with L = 3 waves is considered. AoA: {ϕ1 = 270°, ϕ2 = 225°, ϕ3 = 315°}. EoA: {θ1 = 90°, θ2 = 60°,
θ3 = 120°}. ToA: {τ1 = 30 ns, τ2 = 20 ns, τ3 = 40 ns}. Left, central and right panels show the estimation for the 1st, 2nd and 3rd wave, respectively.
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tion, the inverse filter and the 2D-FFT, we arrive at H̃(ϕ, τ).
In this case, the two previously hidden waves are now visible
(central column). Note that a slight time dispersion, previously
stated in Sect. II.A, is observed since θl ̸= 90°. This dispersion
is not particularly high due to the size of the array, where it
is satisfied that τl ≫ 2ρ/c. Generally, the physical size of
the array, and therefore ρ, decreases for higher frequencies,
which implies a lower dispersion. Nonetheless, the estimation
of τ2 is performed from τ2,ϕ2 , thus avoiding the uncertainty
of the dispersion. Given ϕ2 = 225°, H̃(θ, τϕ2

) points out
the values of θ2 and τ2,ϕ2 . No spectral amplitude is found
around τ = 30 ns since the first wave (l = 1) has been
previously subtracted, while the third wave (l = 3) appears
around τ = 40 ns, although with high artifact amplitude in
the elevation domain. This is because the azimuth estimation
plane in the central panel (ϕ2 = 225°) is far from the plane
where the third wave is located (ϕ3 = 315°). Finally, the third
path (right column) is estimated in the same way as in the
two previous cases, thus obtaining the trio of values formed
by (τ3, ϕ3, θ3).

IV. CONCLUSIONS

This work proposes a method for the joint 3D DoA (azimuth
ϕ, elevation θ) and time of arrival (τ) characterization of
communication channels. The method is based on the use of
frequency-invariant (wideband) beamformer, originally devel-
oped for circular arrays and now extended to toric arrays.
Through a phase-mode expansion of the channel frequency
response in a toric array, this response can be approximated
by a function that only depends on the ToA and the DoA
coincident with the plane where the circle is located. By taking
advantage of the torus definition, a closed surface formed
by the Cartesian product of two circles, several arrays can
be defined in multiple planes. Therefore, under an optimal
distribution of spatial sampling in the torus, it is possible to use
the same sampling to define circular arrays in several planes.
Thus, an optimal choice of the samples generates multiple
beamformers which are able to estimate the triplet {ϕ, θ, τ}.

A parametric analysis of the variables involved has been per-
formed, showing the optimal working range of these variables.
Multiple simulations have been carried out for frequencies in
the mm-wave range (30 GHz and 60 GHz) providing good
results regarding the 3D propagation channel characterization
in both, single-path and multipath scenarios. The proposed
method is shown to improve the quality of the estimation
by decreasing the level of the artifacts compared to other
geometries such as single circles or ellipses, even enabling
the estimation with under-sampling conditions due to the use
of several arrays, i.e., several FIBs, simultaneously. Given the
trend in the industry to move into the mm-wave frequency
range and the growing number of propagation scenarios for
cellular communications, the present method arises as a pow-
erful tool to fully characterize these 3D environments. In
addition, future research includes the selection of samples from
the toric array based on oblique planes passing through the
center of the torus. These planes generate circles, known as
Villarceau circles, which define new circular arrays in relation

to those already shown in this work, and which could improve
the response of the frequency-invariant beamformers.
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CHAPTER 2. PUBLICATIONS

2.4 Measurement Campaigns at mmWave frequen-
cies

2.4.1 FR2 5G Networks for Industrial Scenarios: An Ex-
perimental Characterization and Beam Management
Procedures in Operational Conditions

Measurement campaigns are fundamental in the wireless communications
field. These measurements allow the validation of the theoretically pro-
posed channel models and propagation models. Over the last decade, one
of the focuses has been set on industrial communication scenarios. This is
due to the motivation to ensure reliable communications under Machine-to-
Machine (M2M) based scenarios, which provide automating production and
monitoring industrial processes. In this work, we propose the experimental
characterization of a factory environment in operational conditions with a
FR2 5G network deployment. Two measurement campaigns carried out un-
der two operator configurations have been compared, analyzing fundamental
aspects such as the power received at different locations on the factory, or
the maximum cell radius to be considered. Based on these measurements,
path gain models previously proposed in the state-of-the-art have also been
validated. Finally, the analysis of beam management procedures has been
carried out, studying mobility aspects of the agents involved in communica-
tions.
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FR2 5G Networks for Industrial Scenarios:
An Experimental Characterization and Beam

Management Procedures in Operational Conditions
Alejandro Ramı́rez-Arroyo, Melisa López, Ignacio Rodrı́guez, Troels B. Sørensen,

Samantha Caporal del Barrio, Pablo Padilla, Juan F. Valenzuela-Valdés, Preben Mogensen

Abstract—Industrial environments constitute a challenge in
terms of radio propagation due to the presence of machinery
and the mobility of the different agents, especially at mmWave
bands. This paper presents an experimental evaluation of a
FR2 5G network deployed in an operational factory scenario
at 26 GHz. The experimental characterization, performed with
autonomous mobile robots that self-navigate the industrial lab,
leads to the analysis of the received power along the factory
and the evaluation of reference path gain models. The proposed
assessment deeply analyzes the physical layer of the communica-
tion network under operational conditions. Thus, two different
network configurations are assessed by measuring the power
received in the entire factory, providing a comparison between
deployments. Additionally, beam management procedures, such
as beam recovery, beam sweeping or beam switching, are
analyzed since they are crucial in environments where mobile
agents are involved. They aim for a zero interruption approach
based on reliable communications. The results analysis shows
that beam recovery procedures can perform a beam switching
to an alternative serving beam with power losses of less than
1.6 dB on average. Beam sweeping analysis demonstrates the
prevalence of the direct component in Line-of-Sight conditions
despite the strong scattering component and large-scale fading
in the environment.

Index Terms—5G Network, beam management, industrial
scenario, radio propagation.

I. INTRODUCTION

COMMUNICATIONS in factory environments are becom-
ing of great interest in the scientific community during
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recent years [1]–[3]. Industry 4.0 and Industrial Internet-of-
Things (IIoT) aim at ensuring reliable communications under
Machine-to-Machine (M2M) based scenarios [4]–[7]. In paral-
lel, 5G technology considers use cases based on ultra-reliable
and low-latency communications (URLLC), which target end-
to-end latencies below 1 ms [8], [9]. The combination of
the above concepts is impacting the wireless deployments
in factories, automating production and monitoring processes,
while facilitating a simplification of current industrial network
layouts [10], [11].

To provide efficient and reliable communications in factory
environments, it is fundamental to deeply analyze radio prop-
agation phenomena in these environments. Millimeter waves
(mmWaves)/Frequency Range 2 (FR2) arise as a suitable
solution due to the higher bandwidth available, which implies
higher channel capacity, less interference between frequencies,
and higher localization accuracy due to the shorter wavelength
compared to sub-6 GHz/Frequency Range 1 (FR1) [12]. How-
ever, industrial scenarios prove to be challenging environments
since radio propagation at mmWaves may exhibit disruptive
characteristics for communications due to:

(i) High attenuation and blockage probability: mmWaves
undergo high attenuation. This effect is enhanced by the
presence of metallic structures, machinery and equipment
that generate a propagation channel rich in multipath
components [13].

(ii) Variations in the environment and mobility from the
agents involved: the scenario is time-dependent due to the
variable conditions because the mobile agents involved
are constantly changing position [14].

(iii) Network deployment design and configuration: antenna
gain, directivity and radiation pattern are critical param-
eters. Optimal design and configuration can significantly
improve the coverage for mmWave communications [15].

The previous issues can be solved by performing analog
beamforming and smart allocation of radio resources [16],
[17]. Highly directive beams can compensate for high atten-
uation losses. Combined with analog beamforming, mobile
agents can be tracked to maximize coverage. In 5G NR,
all these procedures are included in the beam management
architecture, such as, recovery, sweeping, measurement, or
switching [18]. In order to successfully apply the described
technical solutions in industrial scenarios, detailed knowledge
about the varying radio propagation behavior of the different
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(a) (b) (c)

Fig. 1. Photographs of (a) the measurement equipment at both sides, TX (wall-mounted FR2 micro BS) and RX (AMR-mounted radio scanner), (b) the view
of the industrial automation and robotics clutter in the sparse hall, and (c) the view of the heavy machinery in the dense hall.

beams is needed, especially to guarantee service continuity
when addressing demanding services in terms of high through-
put and reliability under operational mobility conditions.

In this work, an experimental evaluation of a 5G opera-
tional network at FR2 frequencies in a factory environment
is performed. This study illustrates the previously described
issues and analyzes FR2 coverage in a small operational
factory, considering two different network deployment config-
urations. The study surveys different coverage-related aspects
leading to the optimal BS configuration and cell design, and
benchmarks the experienced radio propagation levels with
those from reference path loss models typically applied to
industrial scenarios, evaluating their suitability in this type
of environments. Further, the study considers beam-specific
analysis to assess the quality of service given a specific serving
beam, and study beam management procedures relevant for
mobile elements such as (i) beam sweeping and switching,
which is fundamental for analyzing the spatial distribution of
the beams in the factory; (ii) and beam recovery, that allows
signal recovery in the event that a specific beam is affected
by high attenuation.

In particular, the novelties of the study are:
• Comparison of two measurement campaigns carried out

at the same factory for two different base station config-
urations under operational conditions.

• Development of design rules from signal strength cover-
age maps based on the two operating conditions: These
coverage maps allow estimating a cell size for deploy-
ments in industrial environments, as well as evaluating
the path gain based on state-of-the-art reference models.

• Analysis of beam management procedures: In particular,
a study of beam recovery, beam sweeping and beam
switching procedures is carried out based on the mea-
surements performed with autonomous mobile robots that
self-navigate the factory.

• Beam switch-off optimization study: Based on the cover-
age maps generated from the self-navigation agents, it is
proposed to turn off a subset of beams looking for a trade-
off between the coverage areas and the number of beams
turned on simultaneously. Therefore, this study may lead
to the beam switch-off as an energy-saving solution.

The results are expected to be useful for academic re-

searchers and engineers for radio planning of similar industrial
hall scenarios based on FR2 wall-mounted directional anten-
nas, taking into account not only propagation aspects but also
mobility and beam management.

The work is organized as follows. Section II presents the
industrial lab test environment, the measurement equipment
and the measurement campaigns performed. Section III ana-
lyzes the radio propagation aspects in the industrial scenario.
Section IV studies the beam management procedures involved
in industrial communications. Section V shows the coverage
maps according to the beam management procedures and a
beam switch-off study. Finally, Section VI summarizes the
main contributions of this document.

II. INDUSTRIAL SCENARIO AND ACQUISITION PROCESS
FOR 5G NR

A. Measurement scenario

The present study is conducted at the experimental setup
formed by the 5G Smart Production Lab in Aalborg University
(AAU), Denmark [19]. This industrial research lab resembles
a small factory with an extension of approximately 1350 m2,
equipped with real manufacturing and production equipment.
The factory environment is formed by two different halls,
hereinafter referred to as sparse and dense halls. The sparse
hall, with dimensions 15 m2 × 40 m2 (600 m2) and shown
in Figs. 1(a) and 1(b), contains wide corridors and metal
machinery with heights ranging from 1.5 m to 2.5 m. The
dense hall, with dimensions 25 m2 × 30 m2 (750 m2) and
shown in Fig. 1(c), consists of a larger number of heavy
machinery with heights between 2.5 m and 3.5 m. The higher
density of machinery results in narrower aisles. In both cases,
the radio propagation conditions are determined by a strong
multipath effect due to reflections and scattering in the heavy
machinery [20].

B. 5G NR Physical channel and measurement equipment

In 5G NR, physical time-frequency resources are organized
in orthogonal frequency-division multiplexing (OFDM) sym-
bols and subcarriers for the time and frequency domains,
respectively. In the frequency domain, a physical resource
block (PRB) is formed by 12 subcarriers, while 14 consecutive
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Fig. 2. Synchronization Signal Block structure and beamforming through the
burst set.

OFDM symbols form a slot in the time domain [21]. In order
to provide a wide range of configurations, 5G NR allows
OFDM subcarrier spacing (SCS) of 15 × 2n kHz where n
is an integer value. This flexible numerology determines the
slot duration, given by 1/2n ms, and consequently the OFDM
symbol duration. In particular, 3GPP defines up to five use
cases from A to E according to the subcarrier spacing and
the frequency range [21], [22]. In this work, the analysis is
performed for case D, which is expected to be employed in
5G NR taking into account a subcarrier spacing of 120 kHz
(n = 3) and operating frequencies in the FR2-1 range
(24.25 GHz - 52.6 GHz). Thus, OFDM symbol duration with
cyclix prefix is fixed to 8.91µs.

In the physical layer, the synchronization signal (SS) and
physical broadcast channel (PBCH) are enclosed in the same
block, known as synchronization signal block (SSB). This
block, depicted in Fig. 2, is formed by 4 OFDM symbols
and 240 subcarriers. Specifically, primary (PSS) and secondary
(SSS) synchronization signals expand over 127 subcarriers.
For high frequencies, where narrow beams can be consid-
ered, SSBs are beamformed in order to provide good spatial
coverage, as it is shown in Fig. 2. Therefore, these blocks
are beamformed and transmitted periodically and repeatedly
through SSBs burst sets. The periodicity and the burst set
duration are defined in the 3GPP standard [23]. In this work,
these values are configured to 20 ms and 5 ms, respectively.
The periodicity of the SSBs can be used for beam management
tasks, as will be shown in later sections.

In order to statistically characterize the factory propagation
environment, a R&S TSME6 radio scanner [24] is employed
to capture radio parameters. In particular, the radio scanner
measures the Reference Signal Received Power (RSRP) as
the average power over the SSS bandwidth (15.24 MHz for
SCS = 120 kHz) given a specific SSB. This scanner, shown
in Fig. 1(a), is mounted on the top of an Autonomous Mobile
Robot (AMR), which can be configured to follow routes
throughout the factory. Additionally, the AMRs are configured
to self-navigate the industrial lab, following predefined routes
and missions. This fact, initially designed to maximize the per-
formance in industrial processes involving mobile robots [25],
simplifies the radio propagation analysis by automating the
measurement process, ensuring route repeatability with cm-
level accuracy. Thus, the RSRP can be acquired given the

(a) (b)

Fig. 3. SSB beamforming for the TX module in (a) configuration A, and
(b) configuration B.

TABLE I
TX MODULE PARAMETERS IN TERMS OF CONFIGURATION

Parameter Configuration A Configuration B

Number of beams 32 27

Beams per elevation angle 16,15 and 1 10, 10 and 7

ϕ and θ aperture 120° and 15° 150° and 15°

Coverage scanning ϕ ∈ [−30°, 90°]
θ ∈ [90°, 105°]

ϕ ∈ [−75°, 75°]
θ ∈ [83°, 98°]

different locations of the AMR in the factory. In order to
capture the SSB from the network, the TSME6 is configured
with a biconical receiver (RX) antenna [26] mounted on the top
of the robotic arm, illustrated in Fig. 1(a), with ultra wide-band
bandwidth ranging from 3 GHz to 40 GHz. The RX height is
1.5 m above the floor. Note that the maximum AMR speed is
2 m/s, which implies a maximum frequency shift of 173 Hz
considering the operating frequencies. This shift is negligible
according to the frequency carrier in the FR2 band and the
subcarrier spacing [27].

The 5G NR network under test consists of a transmitter (TX)
based on a Nokia 5G Airscale mmWave Radio module [28].
This module operates in the FR2 n258 band (24.25 GHz
- 27.5 GHz) according to case D previously described in
this subsection. By using an extender module, that can be
used in combination with the main 5G radio module, a total
of 32 beams with different azimuth and elevation angles
can be generated. The horizontal beamwidth ranges from 8°
to 12°, while the vertical beamwidth goes from 6° to 10°,
thus providing high directivity beams covering several spatial
regions in the factory.

In this work, two TX module configurations are analyzed
in depth:

• Configuration A (illustrated in Fig. 3(a)): The main mod-
ule with 32 beams covering a horizontal angle of 120° is
considered. These are distributed in three elevation angles
with 0°, 7° and 15° downtilt, respectively.

• Configuration B (shown in Fig. 3(b)): The main module
operates together with the extension module, providing a
total of 27 effective beams with 150° horizontal scanning.
In this case, beams are distributed in three elevation
angles. Specifically, −7°, 0° and 8° downtilt values are
considered.

Table I summarizes the main parameters for each configu-
ration. Note that ϕ and θ stand for the horizontal and vertical
angles, respectively. Configuration A has a higher density of
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(a) (b) (c)

Fig. 4. Maximum SS-RSRP received at each position in the factory for (a) configuration A and (b) configuration B. (c) Difference of the average SS-RSRP
in favor of each of the configurations. There is LoS condition in the sparse hall (blue area) and NLoS condition in the dense hall (red area). Areas under
antenna boresight influence are marked in green.

beams in the horizontal scan. This causes the angular distance
between adjacent beams to be minimal. Configuration B, on
the other hand, has a greater separation of beams, allowing
it to cover almost the entire sparse hall. The effect of both
configurations will be discussed in later sections. For the sake
of clarity, throughout the work, beams are numbered according
to their corresponding SSBζ,r,c, where ζ stands for the module
configuration, and r and c are the beam row (from top to
bottom) and column (from left to right), respectively.

III. RADIO PROPAGATION ANALYSIS

This Section presents several aspects related to the FR2
5G Network deployed in the 5G Smart Production Lab under
operational conditions. A comparison is made between the two
configurations of the TX module presented in Section II.B.
The SS-RSRP analysis along the industrial environment allows
to estimate the coverage and define a maximum cell radius
according to a threshold target. Both measurement campaigns
are used to fit path gain models in Line-of-Sight (LoS) and
Non Line-of-Sight (NLoS) condition, which are validated with
state-of-the-art channel models for indoor industrial scenarios.
The correct modeling of the previous aspects is fundamental
for the radio planning of wireless communications systems.

A. RSRP analysis

To analyze the nature of the propagation environment, the
AMR is configured to cover several routes across the factory
with 1.5 m/s average speed. Every 20 ms, the radio scanner
detects the SS-RSRP coming from each SSB in the burst
set. Figs. 4(a) and 4(b) show the strongest SS-RSRP for
each burst set on each TX configuration. Note that the TX
module is located on the west side of the sparse hall at a
height of 3 m. Given this location, the factory is divided into
two areas depending on the visual line of sight between TX
and RX: Line-of-Sight and Non Line-of-Sight. In Fig. 4(a),
the area under the boresight influence experiences SS-RSRP
values between −62 and −80 dBm. In the southern part of

the sparse hall, the decrease of the SS-RSRP is remarkable
when leaving the influence of the beams. Finally, in the east-
west-oriented corridor the SS-RSRP ranges between −85 dBm
and −100 dBm, while in the southern part of the dense hall,
completely obstructed by the heavy machinery, the SS-RSRP
is below −100 dBm.

For the configuration B, depicted in Fig. 4(b), the boresight
of the beams almost completely covers the sparse hall. This
causes the southern part of the sparse hall to be covered
with SS-RSRP values up to −75 dBm. Additionally, due
to reflections and scattering from metallic structures such as
pipelines and ventilation ducts, shown in Fig. 1(b), the east-
west-oriented corridor SS-RSRPs are in the range of −75 dBm
to −95 dBm.

In order to compare both configurations, the factory is
divided into a squared grid of size 1 × 1 m2. The SS-
RSRP of all points belonging to each square is averaged. In
terms of wavelengths, the averaging is performed on squares
of dimensions 86.7λ × 86.7λ, which makes it possible to
obtain the local average SS-RSRP while removing the fast
fading effect [29]. The comparison between both values of
each campaign indicates whether the radio propagation is
more favorable in one case or the other. Fig. 4(c) shows the
difference between averaged SS-RSRP values on each square
in the grid. Therefore, γx,y is defined as:

γx,y = RSRPA,x,y −RSRPB,x,y, (1)

where RSRPA,x,y and RSRPB,x,y stand for the averaged
SS-RSRP in the coordinates (x, y) for configuration A and B,
respectively. Thus, γx,y indicates the difference in terms of
SS-RSRP for both configurations at each location. Red colors
mark areas where the SS-RSRP is stronger in configuration
A compared to configuration B. The blue colors indicate
areas where coverage is better in configuration B than in
configuration A.

It can be concluded that, even when the beams in config-
uration B do not impinge directly on the corridor connecting
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(a)

(b)

Fig. 5. RSRP CDF for LoS and NLoS regions in (a) configuration A and (b)
configuration B. NLoS regions are divided into several distance ranges.

both halls, there is a noticeable improvement of the SS-RSRP
due to the better coverage of the southern part of the sparse
hall. This is a direct consequence of the higher separation of
the beams in the azimuthal direction. This separation does
not negatively affect the range ϕ ∈ [−30°, 75°] originally
covered by configuration A, since the values of γx,y in this
range are close to zero. Thus, considering the average spatial
coverage given by the SS-RSRP from the strongest beam,
configuration B is considered a better solution for network
deployment.

B. Cell coverage

Regarding network deployment, the cell size is fundamental
in order to determine the number of access points required
to provide service on the downlink. The cell coverage in the
network can be estimated as the service availability given a
certain cell radius r. For a fixed cell radius r, if the RSRP
is above a certain threshold, good quality of service can be
guaranteed. Assuming a RSRP threshold of -100 dBm [34],
an estimation of the maximum size of the cell can be made
through the probability P (RSRP < −100 dBm | r). For that
purpose, Fig. 5 shows the RSRP CDF for several distances and
both configurations. In Figs. 5(a) and (b), the RSRP is higher
than -100 dBm in 99.8% of the measurements for any distance
in the LoS region. Given that the maximum distance measured
in the LoS case is 26 meters, a similar cell radius could be
considered with the assurance of providing good coverage.
In the NLoS region, 29.8% and 17.3% of measurements are

below the threshold when distances lower than 23 meters are
considered. These values increase drastically when considering
measurements in the ranges d ∈ [23, 24] m and d ∈ [24, 25]
m, with percentages of 77.9%, and 88.1% (configuration A)
and 27.9%, and 84.9% (configuration B). Therefore, cell radii
of less than 23 meters should be used in the design of 5G NR
networks at mmWave frequencies in industrial environments
with NLoS assuming a target of RSRP > −100 dBm. Note
that the RSRP improvement illustrated in Fig. 4 for config-
uration B results in a shift of the CDFs to the right, which
implies lower probabilities for P (RSRP < − 100 dBm | r).
From the capacity perspective, it has been demonstrated that
data rates higher than 130 Mbps can be obtained in industrial
environments in the FR2 range for 90% coverage taking into
account ranges up to 64 m [15].

C. Path Gain analysis

To estimate the Path Gain (PG) in the factory environment,
it is calculated from the SS-RSRP as:

PG[dB] = RSRP [dBm]−PTX [dBm]−GTX [dB]−GRX [dB],
(2)

where GTX and GRX are the nominal gain for the TX and
RX antennas given ϕ and θ angles for a specific TX-RX link.
PTX is the transmitted power over a resource element since
RSRP is referred to the power contribution of a single resource
element. Given a total transmission power over 100 MHz
carrier bandwidth of Pc = 21.2 dBm, the transmitted power
over a resource element can be calculated as Pc/NRE where
NRE is the number of resource elements (subcarriers) in the
carrier bandwidth. According to [30], for 120 kHz subcarrier
spacing and 100 MHz carrier bandwidth, NRE = 66 ·NRB =
792. Additionally, as a consequence of scattering effects and
obstruction in the factory, the effective gain of high directivity
antennas is degraded, especially in NLoS conditions. Thus,
the nominal gain of TX is compensated by 1 dB in LoS and
4.9 dB in NLoS to account for the typical median effective
gain degradation in factories at mmWave frequencies [15].

To model the scenario, a generic slope intercept model is
proposed as:

PG(d) = PG1m − 10n log10(d) +N
(
0, σ2

)
, (3)

where PG1m is the path gain at 1 m distance, n is the path
loss exponent which determines the slope given d and σ is the
standard deviation for the model, stating the goodness of fit
for the model.

Figs. 6(a) and 6(b) show the path gain in terms of the dis-
tance in the LoS and NLoS regions. Measurements correspond
to both measurement campaigns after RSRP compensation
according to eq. (2). Note that after RSRP compensation, the
path gain is an inherent property of the scenario and does not
depend on the chosen configuration. For this reason, data from
both measurement campaigns are merged for the analysis.

For the LoS case, the measurement fit indicates a path loss
exponent n = 2.29 and a standard deviation σ = 4.6 dB.
This fit is compared with Friis free space model [31], close-in
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(a)

(b)

Fig. 6. Path Gain in terms of the distance for the measurements performed in
both campaigns in: (a) LoS and (b) NLoS condition. Several slope intercept
models are included for comparison purposes.

free space (CI) path-gain model for LoS in sparse clutter at
28 GHz [32], and 3GPP TR 38.901 InF for LoS [33]. The path
loss exponent close to two indicates a channel propagation
dominated by the LoS path, resembling a free space channel on
average. However, a noticeable high variability of σ = 4.6 dB
is found in the channel due to scattering in the sparse clutter,
resulting in a multipath channel with constructive and destruc-
tive interference. Note that σ indicates the goodness of fit
on the data for which the model is designed, while RMSE
indicates the goodness of fit between the model and the data
in this work. An excellent agreement is found between the
data and the models.

In the NLoS case, the measurement fit (n = 4.40,
σ = 5.8 dB) shows a scenario with high attenuation and
distance dependant and high variability in the PG level. This
is a direct consequence of the channel blockage, the received
signal being the sum of the multipath channel contributions in
the dense clutter machinery of the hall. This fit is compared
with the Friis free space model, 3GPP TR 38.901 InF DL for
NLoS [33], and the model proposed in [15]. Friis model fails
to fit the data due to the assumption of free space propagation.
The latter two models agree well with the measurement fit,
although they estimate a slightly lower path loss exponent.

The fitness results are summarized in Table I, where it is
shown that the RMSE values are around 4.7 dB for the LoS
cases and 6.6 dB for the NLoS cases. In both situations, the
measured path gain exhibits a good agreement with the ref-

TABLE II
SLOPE INTERCEPT PATH GAIN MODELS FOR FACTORIES

IN LOS AND NLOS

Line-of-Sight

PG model PG1m n σ \ RMSE

Measurement Fit (LoS) −58.8 2.29 4.6 \ −
Friis Free Space −60.9 2.00 − \ 4.7

CI PG LoS - SC −60.9 1.98 4.3 \ 4.8

3GPP TR 38.901 InF LoS −58.9 2.15 4.3 \ 4.8

Non Line-of-Sight

PG model PG1m n σ \ RMSE

Measurement Fit (NLoS) −39.6 4.40 5.8 \ −
Friis Free Space −60.9 2.00 − \ 10.8

3GPP TR 38.901 InF NLoS DL −47.1 3.57 7.2 \ 6.5

D. Chizhik et al. −41.9 4.04 − \ 6.1

erence propagation models, which indicates that these models
are a good choice for radio propagation prediction or coverage
estimation in such industrial scenarios considering FR2 wall-
mounted deployments with directional antennas.

IV. BEAM MANAGEMENT PROCEDURES

The beam management concept is essential in 5G NR due to
the use of several beams at both TX/RX sides. High gains from
narrow beams ensure better communication performance in the
TX-RX link. However, these narrow beams imply less spatial
coverage, so they must be combined with management mech-
anisms that optimize the allocation of resources in the network
in real-time, especially when considering mobile elements. In
factory scenarios, the synchronization of AMRs in industrial
processes is essential. That is why mechanisms such as beam
sweeping, switching, and recovery are necessary. This Section
analyzes some of the previous procedures given the two
proposed TX configurations. A comprehensive understanding
of these procedures in operational conditions is fundamental
from the radio planning perspective. This is especially critical
in factories, where the mobility of the agents involved, e.g.
AMRs, is a factor to be taken into account. Therefore, the
network must be able to quickly adjust the transmission
beams to maintain a continuous and stable connection, aiming
at a zero-interruption and optimizing the network resource
allocation.

A. Beam Recovery

As previously stated, lower spatial coverage by the narrow
beams implies a higher probability of beam failure in highly
dynamic environments. The beam failure concept appears
when the coverage provided by a beam cannot be maintained
due to degradation of the TX/RX link for any reason, such
as blocking or fading. To solve this issue, 5G NR performs
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(a)

(b)

Fig. 7. ∆i CDF for (a) configuration A and (b) configuration B.

TABLE III
∆ VALUES FOR SEVERAL PROBABILITIES IN BOTH CONFIGURATIONS

Configuration A Configuration B

P (∆i < x) ∆2 ∆3 ∆4 ∆2 ∆3 ∆4

25% 0.3 dB 1.0 dB 1.6 dB 0.7 dB 1.9 dB 3.0 dB

50% 0.7 dB 1.7 dB 2.5 dB 1.6 dB 3.2 dB 4.4 dB

75% 1.2 dB 2.6 dB 3.9 dB 3.0 dB 4.8 dB 6.2 dB

a beam switching procedure to another beam which can
guarantee good quality on the link [16], [18].

In order to ensure the success of the beam failure recovery
procedure, the new beam to which the user connects should
provide the same or similar quality as prior to beam failure.
Assuming that the user is served by the beam with the
strongest RSRP, the quality of the beam recovery procedure
can be quantified as ∆i = RSRP1st−RSRPith where RSRPith
is the i-th strongest beam given a specific location in the
scenario. Therefore, ∆i specifies the RSRP difference between
the strongest and the i-th strongest beam in case a beam failure
recovery procedure is required. Values tending to zero would
indicate that the channel would barely be degraded due to this
procedure. Figs. 7(a) and 7(b) show the CDF for ∆i values
in both measurement campaigns. Two main differences are
found: (i) Configuration A shows CDF curves closer to zero
compared to the second module configuration. Specifically, ∆2

median value is only 0.7 dB, which means a degradation of the
TX-RX link below 1 dB if a switching procedure is performed

from the strongest to the second strongest beam. However, ∆2

median for configuration B is 1.6 dB. (ii) Distance between
adjacent ∆i curves is smaller in configuration A. For example,
∆3−∆2 is 1.0 dB for configuration A, while this value goes to
1.6 dB for configuration B when P (∆i < 50%). This leads to
a mitigation of power loss during the beam switching process
in configuration A when the serving beam is unavailable due
to, for instance, a Line-of-Sight blockage. Specifically, the
average median distance between two consecutive curves is
0.5 dB and 0.9 dB, for configurations A and B, respectively.

The two previous differences are mainly due to the con-
figuration of beams previously described in Fig. 3. In con-
figuration A, a higher number of available beams as well
as a higher density of beams in the spatial domain lead to
better ∆ values in the case of requiring a beam recovery
procedure. Configuration B distributes the beams in the spatial
domain achieving a better global coverage for the strongest
beam, as shown in Fig. 4, but this higher spatial separation
implies higher ∆ when beam switching is required. Table
III summarizes the three strongest backup beams, i.e., ∆2,
∆3 and ∆4 for both configurations and multiple percentiles
P (∆i < x). In summary, in communications where the
decrease of RSRP in case of beam failure is not critical,
configuration B is suitable as long as the strongest beam is
available, as shown in the overall coverage in Fig. 4. However,
if it is necessary to maintain a constant RSRP, configuration
A is more appropriate as the beams are grouped in a smaller
spatial region. This fact is reflected in ∆i values, which are
minimized for configuration A, as illustrated in Fig. 7 and
Table III.

(a) (b)

(c)

Fig. 8. (a) Azimuth bean sweeping diagram for the bottom row of beams in
the configuration B, (b) route followed by the AMR in the LoS hall and (c)
angular distribution of the RSRP for every SSB.



RAMÍREZ-ARROYO et al.: FR2 5G NETWORKS FOR INDUSTRIAL SCENARIOS 8

B. Beam sweeping and switching

In addition to the beam recovery procedure, beam switch-
ing scheduling is essential for the optimal management of
signaling resources on the TX side [16], [18]. If a serving
beam pattern is found based on the location in the industrial
environment, an a priori scheduling for the beam assignment
can be made. While in free space, this scheduling would be
obvious based on the antenna radiation pattern, in an industrial
environment such as the one studied, this scheduling could
differ due to scattering in the environment. In order to analyze
the effect of the propagation channel on the radiation pattern,
a 16-meter route is configured with the AMR along the main

corridor of the hall with LoS. This corridor is chosen since
it is considered the operating area according to the RSRP
level and cell radii analyzed in previous sections. This route,
which covers azimuth angles from −50° to 50°, coincides with
the boresight of the following beams in the configuration B:
SSBB,3,2, SSBB,3,3, SSBB,3,4, SSBB,3,5 and SSBB,3,6. Fig.
8(a) depicts these five SSBs in the lowest row of the beam
pattern, illustrated in Fig. 3(b). The angular ranges denote
the spatial region in which the beam gain is higher than the
others. Fig. 8(b) shows the specific route followed by the AMR
and the maximum RSRP received at each location. Fig. 8(c)
presents the RSRP for every SSB in each azimuth angle in

(a) (b) (c)

(d) (e) (f) (g)

(h) (i) (j) (k)

Fig. 9. Coverage maps of the factory in terms of SSB clusters: (a)-(c) separate the SSBs in three elevation angles and (d)-(k) consider eight azimuth regions.
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the route after removing the small-scale fading effect. This
has been performed by averaging the acquired measurements
in the route over 40 wavelengths [29], [35]. A second axis is
included with the distance traveled by the AMR. Note that the
relationship is not linear with ϕ since the distance between the
AMR and the TX is not constant along the route. The RSRP
from beams shown in Fig. 8(a) are highlighted. The angular
ranges in which these beams predominate are denoted at the
top. It is shown a good agreement between the beams predicted
in Fig. 8(a) by the radiation pattern, and the strongest beams
along the angular domain of the route. This fact demonstrates
that in the LoS zone, the direct ray prevails even with the
strong scattering and the large-scale fading expected in an
industrial environment. Therefore, in order to decrease the
signaling in the network, scheduling of the beam assignment
based on the AMR position can be considered if the route is
known.

V. BEAM-SPECIFIC COVERAGE AND SWITCH-OFF
OPTIMIZATION STUDY

As mentioned in previous Sections, 5G NR support for
beamforming is intended to improve the spatial coverage by
taking advantage of the highly directive beams provided in
the mmWave/FR2 band. To check the effectiveness of optimal
spatial coverage at the factory, this section analyzes some
coverage maps provided by the beams involved in the beam
sweeping procedure for the first measurement campaign. These
maps are calculated by dividing the factory into a grid with
inner areas whose dimensions are 2.7× 2.4 m2. In each area,
it is determined how many times a subgroup of SSBs is found
to be the strongest among all available SSBs. Those areas
with the highest presence of the strongest SSB subset will
be the ones under the influence of those beams. Figs. 9(a)-
(k) show density maps that illustrate the SSB influence area
for different SSBs subsets. Red color denotes zones where a
specific SSB subset is found to be the one with strongest SS-
RSRP, while blue tones indicate areas where the SS-RSRP
is not maximum among all SSBs. Figs. 9(a)-(c) groups the
SSBs according to elevation/downtilt angle. Fig. 9(a) considers

those SSBs with θ = 0°. These SSBs cover the farthest
areas of the factory, even in the NLoS area that does not
correspond angularly with the azimuth angle of the beams.
This fact is explained by the reflections and scattering that
occurs in the ventilation ducts that are at the same height as
the transmitter module, shown in Fig. 1(b). This environment
favors reflection and scattering phenomena covering the NLoS
areas of the dense hall. As the downtilt is increased in Figs.
9(b), θ = 7°, and 9(c), θ = 15°, the coverage areas are
concentrated around the location of the transmitter module.
In fact, in the latter case, it is depicted that the beam with the
higher downtilt only provides coverage to a small area just
below the transmitter. Figs. 9(d)-(k) group the SSBs according
to several azimuth angles considering the two uppermost
(θ = 0° and θ = 7°) elevation/downtilt cases. Specifically,
the four most south-facing SSBs, shown in Fig. 9(d), are the
ones that cover the dense hall due to reflections and scattering
in the ventilation ducts, following the same reasoning as in
Fig. 9(a). As the beams are beamformed to cover northward
areas, it is found that the areas under the influence of the
beam also move towards the north part of the factory. The
only exception is found in Fig. 9(k), where the beam points
out directly at the only metal structure whose height is higher
than the transmitter in the sparse hall. This causes the beam
to be obstructed, reflecting off that structure, thus appearing
the coverage area in the southern part of the sparse hall. In
summary, beam-specific coverage areas show that the beam
determination in LoS condition can be approximated by an a
priori assignment due to the high correlation between the beam
Direction-of-Departure and the regions with the maximum SS-
RSRP. This is due to the maximum contribution of LoS versus
other multipath components, as previously predicted in Fig.
8. On the NLoS side, the density maps show that reflection
and scattering phenomena at metallic interfaces allow radio
propagation to areas outside the angular range of the beams.
This fact can be exploited in network design and deployment
to cover NLoS blocked by walls or large machinery.

As a last experiment, the beam switch-off problem is
considered [36]. It is desired to know how the coverage in

(a) (b) (c)

Fig. 10. Solution of the genetic algorithm for the beam switch-off problem with (a) ξ = 3, (b) ξ = 5 and (c) ξ = 10.
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the factory degrades if some of the 27 SSBs available in the
transmitter are turned off (configuration B). If the degradation
in terms of RSRP is not high, the selective shutdown of
some beams can be considered as an energy-saving solution,
thus increasing the energy efficiency in the network. For this
purpose, the following optimization problem is proposed:

min

(
f(set) =

1

N

∑

x

∑

y

RSRPmax,x,y − RSRPset,x,y

)

(4)

subject to: #SSBset ≤ ξ (5)

where x and y denotes the indices of the squared grid
previously defined for Fig. 4(c), N is the number of grids,
RSRPmax,x,y stands for the average RSRP over all the mea-
surements in the grid (x, y) when every beam is turned on.
RSRPset,x,y is the average RSRP over all the measurements
in the grid (x, y) when a subgroup of SSBs specified in set
is turned on. #SSBset is the number of SSBs turned on
simultaneously, under the constraint that it must be less than
the threshold ξ.

This problem has been solved by using the MI-LXPM
genetic algorithm [37], which is able to deal with binary
optimization problems. The space of feasible solutions is a
binary vector with 27 elements, each corresponding to the
on/off state of each SSB. The algorithm is run 10 times
independently for three possible ξ threshold values: 3, 5 and
10. In all 10 iterations, the same solution was found for each
threshold. Figs. 10(a)-(c) show the SSB configuration found by
the genetic algorithm for each case. In Fig. 10(a), when only
three SSBs are turned on, the algorithm chooses all of them
from the middle row. Two of them point to the south side of the
factory, thus covering the dense hall, while one of them points
to the north side. With this configuration, the central part of the
sparse hall is uncovered, as it is illustrated by the high values
of fx,y found in this area. On average, with 3 beams on, the
average RSRP degrades by 3.8 dB. In Fig. 10(b), ξ is raised
to five, with the algorithm finding the same three beams as
in the previous case, but adding two more in the central part.
This solves the problem previously described where the sparse
hall was uncovered by the beams, thus decreasing the average
RSRP degradation to 1.9 dB. Finally, Fig. 10(c) shows the case
where 10 SSBs are turned on. Observing the factory map it
can be concluded that the signal degradation is minimal, being
the average degradation of 0.7 dB. In summary, the previous
results indicate that an energy-saving solution based on beam
switch-off is feasible due to the fact that the degradation of the
average received power is minimal. It has been demonstrated
that with 10 out of 27 beams on, the RSRP decreases on
average by only 0.7 dB with respect to the case where all
SSBs are on. Although it has to be taken into consideration
that, in the case of applying this technique, the reliability of
the network may decrease in terms of beam failure due to the
lower availability of beams, as shown in Section III.B.

VI. CONCLUSION

This work presents two measurement campaigns performed
in the 5G Smart Production Lab, which resembles a small
factory. The analysis of both campaigns has been carried out
in a 5G NR network at 26 GHz in the FR2 frequency range
under operational conditions. These measurement campaigns
have been carried out with AMRs which are configured to
self-navigate the industrial lab, following predefined routes.
The analysis of the RSRP received by an AMR in terms of
the configuration of a transmitter module has been carried
out, allowing the generation of coverage maps throughout the
factory.

The experimental characterization based on the comparison
of both campaigns proves: (i) A higher separation of the beams
in the TX (configuration B) provides better overall coverage
in the factory. In exchange, the higher separation decreases the
average power of the best backup beam, worsening the quality
of the beam recovery procedure. Otherwise, a set of angularly
closer beams (configuration A), obtains a backup channel with
higher RSRP. (ii) Path gain fitting of the factory measurements
for both campaigns agrees with models developed at these
frequencies for industrial environments in both LoS and NLoS
condition, which validates previous models for radio planning
in factory-based scenarios. (iii) For an RSRP target above -
100 dBm, cell radii up to 26 meters can be considered with
99.8% coverage. In NLoS condition, the coverage decreases
to 70.2% (configuration A) and 82.7% (configuration B) for
23-meter cell radii.

Concerning the beam management procedure analysis, the
following conclusions are drawn: (i) For beam sweeping and
switching analysis, the beam angular coverage distribution
in the LoS region can be approximated by that expected in
free space, which allows an a priori allocation of resources
based on the AMR position. (ii) The beam recovery analysis
shows that an alternative serving beam is available with power
losses between 0.7 dB and 1.6 dB on average when all
beams are available. TX beam distributions with high spatial
density decrease the power gap between the serving and the
backup beam. (iii) The development of coverage maps based
on subsets of beams demonstrates that reflection and scattering
propagation mechanisms in the factory ventilation ducts allow
the signal to propagate to NLoS areas of the factory. (iv) A
beam switch-off problem optimization indicates the feasibility
of beam switch-off as an energy-saving solution with average
RSRP losses of 0.7 dB when 17 of the 27 available beams are
switched off (63%).

The results detailed in this study, which consider propaga-
tion, mobility and beam management aspects, offer valuable
insights for the radio planning of similar industrial hall sce-
narios using FR2 wall-mounted directional antennas.
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Chapter 3

Conclusions and Future
Work

This thesis has mainly focused on the characterization and measurement of
the communication channel for the mmWave band. Throughout this doc-
ument, several proposals, methods and techniques have been presented for
the study of the propagation channel in this frequency band, which are out-
lined in simulation, optimization, emulation, classification, characterization
and measurement of communication channels. This chapter summarizes the
main conclusions drawn from each of the studies presented in this thesis and
presents the research future lines based on the results obtained.

3.1 Conclusions

The conclusions of each contribution to the thesis are presented below:

• On the subject of [J1], the simulation and optimization of a hetero-
geneous network deployment are presented. The results show that
optimizing the transmit power of the deployed base stations enhances
the network performance from a multilayer point of view. These si-
multaneously maximize the throughput of the network users while re-
ducing the energy consumption and signaling costs associated with cell
handovers. Two families of optimization algorithms have been tested
for the optimization, genetic algorithms and particle swarm optimiza-
tion, the latter achieving the best results based on the proposed merit
factors.

• With regard to [J2], the performance of distributed MIMO systems is
analyzed in several environments and frequency bands. For this pur-
pose, a study of the spectral efficiency of the channel is carried out
through simulations and laboratory measurements. The results show
the importance of channel spatial diversity reflected in the channel
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correlation in D-MIMO systems, significantly increasing the spectral
efficiency for low correlated channels, i.e. high spatial diversity. In ad-
dition, evenly distributed received power in the user equipment among
the various available channels ensures optimal spectral efficiency of the
communications system. Therefore, the design of communications sys-
tems should seek to meet both conditions for the optimal deployment
of these D-MIMO-based mobile networks.

• Concerning [J3], the time-gating technique is proposed for channel em-
ulation in propagation channels. By using time-domain window func-
tions, ultra-wide band signals undergo modifications through time-
shifting and attenuation or amplification of several multipath compo-
nents. The analysis of channel parameters such as spectral efficiency or
correlation between signals demonstrates the good agreement between
the emulated channels and the target channels. These experimental
results, conducted in both anechoic and reverberation environments,
validate the channel emulation technique as a method to recreate and
characterize propagation channels based on laboratory measurements,
thereby simplifying the complexity of conducting real scenario on-site
measurements.

• Regarding [J4], dimensionality reduction techniques are presented as
a method for visual classification of various propagation scenarios.
Several parameters of the propagation channel are considered as the
high-dimensional space formed by a dataset encompassing up to five
different environments. The application of a nonlinear dimensional-
ity reduction algorithm is able to classify the scenarios in the low-
dimensional space while also distinguishing them based on the Direction-
of-Departure. The outcomes of this algorithm outperform techniques
such as PCA or Isomap. The classification of low-dimensional spaces
by supervised learning algorithms shows that, despite the dimension-
ality reduction, the information is preserved compared to the high-
dimensional original space with similar classification accuracies in both
high-dimensional and low-dimensional spaces. Finally, it is shown that
the application of time-gating is able to modify a given scenario so that
it resembles a target scenario in the visual classification.

• In relation to [J5], the work proposes the use of frequency invariant
beamformers for joint estimation of Direction-of-Arrival and Time-of-
Arrival based on elliptical array geometries. This technique involves
the generalization of estimation with circular arrays, since elliptical
shapes include the circle, as well as pseudolinear arrays. This is due
to the degrees of freedom added by the eccentricity and rotation angle
of the elliptical geometry. Furthermore, it is shown that a sufficiently
dense random configuration of sensors can be approximated by con-
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centric elliptical arrays, which implies the possibility to perform joint
estimation from pseudorandom arrays with the proposed technique.
Finally, the theoretical framework is validated by experimental mea-
surements in an anechoic chamber where multipath environments are
emulated. The results show an excellent agreement between simula-
tions and experimental measurements.

• Addressing [J6], based on the frequency invariant beamformer frame-
work presented in the previous work, the use of toric arrays is proposed
to extend the joint Direction-of-Arrival and Time-of-Arrival charac-
terization to 3D scenarios. The geometry of the torus involves the
definition of circles in multiple planes, which allows for multiple 2D
estimations. The smart combination of these estimations allows for
3D characterization of the propagation channel, i.e. azimuth and ele-
vation angles, and Time-of-Arrival. This technique has been validated
through simulations showing results with good accuracy in multipath
environments in the mmWave band.

• In connection with [J7], two measurement campaigns are carried out
in an industrial environment given an FR2 5G network under op-
erational conditions. Using an autonomous mobile robot capable of
self-navigating the factory, measurements of the received power are
acquired throughout the entire scenario, and coverage maps are gen-
erated. The subsequent analysis of these measurements allows the
development of path loss analysis as a function of distance and the
study of cell size. Finally, the comparison between both campaigns
performed with different configurations of the transmitter module al-
lows the study of beam management procedures involved in the net-
work, such as beam recovery, beam sweeping and beam switching.
Thus, these results are expected to be useful for radio planning tasks
in directional antenna deployments in industrial environments.
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3.2 Future Work

Based on the research conducted in this thesis, the following lines for future
research are presented:

• Extension of communication channel characterization to the
sub-THz band. This thesis has focused on the study of the propaga-
tion channel in the mmWave wave band, particularly in the spectrum
defined by FR2 (24.25 GHz - 71 GHz). While this frequency range is
the most evident prospect for the deployment of new mobile commu-
nication systems, the sub-THz frequency band (90 GHz - 300 GHz) is
beginning to be considered for the deployment of the sixth generation
(6G) for mobile communications [187]. Therefore, in the near future,
it will be essential to characterize these bands in depth.

• Integration of channel emulation using hardware approaches.
In this thesis, channel emulation has been carried out using post-
processing techniques such as the time-gating method. The next step
in channel emulation is the hardware integration of these solutions by
implementing amplifiers or attenuators, as well as delay lines, which
modify the properties of certain multipath components of the chan-
nel in real-time. This integration would allow real-time emulation of
target channels given a channel model distribution.

• Expansion of the environments included in the visual classifi-
cation of dimensionality reduction. The inclusion of a wide range
of propagation channels would allow a general mapping of scenarios
expected to be relevant for future mobile generations, identifying the
similarities and differences between each current scenario.

• Generalization of the joint estimation of DoA and ToA to
new geometries. After the arrays with elliptical and toric geometries
proposed in this thesis, it is possible to extend the use of frequency
invariant beamformers to new geometries such as ellipsoids or spheres.
The former is the 3D extension of the elliptical arrays, including the
advantages of the analyzed ellipses. The latter involves a compact
three-dimensional geometry with respect to that studied in the torus.

• Conducting new measurement campaigns in operational de-
ployments. Validation of the propagation channel through measure-
ment campaigns in real deployments is essential to ensure good qual-
ity of service. The study of deployments under operational conditions
in the mmWave band in conventional communication environments,
such as outdoor-to-outdoor or outdoor-to-indoor, is crucial to assess
whether beam management procedures are capable of ensuring a good
link budget in the communication channel.
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and A. Hrovat, “Influence of Typical Railway Objects in a mmWave
Propagation Channel,” IEEE Transactions on Vehicular Technology,
vol. 67, no. 4, pp. 2880–2892, 2018.

[35] D. He, B. Ai, C. Briso-Rodriguez, and Z. Zhong, “Train-to-
Infrastructure Channel Modeling and Simulation in MmWave Band,”
IEEE Communications Magazine, vol. 57, no. 9, pp. 44–49, 2019.

128



BIBLIOGRAPHY

[36] K. Guan, B. Peng, D. He, J. M. Eckhardt, H. Yi, S. Rey, B. Ai,
Z. Zhong, and T. Kürner, “Channel Sounding and Ray Tracing for
Intrawagon Scenario at mmWave and Sub-mmWave Bands,” IEEE
Transactions on Antennas and Propagation, vol. 69, no. 2, pp. 1007–
1019, 2021.

[37] G. R. Maccartney, T. S. Rappaport, S. Sun, and S. Deng, “Indoor
Office Wideband Millimeter-Wave Propagation Measurements and
Channel Models at 28 and 73 GHz for Ultra-Dense 5G Wireless Net-
works,” IEEE Access, vol. 3, pp. 2388–2424, 2015.

[38] S. Ju, Y. Xing, O. Kanhere, and T. S. Rappaport, “Millimeter Wave
and Sub-Terahertz Spatial Statistical Channel Model for an Indoor
Office Building,” IEEE Journal on Selected Areas in Communications,
vol. 39, no. 6, pp. 1561–1575, 2021.

[39] H. Zhang, Y. Zhang, J. Cosmas, N. Jawad, W. Li, R. Muller, and
T. Jiang, “mmWave Indoor Channel Measurement Campaign for 5G
New Radio Indoor Broadcasting,” IEEE Transactions on Broadcast-
ing, vol. 68, no. 2, pp. 331–344, 2022.
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M. Rodriguez, “mmWave Channel Measurements for 3-D Path Loss
Analysis and Model Design in Stadiums,” IEEE Wireless Communi-
cations Letters, vol. 11, no. 9, pp. 2005–2009, 2022.

129



BIBLIOGRAPHY

[45] M. K. Samimi, T. S. Rappaport, and G. R. MacCartney, “Probabilistic
Omnidirectional Path Loss Models for Millimeter-Wave Outdoor Com-
munications,” IEEE Wireless Communications Letters, vol. 4, no. 4,
pp. 357–360, 2015.

[46] A. I. Sulyman, A. Alwarafy, G. R. MacCartney, T. S. Rappaport,
and A. Alsanie, “Directional Radio Propagation Path Loss Models
for Millimeter-Wave Wireless Networks in the 28-, 60-, and 73-GHz
Bands,” IEEE Transactions on Wireless Communications, vol. 15,
no. 10, pp. 6939–6947, 2016.
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[55] R. Feick, G. Castro, M. Rodŕıguez, J. Du, D. Chizhik, and R. Valen-
zuela, “Measurements of Beamswitching Gains and Fade Dynamics
for 28 GHz Indoor Static Links in the Presence of Pedestrian Traffic,”
IEEE Antennas and Wireless Propagation Letters, vol. 18, no. 3, pp.
442–446, 2019.

[56] Y. Kumar S and T. Ohtsuki, “Influence and Mitigation of Pedestrian
Blockage at mmWave Cellular Networks,” IEEE Transactions on Ve-
hicular Technology, vol. 69, no. 12, pp. 15 442–15 457, 2020.

[57] F. Fernandes, C. Rom, J. Harrebek, S. Svendsen, and C. N. Manchón,
“Hand Blockage Impact on 5G mmWave Beam Management Perfor-
mance,” IEEE Access, vol. 10, pp. 106 033–106 049, 2022.

[58] J. Du, D. Chizhik, R. Feick, G. Castro, M. Rodŕıguez, and R. A. Valen-
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eryavy, and A. V. Räisänen, “Characterization of Radio Links at 60
GHz Using Simple Geometrical and Highly Accurate 3-D Models,”
IEEE Transactions on Vehicular Technology, vol. 66, no. 6, pp. 4647–
4656, 2017.

[70] M. Steinbauer, A. Molisch, and E. Bonek, “The double-directional
radio channel,” IEEE Antennas and Propagation Magazine, vol. 43,
no. 4, pp. 51–63, 2001.

[71] P. Almers, E. Bonek, A. Burr, N. Czink, M. Debbah, V. Degli-Esposti,
H. Hofstetter, P. Kyosti, D. Laurenson, G. Matz, A. F. Molisch,
C. Oestges, and H. Ozcelik, “Survey of channel and radio propagation
models for wireless MIMO systems,” EURASIP Journal on Wireless
Communications and Networking, vol. 2007, p. 19070, 2007.

132



BIBLIOGRAPHY

[72] J. McKown and R. Hamilton, “Ray tracing as a design tool for radio
networks,” IEEE Network, vol. 5, no. 6, pp. 27–30, 1991.

[73] V. Degli-Esposti, F. Fuschini, E. M. Vitucci, and G. Falciasecca, “Mea-
surement and Modelling of Scattering From Buildings,” IEEE Trans-
actions on Antennas and Propagation, vol. 55, no. 1, pp. 143–153,
2007.

[74] Z. Yun and M. F. Iskander, “Ray Tracing for Radio Propagation Mod-
eling: Principles and Applications,” IEEE Access, vol. 3, pp. 1089–
1100, 2015.

[75] S. Hur, S. Baek, B. Kim, Y. Chang, A. F. Molisch, T. S. Rappa-
port, K. Haneda, and J. Park, “Proposal on Millimeter-Wave Channel
Modeling for 5G Cellular System,” IEEE Journal of Selected Topics
in Signal Processing, vol. 10, no. 3, pp. 454–469, 2016.

[76] A. Saleh and R. Valenzuela, “A Statistical Model for Indoor Multipath
Propagation,” IEEE Journal on Selected Areas in Communications,
vol. 5, no. 2, pp. 128–137, 1987.

[77] T. Zwick, C. Fischer, and W. Wiesbeck, “A stochastic multipath chan-
nel model including path directions for indoor environments,” IEEE
Journal on Selected Areas in Communications, vol. 20, no. 6, pp. 1178–
1192, 2002.

[78] 3GPP, “Study on channel model for frequency spectrum above
6 GHz,” 3rd Generation Partnership Project (3GPP), Tech-
nical Report (TR) 38.900, 2018, version 15.0.0. [Online].
Available: https://portal.3gpp.org/desktopmodules/Specifications/
SpecificationDetails.aspx?specificationId=2991

[79] S. Jaeckel, L. Raschkowski, K. Börner, and L. Thiele, “QuaDRiGa: A
3-D Multi-Cell Channel Model With Time Evolution for Enabling Vir-
tual Field Trials,” IEEE Transactions on Antennas and Propagation,
vol. 62, no. 6, pp. 3242–3256, 2014.

[80] Fraunhofer HHI. QuaDRiGa: Quasi Deterministic Radio Channel
Generator. [Online]. Available: https://quadriga-channel-model.de/

[81] S. Sun, G. R. MacCartney, and T. S. Rappaport, “A novel millimeter-
wave channel simulator and applications for 5G wireless communica-
tions,” in 2017 IEEE International Conference on Communications
(ICC), 2017, pp. 1–7.

[82] New York University. NYUSIM. [Online]. Available: https:
//wireless.engineering.nyu.edu/nyusim/

133



BIBLIOGRAPHY

[83] M. S. Miah, D. Anin, A. Khatun, K. Haneda, L. Hentila, and E. T.
Salonen, “On the Field Emulation Techniques in Over-the-Air Testing:
Experimental Throughput Comparison,” IEEE Antennas and Wire-
less Propagation Letters, vol. 16, pp. 2224–2227, 2017.

[84] M. A. Garcia-Fernandez, J. D. Sanchez-Heredia, A. M. Martinez-
Gonzalez, D. A. Sanchez-Hernandez, and J. F. Valenzuela-Valdes,
“Advances in mode-stirred reverberation chambers for wireless com-
munication performance evaluation,” IEEE Communications Maga-
zine, vol. 49, no. 7, pp. 140–147, 2011.

[85] Y. Ji, W. Fan, G. F. Pedersen, and X. Wu, “On Channel Emulation
Methods in Multiprobe Anechoic Chamber Setups for Over-the-Air
Testing,” IEEE Transactions on Vehicular Technology, vol. 67, no. 8,
pp. 6740–6751, 2018.

[86] W. Wang, R. Wang, H. Gao, and Y. Wu, “Implementation and Analy-
sis of 3D Channel Emulation Method in Multi-Probe Anechoic Cham-
ber Setups,” IEEE Access, vol. 7, pp. 108 571–108 580, 2019.

[87] H. Fielitz, K. A. Remley, C. L. Holloway, Q. Zhang, Q. Wu, and
D. W. Matolak, “Reverberation-Chamber Test Environment for Out-
door Urban Wireless Propagation Studies,” IEEE Antennas and Wire-
less Propagation Letters, vol. 9, pp. 52–56, 2010.
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Appendix A

Introducción y conclusiones

Con el objetivo de cumplir con la normativa de la Universidad de Granada
(UGR) referente a la elaboración de la tesis doctoral en un idioma difer-
ente al español, este apéndice expone los Caṕıtulos de Introducción (Sección
1.1) y Conclusiones (Sección 3.1) en español, presentándose aśı el presente
documento en los idiomas español e inglés.

Introducción

Las comunicaciones móviles han cambiado el mundo. Desde finales del siglo
XIX y principios del siglo XX, la humanidad ha mostrado gran interés por
utilizar las ondas electromagnéticas como una herramienta para transmitir
información. Esto quedó reflejado en estudios pioneros en el marco teórico,
como los presentados por James Clerk Maxwell y Heinrich Rudolf Hertz, y
en el marco práctico, como la transmisión de ondas de radio a través del
océano Atlántico por Guillermo Marconi. Dado el creciente interés alentado
por el uso de las ondas de radio como medio de transmisión de información,
la investigación llevada a cabo durante el siglo XX condujo a la imple-
mentación de la tecnoloǵıa de Primera Generación (1G) para redes móviles
en la década de 1980 [1]. Estas comunicaciones primitivas, basadas en comu-
nicaciones de voz mediante tecnoloǵıa analógica, fueron evolucionando hasta
la generación actual, la Quinta Generación (5G) para redes móviles, basada
ı́ntegramente en tecnoloǵıa digital y comunicaciones de datos [2]. Actual-
mente, el Proyecto de Asociación de Tercera Generación (3rd Generation
Partnership Project, 3GPP) ha propuesto tres casos de uso: banda ancha
móvil mejorada (Enhanced Mobile BroadBand, eMBB), comunicación ultra
confiable y de baja latencia (Ultra Reliable Low Latency Communication,
URLLC) y comunicaciones masivas máquina-a-máquina (Massive Machine
Type Communications, mMTC) para el despliegue de redes 5G [3]. Estos
casos de uso aparecen como consecuencia de los requisitos cada vez más
exigentes de los usuarios finales que emplean las redes. Dichos requisitos
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aparecen reflejados en los indicadores clave de rendimiento (Key Perfor-
mance Indicators, KPI), como la velocidad de datos, la eficiencia espectral,
la eficiencia energética, la fiabilidad o el consumo de enerǵıa en la red [4].
Mejorar simultáneamente todos estos KPI es el principal reto tecnológico
para la comunidad cient́ıfica, con el fin de proporcionar comunicaciones efi-
cientes a las generaciones móviles actuales (5G) y futuras generaciones (6G).

Con el fin de mejorar los KPI, la comunidad investigadora está realizando
múltiples esfuerzos desde la perspectiva de la capa f́ısica [5, 6]. Varios cam-
pos de estudio, como el diseño de antenas [7], el modelado de canal [8], los
sistemas de múltiples entradas y múltiples salidas (Multiple-Input Multiple-
Output, MIMO) [9], la gestión de haces [10] o la precodificación de canal [11]
participan actualmente en el desarrollo de tecnoloǵıas habilitadoras. Todos
los campos anteriores tienen un punto en común: un aumento en frecuen-
cia hacia la banda de ondas milimétricas (mmWaves). La banda de ondas
milimétricas incluye aquellas frecuencias en el rango 30 GHz - 300 GHz,
cuya longitud de onda es inferior a 1 cm. Hasta hace pocos años, las ondas
milimétricas no se teńıan en cuenta para despliegues comerciales porque se
consideraban tecnológicamente inviables. Por ello, las comunicaciones se han
realizado tradicionalmente en la banda inferior a 6 GHz (sub-6 GHz) [12].
Sin embargo, el limitado ancho de banda disponible en la banda sub-6 GHz
y los estudios realizados en la última década han convertido la banda de
ondas milimétricas en una oportunidad para el desarrollo tecnológico de los
sistemas de comunicaciones [13, 14, 15, 16, 17]. Aunque esta banda ya se
propuso como solución tecnológica desde el siglo pasado [18, 19, 20], no fue
hasta hace apenas 10 años cuando los primeros despliegues demostraron
su viabilidad en entornos de comunicación reales. Por ejemplo, en 2013,
trabajo de campo basado en campañas de medida fue realizado en las ban-
das de frecuencia de 28 GHz y 38 GHz en entornos exteriores e interiores
en Manhattan [21]. Este trabajo demostró que, a través del uso de ante-
nas altamente directivas, es posible compensar el fenómeno de atenuación
sufrido en entornos altamente densos como Manhattan, alcanzando radios
de celda de 200 m. Estos resultados prometedores llevaron a la comunidad
cient́ıfica de radiopropagación a poner todos sus esfuerzos en el análisis de
estas bandas de frecuencias, extendiendo el trabajo experimental a lo largo
de la última década [22, 23, 24]. De manera simultánea, los organismos de
estandarización como 3GPP comenzaron a estandarizar tecnoloǵıa de acceso
radio, conocida como 5G New Radio (5G NR), a partir de la versión 15 del
estándar en adelante. Aśı, una nueva banda de frecuencias estandarizada, y
conocida como rango de frecuencias 2 (Frequency Range 2, FR2), entre 24.25
GHz y 71 GHz fue incluida al ya existente rango de frecuencias 1 (Frequency
Range 1, FR1) entre 410 MHz y 7125 MHz, denotando la confianza de las
grandes compañ́ıas de telecomunicaciones en la banda de ondas milimétricas
[25, 26]. En solo 10 años, los despliegues comerciales de redes 5G NR en la
banda de ondas milimétricas se están convirtiendo en una realidad [27, 28].
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Desde la perspectiva de la investigación en radiopropagación, la tran-
sición a ondas milimétricas no solo supone un punto de inflexión, sino que
en paralelo también están aumentando los escenarios de propagación en los
que pueden tener lugar las comunicaciones. De este modo, el concepto de
redes heterogéneas (HetNet) propone mejorar la distribución de los recursos
radioeléctricos dividiendo la red en celdas de cobertura de distintos tamaños
[29]. Mientras que los despliegues tradicionales han tenido en cuenta mode-
los de propagación urbanos para tamaños de macroceldas en la banda FR1
(por ejemplo, el modelo Okumura-Hata [30]), hoy en d́ıa están surgiendo
escenarios de comunicaciones de distinta naturaleza, como los vehiculares
[31], veh́ıculos aéreos no tripulados (UAV) [32, 33], ferroviarios [34, 35, 36]
o en interiores [37, 38, 39]. Además, actualmente se analizan entornos que
antes no contaban con una infraestructura dedicada a soportar una red de
comunicaciones, como centros comerciales [40, 41], fábricas [42, 43] o esta-
dios [44]. Por último, incluso los escenarios t́ıpicos de macroceldas basados
en comunicaciones urbanas [45, 46, 47] y comunicaciones rurales [48] deben
investigarse de nuevo para tener en cuenta las caracteŕısticas de estas bandas
de frecuencias más altas.

Tanto la aparición de las ondas milimétricas como el desarrollo de nuevos
escenarios de comunicaciones surgen como una oportunidad para mejorar
las comunicaciones móviles proporcionando una mejor calidad de servicio,
basada en un mayor ancho de banda, menos interferencias y una mayor
resolución espacial, lo que implica un alto rendimiento y una gran fiabili-
dad en la red móvil. Sin embargo, estos avances también plantean varios
problemas, lo que da lugar a nuevos desaf́ıos pendientes. El reto principal
está directamente relacionado con las caracteŕısticas de propagación de las
ondas milimétricas. La menor longitud de onda a estas frecuencias implica
un cambio de paradigma en los mecanismos de propagación. La fórmula de
transmisión de Friis [49], que expresa la pérdida de trayecto por atenuación
(Path Loss, PL) en el espacio libre, aumenta cuadráticamente con la frecuen-
cia, lo que implica una mayor atenuación del canal en la banda de ondas
milimétricas. Además, las señales en esta banda son muy susceptibles al
desvanecimiento y hay que tener en cuenta otros factores, no tan relevantes
en sub-6 GHz. Esto tiene implicaciones como la atenuación por lluvia —ya
que la longitud de onda tiene un tamaño equivalente al de las gotas de lluvia
[50, 51]— o incluso la atenuación atmosférica, provocada por la presencia de
moléculas de gas en la atmósfera [52]. Por ello, la presencia de vegetación
[53, 54], el bloqueo humano [55, 56, 57] y la penetración de materiales [58] se
convierten en importantes fuentes de bloqueo. Por último, los fenómenos de
propagación por reflexión, dispersión y difracción vaŕıan con respecto a la
banda sub-6 GHz. En ondas milimétricas, las superficies con una rugosidad
comparable a la longitud de onda favorecerán la propagación por dispersión
difusa, en detrimento de la reflexión especular [59, 60]. Además, debido a
la corta longitud de onda, los fenómenos de pérdida por difracción son más

149



APPENDIX A. INTRODUCCIÓN Y CONCLUSIONES

pronunciados porque los objetos son grandes en términos de longitud de
onda, lo que propicia el bloqueo de la señal [61].

Dado el gran número de fuentes de atenuación, es esencial garantizar la
condición de ĺınea de visión directa (Line-of-Sight, LoS) en el canal de comu-
nicación o habilitar mecanismos que garanticen un nivel de señal adecuado,
incluso en condiciones sin ĺınea de visión directa (Non Line-of-Sight, NLoS).
Para ello, la caracterización f́ısica del canal de propagación, es decir, el mod-
elado del canal [8, 62, 63], es fundamental tanto desde el punto de vista tem-
poral como espacial y angular. Por un lado, las caracteŕısticas temporales
se reflejan en la respuesta al impulso del canal (Channel Impulse Response,
CIR), o perfil de retardo de potencia (Power Delay Profile, PDP), que ex-
presan la amplitud/potencia de las componentes multitrayecto (Multipath
Components, MPCs) en función de su instante de llegada (Time-of-Arrival,
ToA) [64]. A partir del PDP medido de un canal de propagación, se extraen
caracteŕısticas temporales como la dispersión del retardo, el número de rayos
o el ToA de cada componente [19, 65]. Por otro lado, las caracteŕısticas es-
paciales se definen en el perfil de potencia angular (Power Angular Profile,
PAP), que calcula la potencia recibida de los MPCs en función del ángulo
[66, 67]. De este modo, para una caracterización espacial 3D, se deben
tener en cuenta los ángulos de azimut y de elevación, y se pueden extraer
caracteŕısticas como la dirección de llegada (Direction-of-Arrival, DoA) o
la dirección de salida (Direction-of-Departure, DoD) para cada uno de los
MPCs [68, 69]. Cabe señalar que los perfiles anteriores pueden combinarse
para producir una caracterización angular y temporal conjunta del canal de
comunicación [64, 69, 70].

El principal problema de las campañas de medida es su elevado coste
debido a la complejidad y loǵıstica asociada [21, 27]. Para solucionar este
problema, se proponen modelos de canal teóricos para reducir la comple-
jidad de las campañas [71]. Estos se dividen principalmente en modelos
deterministas, como los propuestos por las técnicas de trazado de rayos
[72, 73, 74, 75], y modelos estocásticos, que se basan en modelos proba-
biĺısticos de las caracteŕısticas del canal, como los propuestos por Saleh-
Valenzuela [76], Zwick [77] o los modelos estandarizados por 3GPP [26, 78].
Estos modelos de canal se extienden finalmente a simuladores de canal, que
calculan eficientemente las caracteŕısticas del canal mediante simulaciones,
siendo algunos de los más conocidos QuaDRiGa [79, 80] o NYUSIM [81, 82].
Por lo tanto, estos simuladores son especialmente útiles en las primeras fases
de despliegue de las redes móviles.

Una solución intermedia entre las extensas campañas de medida y los
modelos teóricos de canal surge con el concepto de emulación de canal [83,
84]. Este consiste en la emulación de caracteŕısticas espećıficas del canal,
ya sea del perfil espacial o temporal, a partir de mediciones realizadas en
entornos controlados como cámaras anecoicas [85, 86] y cámaras rever-
berantes [87]. De este modo, se reduce significativamente la complejidad
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del proceso de medida. Esta opción ha cobrado especial relevancia con el
desarrollo de los sistemas MIMO, que son más complejos en términos de
análisis radioeléctrico al tener múltiples transmisores y receptores operando
simultáneamente [88, 89]. Por lo tanto, la validación de nuevos disposi-
tivos 5G con pruebas Over-The-Air (OTA) permite evaluar el análisis ra-
dioeléctrico en el laboratorio. Otros ejemplos de este tipo de técnicas son
la emulación de canales de propagación con distribuciones Rician o Hyper-
Rayleigh [90, 91], o la emulación de efectos de desvanecimiento a pequeña
escala [92].

Otro de los campos basado en el estudio del modelado de canal para
mejorar la caracterización del canal de comunicación se basa en la Inteligen-
cia Artificial (Artificial Intelligence, AI), el aprendizaje automático (Ma-
chine Learning, ML) y el aprendizaje profundo (Deep Learning, DL). Se
han propuesto varias técnicas basadas en AI para la investigación 5G [93,
94], siendo el canal de comunicación una de las principales áreas de in-
terés. En concreto, se han empleado redes neuronales para el procesamiento
de imágenes de satélite, permitiendo la inferencia de modelos de pérdida
de trayecto por atenuación tanto en bandas sub-6 GHz como de ondas
milimétricas [95, 96, 97]. Otro enfoque se basa en el uso de algoritmos
de aprendizaje supervisado para la clasificación e identificación de entornos
de propagación. Clasificar correctamente los escenarios permite adaptar los
modelos de canal a las caracteŕısticas espećıficas de un entorno determinado,
mejorando aśı la fiabilidad y el rendimiento de las comunicaciones [98]. En
la literatura se pueden encontrar varios casos prácticos de identificación de
escenarios de distinta naturaleza, como escenarios en interiores [99], vehicu-
lares [100] o ferroviarios de alta velocidad [101].

En relación con los perfiles espaciales y temporales previamente abor-
dados, la localización de fuentes u objetos mediante estos perfiles ha sido
uno de los campos más estudiados debido a su potencial interés en la car-
acterización de canales [102, 103, 104]. Por ello, a lo largo del tiempo se
han desarrollado múltiples métodos para estimar y caracterizar el DoA en
canales multitrayecto [105]. Generalmente, estos métodos aprovechan la
diversidad espacial de un conjunto de sensores utilizando teoŕıa de proce-
sado de señales de arrays para extraer los ángulos de incidencia de una
onda. Algunos de ellos, como las técnicas Delay-and-Sum (DAS) [106] y
Minimum Variance Distortionless Response (MVDR) [107], se basan en el
escaneo espacial de haces. Otras, como MUltiple SIgnal Classification (MU-
SIC) [108], explotan la ortogonalidad de la señal con respecto al subespacio
de ruido en la matriz de covarianza espacial. Posteriormente, aparecieron
nuevos enfoques basados en técnicas de desplazamiento de matrices, como
Estimation Signal Parameters Via Rotational Invariance Techniques (ES-
PRIT) [109], o basados en técnicas de esperanza-maximización, como Space-
Alternating Generalized Expectation-maximization (SAGE) [110, 111], que
evitan efectuar una búsqueda exhaustiva de los DoAs desconocidos. Estos
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métodos han sido muy utilizados durante el desarrollo de campañas de me-
dida para la caracterización óptima del perfil espacial del canal de comuni-
cación. Además, tanto los mecanismos de localización como la identificación
del canal adquieren especial relevancia en el despliegue de redes 5G en la
banda de ondas milimétricas debido a la necesidad de garantizar enlaces
de comunicación seguros, fiables y robustos. Esto se debe principalmente
a la necesidad de compensar las pérdidas por atenuación en estas frecuen-
cias mediante el diseño de antenas altamente direccionales. Es aqúı donde
interviene el concepto de gestión de haces, basado en el diseño inteligente
de arquitecturas de sistemas que operen en la banda de ondas milimétricas
y gestionen las cadenas de radiofrecuencia (RF) con el fin de garantizar
un rendimiento óptimo del enlace de comunicaciones [10, 112, 113]. Por lo
tanto, el concepto de gestión del haz se trata de una serie de mecanismos
que sirven para facilitar esta gestión [114]. Por ejemplo, el barrido del haz es
capaz de proporcionar cobertura espacial en una región espećıfica y evalúa
el haz adecuado para cada usuario basándose en la medida, la determinación
y el reporte del haz óptimo [115, 116, 117, 118]. Además, como las ondas
milimétricas son propensas al bloqueo, se establecen mecanismos de recu-
peración de haces para recuperar un enlace bloqueado mediante la identifi-
cación de un haz candidato [119]. Por todo ello, la estandarización de estos
mecanismos, junto con el desarrollo de modelos teóricos de canales y técnicas
de caracterización de canales, aśı como la realización de campañas de me-
dida, son clave para el desarrollo de las futuras comunicaciones móviles.

Esta tesis tiene como objetivo fundamental contribuir a la caracterización
y medida de canales de comunicaciones en la banda de ondas milimétricas,
para facilitar y mejorar el despliegue de tecnoloǵıas de futura generación
para comunicaciones móviles. Este documento de tesis está organizado de
la siguiente manera. En el Caṕıtulo 1, y más concretamente en la sección 1.1,
se introduce la importancia de las ondas milimétricas para los sistemas 5G,
exponiendo los principales retos asociados a la capa f́ısica en esta banda y
los estudios y soluciones propuestos basados en el estado del arte actual. Las
secciones 1.1.1 - 1.1.6 profundizan en algunas de las cuestiones presentadas
en la sección 1.1, que serán aspectos clave para esta tesis y se abordarán con
más detalle en caṕıtulos posteriores. Las secciones 1.2 y 1.3 proponen los
principales objetivos desarrollados y la metodoloǵıa seguida a lo largo de la
tesis, respectivamente. El apartado 1.4 muestra los principales resultados
obtenidos a lo largo de la tesis. En el Caṕıtulo 2 se encuentran los trabajos y
publicaciones, que recogen las principales aportaciones realizadas a lo largo
de la tesis. Éstas van precedidas de una introducción a cada trabajo. Este
caṕıtulo se divide en cuatro secciones. La sección 2.1 muestra la simulación
de canales de propagación mediante simuladores de canal y su optimización
mediante algoritmos genéticos y de enjambre de part́ıculas. La sección 2.2
trata de la emulación y clasificación de canales de propagación, proponiendo
técnicas de post-procesado y algoritmos de identificación basados en apren-
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dizaje automático. La sección 2.3 plantea técnicas basadas en beamformers
invariantes en frecuencia para caracterizar conjuntamente DoA y ToA en
canales de comunicación. La sección 2.4 presenta una campaña de medidas
realizada en un escenario industrial en condiciones operativas para una red
5G NR, centrándose en los procedimientos de gestión del haz. Finalmente,
el Caṕıtulo 3 resume las principales contribuciones desarrolladas durante la
tesis y esboza posibles ĺıneas de investigación futuras basadas en el trabajo
de la presente tesis.

Conclusiones

Esta tesis se ha centrado principalmente en la caracterización y medida del
canal de comunicación para la banda de ondas milimétricas. A lo largo de
este documento se han presentado diversas propuestas, métodos y técnicas
para el estudio del canal de propagación en esta banda de frecuencias, que
se resumen en la simulación, optimización, emulación, clasificación, carac-
terización y medida de canales de comunicaciones.

A continuación, se presentan las principales conclusiones extráıdas de cada
uno de los estudios propuestos en esta tesis:

• En lo que respecta a [J1], se presenta la simulación y optimización
de un despliegue heterogeneo de red. Los resultados muestran que la
optimización de la potencia de transmisión de las estaciones base de-
splegadas mejora el rendimiento de la red desde un punto de vista mul-
ticapa. De este modo, se maximiza simultáneamente el rendimiento de
los usuarios de la red y se reducen el consumo energético y los costes de
señalización asociados a los saltos entre celdas. Para la optimización se
han hecho uso de dos familias de algoritmos de optimización, los algo-
ritmos genéticos y la optimización por enjambre de part́ıculas, siendo
esta última la que obtiene los mejores resultados en función de las
métricas propuestas.

• En cuanto a [J2], se analiza el rendimiento de los sistemas MIMO
distribuidos en varios entornos y bandas de frecuencia. Para ello, se
realiza un estudio de la eficiencia espectral del canal mediante simu-
laciones y medidas de laboratorio. Los resultados muestran la impor-
tancia de la diversidad espacial del canal reflejada en la correlación del
canal en sistemas D-MIMO, aumentando significativamente la eficien-
cia espectral para canales poco correlados, es decir, con alta diversidad
espacial. Además, la distribución uniforme de la potencia recibida en
el usuario entre los distintos canales disponibles garantiza una óptima
eficiencia espectral del sistema de comunicaciones. Por lo tanto, el
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diseño de dichos sistemas debe tratar de cumplir ambas condiciones
para un despliegue óptimo de estas redes móviles basadas en D-MIMO.

• En el caso de [J3], se propone la técnica de time-gating para la em-
ulación de canales de propagación. Mediante el uso de funciones de
enventanado en el dominio del tiempo, las señales de banda ultra-
ancha sufren modificaciones a través del desplazamiento temporal y
la atenuación o amplificación de las componentes multitrayecto. El
análisis de parámetros de canal como la eficiencia espectral o la cor-
relación entre señales demuestra que existe una buena concordancia
entre los canales emulados y los canales objetivo. Estos resultados
experimentales, realizados tanto en entornos anecoicos como reverber-
antes, validan la técnica de emulación de canales como método para
recrear y caracterizar canales de propagación a partir de medidas de
laboratorio, simplificando aśı la complejidad de realizar medidas in
situ en escenarios reales.

• En [J4], se presentan técnicas de reducción de la dimensionalidad como
método para la clasificación visual de diversos escenarios de propa-
gación. Se contemplan varios parámetros del canal de propagación
como el espacio de alta dimensión formado por un conjunto de datos
que abarca hasta cinco entornos de propagación diferentes. La apli-
cación de un algoritmo no lineal de reducción de la dimensionalidad
permite clasificar los escenarios en el espacio de baja dimensión y, al
mismo tiempo, distinguirlos en función del ángulo de apuntamiento.
Los resultados de este algoritmo mejoran a técnicas como PCA o
Isomap. La clasificación de espacios de baja dimensión mediante al-
goritmos de aprendizaje supervisado muestra que, a pesar de la re-
ducción de la dimensionalidad, la información se preserva respecto al
espacio original de alta dimensionalidad, con una precisión de clasifi-
cación similar tanto en los espacios de alta dimensión como en los de
baja dimensión. Por último, se demuestra que el uso de time-gating es
capaz de modificar un escenario determinado para que se asemeje a un
escenario objetivo en la clasificación visual, validando aśı esta última
técnica.

• En relación con [J5], el trabajo propone el uso de beamformers in-
variantes en frecuencia para la estimación conjunta del DoA y ToA
basados en geometŕıas de arrays eĺıpticos. Esta técnica supone la gen-
eralización de la estimación con arrays circulares, ya que las formas
eĺıpticas incluyen intŕınsecamente al ćırculo, aśı como a los arrays pseu-
dolineales. Esto se debe a los grados de libertad añadidos por la ex-
centricidad y el ángulo de rotación de la geometŕıa eĺıptica. Además,
se demuestra que una configuración aleatoria suficientemente densa
de sensores puede aproximarse mediante arrays eĺıpticas concéntricos,
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lo que supone la posibilidad de realizar estimaciones conjuntas a par-
tir de arrays pseudoaleatorios con la técnica propuesta. Finalmente,
el marco teórico queda validado gracias a las medidas experimentales
realizadas en una cámara anecoica en la que se emulan entornos mul-
titrayecto. Los resultados muestran una excelente concordancia entre
las simulaciones y las medidas experimentales.

• En lo que concierne a [J6], basado en el marco de los beamformers
invariantes en frecuencia presentados en el trabajo previo, se propone
el uso de arrays tóricos para extender la caracterización conjunta del
DoA y ToA a escenarios 3D. La geometŕıa del toro permite la definición
de ćırculos en múltiples planos, lo que permite múltiples estimaciones
2D en distintos planos del espacio 3D. La combinación inteligente de
estas estimaciones permite la caracterización 3D del canal de propa-
gación —es decir, los ángulos de azimut y de elevación— y el ToA.
Esta técnica se ha validado mediante simulaciones que muestran re-
sultados con buena precisión en entornos multitrayecto en la banda de
ondas milimétricas.

• En relación con [J7], se llevan a cabo dos campañas de medición en
un entorno industrial con una red FR2 5G en condiciones operativas.
Utilizando un robot móvil autónomo capaz de recorrer la fábrica de
forma autónoma, se realizan medidas de la potencia recibida en todo el
escenario, generando aśı mapas de cobertura. El análisis posterior de
estas medidas permite el desarrollo de análisis de pérdidas de trayecto
por atenuación en función de la distancia y el estudio del tamaño
óptimo de celda. Por último, la comparación entre ambas campañas
realizadas con diferentes configuraciones del módulo transmisor per-
mite estudiar los procedimientos de gestión del haz implicados en la
red, tales como la recuperación, el barrido y la conmutación del haz.
De este modo, se espera que estos resultados sean de utilidad para las
tareas de planificación radioeléctrica en despliegues de antenas direc-
cionales en entornos industriales.
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