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Abstract
The ever-increasing demand for wireless data has driven research of alternative wireless
communication technologies that could complement Wireless Fidelity (Wi-Fi) local-area
networks and 5G mobile radio in the future. In particular, light emitting diode (LED)-based
visible light communication (VLC) has attracted considerable interest, because illumination
can be combined with communication. Moreover, if existing lighting hardware is reused,
VLC is very power and cost efficient. To complement Wi-Fi and 5G, LED-based VLC is
required to support multiuser multiple-input multiple-output (MU-MIMO) communication
scenarios, where multiple receivers are simultaneously provided with individual high-rate
data links. However, these scenarios are among the main challenges of VLC, because
neighboring light sources (LSs) cause modulated interference. This reduces communication
performance. As a solution approach, an innovative optical receiver has been developed at
the Chair of Information and Coding Theory, Kiel University, which employs a liquid crystal
display (LCD) as dynamic optical filter. This enables adaptive interference suppression.

This cumulative dissertation continues investigations with the LCD-based receiver. The
content not only consists of a collection of preliminary publications with a high degree
of independent research, but also links them thematically and organizes them in a newly
created context. In particular, a novel technique for angle-of-arrival (AoA) estimation of
LSs is invented, which is based on the beamforming principle known from radar. Initially,
a single LS is considered and properties influencing the AoA estimation are investigated.
Then, the AoA estimation signal is modeled by mathematical convolution, the bar algo-
rithm is developed to improve localization runtime, and compressive sensing algorithms
are investigated. A newly built prototype experimentally verifies the theoretical findings.
Further investigations reveal that successful AoA estimation of multiple LSs depends on
their angular distance. For closely spaced LSs, a novel non-negative least squares (NNLS)
algorithm is developed. Moreover, detection ambiguities are investigated and a solution
approach is given. Two experimental setups are built. The first confirms simulation results
on LCD diffraction effects. The second confirms simulations on LS separation and includes
the novel NNLS algorithm. To enable LS identification, the efficient joint light source
identification and localization (JLIL) principle is developed. Simulations show that infor-
mation on localization as well as on identification can be obtained jointly from the received
signal. Next, the JLIL principle is investigated for scenarios with multiple LSs. As long as
the luminaries are sufficiently separated, intersymbol interference effects have a negligible
influence. Furthermore, the JLIL principle resolves detection ambiguities. For experimental
verification, a new prototype is built. Conducted measurements confirm the simulation re-
sults. Potential applications of the LCD-based receiver include MU-MIMO communication
scenarios and autonomous underwater vehicle swarms. In both cases, interference needs to
be suppressed to enable high-rate VLC with selected users.
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Kurzfassung
Die stetig steigende Nachfrage nach drahtlosen Daten hat die Erforschung alternativer
drahtloser Kommunikationstechnologien vorangetrieben, die lokale Wireless Fidelity (Wi-
Fi) Netze und 5G-Mobilfunknetze in Zukunft ergänzen könnten. Insbesondere die auf light
emitting diodes (LEDs) basierende visible light communication (VLC) hat großes Interesse
geweckt, da Beleuchtung mit Kommunikation kombiniert werden kann. Darüber hinaus ist
VLC sehr energie- und kosteneffizient, wenn vorhandene Beleuchtungshardware wiederver-
wendet wird. Um Wi-Fi und 5G ergänzen zu können, muss LED-basierte VLC multiuser
multiple-input multiple-output (MU-MIMO) Kommunikationsszenarien unterstützen, bei
denen mehrere Empfänger gleichzeitig mit individuellen hochratigen Datenverbindungen
versorgt werden. Diese Szenarien gehören jedoch zu den größten Herausforderungen von
VLC, da benachbarte Lichtquellen modulierte Interferenzen verursachen. Dies verringert
die Kommunikationsleistung. Als Lösungsansatz wurde am Lehrstuhl für Informations- und
Codierungstheorie der Universität Kiel ein innovativer optischer Empfänger entwickelt, der
ein liquid crystal display (LCD) als dynamisches optisches Filter einsetzt. Dies ermöglicht
adaptive Interferenzunterdrückung.

Die vorliegende kumulative Dissertation setzt die Untersuchungen an dem LCD-basierten
Empfänger fort. Dabei besteht der Inhalt nicht nur aus einer Zusammenstellung von Vor-
abpublikationen mit hoher eigenständiger Forschungsleistung, sondern verknüpft diese the-
matisch und ordnet sie in einen neu geschaffenen Kontext. Insbesondere wird ein neuartiges
Verfahren zur angle-of-arrival (AoA) Schätzung von Lichtquellen erfunden, das auf dem
vom Radar bekannten Prinzip der Strahlformung basiert. Zunächst wird eine einzelne
Lichtquelle betrachtet, und es werden Eigenschaften untersucht, die die AoA Schätzung
beeinflussen. Anschließend wird das AoA-Schätzsignal durch mathematische Faltung mod-
elliert, der Bar-Algorithmus zur Verbesserung der Lokalisierungslaufzeit entwickelt und
Compressive Sensing Algorithmen untersucht. Ein neu entwickelter Prototyp verifiziert
experimentell die theoretischen Erkenntnisse. Weitere Untersuchungen ergeben, dass die
erfolgreiche AoA-Schätzung mehrerer Lichtquellen von deren Winkelabstand abhängt. Für
eng beieinander liegende Lichtquellen wird ein neuer Algorithmus auf Basis der non-negative
least squares (NNLS) Methode entwickelt. Außerdem werden Mehrdeutigkeiten bei der De-
tektion untersucht und ein Lösungsansatz vorgestellt. Es werden zwei Versuchsanordnungen
aufgebaut. Die erste bestätigt Simulationsergebnisse zu LCD-Beugungseffekten. Die zweite
bestätigt die Simulationen zur Lichtquellentrennung und verwendet den neuen NNLS-
Algorithmus. Um die Identifizierung von Lichtquellen zu ermöglichen, wird das effiziente
joint light source identification and localization (JLIL) Prinzip entwickelt. Simulationen
zeigen, dass gleichzeitig Information zur Lokalisierung und zur Identifikation aus dem
empfangenen Signal gewonnen werden kann. Als nächstes erfolgt die Untersuchung des
JLIL Prinzips in Szenarien mit mehreren Lichtquellen. Solange die Leuchten ausreichend
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voneinander getrennt sind, haben Intersymbolinterferenz Effekte einen vernachlässigbaren
Einfluss. Darüber hinaus löst das JLIL-Prinzip Erkennungsmehrdeutigkeiten auf. Zur exper-
imentellen Verifikation wird ein neuer Prototyp gebaut. Durchgeführte Messungen bestäti-
gen die Simulationsergebnisse. Potenzielle Anwendungen des LCD-basierten Empfängers
umfassen MU-MIMO Kommunikationsszenarien und Schwärme autonomer Unterwasser-
roboter. In beiden Fällen müssen Interferenzen unterdrückt werden, um hochratige VLC
mit ausgewählten Nutzern zu ermöglichen.
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1
Introduction

In recent years, multidisciplinary technological advancements on the one hand and consumer
demand on the other have driven the development of technologies such as augmented reality,
virtual reality, arti�cial intelligence, cloud computing and Internet of Things. Due to their
wide-ranging applicability, the market share of these technologies is expected to grow
considerably in the near future, both in the consumer sector as well as in the industry
[RC22; Mar23]. Because the functionality and the user experience depend to a large extent
on high data rates and low latency times, also the demand for high-rate wireless data
is expected to grow exponentially. Despite continuous innovation, this poses a challenge
for state-of-the-art wireless communication technologies such as Wireless Fidelity (Wi-Fi)
local-area networks, 5G mobile radio and their future directions. The main reasons are
highly limited bandwidth, incremental data rate improvements and increased latency, e.g.,
due to interference of coexisting systems [DF+20; RC22; SH+23]. This has led researchers
to investigate alternative wireless communication technologies to complement the highly
utilized radio frequency (RF)-based techniques.

Conveniently, the lighting industry has undergone a transformative shift with the wide-
spread adoption of light emitting diodes (LEDs) as illumination devices [PS+09; CD+12].
The transition from traditional �uorescent and incandescent light sources (LSs) to LEDs is
driven by the diodes' superior energy e�ciency and longer lifespan. More importantly, many
o�-the-shelf LEDs are able to support fast on/o�-switching in the MHz range without taking
damage. Recent developments with innovative substrate compositions promise even higher
switching capabilities [NX+23; SZ+23]. This has driven signi�cant interest in LED-based
visible light communication (VLC) [Arn15; DH15; GA+17; Chi18; Hoe19; CZ+20; VV+21].
VLC is a subset of optical wireless communication (OWC) using solely light in the visible
spectrum for communication [UC+17; GP+19; HI+21]. The concept of VLC was �rst
introduced in [KN03; KN04] and later referred to as light �delity (Li-Fi) when deployed in
fully networked systems [DH15]. Regarding the primary functionality of illumination, careful
design of VLC signals enables mitigation of �ickering e�ects and allows to integrate dimming
functionalities [OZ+08; ZK+15; PF+15; IEE19]. Then, existing lighting infrastructure can
be reused allowing to employ VLC as a power and cost e�cient communication system.
Generally, VLC and Wi-Fi are treated as complementary technologies [LZ+15; SK+15].
This also includes recent hybrid solutions [AE+16; AE+21]. As VLC systems can operate
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simultaneously without interfering with the RF-based communication, the high demand for
wireless data could be served jointly. However, alongside joint operation, there are also use
cases in which VLC is preferable, particularly in areas where Wi-Fi is prohibited, such as in
high-security areas of government agencies, companies, and the defense sector. The reason
is that light does not penetrate walls. This makes VLC inherently immune to eavesdropping
attacks. Furthermore, blocking e�ects, e.g., by walls enable a high area spectral e�ciency,
i.e., the re-use of frequencies and the visible light spectrum in a neighboring communication
cell. Thus, VLC is preferable in areas with a high user density and a high RF sensitivity,
such as apartment buildings, hospitals, and aircraft [DH15; Hoe19].

Reading these lines, one might get the impression that VLC is the technology being sought
to complement Wi-Fi in satisfying future mobile data demands. However, LED-based VLC
also poses numerous challenges that need to be addressed.

1.1 Motivation

To complement Wi-Fi in the near future, VLC is required to provide similarly high data
rates and multiuser capabilities. In other words, VLC needs to support multiuser multiple-
input multiple-output (MU-MIMO) communication scenarios where multiple users are
simultaneously provided with individual high-rate communication links [ZO+09; AM+18;
ZN+23]. This extreme case of MIMO communication, commonly known as spatial mul-
tiplexing (SMUX), increases the overall data rate linearly with the number of individual
communication links [FH13; Hoe19].

Considering LED-based VLC, however, SMUX is one of its main challenges. The reason
is that LEDs generate light through the process of spontaneous emission, which ultimately
results in non-coherent light. Apart from the fact that this limits modulation schemes
to intensity modulation with direct detection (IM/DD), non-coherent light always adds
up constructively at the receiver [Arn15; DH15; GA+17; Hoe19]. This poses a challenge
for SMUX as soon as light distributions from di�erent LSs overlap. Then, multiple data
streams will superimpose at the receiver causing interference. Consequently, the channel
matrix is typically rank-de�cient [ZO+09; MT+16]. This severely limits the performance of
SMUX which relies on independent data streams [HW+16]. Since VLC is envisioned with
simultaneous illumination, where light distributions are desired to overlap to ful�ll strict
requirements, techniques for interference suppression need to be investigated. Generally,
these techniques can be included on the transmitter and the receiver side. However, inter-
ference suppression on the transmitter side is usually performed by sharing communication
resources, which results in reduced performance. Therefore, investigation of receiver-based
techniques is very interesting.

In previous works by members of the Chair of Information and Coding Theory, Kiel
University, a technology for receiver-based optical interference suppression was invented
and patented [FK+19; KF+19; FH+20]. It employs a liquid crystal display (LCD) as an
adaptive optical �lter in front of a photodetector (PD). This is possible if the backlight
of the LCD is removed. Then, light can pass the display through white, i.e. transparent,
pixels, while being strongly suppressed by black, i.e. opaque, pixels. Because the LCD is
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fully adaptive, arbitrary areas of the display can be switched opaque or transparent. Thus,
if an interfering light source (ILS) is present in the �eld-of-view (FoV) of the receiver, the
line-of-sight (LoS) path between ILS and the receiving PD can be obstructed with opaque
pixels. The light source of interest (LSoI), on the other hand, is assigned a transparent
window. As reported in [FK+19], this leads to an interference suppression of up to35 dB.

In the initial, pioneering works, the main focus was on the general interference suppression
capabilities of an LCD. To this end, practical experiments were performed with a single
large-area liquid crystal (LC) cell and simulations were based on the assumption that the
positions of all LSs are known. In other words, investigations on LS position estimation,
i.e. visible light positioning (VLP), or LS identi�cation were not included. However, to
implement the principle of LCD-based interference suppression in practice, the positions
and thus the angles-of-arrival (AoAs) of all LSs need to be known a-priori. Furthermore,
the LSoI needs to be identi�ed prior to data reception. Only then, opaque areas can be
placed correctly on the LCD in order to suppress ILSs. This leads to the following research
questions of this dissertation:

RQ1 Can the technology invented for interference suppression also be used for LS local-
ization?

RQ2 Is it possible to detect and localize multiple LSs with an LCD-based receiver to enable
MU-MIMO communication scenarios?

RQ3 Given a scenario with multiple communicating LSs, how can an LSoI be identi�ed
and distinguished from ILSs using an LCD-based receiver?

RQ4 Are there further application areas of LCD-based receivers?

Given these research questions, it is clear that their objectives build on each other. Therefore,
their order is retained for the outline of this dissertation. Addressing the �rst research
question, the LCD-based AoA estimation principle invented in [HK+22] is introduced and
it is explained how the fundamental idea originates from the beamforming principle used
in radar signal processing [HM+21]. Initially, scenarios with a single LS are assumed. In
this context, an e�cient algorithm is evaluated which is suited for sparse scenarios where
only few target objects, i.e. LSs are present [HS+23]. Next, the second research question is
addressed by extending the invented LCD-based system towards detection and localization
of multiple LSs. This paves the road to MU-MIMO scenarios [HH24]. In order to distinguish
the LSoI from ILSs and thus address the third research question, the joint light source
identi�cation and localization (JLIL) principle is subsequently introduced in [HM+24].
Using this principle, the LCD-based system is able to simultaneously determine both the
identi�cation code (IDC) as well as the AoA of an LS. Finally, the fourth research question
is addressed and di�erent applications of an LCD-based receiver are discussed. Besides
optical MU-MIMO communication, which is envisioned to complement Wi-Fi in the future,
also swarms of autonomous underwater vehicles (AUVs) employing LCD-based receivers
are suggested [HS+21].
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1.2 State-of-the-Art

Positioning Ever since VLC has been envisioned as a complementary technology to Wi-
Fi, also VLP has attracted signi�cant interest in the research community [AS+13; JL+13;
UN+15; ZH+18; KS+18; Gon19; RL+20]. One of the reasons is that VLP is well suited
for indoor navigation, where it can support conventional positioning techniques such as the
Global Positioning System (GPS). Especially in indoor scenarios, GPS is not able to provide
accurate positioning results [DD05]. As a key technology to VLC, VLP encompasses all
positioning techniques that are based on light in the visible range. In most contributions on
VLP, however, the focus is on non-coherent techniques, see for example [AS+13; ZH+18;
RL+20]. The reason is that LEDs are typically employed in VLC scenarios to enable
both illumination and communication. As pointed out in Section 1.1, LEDs generate non-
coherent light. Generally, non-coherent VLP can be classi�ed into proximity estimation,
�ngerprinting and triangulation [Arn15; Hoe19].

For proximity estimation, usually a grid of LEDs with known positions is employed,
where each LS transmits its unique IDC. A receiver located below the LED grid can then
estimate its own position by comparing the received IDC with a central database containing
all IDCs and the corresponding LS positions. In [NH13], a system employing proximity
estimation is developed with the aim to support visually impaired people. This is done by
equipping a smartphone with a VLC receiver to receive an IDC transmitted from an LS.
The smartphone then processes the information and forwards it to connected headphones.
The general drawback of proximity estimation is the rather limited accuracy, which depends
on the lighting grid and on the beamwidth of the used LSs [Arn15; KS+18; Hoe19]. Another
interesting approach which could be allocated to proximity estimation, is dubbed `CELLI'
by the authors [WH+17]. Trough the use of an LCD in front of an LS, a �ne grid of
dynamically adjustable cells can be projected into an area of interest. Positioning is then
enabled, by varying the opacity of each cell and thus transmitting a unique IDC to each
cell. If the IDC is chosen to contain the cell coordinates, a receiver located in one cell is
able to estimate its own position. To avoid �icker, one of two polarization �lters of the
LCD is moved to the receiver. While being more accurate than conventional proximity
estimation techniques, the drawback of the `CELLI' approach is that it is only available
for a single LS and that the data rate for IDC transmission depends on the LCD frame
rate.

Scene analysis, also known as �ngerprinting, includes a calibration phase in the position
estimation process. The calibration phase is used to perform extensive positioning measure-
ments for each point of interest. The results are then stored in a database. During real-time
localization, the system then compares measurements to the database and selects the best
�t. Since the generation of the database is very time consuming, it is suggested in [AC+19]
to fabricate the entries by estimating received signal strength (RSS) values with an optical
propagation model. This simpli�es the calibration without signi�cant loss of accuracy. An
arti�cial dataset is also applied in [AA+21]. Compared to previous works, the authors take
non-line-of-sight (NLoS) multipath re�ections into account. Together with the arti�cial
data set and a few real-time measurements, a high accuracy in thecm range is achieved.
Another approach attributable to �ngerprinting is named `NaviLight' [ZW+17]. Instead
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of light intensity measurements at discrete grid points, the system collects multiple �nger-
prints during user movement and matches the resulting path and measurements against
light intensity sequences stored in a map. The fundamental drawback of �ngerprinting
is performance in time-varying scenarios. Then, a time-consuming adaptive database is
required.

Finally, compared to proximity estimation and �ngerprinting, triangulation is considered
the most promising VLP domain due to comparatively straightforward positioning algo-
rithms and low-cost hardware [AS+13; ZH+18]. In general, triangulation is divided into
lateration and angulation. Lateration describes techniques where the position of a node
is estimated by measuring the distance to several anchor points. For distance estimation,
several algorithms are available: RSS, time-of-arrival (ToA), and time-di�erence-of-arrival
(TDoA). RSS algorithms, for example, require the optical transmit power of all anchor
points and estimate the distances to a node with the received signal strength [XC+16;
HG+20]. Using RSS, comparatively inexpensive positioning systems can be built. ToA and
TDoA algorithms on the other hand, employ signal runtime measurements to estimate
the distance [WS+13]. For both algorithms, all available transmitters have to be synchro-
nized. For ToA also the receiver is required to be synchronized, because the absolute signal
runtime is measured. TDoA, in contrast, only measures the di�erences in transmit signal
runtimes [DY14; SA+21]. As can be imagined, the precision of these algorithms strongly
relies on clock synchronization and high clock precision. This drawback prevents cheap
o�-the-shelf solutions.

The second area of triangulation is angulation, which is also referred to as AoA estima-
tion or direction-of-arrival (DoA) estimation in the literature. Algorithms in this domain
estimate the angles of arriving optical signals. Generally, two approaches are pursued for
AoA estimation. The �rst employs receiving systems with several PDs. To capture unique
directional information, the PDs are tilted such as in [YK+14], [ZZ+19] and [ZZ+22].
While in [YK+14] three tilted PDs are used both for AoA estimation and RSS measure-
ments, the authors in [ZZ+19] and [ZZ+22] aim for optimized PD alignment with four
complementary detectors. However, positioning methods using tilted PDs lead to several
challenges that require further attention. Either the localization is valid only for a single LS
as in [YK+14], or the positioning algorithms require knowledge of the light distribution as
in [ZZ+19] and [ZZ+22]. The second angulation approach utilizes aperture-based receivers.
For example in [CH+18], the authors employ an aperture with a square cut-out over a
quadrant PD with four active areas. Depending on the AoA of light emitted from a single
LS, unique shadow patterns are then generated on the four PDs. The AoA can then be
estimated using geometric relationships. A similar approach is introduced in [Ste18]. Here,
each receiving unit obtains an aperture with circular cut-out. Unlike [CH+18], the receiver
consists of multiple receiving units each equipped with an aperture. This further enables
MIMO communication [HC+19]. The drawback of the approach introduced in [CH+18] is
that the technique only works for a single LS. The approach in [Ste18] enables AoA estima-
tion of multiple LSs. However, due to the structure of the receiver, each PD will capture
light from di�erent LSs. For successful AoA estimation, the LSs need to be separated in
time, wavelength or frequency. Otherwise, the resulting interference makes LS distinction
impossible. In [Ste18], di�erent transmit frequencies are chosen.
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In [HK+22], the author of this dissertation has introduced a novel concept in the domain
of aperture-based AoA estimation. As an aperture, an LCD without backlight is mounted
over a single PD. For AoA estimation, only a fraction of the display is switched transparent
and steered across the display to search for peak light intensities. The AoA is then estimated
through geometric relationships. In [HH24], the LCD-based principle is extended to AoA
estimation of multiple LSs. Simultaneous LS identi�cation is introduced in [HM+24].
Compared to proximity estimation in general, the accuracy of the LCD-based principle
does not depend on the lighting grid. `CELLI' is a proximity estimation approach which also
employs an LCD for positioning. However, the system invented in [HK+22] does not interact
with the light distribution, is valid for multiple LSs and the data rate does not depend on
the LCD frame rate. Compared to �ngerprinting, the LCD-based principle is deployable in
time-varying scenarios, as it does not require any calibration phase. Furthermore, contrary
to lateration systems, the LCD-based system consists exclusively of cheap o�-the-shelf
components. Considering the angulation approaches employing tilted PDs, the LCD-based
system does not require knowledge of the LS light distribution. Finally, the invented LCD-
based AoA estimation principle has a decisive advantage over all VLP systems available in
the literature. Using the LCD as a dynamic �lter, interfering LSs can be suppressed. This
has several bene�ts. First, the signal-to-interference ratio (SIR) is strongly improved. This
applies not only to modulated interference, e.g. from other LSs, but also to direct current
(DC) interference, such as sunlight. The latter is capable to saturate optical receivers due
to its high intensity. Second, and most importantly, MU-MIMO communication is enabled
without the necessity to share capacities in time, frequency or wavelength domain.

Interference Suppression To enable high data rates and multiuser capabilities, VLC is
required to operate in MU-MIMO scenarios where SMUX techniques are applied. However,
this poses a challenge, particularly in indoor environments with closely spaced LSs. The
reason is that light beams overlap which results in high correlation and thus in a rank-
de�cient channel matrix [ZO+09; MT+16]. Yet, SMUX requires independent channels
[BE+14; Li18]. Di�erent approaches have been investigated in the literature to reduce the
correlation. In general, both software-based and hardware-based approaches are pursued.
Software-based solutions range from zero-forcing (ZF) precoding [HC+13; PL+17; PP19]
over code-/time-/wavelength-division multiple access to non-orthogonal multiple access
(NOMA) [Arn15; AM+18; CZ+18; LT+19; Hoe19]. In the case where multiple neighboring
cells are assumed that additionally exhibit crosstalk, cooperative-cell approaches are also
investigated in which di�erent steps are performed to suppress interference within the cell
and subsequently between neighboring cells [PP19; HY+20]. However, the aforementioned
software-based solutions separate data streams by sharing communication resources, e.g.,
in code, time, or wavelength domain. This results in reduced performance. For this reason,
hardware-based solutions such as optical angle diversity receivers, originally proposed in
[KY+98; CK00] for infrared (IR) communications, are investigated. In [NH+15], [CB+18]
and [HC+19] angle diversity is achieved with tilted PDs. The authors in [PO+17] employ
mirrors to enable2 � 2 multiple-input multiple-output (MIMO) communication. However,
none of the previously mentioned techniques, whether hardware- or software-based, actively
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suppresses interfering LSs for channel decorrelation.
Therefore, members of the Chair of Information and Coding Theory, Kiel University,

have recently introduced a hardware-based approach utilizing an LCD as dynamic optical
�lter to decorrelate multiple PDs mounted below the display [FK+19; KF+19]. Using this
system, an ILS can be suppressed by switching pixels in its LoS path opaque. Besides
suppression of modulated interference, also DC interference can be suppressed to prevent
saturation e.g. due to sunlight. This is a decisive advantage over the current state of
art. Furthermore, AoA estimation is possible [HK+22; HS+23; HH24]. The advantage
compared to software-based solutions is that light sources and thus the light distributions
are not modi�ed. This is especially important if VLC is considered both for lighting and
communication. Compared to angle diversity receivers, the advantage is that interference
is actively suppressed. Thus, the performance does not depend on orientation, position and
multipath propagation, i.e. channel conditions in general.

Besides the Chair of Information and Coding Theory, Kiel University, other research
groups have investigated the use of LCs and LCDs in VLC scenarios. For example, in
[RA+20], a similar principle compared to [FK+19; KF+19] is developed. Two LCDs are
placed in front of a single PD for selective reception of light beams. The main di�erence is
that multiple displays are used and that they operate as a shutter to enable multiple access.
This is done by switching the LCDs alternately transparent which ensures that only one of
two LED signals impinges on the PD per sampling instance [RA+20]. While the general
idea is presented using a simple proof-of-concept, and interference suppression capabilities
are mentioned, no corresponding investigations are performed. Furthermore, the concept
requires as many displays as there are LSs and is valid only for a single dimension. Moreover,
compared to [HK+22], no positioning is performed. Instead it is required that the LSs
are su�ciently spatially separated to illuminate only one LCD. In [TZ+19], an LCD is
employed for interference suppression in vehicular VLC. Compared to [FK+19; KF+19],
the setup is similar, however, optical lenses are used to focus the light onto the LCD and
only a single PD is assumed. Furthermore, compared to [HK+22; HH24], positioning of
the vehicles is performed with an additional camera.

Re-Con�gurable Intelligent Surfaces In wireless communication systems, multipath
signal propagation, re�ection, absorption, and blocking lead to poor coverage and blind
spots, also known as dead zones. Recently, re-con�gurable intelligent surfaces (RISs) have
therefore gained interest in the research community [BD+19; EZ+20; WZ20]. An RIS is
a passive or active surface that can be programmed to control the direction of re�ected
electromagnetic waves. This is done by changing the electromagnetic properties of the
surface such as re�ection, refraction, and absorption. Using RISs, blind spots can thus be
counteracted by dynamically steering signals towards desired directions.

The challenge of signal loss due to poor coverage also persists in VLC. Furthermore, the
transmission range is rather short compared to RF-based communication. Consequently, the
RIS technology has also been introduced to the optical domain [NN+21b; EZ+20; SC+21;
AM+22; AN+23]. Initial approaches focus on RIS systems with re�ective components such
as orientation-tunable mirrors. In the VLC domain, these are deployed on the transmitter
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side [AM+22], or, more frequently, distributed on walls and obstacles throughout the service
area [CC+20; AA+22; SS+22]. While it may improve coverage and transmission range,
covering large areas with re�ective material is rather unsuitable for everyday applications.
Another possibility is a receiver-side RIS. Recently, a research group has investigated the
use of LCs as a receiver-side RIS to improve the transmission range of a VLC system
[NN+21b; NN+21a]. Typically, LC cells and especially LCDs are rather associated with
light attenuation. However, in [NN+21b] it is found that an LC-based RIS can both amplify
and steer incident light. This is possible because the refractive index of the RIS can be
adjusted by applying an electrical �eld. Thus, light beams can be dynamically steered
towards the receiving PD, which enhances the received signal strength. In the pioneering
works, focus is on the general principle of light ampli�cation and steering. A �rst practical
design of an LC-based RIS is introduced in [AN+22]. There, also optimization criteria for
VLC are elaborated. Finally, in [MN23] it is suggested to combine the LC-based RIS with
mirror arrays on the walls to improve the overall performance and overcome signal outage.

1.3 Author's Contributions

First Research Question RQ1 The fundamental idea for a solution approach to the �rst
research question originates from preliminary research work in the �eld of radar signal
processing [HM+21]. In radar, the beamforming principle is commonly used for DoA
estimation. Therefore, as a �rst contribution, the beamforming principle is transferred to
the optical domain and an LCD-based VLP technique is invented in [HK+22]. Utilizing
the insights gained in [HM+21], a system is developed which, similar to [FK+19; KF+19;
FH+20], employs an LCD as dynamic optical �lter in front of a PD. LS localization
is achieved by steering a narrow transparent window over the display using a search
pattern. The AoA of an LS can be determined through geometric relationships. Initially,
investigations are limited to AoA estimation of a single LS to derive a mathematical model
and to identify and analyze parameters that in�uence the estimation result. The estimation
runtime is also investigated. Since the runtime depends on the LCD frame rate, a novel
detection algorithm is developed.

During initial investigations, it is further identi�ed that scenarios with a single LS are
sparse, i.e. only few measurements will contain light intensity. Due to preliminary research
in the �eld of radar signal processing, it is known that compressive sensing (CS) provides
e�cient solutions to sparse scenarios [HM+21]. Therefore, CS is subsequently introduced
to LCD-based AoA estimation in [HS+23]. With CS, it is possible to reduce the number
of required measurements and thus improve the LS search runtime.

Second Research Question RQ2 To address the second research question and pave the
road towards MU-MIMO scenarios, the developed LCD-based VLP technique is extended
towards detection and AoA estimation of multiple LSs. The related work is published in
[HH24]. The extension towards multiple LSs induces several challenges for the invented
system. These include angular separation and detection ambiguities. Due to the properties
of the LCD-based system, it becomes increasingly challenging to separate LSs as their
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angular distance decreases. Furthermore, ambiguities lead to more detections than there
are actual LSs. In [HH24], solutions to both challenges are investigated, including an angular
separation algorithm as well as strategies to resolve detection ambiguity. Finally, LCD
di�raction e�ects are investigated and mitigated. These in�uence LS detection especially
for closely separated luminaries. Because multiple LSs are detectable with the LCD-based
system, generally MU-MIMO scenarios are enabled. However, �rst the LSoI needs to be
identi�ed at the receiver.

Third Research Question RQ3 If LS localization is included, it is generally possible to
suppress interference with the LCD. However, before this can be usefully applied in an
MU-MIMO scenario, it must �rst be determined which luminary is the LSoI. In short, the
LSs need to be identi�ed. As a solution approach to this third research question, the JLIL
procedure is invented in [HM+24], extending the work on AoA estimation. During AoA
estimation, the LCD-based system employing JLIL simultaneously collects identi�cation
codes (IDCs) as soon as a peak light intensity is measured. This has several bene�ts. Not
only is the receiver aware of both the AoAs as well as the IDCs after completion of the JLIL
procedure, it is also able to eliminate a known ambiguity resulting from AoA estimation of
multiple LSs. Furthermore, because the identi�cation process runs in parallel to the AoA
estimation, the overall runtime barely increases. If the new JLIL procedure is included
before the interference suppression step, a receiver system can be built that is capable
to operate in MU-MIMO scenarios potentially increasing the data rate and providing
multiuser capabilities.

Fourth Research Question RQ4 The fourth research question deals with potential ap-
plications of LCD-based receivers. The �rst potential application is in optical MU-MIMO
communication scenarios as envisioned in Section 1.1. In [KH+22], MU-MIMO scenar-
ios with large LED arrays are assumed and multiple unrelated LCD-based receivers are
employed. In particular, methods are found to e�ciently allocate each user, i.e. each LCD-
based receiver, with an LS and maximize the overall signal-to-interference-plus-noise ratio
(SINR). Furthermore, interference suppression capabilities are evaluated. Another possi-
ble application of LCD-based receivers is in the underwater environment, speci�cally in
jointly operating AUV swarms [HS+21]. To enable joint operation, communication links
between all swarm participants are required. Besides long-range acoustic communication,
AUVs have been equipped with near-to-mid-range LED-based transceivers in recent years
[VD+10; ST+11; LL+18; BW+24]. If each AUV is equipped with an optical modem,
interference may occur. This is also the case with sunlight close to the water surface. To
enable simultaneous interference-free communication with multiple swarm participants, in
[HS+21] it is therefore suggested to employ an LCD-based receiver.

[HM+21] [HK+22] [HS+23] [HH24] [HM+24] [BW+24][HH+20] [HS+21] [KH+22]
[MH+22] [BK+23]
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Own Contributions

[HM+21] A. Harlakin, J. Mietzner, P. A. Hoeher, and A. Meusling, �Compressive-sensing-
aided MIMO radar enabling multi-functional and compact sensors in air sce-
narios using optimized antenna arrays,�IEEE Access, vol. 9, pp. 41 417�41 429,
Mar. 2021.

[HK+22] A. Harlakin, A. Krohn, and P. A. Hoeher, �Liquid crystal display based angle-
of-arrival estimation of a single light source,�IEEE Photonics Journal, vol. 14,
no. 3, pp. 1�12, Jun. 2022.

[HS+23] A. Harlakin, M. Schurwanz, J. Mietzner, and P. A. Hoeher, �Compressive
sensing based angle-of-arrival estimation of a single light source using a liquid
crystal display,� in 26th International ITG Workshop on Smart Antennas and
13th Conference on Systems, Communications, and Coding, Feb. 2023, pp. 1�6.

[HH24] A. Harlakin and P. A. Hoeher, �LCD-based angle-of-arrival estimation of
multiple light sources: Paving the road to multiuser VLC,� IEEE Photonics
Journal, vol. 16, no. 3, pp. 1�15, Apr. 2024.

[HM+24] A. Harlakin, J. Mietzner, and P. A. Hoeher, �Recon�gurable MISO-VLC via
joint light source identi�cation and localization using a receiver with spatial
LCD �lter,� IEEE Photonics Journal, vol. 16, no. 6, pp. 1�17, Sep. 2024.
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[HH+20] M. Hott, A. Harlakin, and P. A. Hoeher, �Hybrid communication and local-
ization underwater network nodes based on magnetic induction and visible
light for AUV support,� in 2020 International Conference on Information and
Communication Technology Convergence (ICTC), Oct. 2020, pp. 66�68.

[HS+21] P. A. Hoeher, J. Sticklus, and A. Harlakin, �Underwater optical wireless com-
munications in swarm robotics: A tutorial,� IEEE Communications Surveys
& Tutorials , vol. 23, no. 4, pp. 2630�2659, Sep. 2021.

[KH+22] A. Krohn, A. Harlakin, S. Arms, S. Pachnicke, and P. A. Hoeher, �Impact of
liquid crystal based interference mitigation and precoding on the multiuser
performance of VLC massive MIMO arrays,�IEEE Photonics Journal, vol. 14,
no. 5, pp. 1�12, Oct. 2022.

[MH+22] J. Mietzner, A. Harlakin, P. A. Hoeher, T. Fast, C. Liedtke, R. Heinze, and R.
Greule, �Joint light planning and error-rate prediction for dual-use lighting/vis-
ible light communication,� IEEE Photonics Journal, vol. 14, no. 6, pp. 1�13,
Nov. 2022.

[BK+23] S. Bhattacharjee, E. B. Krebs, A. Harlakin, and P. A. Hoeher, �Detection
process in macroscopic air-based molecular communication using a PIN pho-
todiode,� IEEE Transactions on Molecular, Biological and Multi-Scale Com-
munications, vol. 9, no. 1, pp. 13�17, Jan. 2023.
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[BW+24] S. Badri-Hoeher, T. Wilts, L. Schaefer, J. Westphalen, J. Winkler, C. Isokeit,
A. Harlakin, M. Hott, J. M. Placzek, S. Marx, E. Maehle, and P. A. Hoe-
her, �Multi-heterogeneous AUV swarm technology exempli�ed by the MAUS
project: Cooperation, mission planning and hybrid communication,�IEEE
Journal of Oceanic Engineering, pp. 1�24, Nov. 2024, Early Access.

1.4 Structure of Dissertation

The dissertation is divided into three main parts. Part I includes this Chapter 1 and
handles the introduction of this dissertation. Up to this point, the general research area
was introduced and the motivation of this dissertation was elaborated in Section 1.1.
To this end, four research questions were formulated. Next, in Section 1.2, contributions
from the research community were analyzed in the positioning domain, in the interference
suppression domain, and in the RIS domain. Based on the research questions formulated
in the motivation, the contributions of this dissertation were then described in Section 1.3.
The remaining chapters of the introduction part are organized as follows. In Chapter 2,
the fundamentals of this dissertation are presented. In Section 2.1, it is elaborated how
the general idea of LCD-based AoA estimation originated from beamforming, which is
typically used in radar applications. Then, LCD-based AoA estimation is described. Initially,
scenarios with a single LS are assumed to investigate in�uential parameters and e�cient
algorithms. In Section 2.2, the principle is extended towards multiple LSs. To enable
MU-MIMO scenarios, LS identi�cation is included in Section 2.3. Finally, in Section 2.4
potential application areas of LCD-based receivers are evaluated.

Part II contains a selection of peer-reviewed scienti�c contributions by the author. For
improved clarity, each of the contributions is organized in a chapter. First, a statement
about the authors contribution is included. This is followed by the content of the paper.
The order of the contributions has been chosen to match the progression of investigations
during the doctoral studies. Therefore, Chapter A includes the paper on radar signal
processing and CS [HM+21]. This initial work led to the ideas for the two subsequent
contributions: LCD-based AoA estimation [HK+22], and CS-based AoA estimation using
an LCD [HS+23]. The �rst contribution is included in Chapter B followed by the second
contribution in Chapter C. In the next contribution, investigations are extended towards
scenarios with multiple LSs [HH24]. The corresponding paper is included in Chapter D. To
enable the selection of the LSoI and suppression of all ILSs, LS identi�cation is investigated
in the following contribution [HM+24]. The paper is included in Chapter E. Finally, the
extension towards MU-MIMO scenarios made in [KH+22] is included in Chapter F.

Part III rounds o� the dissertation. In Chapter 1, a detailed conclusion is given sum-
marizing the most important �ndings of this dissertation. Then, in Chapter 2, an outlook
is provided which elaborates on potential future work. The focus is on required investiga-
tions that could lead the invented LCD-based system towards potential applications and
products. Following the conclusion and outlook, a list of all used acronyms is provided in
Appendix A.

13



Formatting This dissertation has several formatting properties which the author would
like to address at this point. First of all, the acronyms are newly introduced in each chapter.
This applies to both Part I and Part II. Alongside better consistency with the cumulative
format, a repeated introduction improves readability. Second, in Part II the numbering of
equations and �gures is reset for each chapter, i.e. paper. The third formatting property
concerns references. For Part I, the references are summarized after the explanation of the
fundamentals in Chapter 2. For Part II, the references are included in each chapter. Both
the second and third formatting properties are employed to retain the cumulative format.
Finally, the chapters of Part II are numbered with letters for better di�erentiation from
the chapters of Part I.
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2
Background and Fundamentals

This chapter aims to provide the reader with a comprehensive overview of the scienti�c work
presented in this dissertation. To this end, the chapter is divided into four sections, with the
order re�ecting the progression of investigations during the doctoral studies. The �rst sec-
tion, addressing RQ1, introduces liquid crystal display (LCD)-based angle-of-arrival (AoA)
estimation and explains how the basic idea originated from the beamforming principle
typically used in radar. Initially, scenarios with a single light source (LS) are investigated.
Based on this, the second section addresses RQ2 and extends investigations towards more
challenging scenarios with multiple LSs. In this context, the superordinate objective of
multiuser multiple-input multiple-output (MU-MIMO) visible light communication (VLC)
is emphasized. The third section addresses RQ3 and links the developed LCD-based lo-
calization technique with VLC by introducing a procedure for joint LS identi�cation and
localization. This procedure can be employed as an initialization step in a MU-MIMO VLC
system. Finally, the fourth section addresses RQ4 and describes potential applications for
the developed LCD-based principle.

2.1 LCD-Based Angle-of-Arrival Estimation of a Single
Light Source

This section addresses the �rst research question RQ1 and is based on the following
contributions: [HM+21], [HK+22], [HS+23].

2.1.1 From Beamforming Towards LCD-Based Angle-of-Arrival
Estimation

To detect a target object and estimate its direction-of-arrival (DoA), conventional radar
systems utilize phased-array antennas (PAAs) consisting of multiple geometrically arranged
antenna elements. Compared to omnidirectional antennas, PAAs have a decisive advantage.
Due to spatial antenna element separation and adjustability of the individual antenna
phases, the main reception beam of the array can be electronically `steered' to di�erent
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Figure 1: Representation of DoA estimation with a two-dimensional antenna array utilizing
beamforming. Taken from [HM+21].

directions. Given this principle, the DoA of a target object can be estimated by scanning
the main beam across the half-space in front of the antenna array and measuring the
output power at discrete intervals, cf. Fig. 1. As soon as the phases of the steered direction
coincide with the phases of a target signal, the maximum output power is measured [Sko08;
CG10]. The DoA is then determined with the estimated phase and the known antenna
array geometry. This principle is known as beamforming.

Even though it is stated in Chapter 1 that light emitting diode (LED) light is non-
coherent, i.e. the phase is not available for AoA estimation, beamforming is the foundation
on which the invented LCD-based visible light positioning (VLP) technique is based. Note
that DoA and AoA can be used interchangeably, because in both cases the angle of incidence
is measured. In this dissertation, both terms are mentioned, since DoA belongs to the
nomenclature of the radar community and AoA is used in the VLP community. The basic
framework of the VLP system is given in [FK+19; KF+19]: an LCD is placed as a dynamic
optical �lter in front of a photodetector (PD). To estimate the AoA of an LS, the idea
presented in [HK+22] is to arti�cially narrow the �eld-of-view (FoV) of the PD by switching
large parts of the LCD opaque. Then, the remaining transparent area is `steered' across
the LCD to di�erent discrete directions. Instead of the phase di�erence utilized in the
case of an antenna array, the light intensity reaching the PD is measured. As soon as the
transparent window aligns with an line-of-sight (LoS) path between an LS and a PD, the
maximum light intensity is measured. The AoA is then estimated with the known position
of the transparent area and the known distance between LCD and PD. Thus, even though
beamforming and LCD-based AoA estimation rely on di�erent technologies and signal
carriers, the underlying principle is similar: the focus of the system is steered to di�erent
directions and the received signal power is measured. As soon as a maximum is found, a
target object, or respectively an LS is detected. In the following, �rst the LCD technology
is described that enables the use of such a display as an adaptive optical �lter. Next, the
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Figure 2: Single normally white LC cell. a): No voltage is applied and the twisted LC
molecules cause a light rotation such that light can pass the second polarization �lter. The
LC cell is transparent. b): The applied voltage untwists the LC molecules and light is blocked
by the second polarization �lter. The LC cell is opaque. Taken from [HM+21].

LCD-based AoA estimation principle is introduced.

2.1.2 LCD Technology

To enable dynamic light modulation, an LCD consists of thousands of liquid crystal (LC)
cells arranged in a grid. Each LC cell (cf. Fig. 2), commonly referred to as a pixel, is
composed of several layers, including top and bottom polarization �lters, with conductive
yet transparent indium tin oxide (ITO) layers attached to them [Che11]. When a voltage
is applied, an electrical �eld is created between the ITO layers. The electrical �eld then
changes the orientation of LC molecules located between the ITO layers, which in turn
changes the polarization of light. If no electrical �eld is applied, the LC molecules are in
twisted state. Then, incident light polarized by the �rst polarization �lter is rotated 90°
allowing it to pass the second orthogonal polarization �lter. As a result, the pixels turn
transparent and the LCD appears white. If an electrical �eld is applied, the LC molecules
become untwisted. Thus, the incident light is not rotated and therefore blocked by the
second orthogonal polarization �lter. The pixels turn opaque and the LCD appears black.
This type of LC cell is commonly referred to asnormally white, see Fig. 2. In case a
normally blackdisplay is desired, the orientation of the second polarization �lter can be
changed. In this work, only the extreme cases, i.e. fully transparent and fully opaque, are of
interest. For the sake of completeness, it should be mentioned that LC cells can be switched
continuously between fully opaque and fully transparent by adjusting the applied voltage
and thus the degree of light rotation. It should also be mentioned that a red-green-blue
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(RGB) display can be created if RGB color �lters are employed. To obtain a commercially
available LCD, a backlight is installed behind the LC grid. If, however, the backlight is
omitted, the display gets transparent, i.e. see-through, in the white state and opaque in
the black state. By this means, an adaptive optical �lter is created.

Considering the application of an LCD as an adaptive optical �lter in a VLC system,
several important properties must be taken into account. The �rst is the attenuation of light
passing the transparent display. Even though the LCD appears transparent in the white
state, the attenuation is comparatively high. There are several reasons. First of all, the
polarization �lters reduce the incident light intensity by at least 50 %[Bah84]. Furthermore,
each LC cell requires address lines and control circuits. Therefore, the active area of a
pixel is smaller than its full size which further reduces the transmissivity. In previous
works [FK+19; KF+19], the transmissivity of a single transparent LC cell without address
lines and control circuits has been measured as approximately30 %in transparent mode.
One should therefore expect that the transmissivity of an LCD is less. This is con�rmed
by measurements conducted with theAgilent Cary 5000 UV-Vis-NIR spectrophotometer,
see Part II, Chapter E. In the visible range, the transmissivity does not exceed15 %.
Another important property is the contrast of the display. The contrast is the di�erence in
transmissivity between transparent and opaque mode. Thus, from the perspective of VLC,
the contrast of the LCD is equal to its interference suppression capability. Fortunately,
commercially available displays provide an excellent contrast of up to35 dB, see Part II,
Chapter E. In conclusion, an LCD is well suited as a receiver-based interference suppression
device in a VLC system if a su�cient signal ampli�cation is provided to counteract the
strong light attenuation.

2.1.3 System Model

Before an interfering light source (ILS) can be suppressed with an LCD, �rst the position,
i.e. the AoA of the ILS, must be known. For this task, which is subject of the �rst research
question of this dissertation, the fundamental setup from [FK+19; KF+19] is suited: an
LCD is placed on an aperture at a �xed distanceh in front of a PD so that only light
passing the display can reach the detector, see Fig. 3. It is assumed that the LCD has an
active area ofALCD = l � w with a resolution of nx � ny pixels, i.e.nx pixels in x-direction
and ny pixels in y-direction. The resulting edge length of a pixel isdpx = l=nx = w=ny . Since
the LCD is fully adaptive, � pixels can be combined into a virtually enlarged, i.e. `virtual'
pixel if a coarser resolution is desired. Behind the display, a PD with a square active area of
APD = a2 is located. Its center, placed in the origin of thexyz coordinate system (Fig. 3),
is aligned with the center of the LCD at heighth.

AoA Estimation To estimate the AoA of an LS, �rst the LS has to be detected. To this
end, the FoV of the PD is arti�cially narrowed by switching large parts of the LCD opaque
until the transparent area equals the size of the PD, i.e.A tran = APD . The size of the
transparent area is speci�cally chosen as the PD size. The reason is provided in the next
paragraph of this section. After narrowing the FoV of the PD, the remaining transparent
area is iteratively steered across the display. In between the iterations, the light intensity is
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Figure 3: Three dimensional representation of LCD-based AoA estimation. A single LS in
the FoV is detected as soon as the transparent area is steered into the LoS path between LS
and PD. Taken from [HK+22].

measured at the PD. Several search patterns are conceivable in this context. An intuitive
one is a meander-like search where the transparent area is steered row by row or column
by column along the LCD. In [HK+22], this pattern is referred to asexhaustive search,
because every position on the display is checked. At some point, the transparent area is
steered into an LoS path between LS and PD. Then, a peak light intensity is measured
resulting in the detection of the LS. Since the position of the transparent area on the LCD
is always known, also the distances to the center of the screen, i.e.daz and del (Fig. 3), can
be calculated. Then, the angles of arrival� az and � el are obtained with the known aperture
height h as [HK+22]

� az = arctan

 
daz

h

!

(1)

� el = arctan

 
del

h

!

: (2)

Note that in [HK+22] � az is referred to as the azimuth angle and� el is referred to as the
elevation angle. Furthermore, note thatdaz and del are always integer multiples ofdpx . Thus,
AoA estimation is performed at discrete intervals. However, sincedpx is very small in reality,
the accuracy of the LCD-based receiver is very good. Measurement results proving this
can be found in Part II, Chapter B. At this point, the �rst research question can already
be answered. Yes, it is possible to use the LCD-based receiver, which was initially invented
to suppress interference, for LS localization. In fact, positioning is the �rst necessary step.
Only with the knowledge of the LS position, the correct pixels on the LCD can be switched
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opaque to suppress an ILS. In the further course of this section, parameters in�uencing AoA
estimation are investigated. Afterwards, an alternative detection algorithm is introduced
and a mathematical analogy is found which describes the shape of the AoA estimation signal.
Section 2.1 concludes with the introduction of compressive sensing (CS) to LCD-based
AoA estimation.

Parameters In�uencing AoA Estimation Revisiting Fig. 3, it is evident that both the
structure and the components of the LCD-based AoA estimator in�uence LS detection and
AoA estimation. In the following, two important parameters are introduced which depend
on both the structure and the selected components. The �rst parameter is the FoV. It
describes the angular range in which the LCD-based system is able to detect an LS. The
FoV depends both on the aperture heighth as well as on the LCD dimensionsl and w.
For l 6= w and a fully illuminated PD, it is de�ned in [HK+22] as

FoVaz = 2 � arctan

 
l � a
2h

!

(3)

FoVel = 2 � arctan
� w � a

2h

�

: (4)

Inspecting these equations, it is found that the FoV is inversely proportional toh. Thus, a
decrease ofh increases the FoV. The second parameter, which is in�uenced by the structure
and components, is the angular resolution� , i.e. the accuracy with which AoA estimation
can be performed. Recall that in this context LCD-based AoA estimation is performed at
discrete intervals since the LCD consists of an integer number of pixels. Thus, the angular
resolution � is de�ned as the angular di�erence between two adjacent (virtual) pixels, i.e.
the n-th and the n + 1-th, of the LCD:

� = arctan

 
(n + 1) dpx �

h

!

� arctan

 
n dpx �

h

!

: (5)

Note that � de�nes the step size in this context. Reformulating the equation with a suitable
addition theorem anddaz = del = n � dpx � � yields

� (� az) = arctan

 
dpx h �

h2 + tan 2(� az) h2 + tan( � az) h dpx �

!

(6)

� (� el) = arctan

 
dpx h �

h2 + tan 2(� el) h2 + tan( � el) h dpx �

!

: (7)

As can be seen, the angular resolution depends on the virtual pixel edge lengthdvpx = � �dpx ,
i.e. the step size, on the aperture heighth, and the AoA. The following applies: the smaller
� and thus dvpx , the better the angular resolution. Furthermore, the largerh, the better the
angular resolution. And �nally, the larger the AoA, the better the angular resolution. This
is due to a planar LCD. Comparing these dependencies with the FoV, it is noticeable that
the FoV is in a trade-o� relation with the angular resolution. While the angular resolution
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Figure 4: Top view of Fig. 3 showing the bar algorithm scan. Taken from [HK+22].

is improved with increasingh, the FoV is narrowed. This trade-o� is further analyzed in
Part II, Chapter B for an experimental setup built in [HK+22]. There, also measurement
results are provided.

Bar Algorithm While the exhaustive searchalgorithm is an intuitive solution to LS
search, it has a decisive disadvantage. Because a meander-like strategy is employed, the
worst-case runtime of the algorithm is

nxny

� 2 � TLCD ; (8)

with f LCD = 1=TLCD being the LCD frame rate. In this context, the worst-case runtime
refers to an LS detection in the very last step. Thus, a small, i.e. accurate step size with
� = 1 pixels per step, results in an extremely high algorithm runtime. Using an o�-the-
shelf display with f LCD = 60 Hz and nx � ny = 2560 � 1440, a full search would require
more than 17 hours [HK+22]. One solution approach would be to increase the step size to
� = 10. However, a full search would still take more than 10 minutes. Finally, the larger
step size could be combined with the hill-climbing strategy, for example, which terminates
the search after the �rst maximum light intensity is found. However, this merely halves
the expected runtime. To overcome the runtime challenge, the so calledbar algorithm is
developed in [HK+22]. Instead of a square transparent area, it uses two transparent bars
to scan the FoV, a horizontal one of lengthl and a vertical one of lengthw, see Fig. 4.
Both bars have the same widthbbar = a. The reason is explained in the next paragraph.
First, the vertical bar is steered iteratively inx-direction. As soon as it reaches the opposite
end of the display, the horizontal bar is initiated and moved iny-direction. In between
the iterations, light intensity measurements are taken for both directions and stored in
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two arrays. After completion of the scan, the algorithm searches for local maxima in both
arrays. Then, the AoAs� az and � el can be calculated with (1) and (2). Because thebar
algorithm splits the two-dimensional search into two separate one-dimensional scans, the
maximum runtime is reduced to

nx + ny

�
� TLCD : (9)

With � = 10 and the previously mentioned LCD properties, the maximum runtime is about
6:7 s. Again, the runtime can be halved including the hill-climbing strategy. Despite the
signi�cant reduction in algorithm runtime, the accuracy of thebar algorithm is equal to
the exhaustive search, if the same step size is selected.

Mathematical Analogy As one might imagine, the presented AoA estimation principle
works well as long as the search routine yields one peak light intensity, i.e. an unambiguous
measurement result with a single maximum. For this purpose,A tran = APD was previously
selected for theexhaustive searchalgorithm and bbar = a for the bar algorithm. Let us begin
with the exhaustive searchalgorithm. If A tran > A PD is chosen, the entire photosensitive area
APD continues to be illuminated despite a position change of the transparent area. Then,
two neighboring measurements will yield indistinguishable intensities. The same applies for
A tran < A PD . Because then the photosensitive area is larger, a position change of the smaller
transparent area will still illuminate the same partial area of the PD. Again, two neighboring
intensity measurements will be indistinguishable. In [HK+22], a mathematical analogon
describing this relation is found. The principle of steering a rectangular transparent area
over a rectangular photosensitive area of the PD and measuring the resulting light intensity,
replicates the mathematical convolution of two rectangular functions. In this context, the
photosensitive area is represented as a rectangular functionf (x) with a width of X f and
the transparent area is represented by a rectangular functiong(x) with width X g. If both
areas are chosen with identical widths, i.e.X f = X g = X , the convolution yields

(f � g)(x) =
1
X

� 1

�1
rect

� �
X

�

rect
� x � �

X

�

d� (10)

= tri
� x

X

�

:

As can be seen, the result is of triangular shape with a width of2X centered aroundx = 0.
Thus, also the intensity measurement result is expected to be of triangular shape. In case
the widths of the rectangular functions do not match, an isosceles trapezoid function is
obtained, i.e. the measurement is expected to contain a plateau with indistinguishable
intensities. To illustrate this, a Matlab simulation is conducted with parameters chosen
to match the results of the experimental setup, see Part II, Chapter B. Since the LCD
consists of an integer number of pixels, 2560 in this case, the pixel indexx is chosen as
the simulation parameter. Consistently, the photosensitive area of the PD is represented
as a rectangular functionf (x) with a width of X f = 210 pixels. Given the pixel edge
length dpx = 4:725� 10� 3cm, this corresponds to approximately1 cm. To match the system
model, f (x) is centered around the 1280th pixel. The transparent area is represented as a
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Figure 5: Simulation result for a convolution of two rectangular functions f (x) and g(x).
The �rst represents the transparent window on the LCD and the second represents the
photosensitive area of the PD. Exclusively for the widthsX f = X g, the result is of triangular
shape, which yields an unambiguous peak. Taken from [HK+22].

rectangular function g(x) with variable width X g. During the simulation, both rectangular
functions f (x) and g(x) are convolved over the entire pixel range. The results are depicted
in Fig. 5. As previously, three cases are evaluated. First, both the photosensitive area
and the transparent area are chosen with an identical width, i.e.X f = X g = X . The
convolution yields a triangular function, see the blue curve. In case the transparent area is
chosen smaller compared to the PD, i.e.X f > X g, the curve has the shape of an isosceles
trapezoid function, see the red curve. The same applies ifX f < X g holds, see the orange
curve. Despite a di�erent shape of the transparent area, thebar algorithm is expected
to provide identical results compared to theexhaustive searchalgorithm. The reason is
that only the bar width bbar contributes to the overlapping area with the PD. Thus, if
bbar = a, the transparent area covers exactly the same number of steps as the square area
A tran = APD while intersecting the PD. Again, this results in a triangular shaped function.

In summary, exclusively forA tran = APD and bbar = a the simulation yields a triangular
shaped function with a single maximum. This enables AoA estimation with a simple peak
detection algorithm. In Part II, Chapter B it is examined whether the triangular shape
can also be obtained for measurements conducted with an experimental setup.

2.1.4 CS-Aided AoA Estimation of a Single LS Using an LCD

Assume a stationary scenario with a single LS in the FoV of the LCD-based receiver.
Furthermore, assume that theexhaustive searchalgorithm is employed for LS detection
and AoA estimation. To this end, the LCD is subdivided into a grid withQ virtual pixels in
x-direction and P virtual pixels in y-direction resulting in a grid with PQ grid points, see
Fig. 6. Then, only k � PQ measurements will yield light intensities from the LS, while the
majority of measurements (PQ � k) will contain noise. This type of scenario is known as
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Figure 6: CS-based AoA estimation using a receiver equipped with an LCD. For each
measurement, a random pattern is displayed on the LCD and the sum intensity is measured
at the PD. Taken from [HS+23].

sparsefor which CS was found to provide e�cient solutions [MM+12; YK12; FR13; Kut14].
CS, introduced in 2006 by [CT06; CR+06; Don06], has since attracted considerable interest
in the research community, leading to various applications ranging from medical imaging
to digital communications, audio processing and, last but not least, radar signal processing
[HM+21]. The reason for its widespread application is that CS algorithms are able to
solve an underdetermined linear system of equations if the solution is known to be sparse.
To this end, CS collects a few quasi-random samples, the amount of which is relatively
small compared to traditional Nyquist sampling. This so-called `undersampling' has the
advantage that the amount of collected data can be signi�cantly reduced. Compared to
the traditional approach, in which the signal is sampled with the Nyquist rate only to
discard a signi�cant amount of samples during subsequent compression, CS is therefore
very e�cient.

For this reason, CS has subsequently been introduced to LCD-based VLP in [HS+23] to
further improve the LS search time. Revisiting theexhaustive searchalgorithm, a single
transparent virtual pixel is used to check each of thePQ grid points one by one. Thus,PQ
measurements are required for a full search. Only then, an LS in the FoV is detected with
probability 1. If a peak light intensity is found, the AoA of the LS can be estimated with
the known position of the transparent virtual pixel using (1), (2). CS, on the other hand,
is employed to iteratively displayM < PQ quasi-random patterns on the LCD. To this
end, each of thePQ virtual pixels obtains a random transmission value
 2 f 0; 1g, i.e. the
areas are either switched fully opaque or fully transparent. For each of theM displayed
patterns, the sum light intensity is measured at the PD, see Fig. 6. Afterwards, the result
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Figure 7: Illustrative representation of the CS matrix vector equation and visualization of
the sensing matrix generation. Taken from [HS+23].

is stored in the measurement vectory with dimension M � 1. Moreover, each LCD pattern
is stored by vectorizing the LCD transmission values row-wise and including them in the
sensing matrix � , see Fig. 7. As soon asM measurements are completed, the following
underdetermined linear system of equations withM < PQ is obtained:

y
M � 1

= �
M � P Q

� x
P Q� 1

; (11)

where x is the unknown k-sparse vector to be reconstructed. For the purpose of illus-
tration, noise is omitted in this case. A well-known algorithm capable of reconstructing
underdetermined linear systems of equations with sparse input is the orthogonal matching
pursuit (OMP) algorithm [MM+12; FR13; CW11]. To solve (11), the algorithm requires
the measurement vectory , the sensing matrix � and the expected sparsityk. It then
selectsk column vectors of� that yield the largest inner product with y . Afterwards, a
sub-matrix consisting of the selected column vectors is generated and the non-zero values of
x are calculated using a least squares approach. Finally, the calculated values are inserted
into the selected positions inx . Thus, the output of the OMP algorithm is the k-sparse
vector x . The AoA of the LS can then be estimated with the positions of the non-zero
entries ofx , the known LCD size and (1), (2). To improve comprehensibility, theexhaustive
searchalgorithm can also be represented in matrix notation. SincePQ measurements are
required,y has the dimensionPQ� 1 which leads to a square matrix� with PQ rows and
columns. Because theexhaustive searchalgorithm displays only a single transparent pixel
per measurement and the matrix consists of row-wise LCD patterns,� has the structure
of an identity matrix. As a result, y = x and no further calculation is required. The
AoA of the LS can be determined by searching for the maximum entry iny . So far it has
been established that theexhaustive searchalgorithm requiresPQ measurements for a full
search to detect an LS with probability 1. It has also been established that CS is able to
detect an LS with signi�cantly less measurements (M < PQ ). However, it has not yet been
clari�ed how many measurementsM are required for a reconstruction to be successful with
high probability. Furthermore, although it has been stated that each virtual pixel obtains
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a quasi-random intensity value, it has not been analyzed which proportion of the display
is required to be transparent. These topics are addressed in [HS+23] which can be found
in Part II, Chapter C.

2.2 LCD-Based Angle-of-Arrival Estimation of Multiple
Light Sources

This section addresses the second research question RQ2 and is based on the following
contribution: [HH24].

2.2.1 System Model

Up to this point, LCD-based AoA estimation of a single LS has been considered. Now, the
principle is extended towards more realistic scenarios with multiple LSs to pave the road
towards MU-MIMO VLC. Considering that LCD-based AoA estimation is associated with
signal peak detection, it becomes clear that AoA estimation is straightforward if LSs are
clearly separated. More challenging conditions can be expected for closely separated LSs.
To investigate this, assume two LSs in the FoV of the LCD-based receiver. This case is
depicted in Fig. 8, which shows the LCD-based receiver in side view. Comparing the side
view to Fig. 3, it is evident that the three-dimensional (3D) model is cut alongy = 0 for
the two-dimensional (2D) representation. LS1 is positioned at the angle� 1. This results in
a distancedaz,1 to the center of the display. LS2 obtains the angle� 2 and thus the distance
daz,2 with daz,2 < d az,1. This creates an angular di�erence of

� LS = � � min = � 2 � � 1: (12)

In the following, we refer to� LS as the minimum angular distance of LSs. Note that the index
"LS" is introduced in this dissertation to obtain a di�erentiation from the angular resolution
� mentioned in Section 2.1. In the original works [HK+22] and [HH24], both parameters
are denoted by� . Because the LCD pixels are assumed quadratic,� LS = � � min = � � min

holds. As known from Section 2.1, unambiguous AoA estimation results can be obtained
for a transparent bar width bbar = a. Thus, daz;1;2 = a + saz holds, wheresaz is the spacing
between the transparent bars anddaz;1;2 is the spacing between their respective centers,
cf. Fig. 8. In [HH24], saz � 0 is de�ned for separated transparent areas andsaz < 0 for
overlapping ones. The goal of the detailed representation in Fig. 8 is to investigate for
which angular distances a reliable LS separation is possible. To this end, an expression
is required which describes the minimum angular distance� LS as a function of the LS
distancedaz;1;2 on the LCD. For this, daz;1 = n � � � dpx and daz;2 = n � � � dpx + daz;1;2 are
inserted with (1) into (12). Then, a suitable addition theorem yields

� LS(daz;1;2) = arctan

 
daz;1;2 h

h2 + n2 d2
vpx + n dvpx daz;1;2

!

: (13)
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Figure 8: Side view of the three-dimensional geometrical model of the LCD-based receiver.
Adapted from [HH24].

In the initial work considering a single LS, it has been found that� LS is angle-dependent
due to the planar LCD. Therefore, the innermost angle, in this case� 1, is included in (13)
by replacingn � dvpx with h � tan (� 1):

� LS(� 1; daz;1;2) = arctan

 
daz;1;2

h + h tan2 (� 1) + tan ( � 1) daz;1;2

!

: (14)

Equation (14) is comparable to the angular resolution formula derived in [HK+22] and
Section 2.1.3. However, note that (14) contains the LS distancedaz;1;2 instead of a single
pixel edge lengthdpx as in [HK+22]. This derivation is valid for the x-direction. In case
the minimum angular distance is desired for they-direction, in (14) � 1 can be replaced
with � 1 and daz;1;2 with del;1;2.

2.2.2 Challenges of LCD-Based AoA Estimation of Multiple LSs

In this section, focus is on challenges that emerge as soon as more than one LS is present in
the FoV of the LCD-based receiver. These include angular separation of LSs and detection
ambiguities resulting from properties of the developedbar algorithm.

Angular Separation of Multiple LSs As stated at the beginning of this section, AoA
estimation is straightforward as long as the LSs are su�ciently spatially separated. If the
distance is reduced, a separation and thus a separate AoA estimation becomes increasingly
challenging. To investigate this, in [HH24] �ve separation cases are devised, ranging from
completely separated LSs to fully overlapping ones:
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1. The LSs are fully separated and their triangular AoA estimation signals do not
overlap. This is the case ifsaz � a, and thus daz;1;2 � 2a.

2. The LSs are moved closer together and their triangular AoA estimation signals start
to overlap. This is the case ifa > saz > 0, and thus 2a > daz;1;2 > a .

3. The distance between the LSs is further reduced causing their triangular AoA es-
timation signals to overlap exactly halfway. This is the case ifsaz = 0, and thus
daz;1;2 = a.

4. The LSs are located in close proximity and the transparent areas on the LCD start
to overlap. Thus, � a < saz < 0 and 0 < d az;1;2 < a . The triangular AoA estimation
signals almost fully overlap.

5. Moving the LSs even closer together causes the triangular AoA estimation signals to
fully overlap. Then, saz = � a and daz;1;2 = 0.

To analyze these separation cases, a Matlab simulation is conducted in [HH24] for two LSs
with equal brightness. In the simulation, the LSs are modeled as generalized Lambertian
sources and the reduction of the e�ective area of the PD is also taken into account. Last but
not least, the angle-dependent attenuation of the LCD is considered. All these properties
cause a reduction of received optical power with increasing AoA. Concerning the alignment,
it is assumed that the ceiling and the LCD-based receiver are in parallel, which causes
the angle of irradiance and angle of incidence to be equal. The simulation parameters are
provided in Part II, Chapter D.

Fig. 9 depicts the results of the simulation using thebar algorithm. As can be seen, the
simulation focuses on the azimuth direction. The reason is that the elevation direction
provides identical results. The orange triangular signal represents the �rst LS located at
� 1 = 0. Throughout the simulation, LS1 is �xed at this position and the amplitude is
normalized to one. The second LS is associated with the blue triangular signal. For the
�rst separation case, LS2 is assigned a large AoA. For the remaining separation cases, the
angular distance is gradually reduced. Enveloping both the orange and blue signal, the
red signal represents the sum which is available at the PD after abar algorithm scan.
As can be imagined, the challenge in subsequent processing is to partition the red signal
into its components. For better visibility, the red signal is shifted up by0:1 on the y-axis.
The �rst separation case is shown in Fig. 9(a). Becausesaz = a and thus daz;1;2 = 2a,
the orange and blue triangular signals are fully separated and their individual peaks are
clearly distinguishable. These can be determined by a local peak detection algorithm which
selects samples that are larger than their two neighboring samples. The AoA can then be
estimated with the known position on the LCD and the aperture height, see (1) and (2).
Moving LS2 closer to LS1, causes their triangular signals to overlap, cf. Fig. 9(b). This
results in separation case 2). The overlap is expressed by an increasing plateau in between
the peaks, which is also inclined due to di�erent amplitudes (caused by the angle-dependent
attenuation e�ects). Nevertheless, the peaks are still clearly distinguishable and an AoA
estimation will yield correct results. Thus, the LSs can be moved closer together. This
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(a) (b)

(c) (d)

(e) (f)

Figure 9: Simulation results for an AoA estimation of two LSs using the bar algorithm. From
sub�gures (a) to (f), the distance daz;1;2 is gradually reduced. The orange signal represents
the �rst LS �xed at � = 0 � . The blue signal represents the second LS at varying AoA. The
dark red line represents the sum signal measured at the PD. For clarity, it is raised by 0.1.
(a) represents separation case 1), (b) and (c) represent separation case 2), (d) represents
separation case 3) and (e) represents separation case 4). Finally, (f) represents separation
case 5). Adapted from [HH24].
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is depicted in Fig. 9(c) for saz = dvpx , and thus we havedaz;1;2 = dvpx + a. Although
barely visible, the peaks are still pronounced. In theory, this is still su�cient for a local
peak detection algorithm. Whether this also applies for measurements with a hardware
demonstrator is investigated in Part II, Chapter D. It is obvious that if LS2 is moved
even closer to LS1, the peaks will disappear. This applies for separation case 3) shown in
Fig. 9(d) for saz = 0, and daz;1;2 = a. Now, the local peak detection algorithm will fail to
detect two LSs. Consequently, algorithms must be investigated that are capable of detecting
multiple LSs, even though their triangular signals overlap and no individual peaks can
be distinguished. A separation algorithm is developed in [HH24] and described in Part II,
Chapter D. Another observation which can be made is that separation case 3) represents
the theoretical limit for `perfect interference suppression'. In the context of LCD-based
interference suppression, this is de�ned in [FK+19; KF+19] as a full obstruction of the
ILS with opaque pixels, while the signal of the light source of interest (LSoI) passes the
LCD exclusively through transparent pixels. This is only possible forsaz � 0. A further
reduction of the angular distance between LS1 and LS2 leads to separation case 4). This
is depicted in Fig. 9(e). Becausesaz < 0 and daz;1;2 < a , the transparent areas on the
LCD start to overlap and interference occurs, see Fig. 8. Concerning the sum signal (red
line), this has several e�ects. Firstly, the width of the plateau is reduced, and secondly, two
di�erent gradients are recognizable. Finally, the sum signal is increased in height and the
overall shape approaches a triangle with double height compared to the normalized orange
signal. Further moving LS2 towards LS1 eventually leads to separation case 5) and a full
overlap of the LSs. Obviously,saz = � a and daz;1;2 = 0 hold which makes a separation
impossible in azimuth direction. One example where this can occur is a room in which
the ceiling lighting is arranged in a grid. If the LCD-based receiver happens to be aligned
along the grid, multiple LSs can have the same AoA in one respective dimension.

Detection Ambiguities Considering scenarios with multiple LSs present in the FoV of
the LCD-based receiver, LS separation is not the only challenge. In Section 2.1.3, thebar
algorithm is introduced as a faster but equally accurate algorithm compared toexhaustive
search. Unfortunately, the novel algorithm encounters a challenge in scenarios with multiple
LSs. Assume three equally bright su�ciently separated LSs above the LCD-based receiver
which employs thebar algorithm for LS localization. Then, the �rst vertical bar scan
in x-direction will yield three clearly separated triangular signals, i.e. three LS positions.
However, the second, horizontal bar scan iny-direction will also yield three LS positions.
This leads toN 2

LS = 9 possible combinations and hence to nine possible LS positions. In
short, ambiguity is added. For visualization this scenario is depicted in Fig. 10 as a surface
plot. Of the N 2

LS positions, NVLS = NLS � (NVLS � 1) can be attributed to virtual light
sources (VLSs). Although VLSs are non-existent, the distinction from real LSs given the
bar algorithm measurement is not straightforward. One strategy could be to allocate LSs
according to their individual light intensity, which, assuming a stationary scenario, will
hardly change between the twobar scans. However, there are worst case scenarios where
this strategy will not be successful either. Closely inspecting Fig. 10 it can be seen that all
LSs are equally bright and LS1 and LS3 are point-mirrored. The following applies to the LS
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Figure 10: Ambiguity caused by the bar algorithm. NLS = 3 LSs are located at
(� 1; � 1) = ( � 20� ; � 20� ), (� 2; � 2) = (0 � ; 0� ) and (� 3; � 3) = (20 � ; 20� ). The surface plot displays
N 2

LS = 9 possible LS positions and is created by the outer vector product ofbar algorithm
measurements inx-direction (bottom) and y-direction (left). The combination of individual
intensities is shown in white letters. Taken from [HH24].

intensities I : I 2
1 = I 1I 3 = I 3I 1 = I 2

3 and I 1I 2 = I 2I 1 = I 2I 3 = I 3I 2. Thus, an intensity-based
LS allocation is not possible. Therefore, in [HH24] strategies are devised which are able
to resolve the ambiguity with additional dedicated light intensity measurements. These
strategies are included in Part II, Chapter D. Furthermore, in [HM+24] simultaneous LS
identi�cation is introduced which inherently resolves the detection ambiguities caused by
the bar algorithm. The interested reader is referred to Part II, Chapter E.

The conducted simulations provide an answer to the second research question. Yes,
LCD-based AoA estimation of multiple LSs is possible. Nevertheless, two challenges need
to be solved. First, error-free AoA estimation of multiple LSs depends on their angular
distance. Especially for closely spaced luminaries, separation is challenging. Second, while
the bar algorithm is more e�cient compared to an exhaustive search, it leads to detection
ambiguities which need to be resolved. Solutions to these challenges are elaborated in
Part II, Chapter D.
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Figure 11: Concept of JLIL. The LCD-based receiver localizes all LSs, selects LS1 for
high-rate communication and suppresses all ILSs (shown for LS3) as well as ambient light.
Taken from [HM+24].

2.3 Joint Light Source Identi�cation and Localization
with LCD-Based Receivers

This section addresses the third research question RQ3 and is based on the following con-
tribution: [HM+24].

So far, it has been established that LCD-based AoA estimation is possible and that the
principle can also be extended to more challenging scenarios with multiple LSs. Since the
superordinate goal is to enable MU-MIMO communication, in the next step ILSs should
be suppressed by switching dedicated pixels on the LCD opaque. However, no solution has
yet been provided for di�erentiation between an LSoI and an ILS.

2.3.1 General Concept

In [HM+24], a procedure is invented for LS identi�cation with the LCD-based receiver.
In particular, the novel procedure collects IDCs transmitted by each LS during the AoA
estimation scan. Because the system is aware of both the positions of the LSs as well as their
IDCs upon completion of the scan, it is referred to as the joint light source identi�cation and
localization (JLIL) procedure in [HM+24]. A practical scenario in which this procedure can
be employed is represented in Fig. 11. During the initialization step, multiple LSs transmit
their individual IDC. An LCD-based receiver then performs the JLIL procedure to obtain
the LS positions and their IDCs. As soon as the procedure is completed, the system selects
a desired LS as LSoI (LS1 in this case), performs a handshake with it and suppresses all
other ILSs with opaque pixels. In Fig. 11 this is shown for LS3. As soon as the connection
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to the LSoI is established and ILSs are suppressed, the system can switch to sophisticated
modulation schemes such as optical orthogonal frequency-division multiplexing (OFDM)
for high-rate communication. Naturally, the JLIL procedure can be repeated as soon as the
connection to the LSoI is lost or changes in illumination, e.g. due to dimming, change the
LS preference. This makes the LCD-based system recon�gurable. Note that in [HM+24]
and also in this section multiple-input single-output (MISO) scenarios are considered, i.e., a
single LCD-based receiver is assumed. This simpli�cation is made for the sake of clarity and
conciseness. The system can be extended to MU-MIMO scenarios if multiple LCD-based
receivers are employed. This is pursued in Section 2.4.1 and Part II, Chapter F.

2.3.2 Technical Modi�cations

In order to enable simultaneous identi�cation via VLC, modi�cations to the LCD-based
receiver as well as the LSs have to be made.

Transmitter For the purpose of AoA estimation, LSs have so far only been used as lighting
devices without considering the communication aspect. To enable VLC, a fast switch can
be included into the driver circuit. That way, a simple on-o� keying (OOK) transmitter
is created. If high-rate communication is desired with optical OFDM, a digital-to-analog
converter (DAC) can be used instead and the OOK signal may be generated through digital
signal synthesis. However, one aspect must be taken into account regarding the design of
communication signals. Because AoA estimation is performed simultaneously using the
bar algorithm, the communication signal is required to a�ect the triangular shape of the
AoA signal as little as possible. In other words, the variations in light intensity must be
minimized. In a more general case, a matched �lter could be employed to any expected
received waveform shape and perform subsequent peak detection. A constant light intensity
can be achieved by including the Manchester code (MC) scheme, which encodes a zero
into the `10' pattern and a one into the `01' pattern. This ensures that the number of
zeros and ones is always equal, which in turn leads to a data-independent direct current
(DC) component. Although the data sequence of each LS may contain other information
besides the IDC, the transmission duration compared to the AoA estimation routine is
short. To guarantee a constant light intensity throughout the entire JLIL procedure, the
data sequence is repeated continuously. As this complicates the detection of a single data
sequence within the continuous repetition, a starting sequence can be included. While the
structure of the starting sequence is required to provide a constant light intensity, it should
also be distinguishable without ambiguity from the data sequence. A sequence design is
included in the following section.

Receiver To enable the JLIL procedure, also the LCD-based receiver needs to be adapted.
In particular, modi�cations concern the receiver circuit which is connected to the PD.
Previously, where the LCD-based receiver was used solely for AoA estimation, a single
stage transimpedance ampli�er (TIA) circuit was su�cient, see Fig. 12. In general, a TIA
circuit consists of a PD as a current source generatingI PD proportional to the incident light,
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Figure 12: Circuit of a transimpedance ampli�er in photovoltaic mode. Adapted from
[HK+22].

an operation ampli�er (OpAmp), a feedback resistanceRf, and a feedback capacitanceCf.
The circuit transforms the photocurrent I PD into a voltage with

Vout = � I PD � Rf (15)

for subsequent processing. Inspecting the equation, one �nds that the TIA is also able to
amplify the signal with the feedback resistanceRf. This proves useful asI PD is often in the
range of a fewnA. To mitigate OpAmp oscillations, the feedback capacitanceCf is placed
in parallel to Rf. However, this necessary step turns the TIA into a �rst order lowpass (LP)
�lter. For an ideal OpAmp, the cut-o� frequency is given as

f c =
1

2�R f Cf
: (16)

As can be seen,f c is inversely proportional to the feedback resistorRf. Because the attenua-
tion of the LCD is signi�cant (cf. Part II, Chapter E), a large ampli�cation value, i.e. a large
Rf is required. The result is an optical receiver with a large ampli�cation but a bandwidth
that is too small for high-rate VLC in the MHz region. Inspecting (16), one could suggest
to reduce the feedback capacitanceCf in order to increase the bandwidth. However, for a
given ampli�cation Rf, a given input capacitanceCin and a given gain-bandwidth product
(GBP) of the OpAmp, the feedback capacitance is �xed as

Cf =

s
Cin

2� R f GBP
(17)

to mitigate oscillation [Gra96]. Therefore, in [HM+24] a dedicated receiver circuit is de-
veloped which combines a large signal ampli�cation with a su�ciently large bandwidth.
The circuit is shown in Fig. 13. The �rst stage of the circuit remains a TIA. However,
now the photoconductive mode is selected. To this end, the anode of the PD is connected
to a negative voltageVd1-. This reduces the junction capacitance of the diode and thus
increases its bandwidth [Hoe19]. Furthermore, to provide a su�ciently large bandwidth,
the ampli�cation, i.e. the size of Rf, is reduced until (16) yields a large enough cut-o�
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Figure 13: Receiver circuit designed to combine a large signal ampli�cation with a su�-
ciently large bandwidth. To this end, an initial TIA stage is complemented by a non-inverting
ampli�er stage. In between, a VD and an HP �lter are placed. The �nal stage is a second-order
Sallen-Key LP �lter used for noise reduction. Taken from [HM+24].

frequency for aCf calculated with (17). The output of the TIA is connected to the second
stage, a combination of a �rst order highpass (HP) �lter and a voltage divider (VD). The
HP �lter, consisting of RHP and CHP , is used to block the DC component of signals which
are incident on the PD. This includes for example sunlight or light from unmodulated
LSs. However, DC blocking also a�ects the data signal. Since it is intensity modulated and
intensity values do not drop below zero, the data signal is inherently DC-biased. The HP
�lter also removes this DC component, which is known as `zero wander' e�ect [GF97]. As
a countermeasure, the VD adds a DC voltage after the HP �lter. WithRVD = RHP , this
results in VVD = Vs2+ =2 at the positive input of the second OpAmp. For the third stage, a
non-inverting ampli�er operating in single-supply is chosen. The single-supply con�guration
restricts the output voltage to 0 < Vout < Vs2+ . If Vs2+ is selected correctly, damage of the
employed analog-to-digital converter (ADC) connected toVout can be prevented. Typically,
ADCs included in microcontrollers (� Cs) have such a voltage limitation. The ampli�cation
of this stageGninv is set by the resistorsRninv and R1. The resulting bandwidth Bninv is
determined by the GBP GBP of the chosen OpAmp [HH15]. As can be imagined,Gninv

and Bninv are inversely proportional. Besides the single-supply, the non-inverting stage
has another feature. Because the VD adds a DC at its input, a large-value capacitorC1

is placed belowR1. That way, only high frequency components including the data signal
are ampli�ed by this stage [HH15]. The last stage of the receiver circuit is a second-order
Sallen-Key LP �lter. The cut-o� frequency is set with R2,C2 and R3,C3. Its purpose is to
reduce noise from the power supply and circuit components.

In summary, the described receiver circuit enables a high ampli�cation and a su�ciently
large bandwidth by splitting the ampli�cation into two stages. This preserves a large
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bandwidth both in the TIA stage and in the non-inverting stage. Furthermore, the circuit
blocks DC components and restricts the output voltage for the use with� Cs as processing
units. The values for all components are provided in Part II, Chapter E. There, also
measurements are conducted with the receiver circuit placed on a new printed circuit
board (PCB).

2.3.3 Joint Light Source Identi�cation and Localization

In this section, the JLIL principle is presented for a scenario with a single LS. A detailed
derivation of the corresponding mathematical signal model is omitted here for conciseness.
The interested reader is referred to Part II, Chapter E.

Assume a room equipped with a single LS mounted in the center of the ceiling. To enable
VLC, a fast switch is included into the LS driver circuit. The LS obtains its individual data
sequenced = [ d0; :::; dS� 1] with ds 2 f 0; 1g which consists of the LS IDC, the LSx- and
y-coordinates, and the room height. A receiver that has knowledge of this information and
further knowledge of the LS AoA, is able to estimate its position within the room. Since a
constant light intensity is required for AoA estimation, the MC scheme is included. The
resulting data signalsd(t) can then be described as a sequence of MC encoded rectangular
pulses whereTds and Tdc are the symbol and chip duration. In front of each data sequence,
a starting sequences = [ s0; :::; sQ� 1] with sq 2 f 0; 1g is placed. As described above, this
sequence must be distinguishable without ambiguity from the data sequence. Therefore,
without loss of generality, it consists ofQ = 8 subsequent MC encoded zeros with halved
symbol duration compared to the data sequence. Thus,Tss = Tds

2 and Tsc = Tdc
2 . The signal

s(t) which should be transmitted by the LS is obtained by concatenatingss(t) and sd(t).
Finally, to in�uence AoA estimation as little as possible, the transmit signal is repeated
continuously. Now, the continuously repeated transmit signal~s(t) is included into a forward
current and supplied to the LS. The LS in turn generates an optical signal with the optical
power PT,opt (t) being proportional to ~s(t). In other words, the LS is on and the optical
signal propagates into the room. Next, assume an LCD-based receiver at an arbitrary
position at the bottom of the same room. To detect LSs, the receiver initiates thebar
algorithm and a moving transparent bar is generated on the display. At some point in time,
the transparent bar intersects the LoS path between the LS and the PD and light starts to
reach the PD. The intersection causes the received optical powerPR,opt (t) to increase until
the transparent bar fully overlaps the PD. Then, the overlap and hencePR,opt (t) decreases
again. Thus, despite the presence of the data signal, the envelope of the signal incident on
the PD is still of triangular shape, cf. Section 2.1.3. After reaching the PD, the signal with
optical power PR,opt (t) is transformed into a proportional photo currentI PD (t). Then, it is
fed into the receiver circuit, cf. Fig. 13, where it is converted into a voltage and ampli�ed
by the TIA stage. Next, the HP �lter subtracts the slowly varying DC component and a
�xed bias is added by the VD. Finally, the signal is ampli�ed by the non-inverting stage.
In this initial consideration, noise and thus also the LP �lter are omitted.

To visualize the received signal at the output of the receiver circuit, a simulation is
conducted. For this, several assumptions are made. First of all, an ideal LCD is assumed
which provides a transmission factor of 1 in transparent state and 0 in opaque state. Next,
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Figure 14: Simulated output of the receiver circuit for a bar algorithm scan. The signal has
the enveloping shape of a rhombus. Zooming in, reveals a repetition of starting sequences
and data sequences, cf. Fig. 16. Taken from [HM+24].

it is assumed that a state-of-the-art display with a refresh rate of500 Hzis selected. This
is to limit the memory requirements of the Matlab simulation. Furthermore, to focus on
the general principle of JLIL, noise and hardware non-idealities are omitted. Finally, the
calculation of the signal propagation attenuation is omitted. Instead, a value is selected
to match measurement results conducted in [HM+24]. These include noise and hardware
non-idealities and can be found in Part II, Chapter E. The output signalVout (t) of a scan
in x-direction is shown in Fig. 14. Instead of a triangle, the envelope has a shape of a
rhombus. The reason for this is the zero-wander e�ect of the HP �lter. It removes the
DC component which causes the sequence of rectangular pulses to oscillate around0 V. In
the second stage, also a VD is included. Therefore, the signal is raised toVVD = 1:65 V,
cf. Fig. 14. The rhombus shape is only the envelope. Zooming in, would reveal repeated
data sequences and start sequences in between. This will be shown subsequently. From this
signal, both identi�cation information as well as localization information can be extracted.
The following explanation is supported by a �ow chart in Fig. 15 which shows the sequence
of events.

Let us return to the point in time where the LCD-based receiver starts thebar algorithm.
After initialization, the transparent bar is moved iteratively over the display and the light
intensity is measured for each step to search for the enveloping signal peak, see Fig. 14.
However, this task is not straightforward for a local peak detection algorithm for two reasons.
First of all, VLC is included which would cause the algorithm to detect a peak for each
rectangular pulse. Second, due to the HP induced zero-wander e�ect, the true maximum
could be located belowVVD = 1:65 V. An elegant solution is to transform the signal and
calculate the average during the sampling process. In [HM+24], 1000 consecutive samples
are recorded in between two bar steps. Then, each sample is transformed by calculating
the absolute value and subtracting the DC added by the VD. This causes every sample
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Figure 15: Flow chart of the JLIL concept. As long as no peak is detected, the bar algorithm
is performed iteratively. This generates the slow-time signal used for AoA estimation. A peak
detection then triggers the recording of the fast-time signal which contains identi�cation
information. Taken from [HM+24].

below zero to be �ipped upwards which ultimately restores the triangular shape from the
rhombus shaped signal. Then, the average of the 1000 transformed samples is generated.
Now, the averaged triangular shape enables unambiguous peak detection. Despite a large
number of samples, this process does not in�uence runtime, because the LCD refresh rate
is signi�cantly lower.

As long as no peak is detected, the bar iteration is repeated, see Fig. 15. Once the bar
intersects the LoS path between the LS and the PD, the peak of the rhombus shaped signal
is reached. Due to the transformation and the averaging, the peak is detected correctly.
Following the detection, the bar iteration is continued. However, in parallel, a snapshot is
recorded with a high sampling rate, cf. Fig. 15. In [HM+24], it is chosen as5 MHz. The
duration of the snapshot recording is decisive. Because the exact position of a single data
sequence in the continuous repetition is not known, the duration must be larger than twice
the data sequence duration. In the simulation, the data sequence duration is1:36 ms. Thus,
the snapshot duration amounts to2:72 ms. The snapshot is also marked in Fig. 14 with
a black rectangular window. Zooming in on the snapshot, a full data sequence can be
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Figure 16: Zooming in on the simulated rhombus shaped envelope (Fig. 14) reveals a full
data sequence in between two starting sequences with halved pulse duration. Due to the
high sample rate, this is referred to as the fast-time signal. Taken from [HM+24].

Figure 17: Simulation result for the slow-time signal. To this end, each bar step light intensity
measurements are recorded and then transformed and averaged. Taken from [HM+24].

observed between two starting sequences, cf. Fig. 16. There, it can also be observed that
the MC scheme is used and that the starting sequence has a halved pulse width compared
to the data sequence. As soon as the bar algorithm is completed, the data sequence can be
extracted by cross-correlating the snapshot with a starting sequence. The resulting cross-
correlation then contains peaks which mark the beginning and end of the data sequence.
After extraction, the data sequence is MC decoded and the identi�cation is performed by
checking the LS IDC.

To obtain localization information, the transformed and averaged triangular signal is
required. Its recording is continued even after peak detection, see Fig. 15. After completion
of the bar algorithm scan, the resulting triangular signal consists of the same amount of
samples as there were bar steps. Since� = 10 is chosen in the simulation, the transparent
bar is steered over 256 steps. The result of the simulation is shown in Fig. 17. As can
be seen, the signal transform and averaging indeed lead to a triangular signal shape. To
estimate the AoA, the distance to the center of the LCD needs to be calculated. This can
be done by measuring the displacement of the triangle peak from the center virtual pixel
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index. In Fig. 17, it is marked by a black vertical line. In the example chosen in [HM+24],
the triangle maximum is located 17 virtual pixels to the right. Given the known pixel size
and the aperture height, the azimuth AoA is estimated as� � 10:2°.

One aspect should not go unmentioned at this point. Comparing the snapshot recorded for
IDC extraction (Fig. 16) with the triangular shaped signal used for AoA estimation (Fig. 17),
one di�erence becomes apparent. The sample rate of the triangular AoA estimation signal
is very low with a mere 256 samples for the entire scan. The snapshot, on the other hand, is
recorded in parallel with a very high sample rate. This bears resemblance to the slow-time
and fast-time classi�cation known from radar signal processing [Sko08], if one bar algorithm
scan is considered as a pulse repetition interval. Therefore, in [HM+24] and also in Fig. 15
this nomenclature is adopted.

In summary, answering the research question RQ3, it is shown that the JLIL principle
enables identi�cation of the LSoI. Furthermore, since the IDC and the AoA are obtained
simultaneously, the algorithm runtime barely increases. The next step is to investigate
whether the JLIL principle is applicable in scenarios with multiple LSs. These are inves-
tigated in Part II, Chapter E. There, also a solution to the ambiguity caused by thebar
algorithm is found. Finally, using an experimental setup, the simulation results are veri�ed
with measurements.

2.4 Potential Applications of LCD-Based Receivers in
Multiuser VLC Scenarios

This section addresses the fourth research question RQ4 and is based on the following
contributions: [KH+22], [HS+21].

2.4.1 Multiuser Massive MIMO VLC

Up to this point, scenarios with multiple LSs and a single receiver, i.e. a single user,
have been considered for several reasons. One reason is that initially the fundamentals of
LCD-based LS localization and identi�cation were investigated. Another reason is that
in a scenario with multiple transmitters and multiple receivers, e�cient user allocation
is a sophisticated task. This challenge is addressed in [KH+22], where investigations are
extended towards multiple LCD-based receivers in a multiuser massive MIMO scenario. In
particular, e�cient user allocation is examined which turns out to be a non-convex problem
to solve.

In Part I, Chapter 1, it was stated that the lighting industry has undergone a transfor-
mative shift towards LEDs as illumination devices. However, it was not mentioned that
the diodes are relatively small and that their output power is limited. Therefore, lumi-
naries typically consist of many LEDs arranged in arrays. Furthermore, to ful�ll strict
illumination regulations, rooms are usually equipped with many LED luminaries which are
evenly distributed across the ceiling. Considering the communication aspect, the number of
transmitters is (signi�cantly) higher compared to the number of receivers. Such a scenario
is known as massive MIMO system [KH+22].
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Figure 18: Square room equipped with a large LED transmitter array. Below the trans-
mitters, several unrelated receivers are placed which are �tted with LCD �lters to suppress
interference. Modi�ed from [KH+22].

An illustration in Fig. 18 depicts a square room equipped with a large LED array
consisting ofN equally distributed transmitters. Below, K unrelated LCD-based receivers
are located at random positions and at a �xed height. To obtain a more realistic model, the
room is assumed to have re�ective walls. This leads to multipath signal propagation. The
main objective in this scenario is to assign each user with an LS such that the allocation is
e�cient and fair. However, there is another side constraint: other interfering LSs should be
suppressed, i.e. the signal-to-interference-plus-noise ratio (SINR) should be maximized. It
is de�ned as the signal power divided by the sum of the interference power and the noise
power. To maintain a predetermined illumination level, the allocation and suppression is
done on the receiver side by adjusting the pixel patterns on the LCD for each user. Note in
this context that in [KH+22] each LCD pixel can be switched between black, i.e. opaque,
and white, i.e. transparent. To �nd the correct LCD patterns, the channel model is derived
in [KH+22] as

y = HWd + z

= ( H 0 � G) Wd + z: (18)

Here, the vectory contains the output receive signal of allK users. Therefore its size is
K � 1. The matrix H 0 contains the channel coe�cients with all LCD pixels set to fully
transparent. This is to obtain the initial channel characterization. This matrix describes
the path between each transmittern and receiverk. Therefore, its size isK � N . The
in�uence of the LCD �lters on the channel is modeled by the �lter matrix G. Naturally,
its size is alsoK � N . The element-wise Hadamard multiplication leads to the optimized
channel matrix H of sizeK � N . Next, the weighting matrix W of dimensionN � K is
included. It stores the assignments of the LSs to the corresponding receivers using binary
entries [KH+22]. By this means, a `hard' allocation is obtained, where certain LSs are
assigned to a �xed single receiver. These LSs then transmit data which is only intended
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Figure 19: Optimization procedure for LS allocation and SINR maximization. Taken from
[KH+22].

for the selected user. Finally,d represents the input data vector containing the data of all
users andz is the noise vector. Both vectors have the sizeK � 1. To assign LSs to each
user and maximize the overall SINR, the matricesW and G need to be optimized. This
is done in several steps, which are depicted in the overview graphic in Fig. 19.

In Step 1, every LCD �lter is switched transparent. Then, the central processing unit
switches on all LSs and all users locate the LSs in their FoV and measure the channel
gain factors. Afterwards, i.e. in Step 2, every user transmits its channel gain vector via
an uplink to the central processing unit where the initial channel matrixH 0 is generated.
Step 3 is the most elaborate part. There, the central processor allocates the available light
sources to the users such that the SINR is maximized. The complexity of this process can
be signi�cantly reduced if every user is assigned only a single LS. Then,W only has a
single "1" in each row and zeros elsewhere. For the allocation task, which is a non-convex
problem, either a genetic evolution algorithm or the LPT-SC-UPM algorithm can be used.
The �rst algorithm was introduced in previous work [KP+22], whereas the LPT-SC-UPM
algorithm is a novel contribution of the work in [KH+22]. It is a modi�cation of the well-
known longest processing time (LPT) algorithm to solve the Santa Claus (SC) problem
on unrelated parallel machines (UPM). In summary, the LPT-SC-UPM algorithm iterates
over all receivers and selects the one that receives the lowest sum of allocated signal power.
Then, similarly to the SC-UPM problem, the selected receiver obtains the LS with the
highest channel gain [KH+22] which is not yet allocated. This process is repeated until all
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receivers have been allocated. For a full description of the algorithm, the interested reader
is referred to Part II, Chapter F of this dissertation. The result of the allocation step is the
weighting matrix W = GT

opt . After the allocation is completed, the result is broadcasted
to all users which set their LCD �lter such that the FoV is narrowed to the assigned LS.
Finally, the central processing unit starts the transmission of the individual data streams.

A detailed inspection of the procedure raises a question. In Step 1, each receiver locates
the LSs in its FoV and measures the channel gain factors. Afterwards, these are transmitted
to the central processing unit. However, the channel gain factors can only be utilized
correctly if the identity, i.e. IDC, of the respective LSs is known. Only then, a correct
LS allocation can be performed. In [KH+22], it is assumed that the LS IDCs are known
at the receivers. This is not the case in reality. Fortunately, the newly developed JLIL
principle [HM+24] may be included into the LS allocation procedure for LS identi�cation
in a straightforward fashion. To this end, in Step 1 the LSs are required to continuously
transmit their IDC for identi�cation during localization. Then, employing the JLIL principle,
all receivers will be able to localize the LSs in their FoV, measure the channel gain factors
and, most importantly, link them to the LS IDCs. The central processing unit will then
be able to correctly �ll in the values of the channel matrixH 0. Note that the reason why
the JLIL procedure was not included in [KH+22] is that it was invented subsequently in
[HM+24].

2.4.2 Optical Underwater Communication in an AUV Swarm

The developed LCD-based receiver is particularly suitable for scenarios where multiple
users communicate with each other using the same communication technology � in this
case VLC. As shown in Chapter 2, the reason is that an LCD module enables practically
interference-free communication between two participants in such a MU-MIMO scenario.

In [HS+21], it has been found that LCD-based receivers could be employed advanta-
geously in autonomous underwater vehicle (AUV) swarms. AUVs are underwater robots
that can be equipped with various sensors to perform tasks such as examining and mon-
itoring the water column and the seabed, search and rescue, inspection of harbor basins
and industrial sites, and clearance of legacy pollution and mine countermeasures, only to
name a few. However, the majority of the mentioned tasks would require an extensive
deployment for a single AUV due to the often large survey areas. Since the vehicles are
equipped with batteries that have to be recharged regularly, extensive deployments would
be uneconomical. A solution to this challenge is to employ multiple AUVs operating jointly
in so called AUV swarms [SR+20; CC+21]. AUV swarms are intelligent, self-organizing
systems that distribute tasks to di�erent participants. For example, one AUV could be
selected to map the seabed while another AUV inspects anomalies found by the �rst. Or,
di�erent participants could be assigned di�erent survey areas. However, to enable joint
operation, the AUVs must be able to communicate with other participants at any time
during deployment, e.g., to share the location and mission objectives.

To this day, the state-of-the-art underwater wireless communication technique, i.e. acous-
tic communication, is widely used. Sound waves enable long range underwater communi-
cation up to several kilometers but su�er from multipath propagation, a large Doppler
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Figure 20: Illustration of an AUV swarm in operation. For communication between the
participants and other nodes such as remotely operated vehicles (ROVs), either optical,
acoustic or inductive links are utilized. Taken from [HS+21].

spread and a high propagation delay due to the rather slow speed of sound. As a result,
particularly in shallow waters acoustic communication is challenging [SP09; SÇ+13]. In
addition, the bandwidth is severely limited with data rates rarely exceeding several tens
kbps. As an alternative for short distances, underwater optical wireless communication
(UOWC) has been introduced. UOWC is an area of optical wireless communication (OWC),
which, contrary to VLC also includes both ultraviolet and infrared wavelengths. However,
experiments have shown that only a small range within the visible light spectrum, namely
light colors between blue and yellow, are suitable for underwater communication due to
the wavelength-dependent attenuation [SM15]. Therefore, as an advantage, o�-the-shelf
LEDs can be used as transmitters, which reduces the cost of UOWC modems. Other advan-
tages of UOWC compared to acoustic communication include negligible propagation delay
and high data rates in the three digit Mbps region [HS+21]. In Section 1.1 it was stated
that VLC is envisioned as a complementary technology to Wireless Fidelity (Wi-Fi) in
air-based wireless communication. The same applies to the underwater �eld, where UOWC
can complement acoustic communication. Fig. 20 depicts an illustration of an AUV swarm
in operation utilizing optical, acoustical and inductive communication. There are several
options for a hybrid utilization. The most promising option is to assign the communication
technologies with di�erent tasks. For example, acoustic communication can be employed for
long-range low-rate communication, e.g. to transmit position information or mission tasks,
while LED-based UOWC can be used for short-range high-rate communication, e.g. to
transmit a large amount of sonar mapping data to another participant. Another possibility
is to assign acoustic communication as a backup technology, in case the channel conditions
(range, turbidity, etc.) do not facilitate the use of UOWC. In both cases, UOWC is used
for short-range communication. This poses a challenge in case multiple participants are
located in close proximity. If multiple AUVs simultaneously transmit data over the optical
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Figure 21: An AUV is equipped with an LCD-based receiver to suppress interference
originating from sunlight close to the water surface. The same receiver could also be used for
interference suppression between multiple AUV swarm participants. Taken from [HS+21].

underwater channel, the non-coherent LED light superimposes at the receiver which leads
to modulated interference. Interference can also occur close to the water surface, where the
solar irradiance is still signi�cant. In the worst case, this leads to saturation of the optical
receiver and hence to outage.

One solution approach for reducing interference is to employ optical bandpass �lters on
the receiver side in front of the PD [SH+18]. To this end, the pass-band region of the �lter,
i.e. its color, has to be chosen to match with the wavelength of the transmitting LEDs.
Then, light outside the pass-band region is reliably attenuated while the signal of interest
is only slightly attenuated. Nevertheless, the use of optical bandpass �lters also poses some
challenges. These include an angle-dependent pass-band region, signal attenuation, and
cost. The latter sharply increases with the quality of the �lter. However, the main challenge
is that these �lters are only wavelength-selective and do not distinguish between the LSoI
and ILSs (or incident sun light). For example, if two LSs with a similar light color both
transmit signals to a single PD equipped with the matching optical bandpass �lter, both
signals will reach the PD and cause modulated interference. In summary, while optical
bandpass �lters might reduce the risk of saturation due to solar irradiation, they do not
solve the challenge of interference if multiple LSs share the same light color.

A potential solution to the interference challenge is the newly developed LCD-based
receiver, see Fig. 21. To this end, every receiver on an AUV could be equipped with an LCD
�lter. By applying the novel JLIL procedure, an AUV could then scan its surroundings,
determine the position of the sun and the position of all participants in close proximity,
select one AUV for high-rate UOWC and suppress all other interfering sources by switching
dedicated pixels opaque. Afterwards, the AUV would initiate a hand shake with the selected
participant and transmit the desired data. After completion, the JLIL procedure can be
repeated. Another reason why the LCD-based receiver is well suited for AUV swarm
communication scenarios is that the ground speed of AUVs is comparatively low with a few
knots or less. Furthermore, due to a cooperation of the swarm participants their trajectories
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are typically coordinated [HS+21]. Hence, the relative position changes are small. Thus,
the dwell time of participants in the FoV of a receiver is long enough to detect, identify
and track them. In this context, it is assumed that state-of-the-art hardware is used.

A potential challenge of employing an LCD-based receiver for UOWC in an AUV swarm
is the hardware realization. There are two options for waterproo�ng electrical components.
The �rst option is to insert all components, including the LCD, into a pressure housing
with a transparent window. However, pressure housings that are made for large depths
are typically bulky, heavy, and very expensive. Therefore, another option is to embed the
LCD in materials such as epoxy resin, polyurethane, or silicon � provided the material is
transparent after hardening [HS+21]. Depending on the hardness of the material, the resin
can be either made pressure resistant or pressure neutral. The latter passes the pressure
from the water column directly to the components. Considering that the LCD consists of
liquid crystals, it has to be investigated how the material reacts to an increase in pressure.
This and the development of a hardware demonstrator is left for future work.
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Abstract

We address the problem of direction-of-arrival (DoA) estimation for air targets using a
compact, multi-functional radar sensor. In order to enhance the angular resolution of such
sensors while exploiting the sparseness of typical air scenarios, we consider the combination
of a multiple-input multiple-output (MIMO) radar approach with suitable compressive
sensing (CS) techniques. In particular, we investigate the combination of MIMO process-
ing for two-dimensional (2D) antenna arrays with CS-based angular processing for three-
dimensional (3D) target localization and 2D DoA estimation in azimuth and elevation. We
analyze the bene�ts of randomized antenna element positions in one and two dimensions
and devise optimized array geometries for practicable aperture sizes. In particular, we take
physical side constraints into account, such as the smallest realizable/ desired element
spacing as well as area restrictions for antenna placement within the overall aperture. The
aperture area reserved by this means could be used to accommodate additional hardware
components enabling a multi-functional sensor approach. Extensive computer simulation
results for di�erent 3D target scenarios illustrate the advantages of our CS-based compact
MIMO radar approach with randomized antenna elements compared to fully randomized
arrays, given the same number of physical antenna elements.

Index Terms � Array optimization, compressive sensing, direction-of-arrival (DoA)
estimation, multi-functional sensor, multiple-input multiple-output (MIMO) radar, mutual
coherence, target object detection.

1 Introduction

Radar sensors are nowadays employed for various applications � ranging from target de-
tection and measurement instrumentation to remote sensing and high-resolution imaging
[Sko08; MJ+10; WJ13; JW13]. Generally, radars actively emit radio signals and extract
information from the environment by analyzing the corresponding received echo signals.
Compared to optical cameras, radars are thus independent of external light sources, ren-
dering them suitable for day- and night-time operation under diverse weather conditions.
Moreover, range gating allows to discriminate objects in range direction � typically with
high resolution. One drawback of radar sensors, however, is their limited resolution ca-
pability in cross-range direction, which is determined by the physical size of the antenna
aperture and the employed radar wavelength. Fortunately, advanced signal processing tech-
niques � notably synthetic aperture radar (SAR) [C V96; IF05; KM+16] and multiple-input
multiple-output (MIMO) radar [LS08] � are able to alleviate this drawback.

MIMO radar employs multiple antenna elements in conjunction with orthogonal transmit
signals and performs joint spatial processing of received signals in the digital domain. As
a result, it o�ers various advantages with regard to radar imaging and target detection.
MIMO radars with distributed antenna elements were shown to provide improved detection
and parameter estimation performance for �uctuating targets by exploiting spatial diversity
e�ects [AR+08]. MIMO radars with co-located antennas, on the other hand, achieve en-
hanced angular resolutions based on a virtual enlargement of the physical antenna aperture
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[LS08], which is particularly attractive for compact radar sensors [MM+18; SG+20].
Independently, compressive sensing (CS) [MM+12; YK12; FR13; Kut14] has been iden-

ti�ed as a promising signal processing paradigm for radar applications [HS09; J H10] �
among various other application areas ranging from medical imaging to digital communi-
cations and audio processing, to name a few. The reason is that radar applications are
often characterized by sparse scenarios, where few targets are present in range, Doppler
or angular domain, embedded in background noise or clutter. CS techniques are then able
to detect such sparse targets and provide estimates for corresponding range, velocity, and
direction parameters, while requiring a relatively small number of (generalized) samples
compared to traditional Nyquist sampling. Correspondingly, the amount of data generated
at the receiver side may be vastly reduced to relax demands on memory space and real-time
processing.

In this paper, focus is on direction-of-arrival (DoA) estimation for air targets using a
compact radar sensor, e.g., for airborne platforms. In particular, compact radar sensors with
a two-dimensional (2D) antenna aperture are considered, o�ering three-dimensional (3D)
target localization in range, azimuth and elevation. Such radar sensors are expected to play a
key role with regard to mandatory detect-and-avoid solutions for future air tra�c scenarios,
especially with regard to unmanned aerial vehicles (UAVs). Examples include autonomous
�ying taxis and larger cargo drones, which are likely to disrupt traditional air tra�c
operation within upcoming years. In order to enhance the angular resolution of such radar
sensors while at the same time exploiting the sparseness of typical air target scenarios, it is
therefore very attractive to combine MIMO radar and CS techniques in a suitable fashion.
However, such a combination is not straightforward, since MIMO processing at the receiver
somewhat compromises CS-aided DoA estimation. The reason is that conventional MIMO
processing (e.g., based on co-located linear antenna arrays) generates a virtual antenna
array (VAA), which exhibits a highly regular spatial structure, while CS typically relies on a
quasi-random sampling process. In the case of CS-aided DoA estimation, irregular antenna
arrays are therefore advantageous for sampling in the spatial domain, which contradicts
the conventional MIMO paradigm.

CS for DoA estimation was, for example, addressed in [Car09; CL+11], where focus was
on conventional one-dimensional (1D) antenna arrays (i.e., the aspect of MIMO processing
was not addressed). It was noted that for DoA estimation the resulting measurement matrix
is tightly linked to the antenna array geometry. It is well known that the measurement
matrix in CS should be random-like, in order to attain good performance results. Using a
uniform linear antenna array (ULAA), however, the (mutual) coherence of the measurement
matrix was found to be generally close to one, which leads to poor detection and DoA
estimation performance under CS. In order to mitigate this e�ect, it was therefore proposed
in [Car09; CL+11] to randomize the positions of the antenna elements, which was shown
to reduce the resulting coherence signi�cantly.

The combination of MIMO radar and CS was proposed in [CV08; YP+10] and was further
studied in [RH+12; RH+14] with emphasis on 1D MIMO arrays and DoA estimation. In
particular, it was noted that a combination of MIMO processing and CS-based detection
and DoA estimation is challenging, since the inherent structure of the resulting VAA entails
high coherence values, similar to an ULAA. Randomizing the antenna element positions
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was shown to remedy this e�ect.
MIMO processing can readily be extended to 2D antenna arrays for 3D target localization

and DoA estimation in azimuth and elevation [MM+18], which is a pre-requisite with regard
to future air tra�c applications. DoA estimation for 2D MIMO arrays was considered in
[JD+18], where a sparse Bayesian learning based imaging algorithm was investigated, which
addresses the aspect of o�-grid targets. In the context of radar imaging, a genetic algorithm
was used in [DZ+14] to reduce the mutual coherence of a 2D MIMO array. However, to
the best of our knowledge, an optimization of 2D MIMO arrays by improving the degree of
randomness � while additionally considering various restrictions regarding antenna element
positioning � has not yet been addressed in the literature. Furthermore, in the previously
mentioned publications [CL+11; RH+12; RH+14; JD+18; CV08; YP+10; DZ+14] the
investigations are limited to relatively large array sizes, whereas the in�uence of practicable
2D MIMO array sizes (e.g. for the use in airborne platforms) on CS performance and the
resulting mutual coherence has not been addressed.

1.1 Contributions and Outline

Motivated by the previous works outlined above, we investigate the combination of MIMO
radar processing for 2D arrays with CS-based angular processing for 3D target localization
and 2D DoA estimation in azimuth and elevation. In particular, we investigate in detail the
bene�ts of randomized antenna element positions in one and two dimensions and devise
optimized array geometries for practical aperture sizes. Novel aspects of our investigations
are as follows:

ˆ Regarding CS-based DoA estimation, we characterize the e�ect of improving the
degree of randomness regarding antenna element positions on the resulting coherence
of the CS measurement matrix. To the best of our know-ledge, this has not yet been
addressed for 2D MIMO arrays.

ˆ While previous publications are limited to relatively large array sizes, we focus on
2D MIMO antenna arrays with practicable form factors fostering compact sensors
for the use in airborne platforms and investigate the in�uence of small aperture sizes
on the mutual coherence and on CS reconstruction.

ˆ We propose di�erent types of randomized 2D MIMO arrays and investigate the re-
sulting performance di�erences with regard to CS-based DoA estimation using the
orthogonal matching pursuit (OMP) algorithm [MM+12, Ch.1],[FR13, Ch.3],[CW11].
Moreover, optimized array con�gurations are found for di�erent side constraints,
including practical limitations regarding the smallest realizable/ desired element
spacing. Furthermore, area restrictions regarding antenna placement are considered
to enable accommodation of additional components, thus fostering multi-functional
sensors. Such compact, multi-functional MIMO radars might, for example, accommo-
date additional sensor elements within the aperture area of the MIMO array (e.g. a
miniature optical or infrared camera) or additional hardware components for wireless
communication applications [MM+18; ML+17].
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ˆ When comparing the performance of MIMO arrays with conventional (randomized)
antenna arrays, we distinguish between the number ofphysical and virtual antenna
elements and demonstrate that the MIMO approach is clearly superior compared
to fully randomized arrays, if the same number ofphysical antenna elements � and
therefore similar hardware cost � is considered. On the other hand, the performance
of fully randomized arrays with the same number ofvirtual antenna elements serves
as an upper bound, which can be closely approached by our proposed randomized
MIMO arrays.

ˆ Based on the �nding that the coherence of the measurement matrix is closely related
to the maximum side-lobe level in the angular domain, which was shown in [Car09;
CL+11] for conventional 1D arrays, we investigate the in�uence of a wide main lobe
and the resulting low angular resolution on the CS DoA reconstruction performance,
which is relevant for very compact form factors of the MIMO radar.

Extensive computer simulation results for di�erent 3D target scenarios illustrate the ad-
vantages of our CS-based approach for multi-functional and compact MIMO radars using
randomized antenna elements.
The remainder of this paper is organized as follows: In Section 2, we derive the MIMO radar
system model and extend it to describe a sparse target scenario. In Section 3, the above
mentioned novel aspects are addressed. In particular, we devise di�erent types of randomized
2D MIMO arrays and investigate the in�uence of the corresponding random antenna
con�gurations on the mutual coherence. In Section 4, corresponding numerical results are
presented demonstrating the positive in�uence of improved antenna randomization on the
reconstruction performance. Finally, conclusions are drawn in Section 5, and interesting
directions for future work are pointed out.

1.2 Mathematical Notation

Throughout this paper, vectors are represented in lower-case, bold-face and matrices in
upper-case, bold-face fonts. For a vectorx, the i -th entry is denoted by x(i ), while for a
matrix X the (i; j )-th entry is described asX (i; j ). 1N denotes a length-N row vector with
unit entries. Furthermore, (.)� is the complex conjugate operator, (.)T is the transpose
operator and (.)H denotes the complex conjugate-transpose operator. Additionally,k:kp

represents thè p-norm, while k:k0 is a pseudo-norm, which is de�ned as the number of non-
zero elements of a matrix or vector. Finally,vec(X ) describes a column-wise vectorization
of a matrix X .

2 System Model

2.1 Assumptions and Signal Processing Concept

Before deriving the system model in detail, we want to introduce the underlying assumptions
concerning the air target scenario and the signal processing order.

65



Figure 1: Schematic representation of the signal processing order for a radar utilizing DBF
(top) or CS (bottom) in the angular domain.

ˆ Far �eld approximation : It is assumed that the signal re�ected from a target arrives
as a planar wavefront at the radar antenna array. This assumption applies in general,
if the distance r between the array and the target is larger than the Fraunhofer
distancedF = 2D 2

� , with D being the aperture size of the antenna array and� being
the radar wavelength [CG10].

ˆ Point targets: Throughout this contribution, it is assumed that all targets exhibit
the characteristics of point targets. Correspondingly, targets are assumed to span a
single angular sampling interval.

ˆ Clutter : Clutter components caused by extended background structures (such as
clouds) are not taken into account. Received radar signals are thus only corrupted
by additive noise components.

ˆ Concept for radar signal processing: It is assumed that all received signals are available
in digitized form, i.e., each receive antenna element is equipped with a dedicated
analog-to-digital converter (ADC). Upon arrival of an echo signal at the radar receiver,
analog signal processing is performed in the radar front-end. Afterwards, the received
signal is Nyquist-sampled in the fast-time domain (representing the radial distance
to a target) and in the slow-time domain (representing the radial velocity/ Doppler
shift of a target after Fast-Fourier-Transform/ FFT-processing). Thus, the range-
Doppler-matrix is obtained, which contains the received signal energy for each range-
Doppler cell. At this point, a suitable detection algorithm may then be employed, in
order to determine, in which range-Doppler cells a target is actually present. DoA
estimation is then only performed for relevant range-Doppler cells containing target
objects. Obviously, the chosen signal processing order fosters a sparse target scenario,
since typical air scenarios contain only few targets and, after range compression
and Doppler processing, point-like targets ideally appear as single samples in the
range-/Doppler domain. Furthermore, it is rather unlikely that multiple targets are
found within the same range-Doppler cell. Correspondingly, the numberK of targets
to be discriminated in the angular domain is usually either zero or one for a given
range-Doppler cell. In the conventional processing scheme, DoA estimation is �nally
performed by means of DBF and subsequent peak detection in the angular domain
(Fig. 1, top). In the CS-based processing scheme, conventional DBF is replaced by a
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Figure 2: Geometrical model of the target detection scenario utilizing a two-dimensional
antenna array.

suitable CS-based algorithm (Fig. 1, bottom).

2.2 MIMO Radar System Model

In the �rst step, we consider a conventional, two-dimensional antenna array consisting of
M transceivers distributed uniformly along two baselines in thexz-plane. The resulting
geometrical model of the air target detection scenario is shown in Fig. 2. In this context, we
de�ne � el = � az = 0 � as boresight direction, where the elevation angle� el is de�ned as the
angle between thexy-plane and the projection of the range vectorr onto the yz-plane and
the azimuth angle� az as the angle between theyz-plane and the projection ofr onto the
xy-plane. According to [Bal05], the resulting 2D array factor (AF) is a multiplication of the
azimuth pattern AFaz with the elevation pattern AFel. For M antennas with coordinates
(xm ; zm ) and antenna weightingsam , the AF can be written as

AF = AF az � AFel =
MX

m=1

am ej 2�
� [zm sin( � el )+ xm sin( � az )] ; (1)

where� = c
f o

is the operating wavelength of the radar andc is the speed of light. In the next
step, we expand the system model to a wideband MIMO radar array withM transmitters
in z-direction and N receivers inx-direction. It is well known from the literature that if
the M transmitted signals exhibit orthogonal characteristics, which for two signalssi (t)
and sj (t) (i 6= j ) is de�ned as

1
T

� T

0
si (t) � s�

j (t) dt = 0 (2)
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Figure 3: Example design of a 2D MIMO array with M = 4 Tx antennas (� ), N = 16 Rx
antennas (� ) (left) and the resulting VAA (right).

for a suitable integration intervalT, the individual contributions of M transmitting antenna
elements can be separated at the receiver [LS08; AR+08; MM+18; SG+20]. As a conse-
quence,MN rather than M + N received signals are available for joint spatial processing
(which would be the case for a conventional antenna array withM + N physical transceiver
antenna elements). This not only results in a virtual enlargement of the physical antenna
aperture, but also in an enhancement of the angular resolution. As an example, Fig. 3
shows an antenna array withM = 4 Tx and N = 16 Rx antennas, resulting in a VAA with
MN = 64 virtual elements, which can subsequently be utilized for DBF on receive � just
as in the case of a physical array withMN = 64 elements. Signal orthogonality can, in
principle, be realized in time domain, in frequency domain or in the signal domain, using
orthogonal modulation schemes such as code-division multiple access (CDMA), orthogonal
frequency-division multiplexing (OFDM) or orthogonal codes [SG+20]. Within the scope
of this paper, we assume that ideal signal orthogonality is given. Consider a general MIMO
antenna array with M transmitters and N receivers located on the baseline area in the
xz-plane with coordinates (xm ; zm ) and (xn ; zn), where m = 1; : : : ; M and n = 1; : : : ; N .
Furthermore consider a target scenario, whereK targets are located in the same range-
Doppler cell with distancer k to the antenna array. The angular coordinates of thek-th
target are given as (� k ; � k) and its radar cross section (RCS) is denoted as� k . According
to the geometrical model and the AF (1), the transmit and receive steering vectors for the
k-th target can be described as

t (k) =
h
ej � (1;k) � � � ej � (m;k ) � � � ej � (M;k )

i T
(3)

r (k) =
h
ej � (1;k) � � � ej � (n;k ) � � � ej � (N;k )

i T
(4)

with

� (m; k) =
2�
�

[zm sin(� k) + xm sin(� k)] (5)

� (n; k) =
2�
�

[zn sin(� k) + xn sin(� k)] : (6)
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Let s(t) = [s1(t); :::; sM (t)]T denote the vector consisting ofM transmit signals. Then, after
signal re�ection by K targets, the received vector at the output of theN receive antenna
elements can be expressed as [RH+14]

d(t) /
KX

k=1

r (k) t T (k) s(t � � k) � k ; (7)

where � k = 2r k
c denotes the round trip delay associated with thek-th target. Since the

antenna array hasN physical Rx antennas,d(t) = [d1(t); :::; dN (t)]T consists ofN mea-
surements. In order to generate the VAA and thusMN virtual measurements,d(t) is
cross-correlated with matched �lters for every transmit signalsm (t). Because it is assumed
that all transmit signals are mutually orthogonal, the resulting measurement vectory has
the dimension [MN � 1] and can be described as [RH+14]

y = vec

" KX

k=1

r (k) t T (k) � k

�
s (t � � k) sH (t � � k) dt

#

(8)

= vec

" KX

k=1

r (k) t T (k) � k

#

(9)

=: A � : (10)

A is an [MN � K ] matrix with the ( mn; k)-th element de�ned as

amn;k = ej 2�
� [(zm + zn ) sin( � k )+( xm + xn ) sin( � k )] ; (11)

and � is a [K � 1] vector containing the RCS values ofK targets.

2.3 Compressive Sensing System Model

Finally, we expand the derived MIMO radar system model (10) to describe a sparse target
scenario, which is a key condition for CS reconstruction. To this end, we discretize the
half-space in front of the MIMO antenna array to obtain a grid withQ grid points and
uniform spacing�� in azimuth and P grid points with uniform spacing �� in elevation, see
Fig. 2. This results in a structure with Z = PQ grid points. For simplicity, it is assumed
that potential targets are always located exactly on a grid point. For an unambiguous
allocation of the grid points we de�ne two dictionaries

' = vec
�
1T

P �
h
0 �� 2�� : : : (Q � 1)��

i�
(12)

# = vec

0

B
B
B
B
B
B
B
@

2

6
6
6
6
6
6
6
4

0
��
2��

...
(P � 1)��

3

7
7
7
7
7
7
7
5

� 1Q

1

C
C
C
C
C
C
C
A

; (13)
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which consist of column- or row-wise repetitions of the corresponding grid spacings. The
vectorization process, which generates two vectors' and # with dimension [Z � 1], can be
understood as an implementation of column wise sampling in angular domain. Introducing
an auxiliary variable

� i = [ ' (i ) # (i )] (14)

with i = 1 : : : Z , a convenient and unique reference toZ angle pairs is then possible.
According to (3) - (6) and (11) the steering vector for a target with angular position� i

can be described as

 (� i ) =
h
ej � (1;1;� i ) � � � ej � (m;n; � i ) � � � ej � (M;N; � i )

i T
(15)

with
� (m; n; � i ) :=

2�
�

[(zm + zn ) sin(# (i )) + ( xm + xn ) sin(' (i ))] : (16)

Since the target locations are generally unknown, steering vectors (� i ) for all possible
target positions � i are generated and inserted column wise into a matrix

	 =

2

6
6
6
6
6
6
6
6
4

ej � (1;1;� 1 ) � � � ej � (1;1;� i ) � � � ej � (1;1;� Z )

... � � �
... � � �

...
ej � (m;n; � 1 ) � � � ej � (m;n; � i ) � � � ej � (m;n; � Z )

... � � �
... � � �

...
ej � (M;N; � 1 ) � � � ej � (M;N; � i ) � � � ej � (M;N; � Z )

3

7
7
7
7
7
7
7
7
5

(17)

with dimension [MN � Z ]. In the context of CS, 	 is denoted as sensing matrix in the
sequel. As stated in Section 2.1, it is very unlikely that multiple targets occupy the same
range-Doppler cell. Therefore, within one range-Doppler cell, onlyK � Z (and typically,
K = 0 or K = 1) possible angular positions will actually contain targets, whereasZ � K
grid points remain empty (apart from noise, which is incorporated below). LetX denote a
matrix with dimension [P � Q] that contains the RCS values for allZ grid points in the
absence of noise. Correspondingly,X will consist of K non-zero andZ � K zero entries.
In other words, kX k0 = K applies [FR13]. After vectorization,X is transformed into a
K -sparse vectorx with dimension [Z � 1] containing the RCS values forZ possible angular
positions. Since we want to conduct CS-based DoA estimation, the goal is to reconstruct
x . For this purpose, we identify matrix A in (10) as the sensing matrix	 and � as the
K -sparse vectorx. Moreover, we add a vectorn containing MN complex-valued, Gaussian
distributed noise values, so as to capture the impact of ambient noise and receiver noise.
The resulting matrix-vector equation

y
(MN � 1)

= 	
(MN � Z )

� x
(Z � 1)

+ n
(MN � 1)

(18)

represents the fundamental CS equation, wherey and 	 are known and can be used to
reconstruct the sparse vectorx .
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3 In�uence of MIMO Antenna Array Design on Mutual
Coherence

The following section is divided into three parts. First, important conditions are introduced,
which, if satis�ed, guarantee reconstruction of a unique solution to (18). Next, as a new
contribution, di�erent 2D MIMO antenna array designs with increasing degree of random-
ness regarding antenna element positions are presented. In this context, special attention is
paid to minimum antenna spacings as well as restricted areas for antenna placement. The
latter is particularly attractive in order to foster a multi-functional sensor approach. In
the last section, the in�uence of the array designs on mutual coherence is addressed. Here,
as new contribution, arrays with practicable form factors are studied. In this context, it is
found that the resulting wide main lobe of the antenna diagram has a signi�cant in�uence
on the resulting mutual coherence.

3.1 Reconstruction Guarantees

Since the main goal of compressed sensing is to reconstruct a sparse vectorx from sig-
ni�cantly less measurements (in our caseMN ) than the Nyquist rate suggests [MM+12;
FR13], the resulting sensing matrix	 MN � Z consists of much fewer rows than columns
(MN � Z). This property causes (18) to be underdetermined with in�nitely many so-
lutions. Nevertheless, under certain conditions (one of which being thesparsity of x) it
is possible to reconstruct a unique solutionx. A well-known su�cient condition is the
incoherenceof the sensing matrix	 , which can be described by the mutual coherence
� (	 ). It is de�ned as

� (	 ) = max
1� i 6= j � Z

jh �
i ;  j ij

k i k2 k j k2
(19)

and determines the largest inner product between twò2-normalized column vectors i

and  j of the sensing matrix	 . The mutual coherence� (	 ) is con�ned to the interval
� (	 ) 2

hq
Z � MN

MN (Z � 1) ; 1
i

and reaches its maximum for two identical column vectors ( i =
 j ). The minimum is determined by the Welch bound [Kut14]. Assuming that the mutual
coherence is known, one can formalize the following condition on the sparsity ofx for
guaranteeing perfect reconstruction in the absence of noise [FR13; Kut14]:

kxk0 <
1
2

 

1 +
1

� (	 )

!

: (20)

Correspondingly, the mutual coherence� (	 ) should be as small as possible in order to
perfectly reconstruct as many targetsK as possible.

3.2 MIMO Antenna Array Design

It is well known from CS literature that independent identically distributed Gaussian or
Bernoulli matrices are best suited for CS reconstruction [Kut14; FR13]. However, in our
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case the structure of the sensing matrix is determined by the antenna array geometry,
which results in a deterministic sensing matrix	 . In [Car09] and [CL+11], the authors
proposed to randomize the positions of the antenna elements, which was shown to reduce the
resulting coherence signi�cantly, thus improving the reconstruction rate. Before examining
the in�uence of randomization on the mutual coherence, we �rst introduce a reference
MIMO array, as shown in Fig. 3. It consists ofM = 4 Tx antennas andN = 16 Rx
antennas, which are located on a baseline area with a size of11� (0.25 m) in x-dimension.
The antenna spacings amount todx = 0:5� and dz = 1:2� in the considered example.
The peculiarity of this layout is that the resulting VAA exhibits the properties of a �lled
array with N = 64 antennas, even though the physical antennas are placed exclusively
at the edge of the aperture. This creates the possibility of �lling the unused space with
additional hardware components, such as optical sensors or wireless communication modules
[MM+18; ML+17]. In order to investigate, whether this advantage can possibly also be
used in conjunction with CS-aided DoA, we start with the con�guration �MIMO Array I�
depicted in Fig. 4(a), where the structure of the reference Array is only marginally modi�ed.
Compared to the other proposed antenna array designs, this layout therefore o�ers the
largest possible installation space for additional hardware components (red dashed area). In
the �rst step, the physical antennas are positioned at the maximum possible distance from
each other (Tx antennas inz-direction, Rx antennas inx-direction). Next, a random shift
is added inz-direction to the position of each transmitting antenna, while each receiving
antenna is re-positioned by a random shift inx-direction. In this context, a constraint
ensures that a pre-de�ned minimum antenna distance � in this example chosen as�

2 �
is not violated. One reason for maintaining a minimum antenna distance is to prevent
mutual coupling e�ects. Another reason is that if antenna elements are separated by�

2 or
more, the rows of	 are approximately orthogonal. Thus, �each component ofy captures
uniqueinformation about x.� [CL+11]. Fig. 4(b) shows an alternative con�guration denoted
�MIMO Array II� in the sequel, in which the Rx antennas are subject to an additional
random shift in z-direction, while still leaving the maximum possible installation space for
additional hardware components (red dashed area). A third MIMO antenna con�guration is
shown in Fig. 4(c). The di�erence to the previous layout is that now the area between� 5:5�
and 0 in x-direction is made available for additional random shifts of the Tx antennas. By
this means, additional degrees of freedom are gained with regard to virtual array formation,
leading to improved reconstruction results, as will be seen in Sections 3.3 and 4. At the
same time, a free installation area for multi-functional components (red dashed area) is
preserved, although its size is reduced by 50 % compared to MIMO Array I and II. As a
further result, after MIMO processing some antennas of the VAA may exceed the physical
baseline area, thus potentially increasing the size of the virtual antenna aperture. By this
approach, the aim of rather decreasing the additional sensor area than simply removing
it, is to �nd out, whether a multi-functional sensor approach, as e.g. in [MM+18; ML+17]
can be combined with CS-aided DoA. As a reference, we introduce the fourth con�guration
(Fig. 4(d)), where the free installation space is sacri�ced completely in favor of further
increased degrees of freedom regarding virtual array formation. In other words, �MIMO
Array IV� employs the highest possible randomness regarding antenna element placement
that can be achieved with MIMO signal processing. For this purpose, the Tx antennas are
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(a) MIMO Array I (b) MIMO Array II (c) MIMO Array III (d) MIMO Array IV

(e) MIMO Array I
(VAA)

(f) MIMO Array II
(VAA)

(g) MIMO Array III
(VAA)

(h) MIMO Array IV
(VAA)

Figure 4: Designed MIMO antenna array con�gurations I-IV with M = 4 Tx antennas
(� ) and N = 16 Rx antennas (� ) (top) and the resulting VAA (bottom). The red dashed
rectangle represents the restricted area for antenna element placement.

distributed in such a way that the subsequently added random shift inx- and z-direction
is maximized, while the minimum distance of�2 is preserved. Afterwards, the Rx antennas
are randomly distributed on the baseline without violating the minimum distance to one
another and to the Tx antennas. In a �nal step, MIMO-processing is performed, resulting in
a VAA that extends well beyond the physical baseline area. As a benchmark con�guration,
we �nally de�ne a fully random antenna array without MIMO signal processing, which will
have the best properties with regard to a randomized sensing matrix.

To ensure a fair comparison, two con�gurations are considered, see Fig. 5. On the one
hand, Random Array I consists ofN = 64 randomly distributed Rx antennas, thus matching
the number ofM � N = 64 virtual antennas of the con�gurations MIMO Array I - IV. On
the other hand, Random Array II consists ofN = 20 randomly distributed Rx antennas,
which corresponds to the number ofM + N = 20 physical antennas of the con�gurations
MIMO Array I - IV. It is important to mention that both random array con�gurations
are not limited by any restrictions (such as pre-de�ned minimum element distance), so
as to capture characteristics of full randomization. The reason is that in [SÇ+13] pure
randomization was shown to outperform other forms of conventional antenna randomization.
Although pure randomization is unsuitable in practical applications, it serves primarily as
a benchmark in this contribution. Note that Random Array II yields the fairest comparison
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Figure 5: Random Array I with 64 Rx antennas (left), Random Array II with 20 Rx
antennas (� ) (right).

with the di�erent MIMO array con�gurations proposed above when it comes to hardware
cost. Random Array I, on the other hand, gives an impression of what could be achieved if
the number of virtual antenna elements of the proposed MIMO array con�gurations was
distributed across the 2D physical baseline in an entirely random fashion.

3.3 In�uence on the Mutual Coherence

In this section, the in�uence of the proposed antenna array con�gurations on the mutual
coherence� (	 ) is examined with focus on practicable aperture sizes. For all subsequent
investigations, the radar �eld of view is con�ned to the interval [� 45� ; 45� ] in elevation and
azimuth. Furthermore, a uniform grid spacing of1� is assumed, if not stated otherwise. It
is well known from radar literature that increasing the radar antenna aperture results in
an enhanced angular resolution. This relation is commonly described by the dependence
between the 3 dB-beamwidth of the main lobe� � 3dB and the radar antenna apertureDx in
azimuth and elevationDz. For example, for a uniform 2D-array with uniform illumination
across the antenna elements, this relation is given by [Sko08, Ch. 13.2]:

� � az;3dB =
50:8�

Dx
[� ]; � � el;3dB =

50:8�
Dz

[� ]: (21)

Moreover, in [CL+11] an interesting relation between the antenna pattern of an array
antenna and the mutual coherence� (	 ) of the resulting sensing matrix	 is reported.
It was shown that the mutual coherence is a measure for the maximum side-lobe level
(SLL). At this point, we want to further develop this relationship: The SLL may also
include parts of the main lobe, if the lobe is relatively wide and extends over several spatial
sampling points. Since the width of the main lobe in turn depends on the radar aperture,
the mutual coherence is examined not only for the introduced antenna array con�gurations
but also for di�erent radar aperture sizes. On top of that, it is investigated, whether a
wide main lobe has an in�uence on the mutual coherence. Because all con�gurations
contain randomly generated antenna positions, the corresponding plots are obtained by
calculating the arithmetic mean of104 runs, in which only the antenna positions are re-
allocated within each run. The resulting mutual coherence of the introduced antenna array
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Figure 6: Mutual coherence� (	 ) of the sensing matrix 	 for an increasing baseline area
with a grid spacing of 1� (solid) and 2� (dashed).

con�gurations is illustrated in Fig. 6 by solid lines for a grid spacing of1� . First of all,
we note that up to a baseline area of(0:25m)2 all curves show a similar decreasing slope.
However, for larger baseline areas the mutual coherence of MIMO Array I deteriorates
signi�cantly compared to the other array con�gurations. A possible cause for this is the
high restriction on randomization of the antenna positions combined with the additional
constraint that preserves a minimum antenna distance of�2 . For baseline areas larger than
(0:5m)2, �rst di�erences between the remaining antenna con�gurations become visible. It
can be observed that the sensing matrix of Random Array II exhibits the highest coherence,
followed closely by MIMO Array II. Contrary to expectations resulting from the challenge
issued in [RH+14], the sensing matrix of Random Array I does not always achieve lower
coherence values than the other con�gurations. In fact, this only applies for baseline areas
larger than (0:75m)2. For an area of(0:5m)2, the lowest coherence values are achieved by
MIMO Array III and IV. At the end of this section it will be investigated whether this
behavior is caused by the fact that the virtual aperture of MIMO Array III and IV is larger
than the (physical) aperture of Random Array I (Fig. 4 & Fig. 5). When the baseline area
is further increased to(1 m)2, the curves start to �atten, making the di�erences between
the con�gurations particularly clear. Now, Random Array I achieves the smallest coherence
values, followed by MIMO Array IV, III, II and Random Array II. Despite considerable
enlargement of the baseline area, MIMO Array I does not achieve coherence values below
0.95. Furthermore, for a baseline area larger than(0:75m)2, it can be observed that the
slope of the MIMO array curves starts to decrease, until a further enlargement of the
baseline area results in constant coherence values. Additional investigations have shown
that the decrease of the slope can be shifted towards lower coherence values by employing
more antennas.

From Fig. 4 & Fig. 5 it can be seen that the virtual aperture of MIMO Array III and IV
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is larger than the (physical) aperture of Random Array I. Consequently, the main lobe of
MIMO Array III and IV is narrower compared to the main lobe of Random Array I. Since
we have previously found that the SLL (which is related to� (	 )) may also include parts
of the main lobe, we now investigate, whether a wide main lobe has an in�uence on the
mutual coherence of the sensing matrix. Therefore� (	 ) is calculated for a grid spacing of
2� . Taking (21) into account with Dx = Dz � 11� , it becomes clear that this adjustment
excludes the main part of the main lobe from the calculation by causing neighboring grid
points to be ignored. The results are shown in Fig. 6 with dashed lines. First of all, it can be
seen that especially for small baseline areas the mutual coherence is signi�cantly reduced
for most antenna con�gurations. It can also be observed that, although the curves have a
much steeper slope, they still approach the same constant value as in the1� grid spacing
case. Accordingly, an improvement is only achieved for small apertures, where the relative
in�uence of the main lobe is the highest. Finally, it can be observed that Random Array I
always achieves the smallest coherence values. In other words, if the in�uence of the main
lobe is removed, also the advantage of the larger (virtual) aperture of MIMO Array III and
IV over Random Array I is eliminated. Thus, the assumption made previously is con�rmed.
The relationship between the main lobe width and the mutual coherence has not been
investigated so far, because previously published papers ([CL+11; RH+12; RH+14; JD+18;
CV08; YP+10; DZ+14]) are limited to relatively large array sizes. This inherently prevents
the generation of a wide main lobe, in�uencing the mutual coherence. In this section, it
was shown that an enlargement of the baseline area and thus the radar aperture generally
results in a smaller mutual coherence. Furthermore, considering MIMO Array I - IV, it
was shown that an improvement of antenna randomization results in smaller coherence
values. Regarding Random Array I and II, two observations are important to note. First of
all, MIMO Arrays II - IV always generate lower coherence values than Random Array II.
Second, Random Array I achieves the smallest coherence values, for a su�ciently large
baseline area. Finally, it was shown that a wide main lobe, caused by a small radar aperture,
has a signi�cant impact on the mutual coherence of the sensing matrix.

4 Numerical Results

After our initial comparisons based on mutual coherence, various performance aspects of
the proposed MIMO array con�gurations are investigated in the sequel using results from
extensive computer simulations.

4.1 Number of Reconstructible Targets

It is known from the CS literature [MM+12; YK12; FR13; Kut14] that the mutual coherence
� (	 ) of the sensing matrix	 determines how large the sparsityK may be, for the solution
of (18) to be unique with high probability. Since in the previous section it was found that
di�erent con�gurations and increasing apertures have an in�uence on the mutual coherence,
their impact on the number of reconstructible targetsK will be studied in this section. To
separate the in�uences from each other, the simulations are carried out without additive
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Figure 7: Number of perfectly reconstructible radar targets for a baseline area of(0:25m)2

with an error tolerance of " = 0 � (solid) and " = 1 � (dashed).

noise. Furthermore, it is important to note that a reconstruction is considered error-free
only if all angular positions of the K targets have been estimated correctly. Contrary,
a reconstruction is considered incorrect if at least one ofK targets has been estimated
incorrectly. In order to ensure reliable results, the curves are obtained by calculating the
arithmetic mean of 105 runs, with random antenna positions and random target positions
being regenerated within each run (along the lines of a Monte-Carlo simulation). Fig. 7
shows the results for a baseline area of(0:25m)2. It can be seen that all con�gurations are
able to reconstructK = 1 target error-free (solid lines). This result can also be deduced
from (20), since forK = 1 only � (	 ) < 1 must apply. This relation is ful�lled for all
considered array con�gurations (cf. Fig. 6). Next, it can be seen that the majority of the
curve progressions di�er only slightly. This is due to the fact that for a baseline area of
(0:25m)2, all con�gurations generate an almost identical coherence value of� (	 ) � 0:97.
One reason why Random Array II shows particularly poor reconstruction results could be
that the con�guration has an insu�cient number MN of antennas to reconstruct more
than one target without errors. This assumption is based on the su�cient condition

MN > 2K ln
� Z

K

�

(22)

derived in [FR13] for large dimension random Gaussian matrices. Taking (22) as a rough
reference, it is found that for a reliable reconstruction ofK = 2 targets at leastMN = 34
measurements are required. The fact that the number of measurements has an in�uence on
the number of reconstructible targets is also supported by results from [CL+11]. Finally,
we note that Random Array I doesnot yield the best performance � in fact, all proposed
MIMO arrays o�er higher probability of perfect reconstruction, as soon as more than one
target is supposed to be discriminated. In Section 3.3, it was shown that a wide main
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Figure 8: Number of perfectly reconstructible radar targets for a radar baseline area of
(0:5m)2 with an error tolerance of " = 0 � .

lobe resulting from a small radar aperture has a signi�cant negative impact on the mutual
coherence. Besides, for conventional arrays it is well known that a wide main lobe leads to a
low angular resolution and thus to inaccurate estimates of a target position. For this reason,
subsequently the in�uence of a wide main lobe on CS DoA estimation is investigated. To
this end, we allow an estimation error of" = 1 � , i.e., angular position estimates within
� 1� from the true target position are considered correct, which accounts for estimation
inaccuracies caused by a wide main lobe. The results are displayed in Fig. 7 with dashed
lines. As can be seen, the probability of reconstruction is increased signi�cantly for all curves,
when the requirements on the angular estimation accuracy are relaxed. Interestingly, the
biggest improvement results for Random Array I, which now shows a similar reconstruction
performance as MIMO Array III and IV. When the baseline area is increased to(0:5m)2

(Fig. 8), it is found that except for MIMO Array I, all con�gurations show an improved
reconstruction performance compared to Fig. 7, because the mutual coherence is reduced
accordingly (cf. Fig. 6). In particular, MIMO Array IV and III show the best performance.
They are able to reconstruct four targets with a probability of about 0.92, while Random
Array I achieves a reconstruction probability of about 0.89, followed by MIMO Array II
with a probability of about 0.75. This result can again be deduced from the coherence
measurements in Fig. 6, as it shows an almost similar behavior. However, as before, the
performance of Random Array II is worse than expected. Already for two targets the
reconstruction probability drops below 0.8. Increasing the baseline area to(1 m)2, results
in a signi�cant improvement of the reconstruction performance of all con�gurations, except
for MIMO Array I (Fig. 9). Now, as expected from Fig. 6, Random Array I shows the
best reconstruction performance, followed by MIMO Array IV, III and II. Considering the
con�gurations MIMO Array I - IV, it becomes particularly clear that an optimization of
antenna randomization results in a better reconstruction performance. Interestingly, in
most cases better results are obtained than predicted by (20), which for example indicates
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Figure 9: Number of perfectly reconstructible radar targets for a baseline area of(1 m)2

with an error tolerance of " = 0 � .

that to reconstruct K = 2 targets perfectly, a mutual coherence of� (	 ) < 1
3 is required.

Yet, none of the con�gurations reaches such low values, but still signi�cantly more targets
can be reconstructed without errors. In this context, the authors in [MM+12] and [CL+11]
stated that results from the mutual coherence �are often overly pessimistic�. Reexamining
Fig. 7 � Fig. 9, one will notice that the performance di�erence between MIMO Array III
and MIMO Array IV is rather marginal, whereas the di�erence to MIMO Array II and
especially MIMO Array I is much more signi�cant. Accordingly, maximal randomization
as in MIMO Array IV, while sacri�cing the free installation space, does not provide a
signi�cant advantage. On the other hand, allocating the largest possible installation space
leads to a strong degradation of reconstruction performance. Therefore, it seems that
MIMO Array III o�ers the best compromise for a multi-functional sensor approach that
performs CS-aided DoA. Moreover, if integrated patch antenna elements are supposed to
be employed, routing will be much simpli�ed compared to MIMO Array IV, since in MIMO
Array III antenna elements are not randomly distributed across the entire physical aperture
area. Thus, they can be connected relatively easily via the upper and the left edge of the
physical aperture, which enables a simpli�ed fabrication process.

In this section, it was shown that increasing the baseline area and improving antenna
randomization both have a positive e�ect on the number of reconstructible targets. On
top of that, it was shown that antenna array con�gurations with MIMO processing outper-
form pure random con�gurations, if the number of antenna elements in the random array
corresponds to the number ofphysical antenna elements in the MIMO array.

4.2 Reconstruction with Additive Noise and Array Optimization

In this section, the in�uence of improved antenna randomization on the reconstruction in
the presence of additive white Gaussian noise (AWGN) is investigated. Since the signal
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Figure 10: Reconstruction error probability for K = 1 target at a baseline area of(0:25m)2

with an error tolerance of " = 0 � (solid) and " = 1 � (dashed).

processing order mentioned in Section 2.1 fosters a sparse air target scenario, where usually
K � 1 targets are present within a given range-Doppler cell, the subsequent investigations
are carried out for a scenario withK = 1 target. Instead of simply averaging the curves
from 105 di�erent, randomly generated array con�gurations as in the previous section,
an exhaustive search was conducted for every antenna con�guration and for the baseline
areas(0:25m)2, (0:5m)2 and (1 m)2 in order to �nd an antenna arrangement in each case,
which o�ers improved performance in reconstruction with additive noise. Fig. 4(a)-5 show
the optimized antenna arrays for a baseline area of(0:25m)2. Comparisons with averaged
curves have shown that for a given error probability of10� 4 the required signal-to-noise
ratio (SNR) was reduced by 3 dB for(0:25m)2, 2 dB for (0:5m)2 and 0.5 dB for (1 m)2

apertures on average. As in the previous section, the curves are obtained by calculating the
arithmetic mean of105 runs. However, now the optimized, random antenna positions are
�xed and only the random target positions and the random noise vectors were generated
within each simulation run. Fig. 10 shows the results for a baseline area of(0:25m)2. First
of all, it can be seen that Random Array II requires a signi�cantly higher SNR of up to
6 dB to achieve the same error probability as MIMO Array I and II. As in the previous
investigations, MIMO Array IV and III show the best reconstruction performance for a
baseline area of(0:25m)2. For example, at an SNR of 6 dB, the error probability of MIMO
Array IV is almost a decade smaller compared to that of MIMO Array I. However, as in
the previous section, the performance of Random Array I is worse than MIMO Array III
and IV. This result is examined in the following by allowing an error of" = 1 � regarding
target reconstruction in order to account for estimation inaccuracies caused by a wide
main lobe associated with the small aperture size. The corresponding results are shown in
Fig. 10 by dashed lines. It can be seen that a1� error tolerance leads to signi�cantly better
reconstruction results for all array con�gurations. For a given error probability of10� 4, an
SNR improvement of up to 8 dB can be observed. Consequently, it becomes obvious that
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Figure 11: Reconstruction error probability for K = 1 target at a baseline area of(0:5m)2

with an error tolerance of " = 0 � .

the main reconstruction error source for a small baseline area, e.g.(0:25m)2, is the low
angular resolution resulting from a wide main lobe. Furthermore, it can be observed that
Random Array I exhibits the best reconstruction performance closely followed by MIMO
Array IV and III. Generally, MIMO Array III and IV have a signi�cant advantage over
Random Array I, since they achieve larger (virtual) apertures. This inherently decreases
the main lobe width, thus mitigating the main source for estimation inaccuracies. However,
if an angular estimation error of" = 1 � is allowed, the main error source of Random
Array I is basically excluded. Consequently, the advantage of MIMO Array III and IV
over Random Array I disappears. It is important to mention that this advantage is only
noticeable for small baseline areas, where the impact of a wide main lobe is most signi�cant.
When the baseline area is increased to(0:5m)2 (Fig. 11), it is generally found that the
reconstruction performance of all con�gurations is signi�cantly improved compared to
Fig. 10. Still, in accordance with the results presented in Section 4.1, Random Array II
showed by far the poorest reconstruction results, whereas MIMO Array IV and III showed
the best reconstruction performance, followed by Random Array I. To achieve an error
probability of 10� 4, Random Array II required an SNR of 8 dB, MIMO Array I required
an SNR of 3 dB and MIMO Array II required an SNR of 1.8 dB. Random Array I required
an SNR of at least 0.5 dB, followed by MIMO Array III with an SNR of 0.3 dB and MIMO
Array IV with an SNR of 0 dB. Comparing the error probabilities of the MIMO Arrays
at 0 dB SNR, we found that the error probability of MIMO Array IV was more than one
decade smaller than that of MIMO Array II and almost two decades smaller than that
of MIMO Array I. Accordingly, it can be concluded that improving the randomization of
antenna elements results in a signi�cant improvement of the reconstruction performance.
When the baseline area is further increased to(1 m)2, the reconstruction performance of all
con�gurations, except for MIMO Array I, is further improved (Fig. 12). As in the previous
case, Random Array II shows the worst reconstruction performance, even though for a
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Figure 12: Reconstruction error probability for K = 1 target at a baseline area of(1 m)2

with an error tolerance of " = 0 � .

given error probability the SNR improvement is up to 4 dB compared to a baseline area
of (0:5m)2. Now, as expected from the results in Section 4.1, Random Array I achieves
the best reconstruction performance, closely followed by MIMO Array IV and III, which
show only slightly inferior results. As in the previous section, when re-examining Fig. 10
� Fig. 12, it can be observed that the performance di�erence between MIMO Array III
and MIMO Array IV is relatively small, whereas the di�erence to MIMO Array II and
especially to MIMO Array I is much more signi�cant. Due to the fact that MIMO Array III
o�ers good reconstruction performance while still leaving a relatively large fraction of free
installation space for additional sensors, it is therefore well suited for a multi-functional
sensor approach performing CS-aided DoA. In this section, it was shown that improving the
antenna randomization as well as increasing the radar aperture have a signi�cant impact on
the CS reconstruction performance in the presence of noise. It was found that by improving
the antenna randomization the resulting error probability can be reduced by up to two
decades. Furthermore, it was found that by increasing the baseline area from(0:25m)2 to
(1 m)2 the SNR, which is required for a speci�c error probability could be reduced by 8 dB
for some antenna con�gurations.

5 Conclusions

We have investigated the problem of DoA estimation for air targets using a compact MIMO
radar sensor in combination with CS techniques, so as to enhance the angular resolution
while at the same time exploiting the sparseness of typical air scenarios. To this end, we
have proposed and optimized di�erent types of MIMO antenna arrays with increasing de-
grees of randomness regarding the positioning of antenna elements, while taking practical
constraints into account concerning a pre-de�ned minimum antenna element spacing as
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well as reserved areas within the overall antenna aperture for additional sensor or wireless
communication modules, to enable a multi-functional design. We investigated the perfor-
mance of the proposed MIMO array con�gurations with regard to the mutual coherence
of the resulting sensing matrix, the number of simultaneously detectable targets in the
absence of noise, and the reconstruction error probability in the presence of a single target
in AWGN. It was shown that an increased degree of randomness consistently improves the
performance of our MIMO arrays, which is in line with common �ndings from CS theory
advocating random sensing matrices. Moreover, increasing the physical size of the array
baseline also o�ers performance improvements, when the grid size in angular domain is
�xed, which is similar to conventional digital beamforming. Interestingly, our proposed
MIMO Arrays II-IV signi�cantly outperform fully random arrays with the same number
(M + N ) of physical antenna elements at comparable hardware cost. Moreover, MIMO
Array III and IV even o�er a performance typically close to a fully random array employing
MN antenna elements, which corresponds to the number ofvirtual antenna elements in
the MIMO arrays (and would therefore entail considerably higher hardware costs for the
random array). Although the reserved installation space within the physical baseline area of
MIMO Array III has been reduced, it could still be used for accommodating an additional
sensor or a wireless communication module. This feature was dropped for MIMO Array IV
in favor of an increased degree of randomness. Yet, the additional performance gain of
MIMO Array IV compared to MIMO Array III was usually rather small, so that MIMO
Array III seems to be a practicable con�guration, if a compact multi-functional sensor
is desired. Furthermore, we investigated the impact of a wide main lobe on the mutual
coherence, caused by small aperture sizes typical for airborne applications. In particular,
it was found that fundamental limits regarding angular estimation accuracy, which are
well-known from conventional arrays, also apply for our CS reconstruction results obtained
with the randomized MIMO arrays. Therefore, similar to conventional arrays, suitable
tolerance intervals regarding angular estimates need to be accepted also in this case, in
order to account for the impact of a relatively wide main lobe.

For future work, it will be interesting to investigate alternative CS techniques in addition
to the OMP algorithm considered within the scope of this paper. By this means, the
detection performance of the MIMO arrays might be further improved. Moreover, o�-grid
e�ects have not been considered so far, and corresponding investigations will be subject for
future work. Of particular interest it will be to perform similar MIMO array optimization
steps, in order to learn the bene�ts of increased degrees of randomness under practical array
design constraints. Another interesting aspect for future investigations is the application
of optimization algorithms that might further improve random positioning of antenna
elements, taking into account the reserved areas for multi-functional sensors.
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Abstract

In this paper, a novel concept for visible light positioning is introduced, which employs a
liquid crystal display as a dynamic optical �lter in front of a photodetector. By electronically
switching dedicated pixel areas in transparent or blocking mode, respectively, the angle
of arrival is estimated. The measurement principle is supported by a mathematical model.
Finally, an experimental setup is presented and measurement results are compared to the
theoretical �ndings.

Index Terms � Direction-of-arrival estimation, visible light positioning, liquid crystal
display, convolution.

1 Introduction

While visible light communication (VLC) is a serious alternative to radio waves in short-
range wireless communication, visible light positioning (VLP) has also been gaining interest
in the research community [AS+13; UN+15; Gon19; Hoe19]. Similar to VLC, VLP utilizes
light in the visible range, which is predominantly generated by light emitting diodes (LEDs).
In the likely event that these LEDs are also used for illumination, a particularly cost-e�ective
and energy-e�cient localization system can be implemented. In the experimental setup of
this paper, focus will be on an LED light source (LS), but the measurement principle is
valid for any point source.

Numerous optical localization algorithms exist that have their origins in radio frequency
(RF) based positioning. One limitation regarding LED-based VLP, however, is that light
emitting diodes produce non-coherent light, which prevents the use of phase information
for localization. Well-known algorithms that are applicable in a non-coherent localiza-
tion system can be classi�ed into three types: proximity estimation, �ngerprinting and
triangulation [Arn15].

Proximity estimation requires a large number of LED modules with known positions
that are arranged in a dense grid. Furthermore, each module is programmed to transmit a
unique identi�cation code [LK12; ZK13]. Given the received code and the known position
of the corresponding LED, the target device, e.g. photodetector (PD) with dedicated circuit,
can estimate its own relative position. If a grid of LED light sources is already pre-installed,
proximity estimation is a simple and e�cient positioning technique. However, the drawback
is the comparatively limited accuracy, which depends on the beamwidth of the LS as well
as on the resolution of the lighting grid [Arn15; Hoe19].

Fingerprinting, also known as scene analysis, is a class of positioning algorithms that
include a calibration phase in the estimation process. During this phase, extensive position-
ing measurements are conducted for every discrete anchor point inside an area of interest
and stored in a database. Once the calibration is completed, the system conducts real-time
positioning measurements and compares the results against the entries in the database.
The entry that �ts best with the real-time measurement is selected [VC+12]. The key
bene�t of �ngerprinting is the short run time after calibration. The drawback, however, is
the performance in time-varying scenarios. In this case, an adaptive database is required,
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which is very time-consuming [Arn15; Hoe19].
Finally, triangulation is the umbrella term for a variety of localization algorithms, which

utilize geometric properties of triangles [Arn15]. Triangulation can be subdivided into two
domains, lateration and angulation. Lateration estimates the position of a target device by
measuring the distance to several anchor points, e.g. LED light sources. Algorithms that
can be utilized for lateration are received signal strength (RSS), time-of-arrival (ToA) and
time-di�erence-of-arrival (TDoA) estimation. While in RSS the known optical transmit
power of several LS is used to calculate the position of a detection device [XC+16], ToA and
TDoA rely on signal runtime measurements. In ToA localization, the transmitter (Tx) units
as well as the receiver (Rx) ones must be precisely synchronized, because the absolute signal
runtime is measured [Hoe19]. TDoA, on the other hand, only requires a synchronization
of the Tx, since only the di�erence of the transmit signal runtime is of interest [DY14]. To
avoid ambiguity in RSS, ToA and TDoA, N + 1 signal sources, withN being the number
of dimensions, are required. While lateration bene�ts from high localization accuracy, at
the same time it requires a very high clock precision and very high sampling rates. This
prevents the use of cheap of-the-shelf products [Hoe19].

The second domain of triangulation is direction-of-arrival (DoA) estimation, also called
angle-of-arrival (AoA) estimation, where the angle of arriving optical signals is measured.
Compared to ToA and TDoA, no signal synchronization is required [Hoe19]. Several optical
AoA estimation techniques have been published in recent times. One intuitive solution
is to equip the target device with an array of PDs in a planar or circular arrangement.
If the system is then illuminated by an LS, the angle of arrival can be determined from
the known distance and angle between the PDs and the di�erence in optical received
power. In [YK+14], for example, a system with three tilted PDs was developed. Due to this
arrangement, each PD measures a di�erent signal power, which enables two-dimensional
positioning. By combining AoA with RSS measurements, three-dimensional (3D) position-
ing is possible with good accuracy. One challenge, however, is that the angle gain pro�le
both of the Tx and Rx is required a priori.

A fundamentally di�erent approach was proposed in [CN+17]. There, the authors devel-
oped an AoA estimation system that consists of a quadrant PD located below a quadratic
aperture. Because the cutout of the aperture is the size of the active PD area and is placed
exactly over the detector, light impinging at an angle will result in di�erent receive powers
of the four quadrants of the PD. Given the known aperture height, and the dimension of
the PD, the AoA can be calculated. It is shown that best results are obtained if the LS
is directly above the Rx. The reason is the reduced signal power for an increased AoA.
Furthermore, the technique is tailored to a single LS but could be extended to multiple
LSs if orthogonal signals are used.

In this paper, we propose a novel concept in the domain of triangulation algorithms: we
employ a liquid crystal display (LCD) as a dynamic receiver-side optical �lter to estimate
the AoA of a single LED LS.

To this day, LCD technology continues to attract the interest of researchers. In [WL+12],
for example, a 3D tensor display is developed, which consists of several stacked LCDs to
support directional backlighting. While the goal of increased image �delity is fundamentally
di�erent from our VLP approach, still in both cases the LCD is utilized to dynamically
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control the angle of light.
In our previous works [FK+19], [KF+19], and [KP+22], we proposed to use an LCD

as a dynamic optical �lter for ambient light and interference suppression in di�erent VLC
scenarios. For this purpose, the display is placed in front of a PD. By switching speci�c
areas of the display opaque or transparent, undesired light sources can be suppressed while
the signal of interest is passed to the PD. With this technique, an interference suppression
of up to 35dB was achieved. More recently, this principle has been extended to the �eld
of optical underwater communication, particularly for high-rate communication between
autonomous underwater vehicles [HS+21].

In this paper, we propose to adapt the LCD interference suppression principle to AoA
estimation in order to support visible light positioning. The con�guration remains the same:
the LCD acts as a dynamic receiver-side optical �lter and is therefore placed in front of the
PD. However, instead of suppressing unwanted light sources, the LCD is used to narrow the
�eld-of-view (FoV) of the PD by switching a dedicated area transparent while leaving the
remaining display opaque. That way, only signals from a speci�c direction are measured at
the PD. To determine the AoA of an LS, the transparent area is then steered across the
display and the light intensity is measured at the PD. Once the light intensity reaches its
maximum, the transparent area lies exactly in the line-of-sight (LoS) between LED and PD.
Then, from the known position of the transparent area the angle of the incident light can
be estimated. For su�ciently slow time-varying environments, LCD-based AoA estimation
can be combined with LCD-based interference suppression. This feature is not o�ered by
existing VLP strategies. To the best of our knowledge, no technology has been developed
so far that employs an LCD for AoA estimation in a visible light scenario. Accordingly,
original contributions extending the state-of-the-art are as follows:

ˆ A novel technique is introduced which determines the AoA of a single LS by utilizing
a receiver-side LCD. The AoA can be estimated in two domains.

ˆ A mathematical model of the LCD-based estimator is established. An analogon
between convolution and LCD-based AoA estimation is pointed out.

ˆ Performance results are evaluated and veri�ed experimentally.

The remainder is organized as follows: In Section 2, LCD technology is brie�y described.
The system model and an overview of the measurement principle are given in Section 3.
The experimental setup is introduced in Section 4. Performance results are presented in
Section 5. Finally, the conclusions are drawn in Section 6.

2 LCD Technology

An LCD consists of multiple liquid crystal (LC) cells, which are arranged in a grid. This
structure can be seen as an LC array of individual pixels. These pixels can be switched
continuously between a mode, where light can pass through the cell and another mode,
where light is blocked. When used with a backlight, this arrangement is known as LCD. By
adding color �lters, for example a red-green-blue (RGB) display is created. The principle of
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Figure 1: Internal composition of an LC cell: a) No voltage is applied and the LC molecules
are in their regular twisted state. Incident light gets polarized by the �rst polarization �lter.
The LC molecules rotate the light's polarization, so it can pass the second polarization �lter.
b) The LC molecules are untwisted by the applied electric �eld. The polarization of incident
light is not changed and so it is blocked by the second polarization �lter.

light blocking is realized by a compound of two orthogonal rotated polarization �lters with
LC molecules in between [Che11]. This structure and the basic process of interacting with
light is depicted in Fig. 1. Incident light gets polarized by the �rst polarization �lter and
dependent on the state of the LC layer, the polarization is either rotated or left unaltered.
If rotated, the light passes the second orthogonal polarization �lter. If not, the light is
blocked by the second �lter and the pixel element appears dark. To change the state of
the LC molecules, an electric �eld is needed. Therefore, transparent electrodes are used
in order to apply a voltage. The electric �eld untwists the LC molecules, so they do not
interfere with the light any more � the polarization is not changed. This type of display
is known asnormally black, as the display blocks all light without a voltage. By changing
the orientation of one of the polarization layers, anormally white display is achieved.

The di�erence of the transmission factors in pass mode and in blocking mode should be
as large as possible. In the pass mode, the transmission factor is a�ected by the polarization
�lters and by color �lters. Furthermore, in pixel arrays, control circuits and address lanes for
each pixel consumes a signi�cant amount of space. For an o�-the-shelf LC cell, transmission
factors around 0.3 are reported in our previous works [KF+19; FK+19]. In the blocking
mode, we measured transmission factors as low as about 0.002. As this principle works best
in the visible light range, an additional infrared-blocking �lter can be added, dependent of
the desired application.

The bare LC array without backlight can be used as an adaptive aperture to cast
electronically-steerable shapes of shadows on a PD. When the dimensions of all system
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components are known, a receiver can estimate the AoA of an LS with the help of the LC
array and the measured photocurrent.

3 System Model

A major limitation of LEDs is that the light emitted by diodes is non-coherent. Conse-
quently, no phase information is available, which, for example, plays a key role in RF-based
localization. On the receiver side, the same limitation persists. Typically, a PD is employed,
which transforms light intensity into an electric current. No phase information can be
extracted. Therefore, in this paper we propose a localization technique, which does not
require the signal phase.

The idea is to place an LCD in front of the PD and employ the display as a receiver-side
beam-steering device. To this end, a speci�c area of the LCD is switched transparent while
the remaining pixels are kept in blocking mode. Because the LCD is a dynamic optical
�lter, the transparent area can be moved to every point on the display, i.e., also the beam
of the PD can be steered to di�erent directions. If, on top of that, measurements of the
light intensity are carried out by the PD, direction information can be linked with intensity
information.

This section explains in detail how the AoA information can be obtained from this
setup. The �rst part describes the geometric scenario of the LCD-based AoA estimation
setup. Besides the description of important AoA properties, special attention is paid to
trade-o�s that result from the geometrical model. The second part describes in detail
the procedure which is applied to estimate the AoA of an LS. In the third part, the
mathematical relationships are studied, which are required to prove assumptions from the
previous parts and to interpret the measurement results in Section 5. Finally, in the fourth
part, results from the third part are supported by a calculation of the received optical
power.

3.1 Geometric Scenario

The AoA estimation system proposed in this paper consists of an LCD, a large-area PD,
and an aperture that accommodates the LCD and the PD at a �xed position and distance.
Fig. 2 depicts a 3D visualization of the arrangement. The PD has a square photosensitive
areaAPD = a2 and its center is located at the origin of thexy-plane. Above it, at a distance
h in z-direction, the LCD is mounted on the light impermeable aperture. Similarly to the
PD, the center of the LCD is located at the origin of thexy-plane. The LCD has an active
area ALCD = l � w, with l being the length andw being the width of the display. ALCD

containsnx pixels in x-direction andny pixels in y-direction, yielding a resolution ofnx � ny.
The resulting edge lengthdpx of one quadratic pixel is given by

dpx =
l

nx
=

w
ny

: (1)

92



Figure 2: Three dimensional geometrical model of LCD-based angle-of-arrival estimation.

Nowadays, commercially available LCDs feature very high resolutions. In case the maximum
resolution is not required for the LCD-based AoA estimation proposed in this paper,
multiple pixels can be combined into larger `virtual' pixels, i.e. areas in which all included
pixels are controlled uniformly. The resulting edge length of the virtual pixelsdvpx depends
on the chosen resolution� 2 N, i.e. the number of pixels combined into one virtual pixel
and can be calculated asdvpx = � � dpx . Since the pixel edge length is increased by� , the
result is an arti�cial reduction of the LCD resolution to nx

� � ny

� . Although a reduction of
the resolution might seem exclusively detrimental, this modi�cation also o�ers a signi�cant
advantage in hardware implementation of the AoA estimator. A detailed explanation will
be given in Section 4.

The FoV is an important property of AoA estimation systems that describes the angular
range in which the AoA of a target device can be determined. In the proposed AoA
estimation system, the FoV depends on the dimensionsl and w of the LCD, the PD edge
length a, and the distanceh between LCD and PD. Sincel 6= w holds for most LCDs, both
the FoV in azimuth FoVaz as well as the FoV in elevation FoVel need to be speci�ed:

FoVaz = 2 � arctan

 
l � a
2h

!

(2)

FoVel = 2 � arctan
� w � a

2h

�

: (3)

Analyzing (2) and (3), one �nds that the FoV is inversely proportional to the distanceh
between LCD and PD, i.e. an increase ofh reduces the FoV.

Now assume that a single LS is located within the FoV of the LCD-based AoA estimator,
cf. Fig. 2. Thus, a vectorr can be de�ned which describes the LoS path between the
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LS and the PD. In this context, h � k rk2 applies, i.e. a far-�eld scenario is assumed.
krk2 denotes the Euclidean norm ofr and describes its length. Initially, the LoS path is
obstructed by the LCD. As known from Section 2, the attenuation of the display in the
opaque state is very high. Therefore, in order to establish a LoS connection, a pixel area
A tran is switched transparent and moved pixel-wise on the screen until the center ofA tran is
intersected byr . Once the transparent area lies directly in the LoS path, the PD measures
the maximum light intensity. To determine the optimal size ofA tran , which is critical to
the AoA estimation performance, the far-�eld assumption is considered. In other words
it is assumed that the light emitted by the LS arrives as a planar wavefront at the LCD.
Generally, three possibilities are applicable regarding the size ofA tran . First, A tran can be
larger than the photosensitive area of the PD, i.e.A tran > A PD . This, however, leads to
ambiguous results because of the possibility that despite a position change ofA tran , still
the full photosensitive areaAPD is illuminated. Thus, multiple angles can yield identical
intensity measurement results. The second possibility is given byA tran < A PD . However,
besides the fact that a reduction of the size ofA tran would also reduce the received power,
the smaller areaA tran would also cause ambiguous results. In this case, there is a possibility
that besides a position change of the transparent area,A tran still fully overlaps APD . Thus,
again multiple angles can yield identical measurement results. Therefore,

A tran = APD = a2 (4)

is the optimal solution. In Section 3.3, a mathematical analogy is identi�ed and analyzed
which supports this statement. This analogy is in turn supported by calculations in Sec-
tion 3.4.

To calculate the number of transparent pixelsN tran which are required to obtainA tran

with an active area ofa2 it must be considered that the LCD consists of an integer number
of pixels, i.e.,N tran 2 N. Therefore, the required number of pixels has to be rounded to

N tran = n2
tran =

$
a

dpx
�

a
dpx

%

: (5)

The in�uence of a potential rounding error is investigated in Section 4.

To describe the AoA of the LS, two angles� el and � az are introduced. We de�ne� el as
the elevation angle, i.e. as the angle between thexz-plane and the projection ofr onto the
yz-plane. Furthermore, we de�ne� az as the azimuth angle, i.e. as the angle between the
yz-plane and the projection ofr onto the xz-plane. Finally, we de�nedel as the distance of
the center ofA tran to the x-axis anddaz as the distance of the center ofA tran to the y-axis,
cf. Fig. 3. Then, the angles of arrival� az and � el can be calculated as

� az = arctan

 
daz

h

!

(6)

� el = arctan

 
del

h

!

: (7)
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Figure 3: Top view of LCD-based angle-of-arrival estimation.

At this point it should not go unmentioned that the LCD-based AoA estimator can measure
angles only at discrete intervals. Again, the reason is that the LCD consists of an integer
number of pixels. Therefore,del as well asdaz must be expressed as a multiple of a (virtual)
pixel edge lengthdpx . As a result, for every (virtual) pixel the corresponding angles� az

and � el can be calculated. Thus, a grid of discrete angles whose spacing depends on the
LCD resolution is obtained.

Having de�ned the geometry of the setup as well as the angles� az and � el, the angular
resolutions� � and � � of the LCD-based AoA estimator can be derived. We de�ne the
angular resolution as the angular di�erence between two (virtual) pixels. Since quadratic
pixels are assumed, the angular resolution is equal for azimuth and elevation. Accordingly,
we de�ne � = � � = � � . The challenge, however, is that the pixels are arranged on a planar
surface. Therefore, from the PD's perspective, the pixel edge lengthdpx of a quadratic pixel
is e�ectively reduced with increasing AoA� az or � el. To derive a relationship that describes
the angular resolution as a function of the AoA, assume two adjacent pixels, i.e. then-th
and the (n + 1) -th, with the n-th pixel at a distance dn = dpx � � � n and the (n + 1) -th
pixel at a distancedn+1 = dpx � � � (n + 1) from the origin, i.e. from the center of the LCD.
Furthermore, assume two angles� az,n and � az,n+1 , � el,n+1 and � el,n, respectively, between the
perpendicular of the PD, i.e. thez-axis, and the two pixels. Then, the angular di�erence
� = � az,n+1 � � az,n = � el,n+1 � � el,n can be described as

� = arctan

 
(n + 1) dpx �

h

!

� arctan

 
n dpx �

h

!

: (8)

95



Finding a suitable addition theorem, the equation can be modi�ed as follows:

� = arctan

 
dpx h �

h2 + n(n + 1) d2
px � 2

!

: (9)

To obtain an angular resolution that depends on the AoA, (6) and (7) can be transformed
with daz = del = n � dpx � � . Inserting the equations in (9) yields

� (� az) = arctan

 
dpx h �

h2 + tan 2(� az) h2 + tan( � az) h dpx �

!

(10)

� (� el) = arctan

 
dpx h �

h2 + tan 2(� el) h2 + tan( � el) h dpx �

!

with � = 1 for hardware pixel sizes and� > 1 for virtual pixel sizes. A considerable
simpli�cation of (10) results for the case where the LS is located in boresight in front of
the LCD, i.e. � az = � el = 0:

� (0) = arctan

 
dpx �

h

!

: (11)

At the same time, this is the case where the LCD has the most coarse resolution. As the
angle increases, the angular resolution becomes �ner. Comparing (2), (3) with (11) one
�nds that the proposed AoA estimation setup creates a trade-o� between the FoV and
the angular resolution: to improve angular resolution, i.e. to reduce� , either the virtual
pixel sizedvpx = � � dpx has to be reduced or the heighth has to be increased. In the latter
case, however, the FoV is reduced. Depending on the application, a measurement system
can therefore be developed that is either very accurate or covers a wide �eld of view. This
trade-o� will be further analyzed in Section 4.

3.2 Angle-of-Arrival Estimation

In this introductory paper, we restrict investigations to the AoA estimation of a single LS.
Therefore, assume that one active LED is placed at an unknown position in the FoV of
the AoA estimator.

Since the transparent square areaA tran can be moved to every grid point on the active
areaALCD of the LCD, the entire FoV of the system, which is limited by the aperture and
its height h, can be scanned. In the absence of a-priori information, a meander-like search
is suitable for this purpose, where the square area is moved line by line along the LCD
axes. In the following, this strategy will be referred to as exhaustive search algorithm. If,
moreover, a measurement of the incident light intensity is taken and stored during the
scanning process after each reorientation ofA tran , one obtains light intensity information
for every grid point. At some point during the scanning process the transparent areaA tran

will lie in the LoS between the PD and the LS. For simplicity assume that exactly the
center ofA tran is intersected byr , i.e. the estimation is error-free, as shown in Fig. 2. In
this case, the PD measures the maximum light intensity. Finally, in order to determine
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Figure 4: Top view of LCD-based angle-of-arrival estimation with the bar algorithm.

the angles of arrival� az and � el using (6) and (7), the distancesdaz and del have to be
derived. Fortunately, this step is straightforward because it is always known which pixels
are switched transparent.

However, if the exhaustive search algorithm is chosen, one encounters a challenge in the
use of hardware components. Nowadays, commercially available LCDs feature very high
resolutionsnx � ny, but the frame rate f LCD = 1=TLCD , i.e. the rate at which liquid crystal
panels update the image displayed on the screen, has improved only marginally. If the
entire FoV is scanned by an exhaustive search, the runtime is

nxny

� 2 � TLCD : (12)

For high resolutions, an extremely high runtime can be expected. Numerical values are
provided in Section 4.2. There are several approaches to this challenge. First of all, the
exhaustive search can be combined with hill-climbing or comparable strategies, whose goal
is to �nd the best-�tting solution and then terminate the search. Transferred to LCD-
based AoA estimation, the algorithm will stop as soon as the maximum light intensity is
found. That way, the expected runtime can be halved. Another approach is an arti�cial
reduction of the resolution by increasing� and creating virtual pixels. However, a signi�cant
reduction would be necessary for high-resolution displays to provide a practicable runtime.
This would cause the system to su�er a substantial loss of accuracy.

An alternative to the meander-like search is what we call the bar algorithm. It searches
the whole active LCD area with the help of transparent bars instead of a transparent square
areaA tran , as depicted in Fig. 4. Obviously, for non-ambiguous measurement results, the
width of the bars is as important as the size ofA tran in the exhaustive search algorithm. The
optimal width is given asdvrt = dhrz = a, i.e., as the edge length of the photosensitive area
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of the PD. A mathematical analogy supporting this statement is provided in Section 3.3.
In the �rst run, a vertical bar of width dvrt is generated to scan the LCD along thex-axis,
i.e., in azimuth direction. In the second run, a horizontal bar of widthdhrz is generated to
scan along they-axis, i.e., in elevation direction. The bar algorithm reduces the maximum
search runtime to

nx + ny

�
� TLCD : (13)

The main reason is that in the argument the number of pixels inx-direction nx and y-
direction ny now appears as an addition instead of a multiplication. Again, the expected
runtime can be halved, if the algorithm is combined with hill-climbing or comparable
strategies to stop iteration as soon as the maximum light intensity is found. A further
reduction can be achieved by generating virtual pixels, e.g.� = 10. Again, numerical values
for the algorithm runtime are provided in Section 4.2.

In the following, the procedure required to determine the AoA of the LS using the bar
algorithm is described. In the initial step, the LCD generates a vertical transparent bar
(cf. Fig. 4) of width dvrt and places it in such a way that the center of the bar is located at
x = � l

2. Then, the bar is moved in iterative steps along the discrete (virtual) pixel grid
in x-direction until the center of the bar reaches the right edge, i.e.,x = l

2. Subsequently,
the horizontal transparent bar of width dhrz is generated with its center aty = � w

2 and
moved along the discrete (virtual) pixel grid iny-direction until the top edge, i.e.y = w

2 ,
is reached. Evidently, the number of iterations required to reach a certain edge is equal to
the number of (virtual) pixels in the respective direction.

After each iteration, the PD takes a light intensity measurement and the system stores the
values in two measurement arrays,� az for x- (azimuth) direction and � el for y- (elevation)
direction. Consequently, the number of entries in� az is equal to the number of (virtual)
pixels in x-direction nx

� and the number of entries in� el is equal to the number of (virtual)
pixels in y-direction ny

� . We de�ne the measurement arrays and their entries as

� az =
h
maz;1; : : : ; maz;pmax

; : : : ; maz;P

i
(14)

� el =
h
mel;1; : : : ; mel;qmax

; : : : ; mel;Q

i
: (15)

Furthermore, we de�nep and q as the indices of the measurement arrays withP = nx
� and

Q = ny

� . In the next step, the system searches for the maximum values of the light intensity
maz;pmax

andmel;qmax
in both arrays. The maximum intensities are measured when the center

of the respective transparent bar is intersected byr , or in other words, when the transparent
bar lies directly in the LoS between LED and PD. Storing the measured intensity values
in an array o�ers a decisive advantage in this context: not only the maximum intensity
value, but also its position within the array, i.e. its indexpmax , qmax , can be determined.
Thus, since the number of array entries is equal to the number of pixels, the system is able
to determine wel and laz, which describe the distance the transparent bars travel from the
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starting point to the position where the maximum intensity was measured:

laz = pmax � � � dpx +
dvrt

2
(16)

wel = qmax � � � dpx +
dhrz

2
: (17)

The reason for the addition of half the bar widthsdvrt , dhrz to the distanceslaz and wel can
be attributed to the generation of the transparent bar: the position is determined by the
bottom left pixel. For a correct angle measurement, however, the distance to the center of
the transparent bar is required.

Finally, to calculate the angles of arrival� az and � el using (6) and (7), daz and del can
be derived as

daz = �
l
2

+ laz (18)

del = �
w
2

+ lel: (19)

Since the origin of the coordinate system is placed at the center of the LCD, half of the
respective side length has to be subtracted.

3.3 Mathematical Analogy

To �nd a mathematical analogy describing the LCD-based AoA estimator, assume that a
single LS is located at the origin of thexy-plane at a distancekrk2, i.e. exactly perpen-
dicular to the PD. As speci�ed in Section 3.1, a far-�eld scenarioh � k rk2 is supposed.
Furthermore, assume an optimal LCD, which has a transmission factor of 1 in pass mode
and 0 in blocking mode. Finally, assume that the LCD aperture has a re�ection coe�cient
of 0, thus no light is re�ected onto the PD.

In the initial state, the LCD is opaque. Then, a square transparent areaA tran = APD

(cf. Fig. 3) is generated with its center atx = � l
2, y = 0 and moved along thex-axis. As

long as the transparent areaA tran does not overlap the square photosensitive areaAPD of
the PD, no light intensity is measured. However, whenA tran reachesx = � a

2 , both areas
start to overlap and photons are detected. The maximum light intensity is reached when
both areas completely overlap. As soon asA tran is moved further along thex-axis, the light
intensity is reduced again. Thus, it can be concluded that the measured light intensity is
proportional to the overlapped area of the two squares. Interestingly, this principle exactly
replicates the convolution operation. The measured light intensity at the positionx = x0

represents the overlap of the areas, i.e. the result of the convolution atx = x0. More
precisely, sliding a square transparent areaA tran over the square photosensitive areaAPD

replicates a convolution of a rectangular functionf (x) with another rectangular function
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g(x). The rectangular function of width X centered atx = 0 is commonly de�ned as

rect
� x

X

�

=

8
>><

>>:

1; if � X
2 < x < X

2
1
2 ; if x 2 f� X

2 ; X
2 g

0; else:

(20)

Since A tran = APD was previously speci�ed, both rectangular functions have the same
width X . The convolution of two functionsf (x) and g(x) is de�ned as

(f � g)(x) :=
� 1

�1
f (� ) g(x � � ) d�: (21)

Inserting both rectangular functions in (21) with f (x), i.e. the photosensitive area of the
PD, centered atx = 0, one obtains

(f � g)(x) =
1
X

� 1

�1
rect

� �
X

�

rect
� x � �

X

�

d� (22)

= tri
� x

X

�

:

As known from signal theory, the convolution yields a triangular function of width2X
centered atx = 0. Fig. 5 shows the result of a Matlab simulation in which two rectangular
functions are convolved. For a good comparability with the measurement results in Section 5,
the x-axis is replaced by pixel indices, i.e. two rectangular functions of widthX f = X g = 210
are convolved over a range of 2560 pixels. Furthermore, it is assumed thatf (x) is centered
around the 1280th pixel. As can be seen in Fig. 5, the blue line depicts a triangular function
with a width of 2X f = 2X g = 420 pixels and its height normalized to 1.

Accordingly, the measurement result of the LCD-based AoA estimation setup will also
yield a triangular function where the maximum of the triangular function represents the
maximum light intensity which is measured when both rectangles completely overlap. This
assertion will be veri�ed in Section 5, where measurement results are compared with
analytical results.

Incidentally, the analogy between convolution and LCD-based AoA estimation also
applies for the bar algorithm introduced in Section 3.2. One key di�erence to the square
transparent area is that for each position inx- and y-direction a measurement of the
whole width respectively height of the LCD is taken. Still, the measured light intensity
is proportional to the overlapped area. Therefore, in a scenario with only a single LS the
results are the same. Again, a comparison to measurement results will be provided in
Section 5. The fact that the measurement signal represents a triangular function o�ers a
decisive advantage. Since there is only one maximum, there are no ambiguities in the AoA
estimation process. However, this is only the case if the two square areasA tran and APD

respectively the bar andAPD have an absolutely equal width, i.e. the rectangular functions
have an equal widthX . Otherwise, the result of the convolution changes from a triangular
function to an isosceles trapezoid as can be seen in Fig. 5. This applies both to the case
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Figure 5: Convolution of two rectangular functions f (x) and g(x) with varying widths X f
and X g.

when g(x) is larger (X f < X g, orange line) or smaller (X f > X g, red line) than f (x). In
the �rst case, g(x) has a width of 420 pixels, in the second caseg(x) has a width of 105
pixels.

The challenge in either case is that the measurement result contains sections where equal
light intensities are measured. Because in the presented system the AoA is estimated by
determining the maximum light intensity value, ambiguity is added and the imprecision
of the technique is increased. This veri�es the results about the optimal width of the
transparent area determined in Section 3.1.

At this point, it is important to mention that while it is straightforward to guarantee an
equal width of f (x) and g(x) in a simulation, it is very challenging in a real LCD-based
system. The reason is mentioned in Section 3.1. An LCD consists of an integer number
of pixels. Therefore, the required number of pixels to produce a transparent area (bar or
square) of width X have to be rounded to an integer. Fortunately, using an LCD with a
high resolution, the deviation is small. An investigation of a potential rounding error is
provided in Section 4.

3.4 Radiometric Computation of the Received Power

In this section, we support the results reported in Section 3.3 by a radiometric computation
of the received optical power at the PD of the LCD-based AoA estimator. We de�nePT

as the optical transmit power andm as the mode number of the LS, which is modeled as
a generalized Lambertian source [Hoe19]. Letr = krk2 denote the distance between Tx
and Rx. Furthermore, we denote the LCD transmission factors in the pass mode and in
the blocking mode asgLC ;1 2 [0; 1] and gLC ;0 2 [0; 1], respectively. To model the overlap of
A tran over APD , we de�ne Acut as the intersection ofA tran and the projected area of the PD
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along the LoS onto the LCD plane. Then, the optical receive power can be expressed as

PR = PT �
m + 1

2�
cosm (#) �

1
r 2

�
Acut � gLC ;1 + ( APD � Acut ) � gLC ;0

�
� cos(#) (23)

with

# = arctan

0

@

q
d2

az + d2
el

h

1

A ; (24)

where# is the angle betweenr and the z-axis. By shifting A tran over APD and computing
(23) for Acut 2 [0; APD ], �rst for linearly increasing and subsequently for linearly decreasing
values, the result in Fig. 5 is validated. The maximum received optical power is given for
Acut = APD . The corresponding irradiance can be derived by dividingPR by APD . In the
following sections, we use the relative receive power, where the maximum receive power is
normalized to one.

4 Experimental Setup

This section is divided into three parts. The �rst part describes all hardware components
used in the experimental setup and speci�es the parameters. The second part determines
the in�uence of di�erent parameters on the AoA estimation system. Finally, the third part
describes in detail the procedure of the LCD-based AoA estimation.

4.1 Hardware Components

The experimental setup used in this paper is shown in Fig. 6. The aluminum support frame
is constructed in such a way that an LED can be moved freely on thex- and y axis. As an
LS, the LED LZC-03MD07 from LED Engin is chosen, because it o�ers high power output
with approximately 10 W per color red, green, blue and white. For our experiments here,
we have chosen the red and blue channel � blue because of the high lumen e�ciency and
red because of the enhanced responsivity of the PD � to get the most impact. Another
reason are the color �lters of the chosen RGB LCD. In order to avoid unnecessary signal
loss, as each color only occupies one third of the pixel size, the LED colors are matched to
the colors of the �lters.

100 cmbelow the LED, the LCD is placed at a �xed position. In this paper, we use a
commercially available Sharp LS055R1SX04 RGB LCD with removed backlight. Commonly,
this kind of display is employed in 3D resin printers or in smartphones. It features a
resolution ofnx � ny = 2560 � 1440pixels and thus belongs to the wide quad high de�nition
(WQHD) category. The display is speci�ed with a length ofl = 12:096cm and a width of
w = 6:804cm, resulting in a diagonal size of5:5inch. Therefore, with (1) the edge length
of one quadratic pixel can be calculated asdpx = 4:725� 10� 3 cm. The display features a
refresh rate off LCD = 60 Hz.
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Figure 6: Experimental setup of LCD-based AoA estimation.

As can be seen in Fig. 6, the LCD is connected via a HDMI cable to a computer which
controls the display. A USB connection provides the power supply.

To guarantee a stationary position and height between PD and LCD, a dedicated, 3D-
printed aperture is employed. At the top, a recess is provided for the LCD, which is designed
such that the whole active areaALCD can be viewed by the PD. The PD is placed below
the LCD exactly at the center of the display at a �xed distance ofh = 5:5 cm.

To capture as much light as possible, the large-area Hamamatsu S3590-08 Si PIN photo-
diode is chosen as PD. The S3590-08 has a photosensitive area ofAPD = a2 = 1 cm2 and
a high quantum e�ciency. However, despite the large photosensitive area, the resulting
photo current I PD is still very small. In order to amplify the desired signal and to convert
the current into a voltage [HH15]

Vout = � I PD � RF (25)
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Figure 7: Transimpedance ampli�er in photovoltaic mode.

suitable for subsequent processing, the PD is placed on a board with a transimpedance
ampli�er (TIA) circuit (Fig. 7). The TIA consists of a feedback resistor RF , an optional
feedback capacitorCF mitigating oscillations, and an operation ampli�er (OpAmp). Op-
erating the photodiode with a reverse bias voltage (called photoconductive mode) results
in a faster response, while operating with zero bias voltage (known as photovoltaic mode)
reduces the dark current. Since low-rate measurements and noise immunity are targeted,
the photovoltaic mode is preferable. The Texas Instruments THS4631 is chosen as a high
gain-bandwidth low-noise OpAmp. In the experimental setupRF = 500 k
 is chosen,
because the attenuation of the LCD in pass mode is relatively high.

The output of the OpAmp is connected to an analog-to-digital converter (ADC) which is
integrated on an Arduino Portenta H7 microcontroller (� C). The ADC has an accuracy of
16 bit and operates at a sample rate of1 Msps. Communication between� C and computer
is established via a serial interface.

4.2 In�uence of the Experimental Setup on the AoA Estimation

The experimental setup presented in this paper has several adjustable parameters that
a�ect the AoA estimation performance. Let us �rst of all analyze the trade-o� between
the FoV and the angular resolution� exemplary for azimuth angles. Again, the adaptation
to elevation angles is straightforward. In the previous section,l = 12:096cm, dpx = 4:725�
10� 3 cm, a = 1 cm and h = 5:5cm were speci�ed. Thus, with (2) and (3) a �eld-of-view of
FoVaz � 90:5� and FoVel � 55:6� is achieved for the experimental setup. For the analysis
of the trade-o�, we consider the angular resolution at boresight, i.e.� (0). The resulting
simpli�ed equation (11) yields � (0) � 0:05� for � = 1. As mentioned in Section 3.1, on
the one hand the FoV decreases with increasing heighth, on the other hand the angular
resolution � (0) improves with increasing heighth. To illustrate this trade-o�, in Fig. 8
both the FoV as well as� (0) are depicted as a function of the heighth. The dashed line
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Figure 8: Azimuth FoV and the angular resolution � (0) at boresight with � = 1 as a function
of the height h between LCD and PD. The dashed line represents the chosen heighth for
the experimental setup.

represents the chosen height in the experimental setup. As can be seen from the course of
the blue curve,h < 3cm is not practical, because the change of� (0), i.e. its slope, is greater
for increasingh than the change of the FoV. Similarly,h > 6cm is not practical, because
the gain in angular resolution is only marginal. In the experimental setuph = 5:5cm was
chosen to achieve a good angular resolution with a su�cient FoV.

In the previous analysis, the angular resolution was considered at boresight, i.e.� (0).
However, as can be seen in (10), the angular resolution is AoA dependent. Inserting the
calculated pixel edge lengthdpx , the speci�ed height h and � = 1 into (10), the AoA
dependent angular resolution is obtained. Fig. 9 displays� (� az), � (� el) for an angular range
from � 45� to 45� . As expected from Section 3.1, the worst case is at0� and can be calculated
according to (11) as� (0) � 0:05� . For � = 10, the angular resolution is also reduced by
a factor of 10 to � (0) � 0:5� . As can be seen in Fig. 9, the angular resolution improves
with increasing AoA. The reason was explained in Section 3.2:dpx is e�ectively reduced
with increasing AoA. Thus, the LCD-based AoA estimator has the smallest accuracy for a
target at boresight.

As mentioned in Section 3.1 and 3.3, the LCD consists of an integer number of pixels.
This makes it a challenge to generate a transparent areaA tran with the exact same widtha
as the photosensitive areaAPD . Therefore,ntran must be rounded according to (5). Using
the values from the experimental setup, i.e.dpx = 4:725� 10� 3 cm and a = 1 cm the true
number of pixels is calculated asntran =

p
N tran � 211:64. To allow an absolutely centered

alignment of A tran over the PD, ntran is rounded to the next even integer, i.e.ntran = 210
pixels. With this number of pixels a widtha � 0:9923cm is achieved. Such a small deviation
should have a vanishingly small impact on the measurement results. This will be veri�ed
in Section 5.

Finally, another in�uence on the AoA estimation performance is given by the refresh
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Figure 9: Angular resolution � (� az), � (� el) as a function of the AoA � az, � el for
dpx = 4 :725� 10� 3cm, � = 1 , h = 5 :5 cm.

rate f LCD , the resolution � and the employed search algorithm. With the parameters
speci�ed in Section 4.1, the runtime of the exhaustive search algorithm can be calculated
using (12). For � = 1 a full search requires more than 17 hours to complete, which is
exorbitantly high - just as indicated in Section 3.2. There are four solution approaches
conceivable. The �rst is the arti�cial reduction of the resolution with e.g. � = 10. However,
a full search would take more than 10 minutes - still unacceptable. To achieve a practical
runtime, the resolution would have to be reduced signi�cantly further at the expense of
accuracy. The second solution approach is to employ an LCD with a higher frame rate.
Unfortunately, this cannot reduce the runtime enough, since commercially available LCDs
typically feature a refresh rate of up to120 Hz. Even the high refresh rate of up to360 Hzof
specialized devices currently entering the market is worthy of improvement for the targeted
measurement application. The third approach is to change the search strategy to the bar
algorithm, which was introduced in Section 3.2. The maximum runtime can be calculated
with (13). For � = 1 the algorithm requires little more than 1 minute to complete. The
arti�cial reduction with � = 10 reduces the runtime to about6:7 seconds. Finally, the bar
algorithm can be combined with hill-climbing, which halves the expected rumtime.

4.3 Procedure of the AoA Estimation

To perform an LCD-based AoA estimation, a Matlab program is executed on the PC
which creates a full screen plot on the connected LCD. Then, as described in Section 3.2,
a transparent bar is generated atx = � l

2 and moved in iterative steps along the discrete
(virtual) pixel grid. Before each step, Matlab transmits a command over the serial interface
to the � C to start the ADC sampling process and waits for an answer. Depending on the
command, either 1, 10, 100, 1000 samples are recorded and averaged by the arithmetic
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Figure 10: Comparison of the theoretical prediction (black curve) with experimental results
using a transparent square area with� = 1 . For the red curve, each measurement value is
averaged over 1000 samples. For the orange curve, no averaging is done.

mean to reduce measurement noise. Due to the high sampling rate of the ADC, this has
almost no e�ect on the algorithm runtime. Afterwards, the result is transmitted back to
the PC over the serial connection and stored in an array. This procedure is repeated until
the right edgex = l

2 is reached and the number of averaged samples is equal to the number
of (virtual) pixels in x-direction. After that, the same procedure is carried out for the
y-direction. In the last step, Matlab analyzes the measurement vectors, �nds the maximum
values and determines the associated angles� az and � el.

5 Experimental Veri�cation

All subsequent measurements described in this section are carried out for the experimental
setup shown in Fig. 6. To reduce interference from other light sources, the construction is
placed in a darkened room. Furthermore, for subsequent measurement results, 1000 samples
are recorded and averaged in order to illustrate the compliance with the theory. For an
accurate estimation, less samples are su�cient.

In a �rst measurement setup, we verify the analogy between the mathematical convolution
and the signal measured with the introduced LCD-based AoA estimator. To this end, the
LED is positioned at the origin of the coordinate system exactly perpendicular above the
LCD. For the �rst measurement, a square transparent area with a width of 210 pixels is
moved along thex-axis, as described in Section 3.3 in detail. The analysis is restricted to
azimuth angles and� = 1 is set. An adaptation to elevation angles is straightforward. The
result is shown in Fig. 10 by the red curve. For a good comparability, the DC-o�set of about
0:1 V is removed from the measurement and the voltage is normalized to 1. Furthermore, to
reduce measurement noise, one measurement value is composed of 1000 averaged samples.
For comparison, the orange curve shows the measurement signal without averaging. It is
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Figure 11: Comparison of the theoretical prediction (black curve) with experimental results
using the bar algorithm with � = 1 . For the red curve, each measurement value is averaged
over 1000 samples. For the orange curve, no averaging is done.

evident that the accuracy of the estimation will su�er if unaveraged data is used, since
the algorithm always chooses the maximum value. As can be seen in Fig. 10, the averaged
measurement result and the theoretical prediction (black curve) are nearly identical, which
con�rms the statement made in Section 3.3 that the LCD-based AoA estimation replicates
the convolution operation. One reason why the measurement is somewhat wider around the
maximum could be that the widths ofA tran and APD are not absolutely identical. Another
deviation is that the measurement signal has a smoother transition between zero and the
triangular shape. One possible cause is re�ections of the light at the LCD aperture. This
allows the light to reach the detector beforeA tran overlaps the PD. A solution is to cover
the interior of the aperture with a coating featuring a low re�ectance, e.g. Vantablack.
Another possible cause is that for the theoretical result in Section 3.3 a far-�eld scenario is
assumed. For the experimental setup, the distance between LED and LCD is indeed much
greater than h, however, the far-�eld assumption can only be applied as an approximation.
In this case, the light impinging on the LCD is not necessarily a planar wavefront, allowing
photons to reach the detector beforeA tran overlaps the PD.

The second measurement is conducted for the bar algorithm with a bar width of 210
pixels. Results are shown in Fig. 11 for the azimuth direction. The red curve is obtained
for 1000 averaged samples. The orange curve depicts the measurement signal without
averaging. Again, the measurement result and the theoretical prediction (black curve) are
nearly identical. This again con�rms the statement made in Section 3.3.

In the third measurement setup, the general AoA estimation capability is veri�ed by
positioning the LED LS at � az = 15� , � el = � 15� and performing a measurement with the
bar algorithm. The results are depicted in Fig. 12 and Fig. 13 for di�erent resolutions� .
The blue curve represents the measurement result with� = 1, i.e. hardware pixel steps. For
this measurement, the true voltageVout can be read from they-axis. For conciseness, the
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Figure 12: Azimuth angle measurement results with di�erent resolutions � for an LED
light source positioned at � az = 15 � , � el = � 15� . For all curves, each measurement value is
averaged over 1000 samples.

Figure 13: Elevation angle measurement results with di�erent resolutions � for an LED
light source positioned at � az = 15 � , � el = � 15� . For all curves, each measurement value is
averaged over 1000 samples.

other three measurement results have been shifted down by0:1 V each. The reason why
the triangle shape of the elevation measurement is perceived wider is because the FoV is
larger in azimuth direction. Restricting the angular range in the azimuth plot to the same
as in the elevation plot would result in triangular shapes of identical width. Comparing the
di�erent resolutions, �rst of all it is observed that the general shape of the measurements
is very similar. However, as expected, the accuracy is reduced for an increased� . The
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Figure 14: Comparison between the true azimuth AoA � az and the estimated azimuth
AoA � 0

az (circles). The two black lines show the true AoA, with the angle-dependent angular
resolution added and subtracted, respectively.

black vertical line in both plots marks the true position of the LED. As can be seen, the
measurements with� = 1, � = 2 and � = 5 show good results whereas for� = 10 the
deviation of approximately 0:5� is signi�cant. Still, as analyzed in Section 4.2, the worst
angular resolution for� = 10 is given as� (0) � 0:5� . Therefore, the measurement result is
within the tolerance range.

In the �nal measurement setup, the LED LS is moved along thex-axis, i.e. in azimuth
direction, from � 15� to 15� in 1� steps. The AoA estimation is performed with the bar
algorithm at a resolution of� = 10. At each angular step, �ve measurements are taken. The
results � 0

az are shown in Fig. 14 by the blue circles. The reason why a maximum of three
circles can be observed per angular step is that some of the estimation results overlap. More
precisely, some results are identical, because the LCD-based AoA estimator can measure
angles only at discrete intervals. Additionally, two black lines are integrated into the plot
that show the true AoA with the angle-dependent angular resolution� (� az) for � = 10
added and subtracted, respectively. The reason why the lines appear to be straight and
parallel can be found when inspecting Fig. 9. Here,� (� az) is plotted for � = 1, however,
for � = 10 the shape is unchanged. Merely they-axis values are increased by a factor of
10. Comparing the value at0� with the values at � 15� one �nds that the di�erence is only
marginal. Hence, in Fig. 14 no di�erence will be noticeable with the bare eye. Analyzing
the estimation results� 0

az, it can be observed that, with a few exceptions, the estimated
values lie exactly within the range given by� (� az). Accordingly, a precise estimation of the
AoA is possible with the LCD-based setup. The few estimations, which are slightly out of
the given range, can be attributed to a misalignment of the LED as the LS is relocated
manually.
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6 Conclusion

In this paper, a novel VLP technique is introduced, which employs an LCD as a dynamic
receiver-side optical �lter. With this setup, light intensity can be measured from speci�c
directions. Once the maximum light intensity is found, the AoA can be calculated from
the known position of the transparent area.

In the description of the geometric scenario, it is discovered that the size of the transparent
area plays a key role in the estimation process. Exclusively in the case where theA tran

is equal to APD , the estimation is without ambiguity. Furthermore, it is found that the
angular resolution of the LCD is AoA dependent. Subsequently, it is revealed that the LCD
setup creates a trade-o� between the FoV and the angular resolution. Afterwards, two AoA
estimation algorithms are found: the exhaustive search algorithm, which has an extremely
high runtime and the so-called bar algorithm, which is faster but equally accurate. Then, a
mathematical analogy for the LCD-based AoA estimation is pointed out. Interestingly, the
process exactly replicates the convolution of two rectangular functions. Subsequently, the
hardware components of an experimental setup are described. In this context, the trade-
o� between FoV and angular resolution is con�rmed. Then, the AoA dependent angular
resolution is investigated. It is con�rmed that the LCD setup has the worst resolution
at boresight, which improves with increasing AoA. Furthermore, it is recognized that the
rounding error due to an integer number of pixels has a vanishingly small impact on the
estimation. Finally, the above mentioned �ndings are veri�ed by measurements conducted
with the experimental setup. In a �rst step, the analogy between the LCD-based AoA
estimation and the convolution operation is veri�ed for both algorithms. In the next step,
the general AoA estimation capability is veri�ed by performing measurements with the
bar algorithm for an LS placed at� az = 15� , � el = � 15� . In the last step, a measurement is
performed where the LS is moved along thex-axis from � 15� to 15� in 1� steps. It is seen
that, with a few exceptions, the estimated AoA values lie within the range determined by
the angular resolution.

All in all, a very precise AoA estimation is possible with the introduced LCD-based
technique. However, even with the bar algorithm the runtime is in the range of several
seconds if a high-resolution LCD is taken. Therefore, for future work, it is interesting to
investigate additional algorithms to reduce the search time. Furthermore, scenarios with
multiple light sources should be considered and it should be investigated under which
circumstances multiple sources can be reliably separated to determine their respective
AoA.
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Abstract

In this paper, we introduce compressive sensing (CS) to the concept of angle-of-arrival
(AoA) estimation with a liquid crystal display (LCD). First, we demonstrate how the LCD
based AoA estimation principle can be adapted to employ CS to this class of problem.
We then describe the system model and derive the well-known CS equation. Subsequently,
we analyze and compare di�erent sensing matrices based on a simple design speci�cation
and develop optimization criteria. Finally, we present a hardware demonstrator for the
measurement of di�erent sensing matrices and show measurement results.

Index Terms � Compressive sensing, angle-of-arrival estimation, liquid crystal display,
visible light positioning.

1 Introduction

Visible light positioning (VLP) is the umbrella term for localization techniques which
utilize light in the visible range of the electromagnetic spectrum. Since VLP is particularly
suitable for indoor applications where LEDs are commonly used as light sources (LS), non-
coherent algorithms are of primary interest. These algorithms do not require any phase
information and use only the magnitude of the incident light. They can be classi�ed into
proximity estimation, �ngerprinting and triangulation [UN+15; Arn15; Hoe19].

This paper focuses on optical angle-of-arrival (AoA) estimation, a group of algorithms in
the triangulation domain that estimates the angle of arriving optical signals. Many di�erent
approaches have been published in recent years. In [SH+12; YK+14; SW+16], for example,
multiple optical receivers are employed and speci�cally arranged to exploit angular diversity.
The AoA can then be estimated from the known orientation and di�erence in received
signal power.

Angular diversity is also exploited in [CH+18]. In this approach, however, diversity is
achieved by employing a quadrant photodetector (PD) and a dedicated aperture with a
quadratic cutout. The aperture is placed above the detector. Since the cutout and the
active PD area are of equal size, di�erent angles-of-arrival of light result in di�erent received
powers on each of the four quadrants of the PD. Knowledge of the aperture height and the
PD size then allows to estimate the AoA of a single LS with good accuracy.

In our recent contribution [HK+22], we introduced a liquid crystal display (LCD) based
approach to the �eld of optical AoA estimation. This idea is motivated by our previous
works [KF+19; KP+22; HS+21], where we employed an LCD for optical interference sup-
pression in a visible light communication scenario. In either case, the LCD is placed in front
of a PD and thus acts as a dynamic receiver-side optical �lter. Consequently, as a signi�cant
advantage over [SH+12; YK+14; SW+16; CH+18], the LCD based approach can not only
detect light sources, but also suppress undesired ones. For estimating the AoA, the �bar
algorithm� generates a transparent bar on the LCD and steers it across the whole display.
To obtain the azimuth angle as well as the elevation angle, �rst a vertical bar is steered in
azimuth direction followed by a horizontal bar in elevation direction. After each step, the
light intensity captured by the PD is converted into a voltage, sampled by a microcontroller
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(� C) and stored. Once the LS, the transparent bar on the LCD and the PD are aligned
along the line-of-sight (LoS) path, the maximum light intensity is measured at the PD.
Since the location of the transparent bar is always known, trigonometric relationships can
be used to determine the AoA. Analyzing the LCD based AoA estimation performance, it
was found that the system yields very precise results. The AoA of the LS could be reliably
determined by searching the maximum voltage at the PD over all measured values of the
grid. However, this approach requires a separate measurement for each angular direction
to be estimated and is comparable to beamforming in radio-frequency (RF)-based appli-
cations. By combining several pixels of the LCD into virtual pixels, the computing time
can be signi�cantly reduced, while the resolution of the AoA is also lowered. Also, on this
coarser grid the bar algorithm can be applied as a discrete bar algorithm. This coarsening
of the grid motivated the approach of this paper, in which the individual virtual pixels of
the coarser LCD pattern are controlled individually and enable faster AoA estimation.

To exploit this and further reduce the number of measurements required, one can refer to
the small number of LSs in the �eld of view (FoV) and therefore assume a sparse scenario,
for which compressive sensing (CS), �rst introduced by [CT06; CR+06; Don06], provides
several techniques for e�cient solutions. CS describes a number of techniques to estimate
the result of an underdetermined linear system of equations with a sparse input, so that
only a small number of supports contribute to the result. The mathematical concept has
been applied to various areas, for example image processing, radar target detection and
signal processing [HM+21]. The pre-sampling of the FoV by means of an LCD is somewhat
reminiscent of electronic beamforming in phased antenna arrays, which has also been used
successfully in combination with CS [SM+22]. This class of algorithms minimizes thel0
norm � a non-convex problem that can be approximated via thel1 norm in the form of
greedy algorithms like orthogonal matching pursuit (OMP).

In this contribution, we combine CS with the concept of LCD based AoA estimation.
Since CS requires less (generalized) measurements than are necessary for a fully determined
linear system of equations, the number of measurements can be signi�cantly reduced which
improves the search time. Novel contributions of this work are:

ˆ A system model for LCD-based AoA estimation using systems of linear equations
with variable number of measurements is presented.

ˆ The CS concept is successfully applied to LCD-based AoA estimation using the
system model along with experimentally generated data.

ˆ AoA estimation with experimental data highlights critical bounds that future work
will seek to achieve using optimizations to the sensing matrix design rules.

The remainder of this paper is structured as follows: Section 2 gives an overview of the
system model and basics concerning the construction of the linear system of equations used
for AoA estimation. Section 3 presents the experimental setup employed for testing di�erent
sensing matrix design rules in conjunction with the CS algorithm. Those measurement
results are shown and discussed in Section 4. Finally, conclusions regarding the usability
and future work objectives are drawn in Section 5.
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Figure 1: Geometrical model of LCD-based AoA estimation.

1.1 Mathematical Notation

Throughout this paper, vectors and matrices are presented as bold-face lower-case and
upper-case charactersx and X , respectively. Thei -th entry of a vector is denoted asx i

and the entry in the i -th row and j -th column of a matrix is written as x ij . The i -th column
of a matrix X is referred to asX i . Furthermore, (:)T is the matrix transpose operator and
vec (X ) is the column-wise vectorization of a matrixX . 1M denotes a vector of lengthM
and unit entries and 1M � N denotes a matrix of dimensionM � N with all unit entries.
Accordingly, 0M � N denotes a corresponding matrix with all-zero entries.

2 Fundamentals

2.1 LCD AoA System Model

AoA estimation using an LCD was proposed in our previous work [HK+22]. In this paper,
the geometrical model remains unchanged: an LCD is placed on top of a light impermeable
3D-printed aperture, which accommodates a large-area PD with a square photosensitive
area ofAPD = a2 at a distanceh below the display, cf. Fig. 1. The center of the PD is
located at the origin of thexy-plane, which matches the center of the LCD.

The LCD features an active area ofALCD = l � w and containsnx pixels in x-direction
and ny pixels in y-direction, yielding a resolution ofnx � ny. The resulting pixel edge
length dpx can be virtually increased by combining� pixels to a virtual pixel. Its edge
length is dvpx = � � dpx = � � l=nx = � � w=ny (square pixels assumed). Given these fundamen-
tal properties, the FoV and the angular resolution can be calculated. The interested reader
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is referred to the corresponding equations in [HK+22].

For the further course of this work, the LCD is subdivided intoQ virtual pixels in x-
direction and P virtual pixels in y-direction yielding a grid of PQ points, cf. Fig. 1. Each
grid point (p; q), i.e. each virtual pixel is assigned a transmission value
 . In this paper,
we restrict the transmission values to
 2 f 0; 1g. For 
 = 0, the pixel is opaque, for
 = 1,
the pixel is fully transparent. Including all PQ transmission values into a dictionary, one
obtains the LCD matrix

� =

2

6
6
6
6
6
6
6
4


 1;1 : : : 
 1;q : : : 
 1;Q
...

. . .
...

. . .
...


 p;1 : : : 
 p;q : : : 
 p;Q
...

. . .
...

. . .
...


 P;1 : : : 
 P;q : : : 
 P;Q

3

7
7
7
7
7
7
7
5

(1)

with � 2 f 0; 1gP � Q. Thus, if the entire LCD is transparent, � = 1P � Q. If the display is
opaque,� = 0P � Q.

Now suppose a single LS is located within one ofPQ possible positions in the FoV of
the AoA estimator. For the course of this paper, it is speci�ed that the LS moves on a grid
of PQ grid points such that r always intersects one virtual pixel exactly in the center, as
shown in Fig. 1. Then,r describes the LoS path between PD and LS. In this context, it is
assumed that the LS is located exactly on a grid element � known ason-grid approximation.
Without limitation of generality, it can be assumed for a point source su�ciently far away
that its light reaches the PD exactly and exclusively through one of the PQ grid elements.
The on-grid approximation of the LS is chosen for the comprehensible derivation of the CS
system model in Section 2.4. Switching to an o�-grid placement is straightforward. As a
result, the signal power will be distributed to adjacent pixels. However, given a su�ciently
high signal-to-noise ratio, the detection algorithm will still select the pixel with the highest
signal power.

To calculate the AoA of the LS, two angles� az and � el are introduced. The de�nition
is equal to [HK+22]: � az, the azimuth angle, is the angle between theyz-plane and the
projection of r onto the xz-plane. � el is the elevation angle and thus the angle between the
xz-plane and the projection ofr onto the yz-plane. To calculate the angles� az and � el, the
distancesdaz and del have to be known.daz and del describe the distances between the point
wherer intersects the LCD and the origin of thexy-plane at heighth, cf. Fig 1. To �nd
the correct distancesdaz and del, the objective of a localization algorithm is to determine
the correct virtual pixel that is located in the LoS path between LS and PD. In this work,
two algorithms are presented that are suited to determine the AoA: the exhaustive search
algorithm representing the conventional approach (c.f. Section 2.2) and a CS algorithm
(c.f. Section 2.4) which is novel in this �eld. Assuming that the LS is detected without
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error, i.e. the correct virtual pixel is chosen,� az and � el can be calculated via

� az = arctan

 
daz

h

!

; (2)

� el = arctan

 
del

h

!

: (3)

Since in this work the LCD consists ofPQ virtual pixels and the LS always intersects one
virtual pixel exactly in the center, the possible AoAs lie on a discrete grid withPQ grid
points

� az(q) = arctan

" �

q �
Q + 1

2

�

�
dvpx

h

#

; q 2 f 1; : : : ; Qg; (4)
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To provide an unambiguous allocation between a certain grid point and the corresponding
angles of arrival, we de�ne two dictionaries
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� = vec
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1Q� 1 � [� el(1) : : : � el(p) : : : � el(P)]

�
; (7)

consisting of column- or row-wise repetitions of the set of azimuth and elevation angles
within the FoV. The vectorization generates two vectors� and � of the dimensionPQ � 1
and can be interpreted as row-wise iteration through the entire set ofPQ virtual pixels of
the LCD. The generation of the dictionaries facilitates the extraction of AoA information
from the CS algorithm reconstruction result as can be traced in Section 2.4.

2.2 Exhaustive Search Algorithm

An intuitive way to �nd an LS with an LCD comprising PQ virtual pixels is provided
by the exhaustive search algorithm. Its approach is to measure the light intensity while
iteratively switching only one (virtual) pixel transparent and leaving the remaining ones
opaque. A row-wise or column-wise search pattern is favorable.

As speci�ed above, one LS is placed at a random position on a grid withPQ grid points.
Thus, at some point the transparent virtual pixel will lie directly in the LoS path. The
maximum light intensity will be measured at the PD and the search can be terminated. If
the maximum is found,daz and del can be determined through the known position of the
transparent virtual pixel. Then, the AoA can be calculated via(2) and (3). Assuming only
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Figure 2: Fundamental shape of the CS matrix vector equation and visualization of the
sensing matrix generation for the LCD-based AoA estimator.

one LS is present in the FoV and its location is random and equally distributed over the
entire FoV with PQ possible grid points, the exhaustive search algorithm will requireP Q=2

iterations on average.

2.3 Compressive Sensing

Compressive sensing is a signal processing paradigm which was developed to e�ciently
solve an underdetermined linear system of equations with sparse input of the form

y = � � x : (8)

Here, y describes the known measurement vector containingM measurements.� is the
known sensing matrix of dimensionM � N . The system is underdetermined sinceM < N
and often M � N holds, cf. Fig. 2. Finally, x denotes the unknown vector of dimension
N � 1 which is to be reconstructed.

For conventional algorithms, solving an underdetermined linear system poses a major
challenge because there are in�nitely many possible solutions. CS algorithms, however, rely
on two assumptions, i.e.sparsity of the system input andincoherenceof the sensing matrix
which are su�cient to determine a unique solutionx .

2.4 Compressive Sensing for LCD-Based AoA Estimation

This Section illustrates the composition of the CS equation(8) based on the previously
introduced system model. Therefore, assume one LS located at a random position on the
grid with PQ possible grid points, i.e., ak = 1 sparse scenario. In this fundamental study,
we aim to demonstrate CS-based AoA estimation using an LCD. Therefore, we restrict
research tok = 1. Multi-target scenarios (k > 1) are very interesting to investigate in
future work.

As described in Section 2.1, assume that the LCD is subdivided intoPQ virtual pixels
yielding a grid of PQ AoA pairs. From Section 2.2 it is known that the exhaustive search
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algorithm requires exactlyPQ iterations to scan the whole FoV of the AoA estimator
and thus present a reliable solution. In this paper, a CS algorithm is employed which
requires signi�cantly less, generalized measurementsM , i.e. M < PQ . This is achieved by
displaying a random pattern on the LCD where each virtual pixel obtains a transmission
value 
 2 f 0; 1g. That makes the principle somewhat reminiscent of the single-pixel camera
[DD+08]. The reason for generating a random pattern is the requirement of CS that the
sensing matrix� should be as random as possible [Rau10].

For each of theM < N displayed patterns, one light intensity measurement is taken
at the PD and stored in the measurement vectory . The M LCD matrices � containing
the transmission values of thePQ pixels and thus the random patterns are also stored
consecutively. They are required to generate the sensing matrix� . For this step, each LCD
matrix � is vectorized in a row-wise fashion via


 m = vec
�
� T

m

�
: (9)

This process is visualized in Fig. 2 for the �rst andm-th LCD pattern. A row-wise vector-
ization is chosen to match the de�nition of the AoA dictionaries(6) and (7). The resulting
vector 
 m of dimensionPQ � 1 is to be included into the m-th row of � yielding the
sensing matrix
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This matrix of dimension M � PQ with M < PQ together with the M measurements
stored in y de�nes the CS equation

y
M � 1

= �
M � P Q

� x
P Q� 1

; (11)

wherex is the k-sparse vector of dimensionPQ� 1 to be reconstructed by the CS algorithm.

To reconstruct x and subsequently obtain the corresponding angles of arrival� rec and
� rec, the measurementsy , the sensing matrix� and the expected sparsityk (in our case
k = 1) are passed on to the OMP algorithm. This algorithm returns thek-sparse estimate
x̂ . To �nally obtain the AoA, x̂ is multiplied with the two dictionaries (6) and (7)

� rec = � T � x̂ ; (12)

� rec = � T � x̂ : (13)

Together, (12) and (13) yield the scalar of the speci�c AoA.
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Figure 3: Picture of the LCD-based AoA estimator, which is placed beneath the LS (not
shown). It consists of an aperture, an LCD, an LCD driver board, a PD on a TIA board
and a � C. The system is mounted on top of a panel with adjustable stands for improved
leveling.

3 Experimental Setup

3.1 Hardware Components

In this work, the same experimental setup as in [HK+22] is used. As an LS, an RGB LED
is placed on an aluminum support frame which enables free positioning of the LS in the
xy-plane. As previously, theLZC-03MD07 RGBW LED from LED Engin is chosen. It
o�ers approximately 10W electrical output power per color. Beneath the LED, the LCD-
based AoA estimator is located. It consists of theSharp LS055R1SX04RGB LCD, a light
impermeable, 3D printed aperture and theHamamatsu S3590-08PD with a dedicated
transimpedance ampli�er (TIA) circuit on a printed circuit board, cf. Fig. 3. The display
features a resolution ofnx � ny = 2560 � 1440pixels and a frame rate off LCD = 60 Hz.
The S3590-08PD is chosen because of the large photosensitive area of1cm2. The LCD
is placed on the light blocking aperture, which also holds the PD such that the centers of
LCD and PD are aligned.

To operate the LCD-based AoA estimator, the LCD is connected via an HDMI cable to
a computer controlling the display. Light intensity measurements are taken by anArduino
Portenta H7 � C, which digitalizes the signal from the output of the TIA with an integrated
16 bit analog-to-digital converter at a sample rate of1Msps. The conversion is triggered
as soon as the computer transmits a command via the serial interface. Depending on the
command, averaging over 1 to 1000 samples can be selected to reduce noise. The digitalized
measurement is then transmitted to the computer via the serial interface, read and stored,
which delivers the measurement vectory .
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