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P R E FA C E

The present work is a summary of research I conducted at Fraunhofer
Heinrich Hertz Institute (HHI) between November 2015 and July 2018. I
started working on the topic of optical wireless communication (OWC) in in-
dustrial production environments because PD Dr. rer. nat. Volker Jungnickel
needed someone who would perform link-level simulations for the standard-
ization activities in the IEEE P802.15 working group. After being introduced
to this topic through simulations, however, I was intrigued by its potential in
experimental analyses, which could in turn pave the way for the design and
development of an OWC system suitable for reliable mobile communication
in industrial production environments. Throughout my work I thus cared
to identify the e�ects which most signi�cantly compromise reliability of an
OWC system and provide experimentally veri�ed solutions to mitigate them.
This mindset, I believe, is re�ected in the structure of this thesis and explains
its strong focus on experimental work.

For giving me the chance to work on this very interesting topic not only
with a large portion of creative freedom, but also with well-served advisory
help, I would like to express my deepest gratitude to PD Dr. rer. nat. Volker
Jungnickel. Additional thanks go to him, Prof. Dr.-Ing. Ronald Freund and
Professor Dominic O’Brien for taking time and sharing their expertise in
reviewing this work.

Although he is not part of the team of reviewers, I would like to thank
Dr.-Ing. Johannes Karl Fischer, who has taught me the proper analysis and
presentation of research results in publications and at conferences. I also owe
a very big thank you to all my other (temporary) I referring you,

Dr. Tobias,
Dr. Francesco.

colleagues at HHI. Although
I will not mention each individually1, I cannot deny the help I have received
through fruitful discussions, either during co�ee or lunch breaks, project
meetings, or business trips such as the multiple measurement series at BMW.
I do, however, owe particular thanks to my colleagues from the electronics
group Jonas Hilt and Peter Hellwig. Without their expertise, my design
considerations for the optical front ends and combing circuitry discussed in
this work, would have never left the realm of ideas and sketches. Among all
colleagues, I would also like to pay my distinguished respects to Dr. Felix

Don’t ever look at the
snow.

simply for the great times we have had so far in- and outside of HHI.
Outside the work environment, I would also like to thank my family, friends

and �atmates, who have always successfully made sure that I could clear
my mind even after long-lasting and tedious laboratory sessions. I cannot
express how much I appreciate the loving and joyful environment they have
provided throughout the years.

Within the present manuscript, the reader may notice an occasional use of
the pronoun we. While their help and support are highly appreciated, this we
does not attempt to incorporate my colleagues, but rather the reader. When
suitable, I have thus made use of a less formal language, which hopefully

1 Admittedly, this is in parts due to a preemptively felt fear of possibly forgetting someone.
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allows to include the reader in my personal thought processes without the
barrier of an omnipresent passive voice. With this being said, I wish the
reader a pleasant read.

Pablo Wilke Berenguer
Berlin, March 2019



A B S T R A C T

In the past centuries, production processes have impressively evolved from
mostly hand-made goods of small quantities to almost fully automated large
scale productions. Three signi�cant jumps are commonly referred to as indus-
trial revolutions, which have brought �rst mechanization, then electri�cation,
and in this century, partial automation to the production processes. The
currently ongoing step towards highly �exible, fully automated and intercon-
nected factories is envisioned to be the fourth industrial revolution. For such
factories, wireless communication systems, which support autonomous mo-
bile units throughout the production sites, are expected to play an important
role.

This thesis therefore discusses the use of optical wireless communication
(OWC) as a wireless technology for industrial production environments.
With this application, stringent requirements with respect to reliability and
latency are imposed, which must be taken into account in the design of
an OWC system. The content of this thesis thus focuses on aspects of the
physical layer design, which are crucial for a reliable operation of an OWC
system tailored to the needs of industrial wireless communication.

At �rst, known concepts of optical communication based on intensity
modulation (IM) and direct detection (DD) and its implications for mobile
communication are brie�y reviewed. In order to support mobile communi-
cation with large coverage, the use of non-directed multiple-input multiple-
output (MIMO) transmission is investigated.

The impact of low received signal powers on the signal-to-noise ratios
(SNRs) due to non-directed transmission, is mitigated by using increased
transmit signal powers. Since these can in turn result in nonlinear distortions
at the transmitter (Tx) and receiver (Rx), a nonlinear equalization scheme is
proposed and evaluated in laboratory experiments.

In order to understand the optical wireless channel seen in a production
environment, �rst channel measurements were performed at BMW. Their
analysis reveals a strong spatial selectivity of the optical wireless channels.

It is then suggested to use such MIMO channels with antenna diversity
schemes, which improve overall reliability of the communication system.
Adaptations of these schemes for OWC are discussed and veri�ed in single-
and multi-carrier transmission experiments.

Possible simpli�cations are derived and applied in order to allow for the
�rst real-time implementation of an OWC system, which supports reliable
mobile communication. The evaluation of such a communication system
deployed at BMW is presented towards the end of this thesis.
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Z U S A M M E N FA S S U N G

Produktionsweisen haben sich in den letzten Jahrhunderten beeindruckend
von Handarbeitsfertigungen mit geringer Stückzahl zu nahezu vollständig au-
tomatisierten Produktionen im großem Maße weiterentwickelt. Hierbei wer-
den drei bedeutende Sprünge als Industrielle Revolutionen bezeichnet, welche
erst die Mechanisierung, dann die Elektri�zierung und in diesem Jahrhun-
dert die teilweise Automatisierung der Produktionsschritte mit sich gebracht
haben. Der heutzutage statt�ndende Schritt in Richtung �exibler, vollständig
automatisierter und vernetzter Fabriken wird als vierte industrielle Revo-
lution angesehen. In derartigen Fabriken ist zu erwarten, dass drahtlose
Kommunikationssysteme, die die Anbindung autonomer und mobiler Ein-
heiten innerhalb der Produktionsstätten unterstützen, eine bedeutende Rolle
spielen werden.

Die vorliegende Arbeit beschäftigt sich daher mit der optischen drahtlosen
Übertragung (OWC) als eine potenzielle drahtlose Technologie im Umfeld der
industriellen Fertigung. Diese Anwendung bringt jedoch strenge Anforderun-
gen bezüglich Zuverlässigkeit und Latenz mit sich, die bei dem Entwurf eines
OWC Systems berücksichtigt werden müssen. Diese Arbeit beschäftigt sich
daher mit Aspekten der physikalischen Schicht, die ausschlaggebend für eine
zuverlässige Funktionsweise eines OWC System sind, das auf die Bedürfnisse
der industriellen Kommunikation maßgeschneidert ist.

Es werden zu Beginn bekannte Konzepte von auf Intensitätsmodulation
(IM) und Direktempfang (DD) basierender optischer Kommunikation und
resultierende Folgen für mobile Kommunikation kurz wiederholt. Mit dem
Ziel mobile Kommunikation mit hoher Abdeckung zu unterstützen, wird
die Verwendung von ungerichteter multiple-input multiple-output (MIMO)
Übertragung untersucht.

Der Ein�uss geringer Empfangsleistungen auf die Signal-Rausch-Verhält-
nisse (SNR) durch die Verwendung ungerichteter Übertragung wird durch
den Einsatz höherer Sendeleistungen gemäßigt. Da diese wiederum nichtlin-
eare Verzerrungen der Sender (Tx) und Empfänger (Rx) hervorrufen, wird
ein nichtlinearer Entzerrer vorgeschlagen und in Laborversuchen evaluiert.

Mit der Absicht den in Produktionsstätten vorgefundenen optischen draht-
losen Kanal besser zu verstehen, wurden erste Kanalmessungen bei BMW
durchgeführt. Diese weisen auf eine starke räumliche Selektivität der optis-
chen drahtlosen Kanäle hin.

Daher wird die Ausnutzung der MIMO Kanäle mit Antennendiversitätsan-
sätzen vorgeschlagen, welche die Zuverlässigkeit des Kommunikationssys-
tems verbessern. Anpassungen dieser Ansätze für OWC werden untersucht
und mit Ein- und Mehrträgerübertragungen experimentell veri�ziert.

Mögliche Vereinfachungen werden hergeleitet und angewandt, die eine
erste Echtzeitimplementierung eines OWC Systems erlauben, welches eine
zuverlässige mobile Kommunikation unterstützt. Die Evaluierung eines
solchen, bei BMW eingesetzten, Kommunikationssystems wird gegen Ende
der Arbeit vorgestellt.
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1I N T R O D U C T I O N

1.1 optical wireless communication

In the past decades, the increasing interest in mobile communication was
mostly covered by technologies from the �eld of radio frequency (RF)1 com-
munication. The benevolent attenuation conditions in air for radio frequen-
cies below 6 GHz contributed signi�cantly to this technological development.
However, emerging bandwidth-hungry services such as virtual reality, mobile
video streaming, online gaming, machine-type communications and Internet
of Things (IoT) devices have lead to an increased interest in higher carrier
frequencies in the mm-wave, THz and optical domain.

Communication systems based on technologies that rely on optical car-
riers, such as optical wireless communication (OWC), Li-Fi2, visible light
communication (VLC), and infrared wireless communication (IWC), have by
far the largest reservoir of unused bandwidth and thus the largest potential
to become future-proof technologies. The availability of low-cost, small-size
and energy e�cient light-emitting diodes (LEDs), as used in modern illumi-
nation infrastructure, have lead to an increased interest in these technologies
over the past decades. This increased interest is visualized in Fig. 1.1, which
shows the number of scienti�c publications related to OWC, Li-Fi, VLC and
IWC for each year over the past decades3. Throughout the thesis we will
mostly refer to OWC as the most general term for communication with op-
tical carriers. When adequate, we make a di�erentiation between the use
of visible wavelengths as in Li-Fi/VLC and infrared wavelengths IWC. The
following paragraphs are dedicated to the introduction of the �eld’s evolution
so far and the placement of this thesis within the �eld.

The �rst proposal of an optical wireless local area network (WLAN) was
made by Gfeller and Bapst in 1979 [1]. The potential of di�use light prop-
agation for indoor IWC was further explored in [2]. A highly directed ar-
chitecture with tracking was introduced in [3]. These early studies already
considered a mobile unit (MU), but the coverage of high data rates was limited
by insu�cient power of the optical sources so that directed transmission
based on manual, mechanical or electronic tracking were investigated. Spot
di�using as a semi-directive technique was introduced for high-speed non-
line-of-sight (nLOS) communication in [4] and extended to multiple spots in
[5], [6]. A combined di�use and directed link was proposed in [7], enabling

1 A list of all acronyms can be found on page 93. A list of all symbols can be found on page 97.
2 The term Li-Fi is a creation that reminds of the trademark Wi-FiTM. Both terms are often

interpreted as abbreviations of light �delity and wireless �delity, respectively, which in turn
are references to the established terms low �delity and high �delity in audio technologies.

3 The data was obtained from a search query on web of scienceTM. The query matched publica-
tions related to the topics of OWC, Li-Fi, VLC and IWC:
“TS=((optical AND wireless AND communication) OR (optical AND wireless AND communications) OR (OWC) OR (light AND �delity)

OR (li�) OR (visible AND light AND communication) OR (visible AND light AND communications) OR (VLC) OR (infrared AND wireless

AND communication) OR (infrared AND wireless AND communications))”

7
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Figure 1.1: Popularity of �eld by number of publications per year. Since the underly-
ing data was queried in February 2019, not all works published in 2018
were yet indexed and an additional increase may be expected.

indoor coverage at high data rates, however, with increased costs. All works
stated thus far belong to the sub�eld of IWC. A few disruptive inventions
stimulated research dominantly at the visible wavelengths:

An important technological advance was the availability of new types of
light sources. The introduction of GaN LEDs [8] coated with white-light
emitting phosphors [9] made powerful visible light sources available at a low
cost due to their popular use for illumination. Such LEDs can be modulated
at reasonably high speed and can be used for VLC. Early on, powerline
communication (PLC) was proposed as a natural backbone for VLC [10].
Using the existing illumination infrastructure, in which incandescent light is
increasingly replaced by LED luminaries, illumination and communication
purposes could be ful�lled simultaneously. Another change was brought by
the use of red-green-blue (RGB)-LEDs and red-green-blue-yellow (RGBY)-
LEDs. The availability of three (RGB) or four (RGBY) colors, allowed for
the parallel use of multiple optical carriers with independent signalling, also
known as wavelength-division multiplexing (WDM) [11]–[14]. Due to their
intrinsically higher modulation bandwidths, laser diodes (LDs) [15]–[17] and
micro light-emitting diodes (µLEDs) [18]–[21] are attractive light sources for
high-speed communication in the multiple gigabit per second regime.

The consideration of advanced waveforms such as orthogonal frequency-
division multiplexing (OFDM), bene�cial in the presence of limited bandwidth
electronics and multipath optical channels, was part of the aforementioned
record-breaking papers. Combined with an o�set in amplitude to ful�ll the
non-negativity constraint of the intensity modulation (IM)/direct detection
(DD) channel, the concept of direct-current biased optical (DCO)-OFDM was
�rst proposed in [22]. An adaptation to multipath distortions with an OFDM
based closed-loop adaptation was suggested independently by two groups in
[23]–[26]. The feasibility of modulating a white LED’s intensity with DCO-
OFDM was �rst validated experimentally for a limited bandwidth of 4 kHz in
[27]. Since then, there has been a focus on waveforms designed to ful�ll the
IM/DD non-negativity constraint, both for single-carrier (SC) [14], [28]–[33]
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and multi-carrier waveforms, such as asymmetrically clipped optical (ACO)-,
Flip-, unipolar (U)- and enhanced unipolar (eU)-OFDM [34]–[37].

Further advances regarding OWC have been made in the �eld of com-
munication theory that have lead to tighter bounds on the capacity of the
point-to-point (P2P) IM/DD Poisson [38] and Gaussian [39], [40] channels
with non-negativity, peak and average power constraints. In VLC, where
optical carriers serve mostly for illumination purposes and thus exhibit high
optical powers, the latter are particularly interesting.

Albeit its various advances, OWC has continued to struggle �nding its
break-through into applications with large markets as a standalone technol-
ogy. In case of WLANs, e.g., RF solutions such as Wi-FiTM dominate this
market segment. Thus, OWC is nowadays often considered an enhancing
or supporting technology, to o�oad tra�c from the crowded RF spectrum
[41]–[43] and hybrid solutions have started to be investigated [44], [45]. The
works in this thesis, however, are focused on a standalone OWC system with
an optical wireless uplink (UL) and downlink (DL). The divergence from the
just stated trend results from the industrial production environment, which
this thesis focuses on. Before stating the goals of this thesis in detail, however,
we brie�y introduce the �eld of industrial (wireless) communication.

1.2 industrial wireless communication

Nowadays, industrial facilities rely on digital communication for control and
automation of its production processes. The programmable logic controllers
are usually connected to the factories’ machines (i.e., sensors, actuators,
motors, switches, etc.) via so called �eldbuses. Fieldbuses may be seen as
networks wired in a bus topology, whose protocols are standardized by the
International Electrotechnical Commission (IEC) with a focus on the needs
of industrial communication networks [46]. A classi�cation of use cases
for industrial communication is provided in [47]. Traditionally, distributed
control systems constitute a large fraction of the applications. In those, data
from distributed sensors is fed to a centralized control logic, which in turn
steers distributed actuators. For control loops, low end-to-end delays, a low
packet delay variation (PDV) and short cycle times are important. Data
rates, on the contrary, are often low and only small packets, with a size
of few byte (B), have to be transmitted [48]. Moreover, integrity must be
guaranteed for virtually all packets as the control logic works only with
continuous connection to sensors and actuators. Therefore, it is appropriate
to optimize for high reliability, low cycle times and low latencies when
designing industrial communication protocols [49].

It is important to note that the di�erent applications within industrial
communication networks do not all have the same requirements. While cycle
times are not important for alarms, reliable transmission and low latency
are crucial. Con�guration and management tra�c typically has more re-
laxed requirements, albeit an occasional need for higher throughputs, for
example in case of �le transmission. Further, novel and future applications
such as industrial augmented reality [50] may simultaneously require high
throughput and low latencies when o�oading image processing to a pow-
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erful server [51]. Machines functioning in an autonomous manner, which
require a network connection only for con�guration and management, have
very low requirements for network performance and the focus lies on easy
con�guration of the network connection. This is expected to become more
common through the paradigm of software-de�ned manufacturing in future
�exible factories [52], [53].

Key innovations of the
industrial revolutions:

1st (around 1800)
steam engines and
mechanization of

production processes

2nd (around 1900)
electri�cation and

mass production

3rd (80’s - ongoing)
automation based on

robots, electronics and
information
technology

4th (starting)
Yet to be determined.
Common descriptive

terms include IoT,
arti�cial intelligence,
quantum computing,
augmented reality,

autonomous vehicles,
smart factories

The latter examples are use cases envisioned to play an important role in
the so-called Industry 4.0 - the fourth industrial revolution4. One of its addi-
tional innovations is the disruptive change from static, mostly single-good
producing factories towards �exible, highly automated ones. A fundamental
requirement for such a factory of the future [47] is moving from wired �eld-
buses to a reliable wireless communication system to interconnect MUs to
the factory’s network. In RF communication, steps in this direction have been
taken, e.g., by adapting the Institute of Electrical and Electronics Engineers
(IEEE) 802.15.4 standard into standards to be used for industrial wireless
communication such as WirelessHART [56] and ISA100 [57]. Research and
development activities have focused on potential future industrial radio
technologies that ful�ll more stringent performance requirements. Most
approaches exploit diversity in one way or another. For temporary deep
fades, automatic repeat request (ARQ) may be used to make use of temporal
diversity. However, when required cycle times are shorter than the coherence
time of a channel, ARQ schemes have proven ine�ective [49], [58]–[60]. Co-
operative relaying implemented on the medium access control (MAC) layer,
such as e.g. EchoRingTM, additionally takes advantage of the spatial diversity
of the wireless channel [60], [61]. On the physical layer, spatial diversity
may also be used by means of multiple-input multiple-output (MIMO) pro-
cessing [62]. Here, antennas are distributed in space, thus spanning multiple
spatial channels simultaneously with higher probability of yielding a suf-
�ciently good one. Most of these RF technologies rely on transmission in
the license-free industrial, scienti�c and medical (ISM) bands, which due to
likely interference impedes their ability to guarantee in-time packet delivery
[53]. Therefore, the approach to use long term evolution (LTE) or subsequent
technologies with dedicated and licensed frequencies recently gained interest
[47], [63].

While RF communication in the sub 6 GHz bands continues to be an excel-
lent medium for multiple applications, its crowded spectrum cannot guar-
antee transmission free of interference in the unlicensed bands or requires
the application for and payment of expensive licenses. Thus, alternative
frequency ranges are currently being investigated with the use of optical
carriers being a potential candidate.

1.3 scope of the thesis

In this thesis the two previously introduced �elds are merged and the applica-
tion of OWC in an industrial production environment is studied. Interestingly,

4 The term Industry 4.0 originates from the strategy of the German government to modernize
industrial production by means of digital innovations [54] and covers parts of the vision
known as Industrial Internet in the United States of America [55].
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the general idea was already born in 1988 [64]5. While we do not know ex-
actly why it was never adopted in the factories of the past, we know that
for the envisioned factories of the future, requiring reliable wireless commu-
nication at moderate data rates in the order of tens of Mb/s and reasonably
low latencies in the order of a few milliseconds6, the properties of optical
carriers continue to be of interest. Two important aspects are the spatial
con�nement of optical carriers and the license-free spectrum. While the �rst
makes OWC robust against potentially malicious interference (e.g., jamming)
or eavesdropping and hereby improves the networks security, the second
allows for quick and independent deployment.

Starting at the bottom of every communication system, we focus on relia-
bility aspects of the optical wireless physical layer. After this introductory
chapter, we review basic concepts of IM/DD communication and its implica-
tions for mobile communication in Chapter 2. The objective is to provide a
condensed source of prior existing knowledge, required to understand the
content and interpretations in the following chapters. Chapter 3 discusses a
�rst approach to improve reliability by compensation of nonlinear impair-
ments of the OWC channel, which allows the use of increased signal powers.
Chapter 4 focuses on the exploration of the optical wireless MIMO channel
and presents channel measurements obtained in an industrial production
environment. It lays the foundation for the subsequent Chapter 5, in which
data transmission exploiting spatial diversity of such MIMO channels is stud-
ied experimentally. After the feasibility of the individual components and
diversity concepts is tested in a laboratory setup, a real-time implementation
is presented and ultimately put under test in a real production environment.

5 According to [65], the IWC concept presented in [64] coincidentally was also the �rst wireless
�eldbus at all.

6 The exact required latencies vary with the application of the communication system and
are therefore di�cult to determine a priori. However, the order of a few milliseconds is a
reasonable target unlocking multiple applications in industrial wireless communication.





2F U N D A M E N TA L S

This chapter serves as an introduction to known results and concepts regard-
ing optical wireless communication (OWC) and presents the simulation and
digital signal processing (DSP) toolchain used throughout the thesis.

2.1 transmitters and receivers

Unfortunately, there appears to be no standard transmitter (Tx) or receiver
(Rx) in OWC, making it di�cult to discuss them without imposing too
many assumptions. We therefore introduce the basic building blocks most
transceivers (TRxs) have in common, before explaining the particularities
of the TRxs used for the experimental works presented in this thesis. For
brevity, we will be referring to the latter as our TRxs. Figure 2.1 shows such
basic building blocks for a point-to-point (P2P) system with a single Tx and
a single Rx. Commonly,
1. ↓ transmittera source generates information in the form of bits. From a physical layer

point of view, these are likely to come from the data link layer and may
represent any type of generic information. These bits are fed to a DSP
unit of the Tx, which may, e.g., include the protection of bits via a forward
error correction (FEC) scheme, an addition of known training sequences
for channel estimation and the mapping into samples of a waveform
suitable for transmission over an OWC channel.

2. A digital-to-analog converter (DAC) converts the resulting digital sam-
ples to the analog electrical domain, where

3. an analog pre-equalization circuit may compensate for the strong low-
pass behavior of the following components. A broadband ampli�er
creates a current, approximately proportional to the desired signal wave-
form and drives an

4. electro-optical (E/O) conversion element, such as a light-emitting diode
(LED) or laser diode (LD). The resulting optical beam can be shaped by
optical elements such as lenses or spatial light modulators (SLMs). ↑ transmitter

5. ↓ receiverAt the Rx, the incident optical signal may be collected by an optical
concentrator and converted back into the analog electrical domain with
an opto-electrical (O/E) element, such as a positive intrinsic negative
(PIN) photodiode (PD) or avalanche photodiode (APD).

6. Subsequently, an analog post-equalization may be used to �atten the
overall frequency-response. The following ampli�cation stage is par-
ticularly important in a system with centralized processing, where the
received signal must travel through long cables prior to

7. digitization with an analog-to-digital converter (ADC).
8. The DSP at the Rx performs channel estimation and equalization and

recovery of the originally transmitted bits, which are passed to the sink
of the physical layer, likely the data link layer. ↑ receiver

13
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Figure 2.1: Generic block diagram of a P2P OWC system. Yellow �ashes indicate
components with potentially nonlinear behavior.

The optical front ends used in our TRxs, however, were built with low-cost,
o�-the-shelf electronics components and therefore use non-coherent light
sources such as LEDs with intensity modulation (IM) for E/O conversion and
silicon (Si) PIN PDs with direct detection (DD) for O/E conversion. The size
of the PD lies in the order of multiple square millimeters and is thus multiple
orders of magnitude larger than the wavelengths contained in the incident
optical signal. Generally, the phase and magnitude of the optical �eld vary
strongly along the spatial dimensions and deep fades occur at displacements
with a magnitude in the order of wavelength of optical carriers. If detectors in
that order of magnitude or smaller were used, these fades would be visible or
behave similarly to multipath fading in radio frequency (RF) communication.
However, the comparatively large detectors in use average out this e�ect and
as a result, the current �owing through the PD in a �rst order approximation
may be assumed proportional to the instant optical power [2].

Figure 2.2 shows the emission spectra of the LEDs [66], [67] built into
our Txs in comparison to other light sources commonly found in indoor
environments [1], [2] normalized to their respective peak values. By addition-
ally displaying the responsivity of the PD used in our Rxs as a dashed line
[68], it becomes clear that the Rxs in use capture light from most common
light sources, with best O/E conversion e�ciencies around the infrared (IR)
range. While natural light sources emit with a mostly constant optical power,
arti�cial light sources may exhibit �uctuations over time of up to a few hun-
dred kHz [69], causing interference at these low frequencies. Both types of
light sources, however, are potential sources of shot noise. When light is
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interpreted as the sum of quantized units of optical energy, i.e. photons, shot
noise describes the �uctuation of detected photons within a short time frame.
In bright ambient light, shot noise is often considered to be the limiting noise
in an OWC system [2], [70]. In order to determine which fundamental limita-
tions are faced within the studied environments and with our TRxs, a small
series of measurements was conducted. These are presented in Appendix A.1,
where it is observed that the limiting noise is independent of the received
signal and ambient light and in this respect behaves like thermal noise.

2.2 optical wireless channel

This section is dedicated to e�ects occurring between one or more Txs and
one or more Rxs, i.e., the optical wireless channel. After an introduction to
the concepts explaining the dominant geometrical losses, we continue with
re�ective multipath and multiple-input multiple-output (MIMO) channels.

2.2.1 Power Dispersion and Reception

The dominating losses in indoor OWC are geometrical losses arising from the
fact that only a small fraction of the transmitted power dispersed into space
is captured by the Rx. In order to understand the implications for building a
reliable communication system, this section attempts to formalize the free-
space propagation of an optical signal. An optical signal may be interpreted
as the conglomerate of multiple photons, each with an energy proportional
to its optical frequency νph or inversely proportional to its wavelength λph:
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Eph = h · νph =
h · c
λph

(2.1)

Here, h is the Planck constant and c the speed of light in vacuum. Based on
the energy of single photons, we may construct a time-dependent energy
signal E(t) at time t as

E(t) =

∞∑

k=1

δ(t− tk)Eph,k, (2.2)

where Eph,k is the energy of the k-th photon detected at the time instant tk.
This mathematical construct based on the Dirac delta function δ(t) allows us
to de�ne the optical power P (t) observed up to a time instant t and within a
preceding observation window T as:

P (t) =
1

T 2

∫ T

0
E(t− τ) dτ (2.3)

Note that Eq. (2.3) can be interpreted as the convolution of the energy signal
with a rectangular function, hereby resulting in a low-pass behavior. For
a communication system, it is thus of interest that the observation time is
su�ciently small compared to the signal’s bandwidth.

To describe the spatial dependence of the optical power de�ned in Eq. (2.3),
we borrow a few useful terms from the �eld of radiometry1 [71]. Since it is the

1 Since OWC also covers IR communication, we focus on radiometry, not photometry. For a
brief di�erentiation between the two �elds see Appendix A.2
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�eld concerned with the measurement of power of electromagnetic radiation
and the transfer thereof, the quantities are also useful to mathematically
describe the signal power �ows in wireless IM/DD systems.

The �rst useful quantity is the radiant intensity R, which is the fraction
of radiant power2 emitted, transmitted, received or re�ected through an
in�nitesimally small element of solid angle dΩ (see Fig. 2.3a):

R =
dP

dΩ
(2.4)

It is given in Watt per steradian, i.e., per square radian (W/sr). Throughout the
thesis, Ω is the solid angle and dΩ = sin(θ) dφ dθ its di�erential. All angles,
including the azimuthal and polar angles φ and θ, will be given in radian,
unless denoted by the degree symbol °. We will use the radiant intensity to
describe the angular dependence with which the light source of a Tx radiates
its total optical power Pt into space:

R(φt, θt) = Pt ·R0(φt, θt) (2.5)

The subscript t denotes the correspondence to a Tx throughout the thesis.
The second useful quantity is the irradiance I , which is the fraction of optical
power incident upon a surface element dA at an angle θ with respect to the
surface normal nA (see Fig. 2.3b):

I =
dP

cos(θ)dA
(2.6)

We are interested in the irradiance resulting from the light emitted by a
source located at point pt incident on a detector with area A positioned at
point pr. The distance between this Tx/Rx pair is d = ‖d‖2 = ‖pt − pr‖2,
where ‖·‖2 denotes the Euclidean norm and the subscript r indicates the
correspondence to a Rx. Figure 2.3c shows a sketch of the spatial relationship
between this pair. For the indoor industrial environments investigated in
this thesis, distances of interest are in the range of a few meters, while the
detector areas lie in the range of one cm2. For such A << d2, the irradiance
may be assumed constant with I = R(φt, θt)/d

2 [1], [2]. Without a lens, the

2 Radiant power or radiant �ux are two commonly used term in radiometry. However, we will
continue using the equivalent term optical power.
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power received by a detector with physical area A depends on the irradiance
I and the angle θr with which a ray is incident in the following way:

Pr =

∫

A
I · cos(θr)dA

= I ·A · cos(θr) (2.7)

=
1

d2
·R(φt, θt) ·A · cos(θr)
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When a Rx is used with a concentrator lens, its angular dependence is in-
�uenced by many factors such as a possible anti-re�ective coating, the lens’
and its surrounding material’s refractive indices nl and na, the geometry of
the lens. For our purposes, it su�ces to summarize these angular dependent
terms into a resulting e�ective area Aeff :

Pr = Ir ·Aeff(θr) (2.8)

=
1

d2
·R(φt, θt) ·Aeff(θr) (2.9)

The optical gain of a lens G(θ) is the ratio between the detected power Pr

without and with lens [72]. The resulting optical gain is then simply given by

G(θ) =
Aeff(θ)

A · cos(θ)
. (2.10)

While it is possible to describe the e�ective areas for multiple types of con-
centrators such as ideal concentrators [1], truncated hemispherical lenses
[72] or compound parabolic concentrators [73], we are mostly interested
in a mathematical expression that describes the angular dependencies of
our devices su�ciently well, such that the resulting models can be used in
simulations. For such models, we will be assuming rotational symmetry of
R and Aeff around their surface normals and thus drop dependencies on the
azimuth angles φ. Generalized Lambertian functions of order K were used
in [1], [74] to describe R0(θt) with di�erent focusing gains. Similarly, we
may de�ne them as follows:

L(K)(θ)
def
=

{
K+1
2π cosK(θ) for 0 ≤ θ ≤ π

2 ,

0, otherwise.
(2.11)

Note that
∫
L(K) dΩ = 1 ∀K . Reformulating Eq. (2.11), the half-power

semi-angle (HPSA) is consequently given as θ1/2 = cos−1(0.5)1/K . In order
to model a limitation to a maximum transmit/receive angle θ′, e.g., due
to packaging or other imperfections, a multiplication of the Lambertian
functions with the rectangular function uθ′(θ) is possible. It is de�ned as

uθ′ (θ)
def
=

{
1 for θ ≤ θ′,
0 otherwise.

(2.12)

Measured angular dependencies for a pair of commonly used LEDs [66] and
PDs [68] are shown as dashed lines in Fig. 2.4a. The solid lines represent
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�tted directivities based on combinations of a Lambertian and a rectangular
function. We may observe that R0(θt) is rather well approximated by

R0(θt) ≈ L(0.3)(θt) · u57°(θt) (2.13)

and the e�ective area with Aeff(0) = 150mm2 [68] by

Aeff(θr) ≈
2π

4 + 1
L(4)(θr) · u57°(θr) · 150 mm2. (2.14)

The limitation to θ′ = 57° results from the use of a casing similar to that
shown in Fig. 2.4b, which could be improved if the LED and PD were not
recessed in the casing. As a reference, the e�ective area of the same PD
without an optical concentrator [75] is added to Fig. 2.4a as a yellow solid
line, which reveals the known bene�ts of concentrators. While the Rx’s HPSA
is reduced when using a concentrator, the resulting Aeff is enlarged (purple
lines) and thus the received optical power is boosted within the maximum
receive angle θ′. Along the surface normal of the detector, the increased
e�ective area results in an optical power gain of 7.5 decibel (dB).

With the angular dependencies of our Txs/Rxs established, the line-of-sight
(LOS) optical gain coe�cient may be computed as

hr,t =
Pr

Pt
=

1

d2
·R0(θt) ·Aeff(θr). (2.15)

This quantity describes the average channel gain between a Tx and Rx pair.
Including the delay τ = d/c due to free-space propagation over a distance d
at the speed of light in vacuum3 c, yields the LOS channel impulse response
(CIR) between a single Tx and a single Rx:

hLOS(t) = δ(t− τ) · 1

d2
·R0(θt) ·Aeff(θr) (2.16)

For su�ciently slow changes in the order of multiple µs, which might result,
e.g., from a spatial displacement of either Tx or Rx, the overall channel can

3 In most cases the surrounding medium may not be vacuum and can be expected to be air
with a refractive index of na ≈ 1.0003 and the speed of light is slightly reduced to c/na.
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be assumed to be time-invariant over the length of the CIR. In such cases,
the transmission of a signal x(t) over the channel hLOS(t) can be written as
a linear convolution [76], in the following denoted by ∗:

y(t) = hLOS(t) ∗ x(t) + n(t) (2.17)

At the Rx, the received signal y(t) is then composed of the distorted transmit
signal and additive noise n(t). As Eq. (2.5) indicates, a light source with
a larger HPSA, yet �xed Pt, will disperse power more broadly into space,
resulting in a smaller maximally achievable Pr for a given e�ective area
of the Rx. For noise sources independent of the Tx-side radiant intensity,
such as shot-noise from ambient light or thermal noise from the Rx circuitry,
the use of Tx with larger HPSA results in a lower, maximally measurable
signal-to-noise ratio (SNR).

This is illustrated by simulation results4 in the upper graph of Fig. 2.5.
Here, Txs with varying HPSAs undergo a rotation of 180°. At 0° and 180°, the
Txs’ surface normals nt are perpendicular to the surface normal nr of the Rx.
After a rotation of 90°, the Tx/Rx pairs are perfectly aligned, which results in
the largest channel coe�cients and thus largest SNRs for all HPSAs. Peak
values are obtained for Txs with high directivity, i.e., small HPSA. However,
for reliable mobile communication, the availability of a su�ciently good SNR
over a broad range of angles is particularly important.

4 As a calibration step, an SNR of 20 dB was set to match the experimental results in Section 3.2.1,
for an aligned Tx with R ∝ L(2) and a Rx with Aeff ∝ L(4) at d = 3 m.
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Furthermore, if we do not only consider a static case, but ascribe a constant
speed of 180°/s to the rotation, the rotational displacement may be translated
to a time variation of the channel coe�cient in Eq. (2.15). The bottom graph
in Fig. 2.5 shows the coe�cient change in dB/ms when using Txs with varying
HPSAs. It is noteworthy that Txs with high directivity, i.e. small HPSAs,
show signi�cant variations of the channel over time (>1 dB/ms) for a large
portion of the rotation. This becomes important when we consider that
typical packet-based link rate adaptations take tens of ms between updates
[77]–[79]. Thus, the channel coe�cients may change between two updates
by multiple tens of dB, making a mobile and reliable transmission impossible
unless very large SNR margins are used. This e�ect peculiar to OWC has
also been observed in [80], where it was combated by predictive estimation
of the SNR evolution, thus allowing for faster rate adaptation. However, with
the objective of an inherently more reliable physical layer design, this thesis
focuses on the use of Tx and Rx with large HPSAs, resulting in larger coverage
and slower channel changes. This comes at the cost of higher dissipation
of optical power into space and consequently smaller received powers. The
main body of this thesis thus discusses two approaches to deal with this e�ect
in order to improve physical layer reliability for mobile OWC.

Since in OWC the term power may be used in di�erent contexts, we
now take a moment to di�erentiate between its uses. This hopefully avoids
confusion in the later chapters of the thesis. So far, we have only considered
optical powers P to explicitely refer to the power conveyed by an optical
signal. In the previous paragraphs, the transmitted optical power Pt is
assumed to be independent of time, while the received power Pr may vary
over time due to spatial displacement. When modulated with an information-
carrying signal, Pt also becomes a (quickly) time-varying quantity Pt(t). It
is then useful, both at the Tx and Rx, to explicitely di�erentiate between
an average power P and a quickly time-varying power P̃ (t). While P =
1
T

∫ T
0 P (t− τ) dτ may be assumed to be constant within a time window T of

multiple µs around the time instant t, P̃ (t) = P (t)− P is a quickly varying,
time-dependent quantity. Both optical powers P̃ (t) and P face the same
channel loss as given, e.g., by Eq. (2.15). While the average optical power P
is important, e.g., for illumination purposes when using visible light, P̃ (t) is
the information-carrying signal and will henceforth be referred to as optical
signal power. We de�ne the ratio of the Tx average optical power P t and
the root-mean-square of the optical singal power P̃t as the modulation index
µ =

√
1
T

∫ T
0 P̃ 2

t (t− τ)dτ/P t. In a linear regime, P̃ (t) is proportional to the
quickly varying LED drive current. Hence, the Tx-side electrical signal power
P̃e,t, i.e., the power of the time-depending signal components only, de�nes
the strength of the resulting optical signal power P̃ (t). At the Rx, P̃e,r is the
quantity de�ning the receive-side SNR.

2.2.2 Re�ective Multipath Channel

In the previous section we have explained that for a reliable OWC system
the use of non-directed transmission with large HPSA of Tx and Rx results
in smaller channel variations and increased coverage. This was exemplarily
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Figure 2.6: a) Photograph of the manufacturing cell that was scanned and used
to provide a realistic simulations environment. b) Visualization of the
simulated geometry in [95].

illustrated for a LOS channel. However, Rxs with large HPSAs also capture
re�ections of surrounding objects and walls, particularly when Txs with
similarly large HPSAs are employed. We therefore consider the existence of
re�ective channels and discuss their impact on the design of an OWC system
for industrial environments.

The multiple spatial paths resulting from re�ective channels and the im-
plicit multipath distortions due to inter-symbol interference (ISI) have long
been studied in the OWC community [70], [81]–[85]. Mathematically, the
overall CIR h(t) can be split into a LOS component and one resulting from
the re�ected, i.e. non-line-of-sight (nLOS), components:

h(t) = hLOS(t) + hnLOS(t) (2.18)

While the LOS component given in Eq. (2.16) depends only on the spatial
relationship between the Tx and Rx in terms of distance d and orientation,
the nLOS component hnLOS(t) additionally depends on the surroundings, i.e.,
the geometry of the room and the re�ectivity of its walls or objects within
the room. The variety of channel realizations is thus manifold and di�cult
to condense into a single channel model with only a few parameters.

Most attempts of modeling both components in Eq. (2.18) therefore assume
at least a room geometry and re�ectivity of its walls such as in [86], which
presents a simulation framework that has since been re�ned continuously
[85], [87]–[90]. A macroscopic abstraction of the indoor optical channel
model to fewer parameter models was suggested in [83], [91] and allows for
the simple calculation of an approximate channel response. The most detailed
and site-speci�c approach for modelling Eq. (2.18) is that of raytracing based
on Monte-Carlo simulations, which has been extensively studied in the �eld
of computer graphics. However, for the computation of a CIR such as h(t),
rays must additionally be traced over time [92], [93]. When incorporated
with wavelength-dependent re�ectivities, it can recreate realistic CIRs with
high accuracy also for visible light communication (VLC) [94].

In order to obtain realistic and standardized CIRs, a series of raytrac-
ing based channels have been proposed in the Institute of Electrical and
Electronics Engineers (IEEE) P802.15 working group [95] and are available
in [96]. One set of its CIRs is the result of extensive raytracing simulations,
whose geometry was obtained from a laser scan of a real manufacturing cell.
A photograph and the resulting geometrical model of this cell are shown
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in Fig. 2.6a and Fig. 2.6b, respectively. Both show two production robots
placed within a manufacturing cell, whose boundary is highlighted in blue.
Raytracing was performed for six Txs mounted on the head of robot 1 and
eight Rxs positioned around the cell. Their positions are marked in Fig. 2.6b.
Since the simulated scenario corresponds to an application of OWC in an
industrial environment and therefore covers the same application this work
is focused on, we now brie�y analyse the published CIRs and their frequency-
domain equivalents. With six Txs and eight Rxs a total of 48 individual spatial
channels were simulated.
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The resulting channel responses as given in [96] are shown in Fig. 2.7. The
CIRs as seen by each of the eight Rxs are shown in separate subplots. Di�erent
colors indicate the source Tx. When a LOS is available, a signi�cantly stronger
peak can be observed (see Rxs 2, 3, 4, 5 and 8). Due to the proximity of
the six Txs we may expect that LOS components arrive simultaneously at
a single Rx, an e�ect that is visible for the Rxs 3, 4 and 8. Subsequent
pulses as in the graphs of Rx 2 can be attributed to nLOS components. We
observe that for non-zero LOS components, the power PLOS ∝

∫
hLOS(t)dt

transported by the LOS component is signi�cantly larger than the power
PnLOS ∝

∫
hnLOS(t)dt transported by the nLOS component.

Figure 2.8 shows the magnitude of the frequency-domain responses in dB.
Here, channels with a non-zero LOS component do not only show the largest
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magnitudes, but additionally exhibit �at frequency responses over a large
bandwidth. The large di�erence in magnitude between channels with a LOS
component and pure nLOS channels, becomes increasingly important when
considering LOS blocking elements encountered in factories. Considering
detector diameters in the range of 1 cm and fast movement above 1 m/s,
blocking can lead to abrupt channel changes in the order of multiple dB per
millisecond. This can result in failed packet deliveries and thus potentially
increased latencies. In case of the presented simulations, all LOS of Rx 1 are
blocked by the Tx-carrying robot 1 itself. For Rxs 6 and 7 blocking is caused
by robot 2.

An important question, which will be left unanswered in this chapter,
is whether weak signals undergoing a re�ection are detectable or become
indistinguishable from additive noise signals. As this depends on a multitude
of factors, such as the transmit power, signal bandwidth, Rx noise and the
geometrical and re�ective properties of the environment, an answer would be
site- and device-dependent. Nevertheless, for a similar manufacturing cell5,
channel measurements were conducted with our front ends and the results
presented in Chapter 4 indicate that only LOS channels were detectable.

2.2.3 Multiple-Input Multiple-Output Channel

The CIRs presented in the previous section were seen as a variety of individual
channels between single Txs and single Rxs. Alternatively, the union of these
48 exemplary spatial channels may also be interpreted as a single channel
with multiple inputs and multiple outputs. Understandably, such channels are
commonly referred to as multiple-input multiple-output (MIMO) channels.
By indexing the multiple CIRs and Txs/Rxs, we can extend Eq. (2.17) to
describe the MIMO channel:

ym(t) =

N∑

n=1

hm,n(t) ∗ xn(t) + nm(t) (2.19)

For a total of N Txs and M Rxs, n ∈ N : 1 ≤ n ≤ N and m ∈ N : 1 ≤
m ≤M are used to index the Txs and Rxs, respectively. Consequently, xn(t)
denotes the signal transmitted by the n-th Tx, hm,n(t) the CIR from the n-th
Tx to the m-th Rx and ym(t) and nm(t) denote the overall received signal
and noise at the m-th Rx.

To ultimately result in a simpler notation, we now consider the discrete-
time equivalent of Eq. (2.19), sampled at a rateRs ≥ 2B, whereB is the band-
width of the bandwidth-limited signals6. The sample period is Ts = 1/Rs

and the discrete-time index is denoted by k:

ym[k] =
N∑

n=1

hm,n[k] ∗ xn[k] + nm[k] (2.20)

5 The manufacturing cell shown in Fig. 2.6 had been disassembled at the time of the channel
measurements and all measurements discussed in this thesis were conducted in a second cell
introduced in Chapter 4.

6 If the signals are not inherently bandwidth-limited, we assume bandwidth limitation with an
anti-aliasing �lter at the Rx.
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The discrete-time equivalents result as ym[k] = ym(kTs), nm[k] = nm(kTs),
xn[k] = xn(kTs) and hm,n[k] = hm,n(kTs). For a CIR with �nite memory
NIR, the discrete-time convolution in Eq. (2.20) can can be applied in blocks of
lengthNDFT ≥ NIR with methods such as overlap-add or overlap-save, which
can be implemented e�ciently by computing the circular convolution within
these blocks based on the discrete Fourier transform (DFT) [76]. Applied
over NDFT samples of the transmit signal x[k], the DFT is de�ned as

Xm[l] =

NDFT∑

k=1

xm[k]e
− 2πj
NDFT

(k−1)(l−1)
, (2.21)

with l ∈ N : 1 ≤ l ≤ NDFT and is computed analogously for the noise signal.
After padding the CIR of length NIR with NDFT−NIR zeros, its coe�cients
in the frequency-domain are given by

Hm,n[l] =

NDFT∑

k=1

hm,n[k]e
− 2πj
NDFT

(k−1)(l−1)
. (2.22)

Making use of the periodic convolution property of the DFT [76], for each
block of NDFT samples, Eq. (2.20) results in

Ym[l] =
N∑

n=1

Hm,n[l]Xn[l] +Nm[l], (2.23)

where the capitalized variables are the DFT of the corresponding lower-
case variables. Even though Eq. (2.20) and Eq. (2.23) look similar, note that
the latter contains no convolution, but a simple multiplication. Therefore,
Eq. (2.23) can also be written in matrix form:

y[l] = H[l]x[l] + n[l] (2.24)

Here, H is the M ×N channel matrix with Hm,n[l] as its entries. The signal
vectors are given as x = [X1[l], . . . , XN [l]]T, y = [Y1[l], . . . , YM [l]]T and
n = [N1[l], . . . , NM [l]]T, where [·]T denotes the matrix transpose. For a
given sample rate Rs and DFT size NDFT, Eq. (2.24) describes the MIMO
channel as manifested at a physical frequency

fl =

{
Rs

NDFT
· (l − 1), for l ≤

⌈
NDFT

2

⌉
,

Rs
NDFT

· (1− l +NDFT), otherwise.
(2.25)

While Chapter 4 is dedicated to the measurement of H within an industrial
manufacturing environment, the subsequent Chapter 5 discusses how MIMO
channels can be exploited to design an OWC system with increased physical
layer reliability. Prior to the experimental validation in the laboratory and
manufacturing environment, however, the proposed concepts are tested for
feasibility with LOS-MIMO simulations. Since LOS components deliver most
of the signal power, we expect the blocking thereof to have a severe impact on
the reliability of the communication system and thus include a LOS blocking
model in the simulations. Therefor Eq. (2.16) is expanded by a blocking
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function, which incorporates the impact of LOS-blockage between the n-th
Tx and the m-th Rx:

hm,n(t) =
1

d2
m,n

·R0(θt,n) ·Aeff(θr,m) · δ(t− τm,n) ·B(pt,n,pr,m) (2.26)

The function B(pt,n,pr,m) is 1 when the LOS between the points pt,n and
pr,m is unobstructed and 0 when an obstacle nulls the channel transmission
coe�cient. In raytracing, the interception of a ray with a spherical obstacle
is calculated fairly easily. In order to keep the raytracing complexity of this
simulator low, the functions B(pt,n,pr,m) used for the simulations in this
thesis, are determined thus solely by multiple spheres with variable radius.

2.3 waveforms and digital signal processing

As mentioned in the introduction, OWC has triggered numerous publica-
tions related to the investigation of existing and creation of new waveforms
compatible with the non-negativity constraint of the IM/DD channel. While
some are designed for maximization of the IM/DD channel capacity [28]–[30],
[33], others focus on the robustness against multipath distortion based on
multi-carrier approaches [24], [25], [34], [36]. Simplicity is another focus,
usually claimed by baseband modulation formats such as early used on/o�
keying (OOK) [1], [97]. However, the simplicity of OOK comes at the cost
of limited adaption capabilities to the time-varying channel. In this work
we consider the widely used direct-current biased optical (DCO) orthogonal
frequency-division multiplexing (OFDM) and single-carrier (SC) quadrature
amplitude modulation (QAM) at an intermediate frequency. They are both
chosen, for being well understood and their property of generating direct-
current (DC) free waveforms at the output of the DAC. This is particularly
useful when handling alternating current (AC)-coupled devices, such as our
TRxs. While DCO-OFDM provides robustness against multipath distortions,
SC-QAM provides better peak-to-average power ratios (PAPRs).

In the following we brie�y introduce these two waveforms, the associated
DSP building blocks and its parametrization used for the simulations and
experiments to follow.

2.3.1 Direct-Current Biased Optical Orthogonal Frequency-Division-
Multiplexing

A common and simple approach for OWC is the use of a multi-carrier ap-
proach such as DCO-OFDM, in which an OFDM signal is generated and a
DC added to modulate the LED around a certain bias point. Even though this
approach neglects the impact of clipping for negative values of the wave-
form, its advantage lies in the simplicity of its implementation based on the
well-studied OFDM waveform.

Figure 2.9a outlines a P2P system concept based on IM/DD, which em-
ploys DCO-OFDM. Source bits are encoded with a low-density parity-check
(LDPC) FEC of variable rate RFEC [98] and serial-to-parallel (SP) conversion
is performed. The parallel bit streams corresponding to di�erent subcarriers,
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Figure 2.9: a) Block diagram of the DCO-OFDM DSP employed in the experiments
and simulations. b) Structure of an OFDM frame, which starts with a FS
for detection of the frame start and is followed by a TS for estimation of
the CIR and the information-carrying payload.

are each (quasi-)Gray-mapped [99] onto complex constellations of unit power,
commonly from the binary phase-shift keying (BPSK), quadrature phase-shift
keying (QPSK) or QAM alphabets [100], [101]. This results in complex-valued
payload symbols. For later channel estimation and channel equalization,
training sequences (TSs) are inserted thereafter7. These consist of symbols
from the QPSK alphabet and are known to the Rx. (De-)Multiplexing of dif-
ferent subcarriers is commonly performed by the DFT8. We de�ne the DFT
operating on the input signal x[k] and yielding the output X[l] identically to
Eq. (2.21):

X[l] =

NDFT∑

k=1

x[k] e
− 2πj
NDFT

(k−1)(l−1) (2.27)

Correspondingly, the inverse discrete Fourier transform (iDFT) is de�ned as

x[k] =
1

NDFT

NDFT∑

l=1

X[l] e
2πj

NDFT
(k−1)(l−1)

. (2.28)

At the Tx, the complex symbols and TSs are fed to an iDFT. In order to create
a real-valued waveform suitable for transmission over an IM/DD channel, a
conjugate symmetry is often imposed on the inputs of the iDFT [25], [70],
[101]. Alternatively, we can simply limit the Tx to use at most half of the
subcarriers corresponding to either positive or negative frequencies and

7 Here, only the P2P case is shown. However, MIMO TSs as in Section 4.1.2 may also be inserted.
8 The DFT is commonly realized with the e�cient implementation called fast Fourier transform

(FFT). It is particularly e�cient when the DFT size NDFT is an integer power of two [101].
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discard the output of the iDFT’s imaginary part. Thus, whenever DCO-
OFDM is employed in simulations or experiments, the subset of subcarriers
S ⊂ {l ∈ N : 1, . . . , NDFT/2− 1} used for data transmission is stated. At
the output of the iDFT, we obtain a block of NDFT samples x, whose entries
x[k]9 are

x[k] = 2 · Re

{
1

NDFT

∑

l∈S
X[l] e

2πj
NDFT

(k−1)(l−1)

}
. (2.29)

In order to make OFDM robust against ISI, a guard interval of NCP samples
in form of a cyclic pre�x (CP) is prepended to the block of samples x. For
1 ≤ NCP ≤ NDFT, this results in the block of NDFT +NCP samples

x′ = [x[NDFT −NCP + 1], . . . , x[NDFT]︸ ︷︷ ︸
xCP

, x[1], . . . , x[NDFT]︸ ︷︷ ︸
x

]. (2.30)

The block of samples x′ is called an OFDM symbol and for a sample rate
Rs has a duration of Tx′ = (NDFT + NCP)/Rs. For a �nite memory of
the CIR TIR, the CP is ideally chosen such that NCP/Rs ≥ TIR. Multiple
OFDM symbols are prepended with a framing sequence (FS). We call this
logical unit a frame, whose structure is shown in Fig. 2.9b. It contains OFDM
symbols corresponding to the payload data, TSs and a FS, which are denoted
by the subscripts P, T and F, respectively. The fraction of the frame occupied
by the TS and FS with respect to the entire duration is called overhead
(OH). The FS itself is a repetition of a single sub-sequence with varying sign.
These known sign variations allow for a robust detection at the Rx by a
modi�ed auto-correlation [102]. We employ FSs inspired by the ITU-T G.hn
recommendations [98], which are in essence a concatenation of a shorter
OFDM symbol with varying sign and no CP.

The resulting digital samples are then converted into the analog domain, a
DC bias is added and the overall signal is modulated onto the optical power
of the LED, resulting in the DCO-OFDM waveform. After passing through
a channel described by its CIR, the optical power is detected by a PD and
hereby converted into the electrical domain. The DC bias is removed and the
signal is digitized with an ADC.

Due to its high �exibility, we use the detector suggested in [102] to detect
the FS and thus the beginning of a frame. Subsequently, the OFDM blocks are
processed individually, starting with the removal of the CP, followed by the
demultiplexing via an DFT. The �rst OFDM symbols are the TSs containing
known complex pilot symbols its subcarriers. Based on these known symbols,
channel estimation [103] and channel interpolation is performed [104]. Based
on the estimated channel, single-tap zero-forcing (ZF) equalization is applied
[103], followed by the demodulation of each subcarrier. Here, error-vector
magnitude (EVM) and from it the SNR and log-likelihood ratios (LLRs) are
derived. The SNR is fed back to the Tx and may be used for adaptation to
the channel via bit and power loading (BPL). If employed, BPL is performed
according to [105]. After serialization of the multiple streams, the LLRs are
used to either calculate a pre-FEC bit error rate (BER) or post-FEC BER after
soft-decision decoding.

9 Note the sans-serif font to di�erentiate x in Eq. (2.29) from x in Eq. (2.28).
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The simulations and experiments based on DCO-OFDM will follow the
structure shown in Fig. 2.9a and di�er only in the exact parameters used.
Thus, at the beginning of a simulation or experimental test, the relevant
parameters will be provided in a table:

Table 2.1: List of varying DCO-OFDM DSP parameters.
symbol description typical value(s)

NDFT size of DFT 2048
S subset of subcarriers 5-1020

used for transmission
NCP size of CP 128
M cardinalities of constellations 2,4,16,32,64,128,512,

1024,2048,4096
Rs DAC/ADC sampling rate 500 MS/s

OH DSP overhead 2-20%
BPL type of BPL, if used Krongold
FEC type of FEC, if used LDPC

RFEC FEC rate, if used 5/6
Gphy,g gross physical layer throughput up to 291 Mb/s

2.3.2 Single-Carrier on Intermediate Frequency

The second waveform of interest is that of a single-carrier (SC) modulated
with a format such as QPSK or QAM and digitally upconverted to an interme-
diate frequency fc in the MHz range. Its advantage lies in the reduced PAPR
and thus higher optical signal power10 compared to DCO-OFDM for equal
peak-power constraint such as imposed by the limited dynamic range of an
DAC or the non-negativity of the IM/DD channel. Just as with DCO-OFDM,
a DC bias is added to avoid clipping due to the IM/DD channel.

Figure 2.10a outlines the P2P IM/DD system using a SC-QAM waveform.
Source bits are encoded with a LDPC FEC or variable rate RFEC [98]. The
resulting bits are (quasi-)Gray-mapped [99] to a complex constellation, from
the QPSK11 and QAM symbol alphabets [100], [101]. For later channel es-
timation, a constant-amplitude zero-autocorrelation (CAZAC) TS [106] is
inserted together with a FS for the detection of a frame and the extraction
of the TS at the Rx. For SC-QAM, the subsequence of the FS is a sequence
of QPSK symbols obtained from a pseudo-random bit sequence (PRBS). All
symbols are shaped with a root-raised-cosine (RRC) pulse shape with a roll-
o� parameter β [100]. Here, pulse shaping includes up-sampling from an
incoming symbol rateRsy to the target sample rateRs. The spectrally shaped
complex-baseband signal is upconverted to the intermediate frequency fc,
which results in a real-valued, DC-free waveform. Note that the integration
of the upconversion into the pulse shape, results in the equivalent carrier-less
amplitude/phase modulation (CAP) format studied for OWC in [14], [31].

10 See end of Section 2.2.1 for a di�erentiation between optical signal power and average optical
power.

11 As QPSK can be seen as a type of QAM, we will continue referring to the waveform as
SC-QAM.
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Figure 2.10: a) Block diagram of the SC-QAM DSP employed in the experiments and
simulations. b) Structure of an SC-QAM frame, which starts with a FS
for detection of the frame start and is followed by a TS for estimation of
the CIR and the information-carrying payload symbols.

Conversion into the analog domain is performed by a DAC and a DC
bias is added, to avoid clipping due to the IM/DD channel’s non-negativity
constraint. After E/O conversion with an LED, we obtain the SC-QAM
waveform in the optical domain. After passing through a channel determined
by its CIR, the optical power is detected by a PD and hereby converted into
the electrical domain. The DC bias is removed and the signal is digitized with
an ADC.

The signal is digitally downconverted back to the complex-baseband, where
framing detection performed as for the OFDM toolchain with the detector
suggested in [102]. Frequency-domain least squares (LS) channel estimation
[107] is performed and minimum mean square error (MMSE) equalization
is performed based on this estimate [108]. Although the baseband IM/DD
channel is very frequency-stable and does not require any carrier frequency
recovery, phase recovery is useful when Tx and Rx are not fully synchronized
or when nonlinearly distorted TS result in a constant misalignment of the
payload data. In that case a phase recovery as in [109] is employed. After
phase recovery, demapping and EVM estimation is performed. This in turn
is used for the estimation of SNR and LLRs. Subsequently, pre- and post-FEC
BERs can be estimated.

The simulations and experiments based on SC-OFDM will follow the
structure shown in Fig. 2.10a and di�er only in the exact parameters used.
Thus, at the beginning of a simulation or experimental test, the system
de�ning parameters will be provided in a table:



2.3 waveforms and digital signal processing 31

Table 2.2: List of varying SC-QAM DSP parameters.
symbol description typical value(s)

fc intermediate frequency ≈ Rs/4
PS pulse shape and roll-o� RRC
Rsy symbol rate < Rs/2
M cardinality of constellation 4,16,64,256
Rs DAC/ADC sampling rate 500 MHz

BW TRx bandwidths 20-200 MHz
OH DSP overhead 2-20%

FEC type of FEC, if used LDPC
RFEC FEC rate, if used 5/6
Gphy,n net physical layer throughput 1-200 Mb/s





3
N O N L I N E A R C O M P E N S AT I O N

In this chapter we look into the conceptually straight-forward approach of
improving coverage by increasing the transmitter (Tx) optical signal power P̃ .
This optical signal power P̃ may be increased by using larger electrical signal
powers P̃e to drive the Tx light-emitting diode (LED), which in turn may
cause nonlinear excitation of the LED. This behavior and �rst linearization
techniques with analog circuitry were observed and proposed in 1978 already
[110], [111]. Works within the last decade have investigated other means to
mitigate LED nonlinearities such as the use of multiple Tx [112] for reduced
per-Tx transmit power or the use of digital signal processing (DSP) at the Tx
[113]–[115] or receiver (Rx) [14], [116], [117].

Motivated by the promising gains of nonlinear compensation schemes
reported in these previous works, we investigate the use of a receive-side and
data-aided nonlinear post-equalizer (NLPE) designed for wireless industrial
communication: Equalization at the Rx is chosen as it does not require
additional feedback. This makes the approach, �rst presented in [118], less
susceptible to outdated channel state information (CSI), which would trigger
re-transmissions of unrecoverable packets and thus increase the delivery
latency of such packets. The data-aided nature of the suggested NLPE is
based on nonlinear training sequences (NLTSs) known a priori, removing
the need of an adaptation across the payload and is thus particularly suitable
for the reception of bursty tra�c common in wireless networks. Since the
NLTSs can be chosen independently of the waveform used for the payload,
this NLPE can be combined with any waveform commonly used in optical
wireless communication (OWC). Here, its applicability to single-carrier (SC)-
quadrature amplitude modulation (QAM) and direct-current biased optical
(DCO)-orthogonal frequency-division multiplexing (OFDM) is demonstrated.

As the NLPE is based on the Volterra series, we brie�y review the Volterra
series’ de�nition and show how it can be used to model the nonlinear be-
havior of the OWC system, prior to discussing its application as nonlinear
compensator.

3.1 nonlinear system description and estimation

The Volterra series is a widely used tool for the description of a family of
nonlinear systems [119]–[124]. With a goal of ultimately designing a digital
compensation scheme, we consider its discrete-time variant V{·}with limited

33
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memory and limited order Q. Operating on an input signal x[k] around a
time instant k, it yields a noise-free distorted signal d[k] as [123]

d[k] = V{x[k]}

= v0 +

Q∑

q=1

Vq{x[k]}︸ ︷︷ ︸
dq [k]

. (3.1)

As a part of the Volterra series, the scalar v0 is the zeroth order kernel. The
individual Volterra operators Vq{·} of order q operate on x[k] as follows:

dq[k] = Vq{x[k]}

=

mq∑

k1,...,kq=1

vq[k1, . . . , kq] ·
q∏

i=1

x[k − ki − κq]
︸ ︷︷ ︸

nonlinear expansion

(3.2)

The overall Volterra series of a nonlinear system is thus fully determined by
its kernels vq , which each have a limited memory mq . The order dependent
sample delays κq are used to align the higher order kernels centric to the
�rst order one. Note that Eq. (3.2) shows how the nonlinearity is rooted
in the nonlinear expansion of the input signal. When written like this,
each kernel vq is determined by a total of Nc = mq

q coe�cients and the
number of coe�cients increases drastically for larger memories and higher
order. However, since the nonlinear expansion of x[k] is highly symmetrical,
some coe�cients are redundant. In order to highlight these symmetries, we
evaluate Eq. (3.2) for the simple case of q = 2, m2 = 2 and κ2 = 0:

d2[k] = v2[1, 1] · x[k − 1] · x[k − 1] + v2[1, 2] · x[k − 1] · x[k − 2] (3.3)
+ v2[2, 1] · x[k − 2] · x[k − 1] + v2[2, 2] · x[k − 2] · x[k − 2]

While the kernel coe�cients v2[1, 1] and v2[2, 2] are unique, the kernel coef-
�cients v2[1, 2] and v2[2, 1] are related to the identical nonlinear expansion
of input samples x[k − 1]x[k − 2] = x[k − 2]x[k − 1] and without loss of
generality may be assumed to be equal. It is thus possible to de�ne slightly
di�erent Volterra kernels1 vq , which do not include any redundant terms.
Our example then simpli�es to

d2[k] = v2[1, 1] · x[k − 1] · x[k − 1] + v2[1, 2] · x[k − 1] · x[k − 2] (3.4)
+ v2[2, 2] · x[k − 2] · x[k − 2].

Note that in this case this means vq[1, 2] = vq[1, 2] + vq[2, 1] or simply
vq[1, 2] = 2 · vq[1, 2] if vq[1, 2] = vq[2, 1]. The modi�ed Volterra kernels vq
are simply incorporated, if the Volterra operators Vq{·} are written as

dq[k] = Vq{x[k]}

=

mq∑

k1=1

· · ·
mq∑

kq=kq−1

vq[k1, . . . , kq] ·
q∏

i=1

x[k − ki − κq]
︸ ︷︷ ︸

nonlinear expansion

. (3.5)

1 Note the sans-serif font for the kernel vq including redundant coe�cients and the font with
serifs for the kernel vq without redundant terms. Their similarity is intended due to their
nearly identical meaning and should not cause confusion, since vq will not be used henceforth.
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(
q+mq−1

q

)
[125]. This

di�erence is illustrated next to this paragraph for the case of third order
kernels. Ultimately, we are interested in the coe�cients of the kernels vq ,
which determine the nonlinearities in an OWC system. Therefore, in the
next few paragraphs we elaborate on how such kernels can be estimated
from noisy observations and later discuss how a similar approach allows us
to design an NLPE to approximately linearize the nonlinear system. We thus
consider the noisy observation

y[k] = d[k] + n[k], (3.6)

where n[k] is additive noise e.g. due to our measurement equipment or Rx
components. To describe the estimation problem, the description of the
previous equations in matrix notation is helpful [122], [123]. We consider
the column vector xq[k], whose entries are the unique nonlinear expansions
in Eq. (3.5), and the column vector vq , whose entries are the corresponding
unique kernel coe�cients given by vq . For the previous simple example, this
results in

x2[k] =



x[k − 1]x[k − 1]
x[k − 1]x[k − 2]
x[k − 2]x[k − 2]


 (3.7)

and

v2 =



v2[1, 1]
v2[1, 2]
v2[2, 2]


 . (3.8)

With such notation, we can proceed to rewrite Eq. (3.4) as

d2[k] = x2[k]Tv2, (3.9)

where [·]T denotes the matrix transpose. Equivalently, for the general equa-
tion Eq. (3.5) the Volterra operator can be represented by the following matrix
product:

dq[k] = xq[k]Tvq (3.10)

In order to capture all orders, we de�ne the signal vector containing all
nonlinear expansions

x[k] =




1
x1[k]

...
xQ[k]


 (3.11)

and similarly a vector containing all kernel coe�cients

v =




v0

v1
...

vQ


 , (3.12)

resulting in the matrix representation of Eq. (3.1)

d[k] = x[k]Tv. (3.13)
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In order to estimate the coe�cients of all kernels vq from a total of No

consecutive noisy observations via a least squares (LS) �t, we additionally
de�ne a vector of received noisy samples y = [y[k], . . . , y[k + No − 1]T,
a vector of noise samples n = [n[k], . . . , n[k + No − 1]]T and the matrix
X = [x[k], . . . ,x[k +No − 1]]T, which contains all nonlinear expansions of
the original signal at multiple time instances. All No noisy observations may
then be written compactly as

y = Xv + n. (3.14)

A simple way to estimate all kernel coe�cients contained in v is to solve the
LS optimization problem, which may be written as

v̂ = argmin
v
‖y −Xv‖22 . (3.15)

For invertible XTX, the estimate v̂ is given by [122], [123]

v̂ = (XTX)−1XTy. (3.16)

For ill-posed identi�cation problems, invertibility may be improved through
the concept of regularization, out of which penalization is a common approach
[126]. The optimization problem for a penalized least squares (PLS) problem
is then [122]

v̂ = argmin
v
‖y −Xv‖22 + λJ(v), with λ ≥ 0. (3.17)

Here, λ is the regularization parameter and J(v) is the non-negative pe-
nalizing function, which should be chosen to penalize unlikely solutions.
For simplicity, we assume a penalizing functional of quadratic shape, i.e.
J(v) = vTRv, where R is a symmetric, positive semide�nite matrix, whose
eigenvectors should span the subspace to be penalized. The unique minimizer
is then given by [122]

v̂ = (XTX + λR)−1XTy. (3.18)

Note that for λ = 0, the solution of the PLS and LS estimators are identi-
cal. A thorough discussion on the exact shape of R suitable for nonlinear
identi�cation is given in [122]. While a repetition of this analysis is not
necessary for the sole purpose of applying the PLS estimator, an explanation
of how its building blocks were constructed for the following measurements,
should be provided for reproducibility. As stated in [122], R is composed
of sub-matrices2 Rq for each order q. Inspired by [123], [125] we set to
Rq = Iq −Dq , where Iq is the mq ×mq identity matrix and D a mq ×mq

diagonal matrix whose elements contain the �rst mq coe�cients of the auto-
correlation with unit power of x[k]. This way, the kernel subspace, which is
stimulated mostly by a noise signal, can be penalized. Using an PLS estima-
tor can thus lead to more stable estimates v̂ at lower signal-to-noise ratios
(SNRs).

2 In [122] simply denoted as R since it is a explained for a single order q only.
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Figure 3.1: Frame structure used in the experiments for the estimation of the nonlin-
ear OWC system V{·} or its NLPE U{·}. The numbers indicate selected
steps required in the estimation/compensation process.

Eqs. (3.16) and (3.18) show how the kernels of a nonlinear system can be
estimated with known input and output sequences, which in a communication
system we may obtain via the insertion of known NLTSs. The following
section shows results on an identi�ed nonlinear OWC system and discusses
when nonlinear compensation may be of use. Further, an NLPE capable
of mitigating the impact of nonlinear e�ects is presented and validated in
SC-QAM and DCO-OFDM transmission experiments.

3.2 nonlinear post-eqalizer

While the DSP toolchain slightly di�ers between SC-QAM and DCO-OFDM,
the methodology for nonlinear compensation is identical. Fig. 3.1 thus shows
the generic frame structure applicable to both waveforms. In a �rst step, the
received frame is aligned to the transmitted frame using a framing sequence
(FS) introduced in Section 2.3. As an extension for the NLPE, an NLTS is in-
serted after the FS and prior to the training sequence (TS) already intended for
linear equalization. This NLTS is a �ltered, real-valued, random multi-level
sequence. In a second step, the NLTS is used to estimate either the nonlinear
OWC system determined by its Volterra series V{·} or the Volterra series
U{·} associated with the NLPE. Corresponding to an approximate inverse of
the nonlinear OWC system, the individual operators Uq{·} operate on the
received samples y[k] and yield an approximation x̂[k] of the transmitted
samples as

x̂[k] = U{y[k]}

= u0 +

Q∑

q=1

Uq{y[k]}. (3.19)

The kernel coe�cient estimate v̂ corresponding to the nonlinear OWC itself
is obtained when Eq. (3.18) is applied to the training sequence only. Similarly,
but with the received NLTS as an input and the undistorted NLTS as an
output, the kernel coe�cient estimate û is obtained for the NLPE. The third
and fourth steps in Fig. 3.1 indicate the application of V{·} and U{·} to
the remaining signal for emulation of the nonlinear system or nonlinear
equalization, respectively.



38 nonlinear compensation

It is reasonable to expect that a compensation of nonlinearities only results
fruitful, when a system is driven in a nonlinear regime and the resulting
invertible nonlinear e�ects are the major limiting factor. For a thorough
evaluation of the suggested NLPE, it is thus important to test it for varying a
excitation of nonlinear e�ects and varying noise powers. In the following
experimental validations, the amount of nonlinear distortions is adjusted via
the Tx-side electrical signal powers P̃e,t, which is varied digitally in steps of
3.01 dB over a range of approximately 30 dB (15 dB in optical signal power).
In the following, P̃e,t is given relative to the weakest power level used in the
experiment and thus referred to as normalized electrical signal power. The Rx
signal power and thus relative noise power is determined by the transmission
distance, which is varied from 0.5 m to 3 m in steps of 0.1 m. The photograph
on the side shows the laboratory setup of an aligned Tx/Rx pair at a distance
of 3 m.

3.2.1 Results for SC-QAM

Table 3.1:
SC-QAM DSP

PS RRC
β 0.25
Rsy 23.4 MBd
M 4, 16, 64, 256
fc 20 MHz
Rs 125 MS/s
OH 3.92% w/ NLTS

0.36% w/o NLTS
Gphy,g 93.75, 140.63,

187.5 Mb/s

In the �rst evaluation of the nonlinear OWC system, the transmission of
an M-ary QAM SC is considered. Since the spectral distribution of the
Rx noise is not white due to an analog equalization circuit in the Rx front
ends (see Fig. 3.2 and Appendix A.1), the 23.4 MBd SC is positioned at a
center frequency fc = 20 MHz, where noise and distortions were found to
be minimal. For the nonlinear estimation, the NLTS is a random real-valued
�ve-level sequence, �ltered by a passband �lter with equal center frequency
fc and bandwidth as the payload signal. Five levels are used to guarantee
the estimation of a fourth-order polynomial is su�ciently determined. The
�ltering serves in the creation of a training signal, which spans the same sub-
space in frequency domain as the payload data. This real-valued sequence
thus has the same spectral components as the payload. The 131200 samples
of the NLTS at a sample rate of Rs =125 MS/s occupy a total of 3.56% of one
frame. Additional relevant DSP parameters are given in Table 3.1.

Using the NLTS for the estimation of the overall nonlinear system V{·}, it
is possible to emulate the nonlinear distortions only by computing

dnl[k] =

Q∑

q=2

dq[k]

=

Q∑

q=2

xq[k]Tv̂q. (3.20)

A comparison of dnl and the measured Rx noise level allows an illustration of
the circumstances under which a nonlinear compensation may improve the
overall system performance. In the following, dnl is emulated using estimated
kernel coe�cients v̂ with Q = 3, m1 = 51, m2 = 9, m3 = 7 and λ = 0.2
for an aligned Tx/Rx pair at a distance of 1.4 m. The limitation to third order
and the given memory lengths results from the fact that an increase did not
further reduce the estimation error. Similarly, the regularization parameter
was chosen to yield the smallest estimation error.
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Figure 3.2: Example spectra showing the noise and distortion components. X[f ] is
the undistorted 23.4 MBd transmit signal at an intermediate frequency
of 20 MHz. Y [f ] and N [f ] are the measured signal and noise �oor at
the receiver, respectively. Y ′[f ] and Dnl[f ] are the emulated signal and
nonlinear distortions at the receiver, respectively.

The spectra3 of the payload of the input signal x[k], measured received
signal y[k], measured noise n[k], emulated received signal y′[k]4, and the
emulated nonlinear distortions dnl[k] are shown in Fig. 3.2 and denoted
with their capitalized equivalents. The left and right graphs di�er in that
the normalized electrical transmit signal power P̃e,t is 18.06 dB for the left
graphs and 12.04 dB for the right graphs. Thus, the right graphs correspond
to a mostly linear excitation of the Tx components. We may �rst observe
that in both cases, the emulated Rx spectrum Y ′[f ] and the measured Rx
spectrum Y [f ] show a good �t. For a nonlinear excitation, the in-band
nonlinear distortions shown by Dnl[f ] are stronger than the noise �oor
N [f ] and therefore the limiting factor. When P̃e,t is reduced by 6 dB, the
nonlinear distortions are reduced by approximately 15 dB and the receive-side
noise becomes the limiting factor. In the �rst case, nonlinear compensations
schemes become of interest.

With the same NLTS, it is possible to also estimate the Volterra operator
U{·} of the NLPE. As shown in Eq. (3.19), the nonlinear equalizer operates on
the received signal y and yields an approximate x̂ of the originally transmitted
TS for linear equalization and payload. The remainder of this section is thus
dedicated to showing the improvements obtained from the application of
the NLPE on a SC-QAM signal. For the NLPE the same con�guration of
Q = 3, m1 = 51, m2 = 9, m3 = 7, and λ = 0.2 yielded good performance

3 All measured quantities are obtained from digitized values and for technical correctness, the
frequency-dependence should indicated by the discrete-frequency index l as e.g. X[l]. As the
physical frequency f is commonly of more interest than its index, we will be using X[f ] to
indicate the correspondence to a physical frequency of the discrete-frequency quantity.

4 The emulated Rx signal results from the sum of d[k] = x[k]Tv̂ and the measured noise �oor.
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ground correspond to the constellations shown in Fig. 3.4. Obtained
BERs (lower graphs) for 16-,64- and 256-QAM for linear and nonlinear
post-equalization.

improvements. The results for a 4-, 16-, 64- and 256-QAM payload are
summarized in Fig. 3.3.

The upper graphs show the SNR obtained from the error-vector magnitude
(EVM) of the 64-QAM transmission experiment. We �rst discuss the colored
lines, which correspond to selected normalized P̃e,t of 0, 21.1 and 27.1 dB. At
a low P̃e,t of 0 dB, the system behaves linearly and the use of the NLPE yields
no gain in SNR. An increased electrical power of 21.2 dB leads to a saturation
of the Rx circuitry at distances below approximately 1.4 m, but yields large
SNR improvements at larger distances. These are further improved by the
NLPE, which reveals additional performance gains of up to 3.5 dB. An addi-
tional increase of P̃e,t to 27.1 dB, limits the maximal performance due to Tx
nonlinearities. While the NLPE continues to proof helpful, a smaller electrical
transmit power P̃e,t results in better SNR. Thus, for a fair comparison of the
nonlinear and purely linear compensation scheme, the black lines in Fig. 3.3
show the SNR for the optimal P̃e,t at each transmission distance with and
without the use of the NLPE. The actual gain of the NLPE is then limited to
approximately 2 dB.

For these optimal P̃e,t, the resulting uncoded bit error rate (BER) is shown
for a 16-, 64-, and 256-QAM in the lower graphs of Fig. 3.3. While a 4-QAM5

was also used in this transmission experiment, the resulting uncoded BER
was zero for nonlinear and linear equalization at all distances and is thus not
displayed. This shows that a nonlinear compensation is mostly interesting for

5 Also known as quadrature phase-shift keying (QPSK).
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Figure 3.4: Evolution of 64-QAM constellation along the transmission distance with
and without activated nonlinear equalization.

modulation formats of higher cardinality. Interestingly, the gain of the NLPE
diminishes at larger distances, where the Rx noise becomes the dominant
limitation and strong nonlinearities cannot be fully compensated anymore.

Fig. 3.4 shows an evolution of received 64-QAM constellations at selected
points along the transmission distance for the intermediate power level of
21.1 dB. Their correspondence to the SNR reported in the upper graph of
Fig. 3.3 is indicated with �lled circles (w/o NLPE) and �lled squares (w/
NLPE). In particular the constellations for which no NLPE is applied reveal
the di�erent types of nonlinearities the communication system needs to cope
with. The slightly saturating behavior of the LED is induced at the Tx and
thus visible at all transmission distances. This distortion is compensated
fairly well and yields a gain of 3.5 dB in SNR and a reduction by more than an
order of magnitude in BER at a distance of 1.6 m. While the NLPE continues
to correct the nonlinearly distorted constellations at higher transmission
distances, it becomes visible that its gains are reduced due to an increased
additive noise component. At the shorter distance of 1.1 m, we may observe
an amplitude-dependent phase rotation due to the saturated Rx circuitry.
While the application of the NLPE still improves the overall performance – it
increases the SNR by 1.7 dB and reduces the BER by an order of magnitude –
the inner constellation points of the 64-QAM are distorted by the equalizer.

It is noteworthy, that the analog-to-digital converter (ADC) was not sat-
urated throughout the experiments discussed in this chapter and we may
thus infer, that the nonlinear distortions introduced at the Rx are due to ADC
clipping. Furthermore, for a �xed short transmission distance of, e.g. 0.5 m
and thus constant average optical power P t, a reduction of the electrical
signal power P̃e,t, signi�cantly improves the performance. We may therefore
assume, that said distortions are not a result of a saturated photodiode (PD),
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but, e.g., the trans-impedance ampli�er (TIA) between the PD and the ADC.
In such a case, an automatic gain control (AGC) after the PD may avoid the
saturation of the remaining Rx circuitry. Such a modi�cation could improve
the system’s performance for large electrical signal powers P̃e,t at short
distances and make a slow Tx power adaptation obsolete. At the time of all
experiments in this thesis, such an AGC was not available and the electrical
transmit signal power was adjusted to suit the desired transmission distance
range.

3.2.2 Results for DCO-OFDM

Table 3.2:
OFDM DSP

NDFT 1024
S 20-490
NCP 128
Rs 125 MS/s
OH 16.45% w/ NLTS

11.22% w/o NLTS
M 2,4,16,32,64,

128,256,512,
1024,2048,4096

BPL Krongold
(tar. BER: 10−2)

Gphy,g up to 291 Mb/s

While the previous results showed the usefulness of the NLPE for SC-QAM
waveforms with �xed data rates, this section focuses on its application to
the DCO-OFDM waveform popular for OWC. Together with a bit and power
loading (BPL) algorithm [105], this waveform allows to e�ciently make use
of the 50 MHz bandwidth and frequency-dependent SNR of the optical front-
ends and to investigate the NLPE’s impact on the link-level throughput. In the
DCO-OFDM experiments discussed in the next paragraphs, the subcarriers
range from 2.44 MHz to 59.81 MHz. The same �ve-level sequence as for
the SC-QAM experiments is used as a NLTS, however, �ltered to span a
frequency range from 1.25 MHz to 61.25 MHz and thus cover the side-lobes
of the OFDM waveform. Further DSP parameters are given in Table 3.2.

Similar to Fig. 3.2, the payload spectra of the Tx signal, measured Rx signal,
measured noise, emulated Rx signal and emulated nonlinear distortions are
shown in the upper graphs of Fig. 3.5 for two di�erent normalized electrical
transmit signal powers P̃e,t of 18.06 dB and 12.04 dB. These correspond to
a nonlinear and a mostly linear excitation, respectively. In both cases, the
measured and emulated Rx signals show a good �t (compare purple/solid
and yellow/dashed lines). In case of a nonlinear excitation, we observe that
the ratio between the emulated nonlinear distortions Dnl[f ] and the Rx
noise N [f ] depends on the frequency. For subcarriers below 33 MHz, the
interference due to nonlinear distortions appears to be stronger than the Rx
noise. While in this range, an improvement due to the NLPE may be expected,
this is the contrary for subcarriers at frequencies above 33 MHz. For a mostly
linear excitation, the Rx noise is the major limiting factor and a nonlinear
compensation scheme should not provide any bene�ts.

These expectations are veri�ed by the graphs in the lower axes of Fig. 3.5.
For both, the nonlinear and linear regime, the SNR per subcarrier is shown
with and without an application of the NLPE. When the Rx is driven in the
nonlinear regime, the NLPE allows for an SNR improvement of approximately
2.5 dB at lower frequencies. At frequencies above 33 MHz this improvement
vanishes quickly. For a linearly driven Tx, we may observe that the NLPE
o�ers no improvement. The average SNRs for the linear regime are thus
identical and have the value of 15.3 dB. For the nonlinear regime, the SNRs
are increased to 17.7 dB and 19.3 dB without and with the NLPE, respectively.
Thus, driving the system in a nonlinear regime yields larger SNR at this
distance.
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Figure 3.5: Results for an DCO-OFDM transmission over a distance of 1.9 m. The
upper graphs show example spectra. X[f ] is the undistorted transmit
signal. Y [f ] and N [f ] are the measured signal and noise �oor at the
receiver, respectively. Y ′[f ] and Dnl[f ] are the emulated signal and
nonlinear distortions at the receiver, respectively. The lower graphs show
resulting SNRs per subcarrier with/without the application of the NLPE.

In order to translate this improved signal quality into a potential gain of
data rates, we may use a BPL algorithm such as [105]. For a �xed overall
electrical signal power and a target uncoded BER, a suitable power and
modulation format of suitable spectral e�ciency is assigned to each subcarrier.
The result of this loading algorithm is then used to estimate the gross physical
layer throughput Gphy,g. Here, a target uncoded BER of 10−2 was chosen6.
For this con�guration, the resulting gross physical layer throughputs Gphy,g

are 180 Mb/s in the linear regime with and without the NLPE. In the nonlinear
regime, a purely linear equalization yields a rate of 232 Mb/s and the use of
the NLPE yields 249 Mb/s. Thus, the use of a 6.02 dB larger P̃e,t improves
the rate by 28.8% and which the NLPE increases to a total of 38.3%.

The estimation of an average SNR and gross physical layer throughput
Gphy,g was performed at all distances and electrical transmit signal powers
P̃e,t. A summary of the results is provided in Fig. 3.6. The upper and lower
graphs represent the average SNR and throughput at each distance, respec-
tively. The colored lines correspond to selected normalized electrical transmit
powers of 0, 21.1 and 27.1 dB. As in the SC-QAM transmission experiment,

6 This target BER of 10−2 lies well below the limit BER of 2 · 10−2 required for a block error
rate (BLER) of 10−3 when using an LDPC FEC of rate RFEC = 5/6 [127].
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background correspond to the results shown in Fig. 3.5.

the NLPE yields no gain at the lowest P̃e,t of 0 dB. In this case, the signal
could not be recovered for distances above 1.3 m. For an increased transmit
power of 21.1 dB, the NLPE’s maximal gains of 1.9 dB in SNR or 32 Mb/s in
Gphy,g are obtained at a distance of 1.2 m. These reduce to 1 dB and 13 Mb/s
at a distance of 1.5 m when P̃e,t is increased to 27.1 dB. When all P̃e,t in
range from 0 dB to 30 dB are considered, best results in SNR and throughput
are obtained at varying P̃e,t. These maximum values are indicated by the
black lines in Fig. 3.6. The overall maximally achieved gross throughputs
are 285 Mb/s and 291 Mb/s, without and with the use of the NLPE. Largest
gains are obtained at intermediate distances between 1.4 m and 2.2 m, where
slightly larger P̃e,t introduce distortions, that lie above the noise �oor and
can be compensated by the NLPE. For these best cases, the NLPE gain in SNR
and throughput is 1.6 dB and 24 Mb/s.

The reduced gains in the DCO-OFDM transmission experiment may be
attributed to the fact, that the signal spectrum covers the entire bandwidth
of 50 MHz, including the portion of the spectrum where the noise �oor is
signi�cantly larger than the estimated nonlinear distortions. In the previous
example illustrated in the left graphs of Fig. 3.5, this is the case for frequencies
above 33 MHz. As a result, the small gains in SNR at higher frequencies
and the large gains at lower frequencies average out to a reduced gain of
19.3 dB-17.7 dB = 1.6 dB. This example, obtained at 1.9 m, is highlighted in
Fig. 3.6 by �lled squares (w/ NLPE) and �lled circles (w/o NLPE).
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Similar as for the SC-QAM waveform, the adjustment of Tx power helps
increasing the operational distances. Over the entire range of 0.5 m to 3.0 m
this allowed for rates above 150 Mb/s with and without the NLPE and a peak
rate of 291 Mb/s with nonlinear equalization.

3.3 conclusion

In this chapter, an option of modeling the nonlinear distortions in an OWC
system with a Volterra series has been discussed. This model has then been
shown to be useful in a laboratory setup not only for the emulation of such
nonlinear system, but also for the mitigation of its nonlinear distortions
using a receiver-side, data-aided nonlinear post-equalizer. This NLPE has
then been shown to be applicable to two waveforms popular in OWC, namely
SC-QAM and DCO-OFDM.

We observed that large electrical signal powers are required at the Tx to
cover large transmission distances. While the resulting nonlinear distortions
at the Tx are well compensated, the saturation of the Rx circuitry between
the PD and ADC is more di�cult to combat. Here, an AGC would be required,
which was not available at the time of the experimental validation. Thus, in
the experiments presented in the following two chapters, the power level
was adjusted to avoid saturation at distances below 0.8 m.

Although gains of up to 2 dB in SNR were achieved, the NLPE was not
implemented in real-time and is not part of the transmission experiments in
Chapter 5.





4M E A S U R E M E N T O F T H E O P T I C A L W I R E L E S S M I M O
C H A N N E L

The channel impulse responses (CIRs) provided in [95], [96] and discussed
in Section 2.2.2 are an important milestone for understanding the optical
wireless communication (OWC) channel in industrial production environ-
ments. While the geometry of the simulation environment was obtained from
a laser scan of a real manufacturing cell, the CIRs were derived from o�ine
raytracing. Nevertheless, these results lack a spatially resolved analysis of
the OWC channel and were not experimentally veri�ed. This gap is �lled by
the content of this chapter, which provides OWC channel measurements in
an industrial production environment �rst published in [128]. The insights
obtained form these measurements are poured into the design of a reliable
multiple-input multiple-output (MIMO) communication system, whose itera-
tions are presented in Chapter 5. In this chapter, however, we start with an
introduction of the measurement setup, which is followed by the presentation
and discussion of the channel measurements.

4.1 measurement setup

In order to characterize the MIMO optical wireless channel, we use a channel
sounder capable of performing broadband 8×8 channel measurements at
frequencies of up to 250 MHz. This section is devoted to describing the
hardware and the approach taken to perform broadband measurements at
high sensitivity.

4.1.1 Hardware

The transmitter hardware consists of eight commercially available, synchro-
nized digital-to-analog converters (DACs) (Spectrum DN 2.662-08) running
at a sampling rate of up to 625 MS/s and eight proprietary broadband optical
front ends using red light-emitting diodes (LEDs) [66]. Lenses of di�erent
fields-of-view (FOVs) may be attached to the optical front ends. However,
during the experiments no lenses were attached in order to achieve better
coverage. The receiver hardware consists of eight commercially available,
synchronized analog-to-digital converters (ADCs) (Spectrum DN 2.445-08)
with sampling rates of up to 500 MS/s and highly sensitive, broadband front
ends with concentrators glued onto the receiver (Rx) photodiodes (PDs) [68].
As shown in Fig. 2.4, the transmitter (Tx) and Rx used in this experiment
exhibit a wide beam and large FOV, respectively. Out of up to eight Tx, only
six were used and mounted on the faces of a cube, resulting in an omnidi-
rectional light source. The Tx are operated in a small-signal mode, where
the electrical signal power P̃e,t was kept small to avoid nonlinear distor-
tions and measurements at high frequencies are possible. A drawback of the

47
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Figure 4.1: Key hardware components of channel sounder. From left to right: optical
Tx front end, optical Rx front end and 8-channel DACs/ADCs.

reduced modulation index µ is the reduced transmit signal power, which
translates to reduced receive powers. In order to perform broadband channel
measurements with high coverage, we characterize the channel with single
frequencies. The concept is explained in the following subsection.

4.1.2 Frequency-sweep
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Instead of a simultaneous transmission of all pilot tones, each Tx generates a
total of Ns individual sinusoids, which are transmitted consecutively1. In the
following, we use the index i to enumerate the Ns sinusoids per Tx. The use
of individual sinusoids concentrates the signal energy within a given time slot
into a single frequency. Furthermore, the sinusoidal amplitude distribution
given by the arcsine distribution has a lower peak-to-average power ratio
(PAPR) than the one of waveforms consisting of multiple sinusoids, for
which it is known to approach a Gaussian distribution. Facing constraints of
electrical peak power, rather than average power, the reduced PAPR is used
to increase the average modulation index µ and hereby the sensitivity and
coverage of the channel sounder.

For the generation of the i-th sinusoid of the n-th Tx with frequency fn,i,
a block Xn,i of NDFT samples is fed to an inverse discrete Fourier transform
(iDFT):

xn,i[k] =
1

NDFT

NDFT∑

l=1

Xn,i[l]e
2πj

NDFT
(l−1)(k−1) (4.1)

Xn,i is zero, except at the support points corresponding to the desired fre-
quency and its negative counterpart:

Xn,i[l] =





1, l = bfn,i ·NDFT/Rsc+ 1

1, l = bfn,i ·NDFT/Rsc+ 1 +NDFT

0, otherwise
(4.2)

This approach generates blocks of periodic sinusoids with a sample rate
of Rs. Prior to transmission a cyclic pre�x (CP) of length NCP is added
to each block. The inset of Fig. 4.2a illustrates how the i-th frequencies of

1 The expression individual sinusoids is used to emphasize the fact that the resulting time-
domain waveform is a sinusoid, as opposed to a nearly random waveform with almost
Gaussian distribution resulting from the superposition of multiple sinusoids.
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Figure 4.2: Distribution of sinusoidal pilots over all transmitting LEDs and time-slots.
a) With Ns=31, the frequencies per Tx result in a spacing of 4.89 MHz,
starting from the lowest non-zero frequencies up to frequencies around
146.7 MHz. The pilots of the six Tx were positioned at neighboring
iDFT support points (see inset) to force their orthogonality. b) While the
orthogonal pilots of all Tx were transmitted simultaneously, the multiple
frequencies at which the channels were measured, were transmitted
consecutively allowing for an increased measurement sensitivity.

the six transmitters are positioned on the neighboring iDFT support points
following f1,i < f2,i < f3,i < f4,i < f5,i < f6,i. Hereby, the used pilot tones
are orthogonal, which allows simultaneous channel sounding of all Tx. The
positions of all frequencies fn,i in time are depicted more clearly in Fig. 4.2b.
Note that except for an added direct-current (DC) component this approach
is very similar to channel estimation methods using sparse scattered pilots
commonly used for orthogonal frequency-division multiplexing (OFDM).
This channel sounding allows us to employ algorithms for channel estimation
and interpolation commonly used in OFDM, see [104] and references therein.

Prior to a presentation of measured channel responses, the measurement
environment is introduced in the following subsection.

4.1.3 Manufacturing Cell

The manufacturing cell that served as an exemplary industrial environment
is part of BMWs robot testing facility, in which new robots are put under
stress and endurance is tested prior to the use in the actual production cells.
It is administrated by the same department at BMW, whose cell served as
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Figure 4.3: a) Picture of the manufacturing cell in which the experiments were con-
ducted. Red LEDs were mounted at the end of the robot arm (green circle)
next to a grappler tool used to pick up car parts. Visible Rxs are high-
lighted with smaller, purple circles. b) CADs model of the manufacturing
robot including the position from which the photograph was taken (red
circle) and the approximate �eld of view of the camera. The trace along
which the Tx was moved is highlighted by the arrowed green line. Purple
circles show the Rxs positions.

the industrial manufacturing environment in [95], [96] and Section 2.2.2. At
the time of this measurement, however, the former cell was disassembled
and unfortunately making the attempt to measure the simulated channels
from [95], [96] impossible. This smaller cell extends over a 5 m by 5.7 m
rectangular area with a single robot within and is surrounded by a metal cage,
partially covered with acrylic glass. In our setup, the omnidirectional Tx was
attached to the end of the robot arm, at which the tools for a production step
are usually mounted to. This position was chosen, since it was expected that
not all tools require data transmission and the communication units would
be part of the tools and not the robot itself. A photograph of the cell is shown
in Fig. 4.3a, in which the Tx and some Rxs are highlighted with green and
purple circles, respectively. As depicted in the computer aided design (CAD)
model in Fig. 4.3b, eight Rxs were located at attachable positions around
the robot, such that roughly all parts of the cell were visible by some Rxs.
No pre-measurements were performed to identify the ideal placement. The
green line is the trajectory along which multiple channel measurements
were performed and was de�ned by the BMW sta� independently of the Rx
placement. It represents a typical movement in a production step, consisting
of picking up a part, moving it to the soldering station and dropping o� the
part on the opposite side of the cell.

The channel measurements discussed in the following paragraphs were
performed at a sampling rate Rs of 500 MS/s, an iDFT size NDFT of 218 and
an NCP of 128. As depicted in Fig. 4.2a, for a given Tx n the frequencies fn,1
to fn,Ns were chosen at a spacing of approximately 4.89 MHz allowing to
capture memory e�ects due to re�ections of up to 1

4.89 MHz = 204.5 ns, which
lie well within the CP with a temporal length of NCP · Rs = 256 ns. Such
memory e�ects would correspond to re�ections, which travel an additional
distance of 61.3 m in air. With this set of parameters, we may thus expect
to capture all signi�cant re�ections within the given manufacturing cell.
The pilot frequencies range from the lowest nonzero frequencies possible up
the frequencies located at around 146 MHz. The 8×6 MIMO channel was
measured at 74 positions along the 5 m long typical trajectory displayed in
Fig. 4.3b, resulting in 3552 individual spatial channels. The average distance
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Figure 4.4: Measured impact of a re�ected signal in a two-wave channel due to
specular re�ection. The LOS and nLOS channels are illustrated by a thick
dashed and a thick solid line, respectively. The thin solid lines show the
channel, when both components superimpose on the Rx PD for di�erent
strengths of the LOS component.

between two positions was 6.9 cm with a standard deviation of 2.8 cm. The
largest gap between two points was 16 cm between the �rst and second
position. At 3.1 m along the trajectory the tip of the robot was only rotated,
resulting in the smallest translational movement of 0 cm.

4.2 measurement results

4.2.1 Frequency Selectivity

In the preparations of this measurement campaign it was expected to see
signi�cant re�ective components due to specular re�ections o� the acrylic
glass surrounding the cell. Even single re�ections resulting in a two-wave
channel would be expected to signi�cantly alter the frequency response of
the measured channels [25], [128], [129]. Although it does not belong to the
measurement series within the manufacturing cell, such a two-wave channel
was generated in a controlled manner within a laboratory environment, to
illustrate the expected impact. The two-wave interference, resulting from
a specular re�ection, was captured experimentally for a �xed path length
di�erence ∆d of 1.85 m and a variation of α of approximately -20 to 0 dB,
where α denotes the relative optical signal power between the line-of-sight
(LOS) component and the non-line-of-sight (nLOS) specular re�ection. The
magnitude of resulting overall frequency response H[f ] with the destructive
interference around

fd =
c

2∆d
≈ 81 MHz (4.3)

is shown in Fig. 4.4. For |HLOS[f ]|2
∣∣
dB
− |HnLOS[f ]|2

∣∣
dB

> 10 dB, the
measurement indicates a overall channel variation below 5 dB. However, for
|HLOS[f ]|2 → |HnLOS[f ]|2 and thus α → 0 dB, we may observe that the
otherwise large bandwidth of the optical wireless channel is severely reduced.
As described in [128] and brie�y summarized in Eq. (4.3), the bandwidth
would be further reduced for larger path length di�erences ∆d, which are
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Figure 4.5: Exemplary optical wireless channels measured in the �rst section of the
trajectory (position 0.4 m). Channels down to 30 dB below the strongest
channel are shown and exhibit a �at frequency response.

likely obtained in larger room geometries. However, the case of two waves
exhibiting similar powers after signi�cantly di�erent propagation distances,
i.e. α ≈ 0 dB and ∆d� 0, is less likely. Furthermore, if this case manifests
at larger propagation distances, the received optical signal power levels may
easily fall below the Rx sensitivity [83].

In the channel measurement series within the manufacturing cell, it was
observed that after deconvolution of the Tx and Rx circuitry channels with
signal powers above the noise level were constant over frequency. Figure 4.5
shows an exemplary MIMO channel measured at 0.4 m along the trajectory.
At frequencies above 70 MHz, we observed strong interference from radio
broadcasting onto weak channels, which we expect to have coupled into the
Rx signal path over the 5 m long coaxial cables between the distributed analog
front ends and the ADCs2. Very low frequencies in the 0-100 kHz domain
were strongly attenuated due to the alternating current (AC)-coupled Tx and
Rx. The upper graph in Fig. 4.5 shows a total of 7 channels in the range
of 5-70 MHz measurable above the noise level, which lies approximately
40 dB below the strongest channel. Unlike the two-wave-channels depicted
in Fig. 4.4, all channels are �at over the entire range. This indicates that either
path length di�erences between multiple waves were too short or that one
component signi�cantly dominated over all others. For this measurement
series the results indicate a LOS dominated, distributed MIMO channel. The
bottom graph of Fig. 4.5 shows the phases relative to the strongest channel.
The linear frequency-dependence of the phase results from the delay di�er-

2 This can be mitigated with the use of di�erential signaling and twinaxial/twisted pair cabling.
This insight was adopted and included in newer version of the front ends, which were used
for data transmissions presented in Sections 3.2 and 5.4.
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Figure 4.6: Measured average frequency responses along the trajectory represented
by the colored lines. Shading of the background indicates three sections
with di�erent properties: in the �rst 1.9 m only a few strong channels
exist, while in the next 1.7 m multiple weak channels are present. In the
last 1.4 m of the trajectory even fewer and weaker channels are available.

ences between individual Tx/Rx pairs. Since the six Txs are in close spatial
proximity (<30 cm) phases seen by the same Rx show similar slopes.

4.2.2 Spatial Selectivity

Now we investigate the results with respect to the dependence of the MIMO
channel on the position and movements of the robot and thus Tx placement.
The average power transfer function in the range from 5-70 MHz serves as a
�gure of merit to determine the channel’s spatial dependence. It is reported
in Fig. 4.6 for all positions along the trajectory and all Tx/Rx pairs. At �rst
glance, the measurement reveals that no single spatial channel maintains
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large channel coe�cients throughout the movement of the robot. When
considering the multiplicity of 48 spatial channel at each position, we may
roughly split the trajectory into three sections. While there are a few dom-
inant channels seen within the �rst 1.9 meters by Rx6, Rx7 and the end of
the section by Rx5, numerous similarly weak channels exist along the follow-
ing 1.7 meters. In the last 1.4 meters, most channel gains are very low and
�uctuate strongly.

Since the Txs with large half-power semi-angle (HPSA) are closely spaced,
we may observe an increasing path loss seen by Rx5, Rx6 and Rx7. As the
omnidirectional Tx moves along the trajectory, it moves mostly away from
these three Rxs (except for the �rst few centimeters). This overall slowly
reducing channel gain is clearly visible along the trajectory. The use of
Txs with large HPSA further results in channels seen by a single Rx, yet
originating from di�erent Txs, to have similar channel gains. Exceptions,
e.g., as seen by Rx7 in section 1, are due to deeply counterbored LEDs in the
highly re�ective metal casings of the Tx front ends (see Fig. 4.1). This results
in very small, yet non-zero side lobes in the angular dependence of the Txs,
similar to those in Fig. 2.4. As a result, weak channel coe�cients manifest
when a LOS exists between a Rx the LED’s surroundings, but not to the LED
itself.

While measurable channels do not exhibit any frequency selectivity, they
face strong spatial selectivity. Even small rotations or movements of the
robot’s head result in sudden changes of the channel, leading to changes
of the received signal by 10-20 dB in the electrical domain (e.g., channels
Tx6 → Rx7 and Tx1/Tx3 → Rx6 at position 2.98 m). These measurement
results indicate that even in a MIMO link, no assumptions on the existence
of a minimum number of individual good LOS channels should be made,
as regions exist in which illumination is poor and only multiple weak LOS
signals are available for communication3. Even though a single trajectory
does not represent the entire spectrum of possible channel realizations, it
shows the variety of MIMO channels that must be coped with in this scenario.

4.3 conclusion

In this chapter, the �rst MIMO channel measurements in an industrial pro-
duction environment have been presented. The measurements, conducted
in a 5 m by 5.7 m manufacturing cell at BMW, show the OWC channels
exhibit a strong spatial selectivity as opposed to frequency selectivity, where
small movements or rotations lead to sudden channel changes of 10-20 dB.
Furthermore, multiple MIMO channel conditions are observed. While in
some parts of the manufacturing cell the MIMO channel is dominated by a
few strong spatial channels, it is spanned by multiple weaker channels in
other parts. In poorly illuminated sections, the MIMO channel is composed a
few spatial channels with very small gains.

The following chapter discusses how even such weak channels can be
jointly used via antenna diversity to improve reliability even under bad illu-

3 A simple counter-measure would be a prior illumination planning, which should alleviate the
chances of poor illumination.
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minations conditions and focuses on the transmission over MIMO channels
employing antenna diversity in OWC.





5R E L I A B L E D ATA T R A N S M I S S I O N O V E R T H E O P T I C A L
W I R E L E S S M I M O C H A N N E L

Within the optical wireless communication (OWC) community, most exper-
imental works so far have focused on exploiting the multiplicity of spatial
channel for multiplexing gains. Such works report remarkable rates between
one and seven Gb/s [21], [130], [131] in an up 9×9 multiple-input multiple-
output (MIMO) setup, however at limited distances below 2 m and employing
highly directed transmission with small coverage. With an interest in a
system with large coverage supporting mobile communication, the focus in
this work lies on spatial diversity concepts known to potentially increase
reliability [62], [132].

At the beginning of this chapter we introduce the basic idea of antenna
diversity and illustrate its gains in a simple line-of-sight (LOS) MIMO simu-
lation. Using the same high bandwidth equipment as in the previous chapter,
we show how antenna diversity can be exploited in broad- and narrowband
transmission systems. The resulting insights lead to the development of an
analog combining circuitry and a new optical front end design suitable for
spatially distributed transceivers (TRxs) with a limited bandwidth of 50 MHz.
Together, these prototypes allow to make use of antenna diversity while us-
ing a commercial single-input single-output (SISO) digital signal processing
(DSP) baseband unit. The reliable real-time transmission based on such a
setup is presented and discussed afterwards. The same manufacturing cell as
presented in Section 4.1.3 served as a demonstration environment for a �rst
reliable and mobile real-time OWC transmission system.

5.1 antenna diversity

This section introduces the use of antenna diversity as a concept for increas-
ing the coverage and reliability of OWC. Equivalently to distributed antennas
in radio frequency (RF) communication, we distribute multiple optical trans-
mitter and receiver front ends in space, thus spanning a MIMO channel.
Considering a link, in which a single information source transmits data to a
single information sink, the transmit signal x is distributed toN transmitters
(Txs) with the N × 1 transmit vector p and is received by M receivers (Rxs),
resulting in an M ×N MIMO channel H. The received signals and noise n
are combined using the M × 1 receive vector q into a single signal

y = qTHp︸ ︷︷ ︸
Heff

x+ qTn, (5.1)

where (·)T denotes the matrix transpose. The application of the transmit and
receive vectors to the channel matrix results in a scalar e�ective channelHeff .
Without loss of generality, we let ‖p‖22 = ‖q‖22 = 1, where ‖·‖2 denotes the
Euclidean norm.

57
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Figure 5.1: a) Rendering of the simulation setup in an uplink (UL) con�guration,
i.e. the Txs mounted on the robot model and the Rxs on the walls. The
green line interpolates the 500 randomly placed dots and indicates the
trajectory taken by the Txs throughout the simulation resulting in 106

test positions. b) Availability of channels with LOS (left column) and
su�cient SNR for a 23.4 MBd QPSK transmission (right column) for an
UL transmission.

To show how antenna diversity signi�cantly improves reliability, we use
the LOS-MIMO simulator presented in Section 2.2.3 and analyze the existence
of at least one available LOS for varying number of used Tx and Rx. The
simulated room geometry is con�gured to emulate the behavior encountered
in a real manufacturing cell. A rendering of the resulting geometrical setup is
shown in Fig. 5.1a. It shows a downlink (DL) con�guration, in which N = 6
Tx and M = 8 Rx are mounted at a robot’s head and the surrounding walls,
respectively. Purple dots indicate 500 randomly chosen points reachable
by the robot model. Their interpolation yields 106 positions on a smooth
trajectory represented by the green line. At each of these positions H is
computed. The LOS blocking term in Eq. (2.26) is determined by a set of
spheres representing a fully opaque robot (orange spheres in Fig. 5.1a). When
considering only a reduced number of Tx n ∈ N : 1 ≤ n ≤ N and Rx
m ∈ N : 1 ≤ m ≤M , we need to consider all combinations CNM (n,m) =(
N
n

)
·
(
M
m

)
for each pair. For example, in the case of using all Tx/Rx, there is

only one combination C68(6, 8) = 1, but C68(1, 1) = 48 when one Tx/Rx
is used at most. For simplicity, we set the entries of p and q to pn = 1√

n

and qm = 1√
m

in this �rst illustration and discuss improved choices in the
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following sections. Analyzing if Heff > 0 at every position of the trajectory
and for all combinations, results in the left heatmap of Fig. 5.1b, hereby
revealing the relative frequency of existing LOSs for each combination of m
and n. Increasing n and/or m rapidly increases the relative frequency of an
existing LOS, saturating quickly to a value close to 1. However, due to the
LOS blocking spheres, full coverage is only achieved when using at least a
total of 11 optical front ends as indicated by the area surrounded by a red
line. The right heatmap in Fig. 5.1b shows the relative frequency of channels
with a signal-to-noise ratio (SNR) ≥5 dB1. These simulations are calibrated
to match the measurement results presented in Section 3.2.12. The shrunk
area marked by the red line indicates that requiring a minimum SNR leads to
an increased number of required Txs and Rxs if full coverage is required.

An important observation for these exemplary simulations is how even
a small number of Tx and Rx rapidly improves coverage and that antenna
diversity appears to be a promising concept for improving the reliability of
an OWC system. However, for an inherently reliable physical layer with
full coverage, these simulations also indicate that there is no clear upper
limit on the number of required front ends. This number depends on the
LOS obstructing elements, the exact movements of a mobile unit (MU) and
the targeted SNR, which cannot be determined by approximately accurate
simulations. Therefore, the next sections cover experimental investigations
of data transmission over an OWC system, which employs antenna diversity
schemes. We start with the case of a broadband transmission (100 MHz).

5.2 broadband transmission

Even if the contributions from re�ections have so far shown to be negligible,
the joint use of multiple Txs and Rxs e�ectively creates a multipath channel
and the simple addition of all spatial channels, as done in the previous
example, can result in self-induced multipath fading. Similar fading e�ects
may also be observed in Digital Video Broadcasting - Terrestrial (DVB-T)
[133], [134], when multiple-site transmission is used in a single frequency
network (SFN). In OWC however, multi-path fading is only particularly severe
for broadband transmissions. With a focus on broadband direct-current
biased optical (DCO) orthogonal frequency-division multiplexing (OFDM)
transmissions, the following section introduces means to mitigate this e�ect
and shows their e�ectiveness in a short-reach 8×6 MIMO transmission
experiment performed within a reduced size manufacturing cell replica.

5.2.1 Phase-Matched Equal-Gain-Transmission

Notice that in a multi-carrier system such as DCO-OFDM, Eq. (5.1) describes
the link per subcarrier with frequency-dependent H, p and q. With the

1 This was the required SNR in [128] for an error-free QPSK transmission protected by an
LDPC FEC code.

2 An SNR of 20 dB is assumed between an aligned pair of Tx/Rx at 3 m distance. Equations (2.13)
and (2.14) describe the angle dependence of the LEDs and PDs used.
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entries of H, p and q being denoted by Hmn, pn and qm, respectively, they
are ideally chosen to maximize the scalar e�ective channel

|Heff |2 =

∣∣∣∣∣
M∑

m=1

N∑

n=1

qmHmnpn

∣∣∣∣∣

2

=

∣∣∣∣∣
N∑

n=1

M∑

m=1

pnHmnqm

∣∣∣∣∣

2

, (5.2)

where |·| denotes the absolute value of a complex number. The maximiza-
tion of the channel gain and SNR, which is achieved by maximum ratio
transmission (MRT) and maximum ratio combining (MRC) at the Tx and
Rx, respectively [135]. If the entries of p and q are constrained to have
equal gains, i.e., to be of shape pn = eiρn√

N
and qm = eiψm√

M
with phase angles

ρn, ψm ∈ [0, 2π), we realize equal gain transmission (EGT) and equal gain
combining (EGC), respectively. In case of EGT, the intensities of all LEDs are
modulated with equal electrical signal power, which is particularly interest-
ing for OWC since, due to peak-power constraints in the light-emitting diode
(LED) driver and the LED itself, power transfer among di�erent Txs would
lead to strong clipping. In case of EGT with either EGC or MRC, the joint
optimization of p and q is not straightforward as we face a nonlinear cost
function with multiple local and global optima. A brute-force search may be
applied for small MIMO systems [135], but in the case of N = 6 and M = 8
this involves a search over a 14 (EGC) or 22 (MRC) dimensional space, which
becomes unfeasible due to the curse of dimensionality. However, independent
optimization of p and q is possible. For a given channel H and receive vector
q, the optimal transmit phase vector ρ?, where optimality is denoted by (·)?,
is determined by the optimization problem

ρ? ∈ argmax
ρ∈[0,2π)

∣∣∣∣∣
N∑

n=1

ejρn

M∑

m=1

Hmnqm

∣∣∣∣∣

2

. (5.3)

The term independent of the optimization variable can be interpreted as
the e�ective channel Heff,n =

∑M
m=1Hmnqm as seen by the n-th Tx. Be-

ing a complex number, it may be written in polar coordinates as Heff,n =

|Heff,n| ej∠(Heff,n), where the operator ∠(·) returns the phase of its argument.
Thus, the outer sum in Eq. (5.3) is maximized when the phases of its complex
summands are aligned. The simplest solution then results in

ρ?n = −∠
(

M∑

m=1

Hmnqm

)
. (5.4)

Analogously, for a given channel H and transmit vector p, the optimization
problem to �nd the optimal receive phase vector ψ? is given by

ψ? ∈ argmax
ψ∈[0,2π)

∣∣∣∣∣
M∑

m=1

ejψm

N∑

n=1

Hmnpn

∣∣∣∣∣

2

(5.5)

and the phases of an optimal EGC receive vector are calculated as

ψ?m = −∠
(

N∑

n=1

Hmnpn

)
. (5.6)
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Figure 5.2: Evolution of the e�ective channel matrix throughout the �rst seven
iterations of the suggested iterative optimization algorithm.

It is therefore possible to iteratively search for the nearest local optimum
around an initial guess when alternatingly applying Eqs. (5.4) and (5.6) for
EGT+EGC. As a result, |Heff |2 increases with each iteration.

For illustrative purposes, we step through the phases of the algorithm
using the following random 3×3 MIMO channel matrix3:

H =
1√
3 · 3




ej2π0.37 ej2π0.59 ej2π0.70

ej2π0.09 ej2π0.05 ej2π0.44

ej2π0.64 ej2π0.76 ej2π0.11


 (5.7)

By writing the entries of p and q onto the diagonal elements of 3×3 matrices,
we obtain a matrix that can be interpreted as an e�ective channel matrix:

Heff =
1√
3 · 3




ejψ1 0 0
0 ejψ2 0
0 0 ejψ3


H




ejρ1 0 0
0 ejρ2 0
0 0 ejρ3




=
1

9




ej(2π0.37+ρ1+ψ1) ej(2π0.59+ρ2+ψ1) ej(2π0.70+ρ3+ψ1)

ej(2π0.09+ρ1+ψ2) ej(2π0.05+ρ2+ψ2) ej(2π0.44+ρ3+ψ2)

ej(2π0.64+ρ1+ψ3) ej(2π0.76+ρ2+ψ3) ej(2π0.11+ρ3+ψ3)


 (5.8)

Summing over all elements of Heff yields the scalar e�ective channel Heff

as denoted in Eq. (5.1). The leftmost plot in Fig. 5.2 shows Eq. (5.8) with
ρn, ψm = 0 ∀n,m or equivalently the exemplary channel coe�cients from
Eq. (5.7) on the complex plane. The following plots on the right show the
resulting e�ective matrices H(i)

eff after the i-th iteration of applying Eqs. (5.4)
and (5.6) alternatingly. The phasors sharing a marker color are a�ected by
the same entry of the transmit phase vector ρ, while the phasors sharing a
line color are a�ected by the same entry of the receive phase vector ψ. In
this example, Eq. (5.4) is applied �rst and the transmit vector p and thus its
phase entries ρn are updated �rst. As a result, when going from H to H

(1)
eff

the phasors with the same marker color are rotated by the same amount.
In the second iteration, Eq. (5.4) is evaluated with the previously computed
p. Thus, when moving from H

(1)
eff to H

(2)
eff the phasors with the same line

color are rotated by the same amount. After continuing theses steps for four

3 Admittedly, even though multiple random matrices were generated, this particular realization
of a random matrix was chosen, because it shows a nice path across the cost function surface
and does not converge too fast, hereby allowing to visualize the steps of the algorithm.
Furthermore, the coe�cients have equal amplitude. While this does not represent a realistic
OWC channel, it helps in keeping the example simple.
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Figure 5.3: Cut through the 6-dimensional cost function. The numbers on the contour
lines indicate |Heff |2 in dB. For the given normalization, 0 dB is the global
maximum.

further iterations, the phasors are mostly aligned along the real axis. With
this improved alignment, the sum of these phasors and hereby the scalar
e�ective channel Heff results in a larger magnitude.

The cost function of this nonlinear optimization problem |Heff |2, is shown
in Fig. 5.3. Since it is di�cult to visualize it over the entire six-dimensional
problem, we see three two-dimensional planes cutting through this six-
dimensional space by keeping the respective four other dimensions �xed.
Here, they are �xed at the resulting values after convergence of the algorithm.
This way, the �rst graph shows the cost function’s dependence on ρ1 and
ψ1 for given ρ2 = ρ?2, ρ3 = ρ?3, ψ2 = ψ?2 and ψ3 = ψ?3 . The second and third
graph respectively pair the second and third entries of the transmit phase
vector ρ and receive phase vectorψ. The stars represent the resulting entries
of ρ andψ after each iteration. Starting at ρ = ψ = 0, only ρ1, ρ2 and ρ3 are
updated after the �rst iteration, while after the second iteration only ψ1, ψ2

and ψ3 are updated. Quickly the adaptation �nds its way to the resulting local
maximum as indicated by the contour plot. The numbers on the contour lines
indicate |Heff |2 in dB. Note that with the given normalization, the maximum
value |Heff |2 can take is 0 dB.

Now that we have had a glance at the inner life of the phase adjustment
algorithm for EGT+EGC with a simpli�ed 3×3 MIMO channel, we take a
look at a measured 8×6 MIMO channel to understand how the transmit
and receive vectors can be further adjusted to the particularities of an OWC
MIMO channel. For this purpose, we use an exemplary measured channel
presented in following Section 5.2.2 obtained in a laboratory setup shown
in Fig. 5.5a. Similar to before, the channel coe�cients are shown in Fig. 5.4,
however, for increasing frequencies. Due to the di�erence in distance from
individual Txs to individual Rxs, the angles of the phasors increase linearly by
di�erent amounts. Since a larger delay may be interpreted as a linear phase
increment proportional to the delay, larger distances result in faster rotating
phasors, more signi�cantly so at higher frequencies. Thus, while at small
frequencies the phasors are mostly aligned, they have signi�cantly di�erent
angles at higher frequencies. The sum of all phasors without adjustment
results in frequency-selective fading due to multipath propagation from
multiple sources.
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Figure 5.4: Channel coe�cients of a measured 8×6 MIMO channel at increasing
frequencies. For better visual comparison, they are normalized such that
the sum of the phasor magnitudes is constant at all frequencies.

Conveniently, the correlation between channel coe�cients at adjacent
frequencies is a property that can be exploited for improved convergence
behavior of the algorithm presented thus far. Since in the case of OWC, the
entries of H are real-valued and non-negative at the frequency f = 0, we
know a global optimum is obtained for ρ?n = ψ?m = 0. Considering, e.g., the
case of DCO-OFDM we may use the resulting solution as an initial guess for
the smallest subcarrier and its solution in turn for the next higher subcarrier.
This is repeated until p and q are known for all subcarriers. The resulting
improvement of convergence and the comparison to other general purpose
solvers for unconstrained nonlinear optimization is presented in detail in
Appendix A.3.

So far we have focused on the unconstrained nonlinear optimization prob-
lem resulting from the combination of EGT and EGC. However, if we want to
employ EGT with MRC, the constraint ‖q‖2 = 1 turns the problem into an
constrained nonlinear optimization problem and general purpose nonlinear
optimization schemes need signi�cant adaptation [136], [137]. The suggested
iterative optimization however is easily adapted: Instead of applying Eq. (5.6)
to update the receive phase vector ψ and thus indirectly the receive vector
q, we may compute the MRC receive vector directly as [135]

q =
(Hp)∗

‖Hp‖2
, (5.9)

where (·)∗ the complex conjugate. By alternatingly applying Eqs. (5.4)
and (5.6), we can thus apply the suggested iterative optimization to either
EGT with EGC or EGT with MRC, when Eqs. (5.4) and (5.9) are used. The
following section experimentally investigates the gains of the iterative opti-
mization over the case of simply summing over the entries of the channel
matrix H without phase adapation in the transmit and receive vectors.

5.2.2 Experimental Setup and Results

The reduced size, 1.45 m × 1.45 m × 1.45 m manufacturing cell replica used
for the following transmission experiments is shown in Fig. 5.5a. As in the
channel measurements in Chapter 4, six Tx were placed on the faces of a cube
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Figure 5.5: a) Photograph of robotic manufacturing cell replica used for 8×6 MIMO
experiments. Purple and green circles highlight the Rxs and Txs, respec-
tively. The light green circles sketch the trajectories along which the Txs
were positioned by the robot. b) Block diagram of the DSP used for the
transmission experiment.

and attached to the end of a manufacturing robot’s arm, where tools with
OWC modules would also be located. The eight Rx front ends were placed
on the corners of the cell. Allowing for a straight-forward implementation of
the per-subcarrier phase adjustment discussed in the previous section, DCO-
OFDM transmissions were performed from 36 positions over a bandwidth
of up to 100 MHz. Figure 5.5b gives an overview on the DSP, which may be
split into two parts.

Table 5.1:
OFDM DSP

NDFT 2048
S 11-410
NCP 128
Rs 500 MS/s
OH 6.1%
M 2,4,16,32,64,

128,256,512,
1024,2048,4096

BPL Krongold
FEC LDPC
RFEC 5/6
Gphy,n 56-196 Mb/s

The inner DSP e�ectively converts the MIMO channel into a SISO channel
via the transmit/receive p/q vectors presented in the previous section. For
the calculation of p and q the channel H must be known. Therefor the inner
DSP includes the framing synchronization and MIMO training sequences
(TSs) orthogonal in frequency domain. Essentially, the same MIMO channel
estimation approach as in Section 4.1.2 is employed, except that all pilot
frequencies are transmitted simultaneously4 and with the same discrete
Fourier transform (DFT) sizeNDFT as the payload. More explicitly, out of the
set of unmasked subcarriers S used by the payload, the TS used by the n-th Tx
uses the subset Sn = {l ∈ S : l mod 6 = (n+10) mod 6}. The estimated
channel at these scattered pilot frequencies is then interpolated as described
in [104]. In the following experimental validation, we investigate three types
of antenna diversity, which di�er solely in the p and q: either unmatched
transmission, in which pn = 1√

6
and qm = 1√

8
, or the pairs EGT+EGC and

EGT+MRC. For the last two we use the iterative optimization described
in the previous section with �ve iterations per subcarrier. A transmission
employing MRT+MRC was not possible as the digital readjustment of the
transmit powers lead to immense clipping.

The outer DSP consists of the residual SISO DCO-OFDM processing chain
described in Section 2.3.1. This includes the equalization of the SISO channel,
demodulation and error-vector magnitude (EVM) estimation. Based on the
resulting EVM, bit and power loading (BPL) is performed as described in

4 This signi�cantly reduces the OH at the cost of an increased PAPR.
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[105]. After BPL, decoding and bit error rate (BER) counting is performed to
verify error-free transmission of a fully loaded transmission. The target BER
fed to the BPL algorithm was 10−2, which lied below the expected forward
error correction (FEC) threshold of approximately 2 · 10−2 [127].

The upper graphs of Fig. 5.6 illustrate the measured e�ective channelsHeff

when matched cable lengths are used to avoid di�erent path delays (left) and
when minimally short cables are used (right). The latter may be the case in
actual deployment scenarios in larger geometries, where unnecessarily long
cables should be avoided and/or equal length cannot be guaranteed. While
EGT+MRC increases the channel gain over all frequencies, EGT+EGC shows
improvements only at frequencies at which there is a phase mismatch. This
e�ect is signi�cantly stronger when cables of di�erent lengths are used. Thus,
for signals with bandwidths below approximately 50 MHz (30 MHz when
mismatched cables are used), we may expect the adjustment of phases in the
transmit/receive vectors to yield little gain. The bottom graphs of Fig. 5.6
show the corresponding SNRs of the 400 subcarriers, which closely follow
the frequency-dependent channel coe�cients. Together with BPL algorithm,
the gains in SNR may be used to increase the system’s throughput.

Figure 5.7 shows the empirical cumulative distribution functions (CDFs)
of achieved net throughputs resulting from BPL with [105]. Achieving the
highest rates, the improvements of EGT+MRC over an unmatched trans-
mission in lowest, average and peak data rates are shown in percent. The
pure phase adjustment of p and q (EGT+EGC) becomes mostly relevant
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when mismatched cable lengths are used. However, the lowest data rate, an
indicator for robustness, is the same for EGT+EGC and EGT+MRC.

For broadband transmission of up to 100 MHz, we see that adjusting the
phases of the transmit and receive vectors p and q can signi�cantly improve
the received signal quality at higher frequencies. The use of a transmit-side
phase adjustment and MRC at the Rx improved the lowest, median and peak
rates by up to 15 %, 28 % and 75 %, respectively. Note that while in this
experimental evaluation maximally achieved data rates served as an indirect
indicator of improved channel gains, these gains may be used alternatively to
increase the SNR margin of our communication system. This makes the pair
of EGT+MRC, enabled by the suggested algorithm for iterative optimization
of the transmit and receive vectors, an interesting component for a broadband
industrial OWC system.

However, since an optimization of the phases of the transmit and receive
vectors yields small gains at low frequencies, simpli�cations are possible
when the waveform in use occupies only a limited bandwidth. The next sec-
tion thus presents experimental results obtained in the full size manufacturing
cell at BMW for a narrowband transmission.

5.3 narrowband transmission

To avoid confusion, it should be clari�ed that, chronologically, the narrow-
band transmission experiment was conducted prior to the broadband trans-
mission. In fact, it was conducted in immediate succession to the channel
measurements discussed in Chapter 4 with the same setup and along the ex-
act same trajectory. Facing larger propagation distances and hardware build
for high bandwidth and linear channel sounding, broadband transmission
was simply not possible due to too little optical signal power. This section
therefore focuses on the transmission of a narrowband signal, employing
antenna diversity schemes over the measured channels depicted in Fig. 4.6.
The DSP and transmission results are presented in the following paragraphs.
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Figure 5.8: Block diagram of the DSP used in the 1 Mb/s transmission experiment.
The inner DSP consists of equal gain transmission at the Tx and maximal
ratio combining or equal gain combining at the Rx. The outer DSP
consists of the SC DSP designed for a coded IM/DD QPSK transmission.

5.3.1 Digital Signal Processing and Results

Table 5.2:
SC-QPSK DSP

PS RRC
β 1.0
M 4
Rsy 625 kBd
fc 3.5 MHz
Rs 500 MS/s
PAPR 6.5 dB
OH 2.5%
FEC LDPC
RFEC 5/6
Gphy,n 1 Mb/s

The waveform chosen for this transmission experiment was a single-carrier
(SC) quadrature phase-shift keying (QPSK) with a root-raised-cosine (RRC)
pulse shape (PS) of rollo� β = 1.0. It was selected for its low peak-to-average
power ratio (PAPR) of 6.5 dB5 measured after the upconversion of the SC.
For the given front ends, optical signal power P̃ could only be adapted by
variation of the electrical signal power P̃e, which was in turn peak-limited by
the dynamic range of our digital-to-analog converters (DACs). Therefore, for
this given peak-power limitation, the reduced PAPR allowed for an increased
average power, yielding a higher SNR. Similar to the broadband transmission,
the DSP of this experiment may be split into two parts (see Fig. 5.8). The
outer part of the DSP performs all steps needed for a classical single-carrier
modulation scheme introduced in Section 2.3.2. The inner part of the signal
processing handles the MIMO channel and converts it into an e�ective SISO
link for the outer part via simple EGT at the Tx and MRC or EGC at the Rx
[135], [140].

Since for MRC the SNRs at each Rx need to be known a priori, they
are estimated by computing the signal power in the transmission passband
around the intermediate frequency of 3.5 MHz and a noise power around
5.5 MHz prior to down conversion. The hereby estimated SNR at each Rx
and each position along the trajectory are shown in the left plot of Fig. 5.9.
As the transmission was performed along the same trajectory as the channel
measurements presented in Chapter 4, a division into three sections, i.e., a
�rst section with only a few strong channels, a second section with multiple
weak channels and a third section with only a few weak channels, is also
possible in the transmission experiment. Due to their proximity, we may
observe that Rxs 5, 6 and 7 receive the signal with high SNR within the
�rst section. For section 2 and 3 the SNR of individual Rxs is below the

5 As a comparison, the PAPR of simple DCO-OFDM are easily >10 dB if no additional means
for PAPR reduction are performed [138], [139].
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Figure 5.9: Received SNR per Rx along the trajectory (left) and the resulting empirical
CCDF (right). The Rx with best visibility (Rx 7) achieves an SNR above
5 dB from 35 % of the positions.

minimally required 5 dB6 most of the time. The right graph shows the
empirical complementary cumulative distribution functions (CCDFs)7 of
these values. This representation shows that for all Rxs the received SNR is
below 5 dB at most of the positions along the trajectory. The CCDF reveals
that for Rx 7, which has the best visibility throughout the trajectory, the
threshold of 5 dB in SNR is only achieved from 35% of the positions. This
illustrates the requirement for spanning a MIMO channel, which allows to
exploit spatial diversity, e.g., to obtain a single, more reliable channel with
higher gain.

Although it is possible to estimate the SNR from the signals’ spectra,
employing the received electrical signal power P̃e,r as a measure for the
calculation of the entries of the receive vector p is of interest, since its estima-
tion does not require knowledge on the noise power levels. Furthermore, in
case of equal noise per Rx, it is proportional to the SNR. While this condition
may not always be met, the choice of power over SNR was found to make no
di�erence in this particular measurement series, but strongly simpli�es the
DSP when noise power measurements are not possible. In case of EGC, the
received signals are thus sorted by their power and only the strongest are
combined, where the number of used Rx is varied from one to eight. The use
of only the single strongest signal is equivalent to selection combining (SLC),
whereas the use of all eight signals may be considered as the classical EGC
scheme.

Figure 5.10 shows the resulting SNRs, when Rx-side antenna diversity
schemes are employed. Over all sections, MRC provides the highest SNR
when compared to all EGC cases as it is expected from an SNR maximizing
scheme. More interestingly, the EGC schemes perform di�erently in the

6 From additive white Gaussian noise theory the minimum required SNR for a capacity of 2 bit
is 4.77 dB. However, for the given experiment, DSP and FEC, error-free transmission was only
possible for SNRs above 5 dB.

7 The graph may be read as follows: “For a given SNR value, the empirical CCDF indicates the
relative frequency of channels with equal or higher SNR.”
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Figure 5.10: Estimated SNR and corresponding empirical CCDF when MRC or EGC
is applied. EGC is performed only over the Rxs with most power, where
the number of Rxs in use is varied and denoted in parenthesis (see
legend). The sections observed in the previous channel measurements
are highlighted in the left axis.

�rst two sections depending on the number of Rx in use. The use of fewer
Rxs is bene�cial when a small number of strong channels dominate over all
other channels, as the channels with low signal power will mostly contribute
with noise. This is the case in section 1, where for EGC the use of only
the two strongest Rxs yield best results. The use of more Rx improves the
resulting signal quality signi�cantly in the next two sections, where multiple
similarly strong, yet rather weak signals are received. This is also visible in
right plot of Fig. 5.10, where the empirical CCDFs of the SNR are shown for
each diversity scheme. While the EGC schemes using more Rx achieve the
minimally required SNR of 5 dB at more positions along the trajectory, the
maximally achieved SNRs are visibly reduced. However, for an application
in a production environment, we are concerned with designing a simple, yet
reliable communication system and therefore aim to minimize the number
of positions at which communication is not possible.

In the presented transmission experiment, the selection of the best six Rx
for EGC shows a good performance in the low SNR regime. For this case
and the MRC scheme the measured BERs before and after FEC decoding are
shown in Fig. 5.11. At each position, >1.6 · 106 bits are evaluated to count
the post-FEC BER. The positions at which error-free communication was
not possible lie in the third section and are highlighted in the bottom right
graph of Fig. 5.11. Error-free transmission for MRC and EGC with six Rx
was possible at 80% and 76% of the robot positions, respectively. This is a
good improvement compared to the use of single Rxs without SLC, where
in the best case, transmission would only be possible from less than 35% of
the positions. While full coverage was not possible with either approach,
it is important to point out that the measured channels depicted in Fig. 4.6
indicate that the problem was not full blockage of all LOS paths, but limited
overall signal power. Tx front ends with higher optical transmit power can
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thus be expected to further improve coverage. A major limitation in the
last two transmission experiments was therefore the limited achievable SNR,
which is attributed to the use of front ends designed for broadband channel
sounding and the use of no lenses at the Tx.

5.4 analog combining and real-time implementation

The insights of Chapter 4 and this chapter so far lead to a redesign of the
optical Tx and Rx front ends with a smaller targeted bandwidth of up to
50 MHz (instead of 200 MHz), which mitigates the problem of weak opti-
cal signal powers. In fact, the investigation of nonlinearities in Chapter 3
was performed with such reduced bandwidth, high power front ends [43].
Furthermore, Tx and Rx were integrated into single TRxs - a fundamental
requirement for bidirectional communication. Together with an analog com-
bining circuitry presented in the next section, which is capable of performing
SLC, EGC and MRC, these front ends are important building blocks of the
real-time OWC system presented at the end of this thesis.

5.4.1 Analog Combiner

The basic idea behind the analog combiner is that the MRC weights of the
receive vector q may be computed from the received powers as was veri�ed
in the previous section. Note that the knowledge of the e�ective single-
input multiple-output (SIMO) channel coe�cients is required in Eq. (5.9).
However, assuming the input signal x has a constant average power and the
received SNR is su�ciently large, an estimate q̂ of the ideal receive vector
may be obtained by setting its entries proportional to the standard deviation
of the entries in the received signal y = Hpx+ n before combining. This
realization was used to build an analog combining circuitry.



5.4 analog combining and real-time implementation 71

PSfrag replacements

EVM BER(·)2 µC

FE
C
en
co
de
r

m
ap
pe
r

he
ad
er

in
se
rti
on

pu
lse

sh
ap
in
g

up
co
nv

er
sio

n

digital-to-analog
analog-to-digital

do
w
nc
on

ve
rs
io
n

fra
m
e
de
te
ct
io
n

ch
an
ne
l e
st
im

at
io
n

ch
an
ne
l e
qu

al
iz
at
io
n

de
m
ap
pe
r

FE
C
de
co
de
r

Tx H Rx

Tx DSP emulated analog combiner Rx DSP

Figure 5.12: Block diagram of the DSP and setup used to validate the analog combin-
ing circuit. Sections Tx DSP, emulated and Rx DSP are performed in the
digital domain, which is interfaced with analog combiner via DACs and
an ADC.

A sketch and a photograph of the analog combining circuit are shown in
Figs. 5.12 and 5.13, respectively. Since Fig. 5.12 also depicts the test setup used
to evaluate the performance of the circuitry, we do now focus only of the sec-
tion indicated as analog combiner. For each of the up to eight received signals,
a bandpass �lter serves as a projection to the subspace by which the original
signal x resides, similar to a matched �lter, and essentially �lters out noise,
which would distort the signal power measurement. Each �lter is followed
by a power meter, which outputs a voltage approximately proportional to the
power of each received signal. These voltages are sampled by a 8-bit micro
controller (µC) [141] and processed as follows: The inaccurate and nonlinear
power-transfer function of the power meter is corrected via a look-up-table
(LUT), which contains the inverse power-transfer function. Afterwards, the
corrected power values are used to set eight digitally controlled attenuators
in the signal path in a range of 0-31.75 dB, whose outputs are added in the
analog domain. For the given simple µC and its built-in analog-to-digital
converter (ADC), the update rate of the attenuators is limited to approxi-
mately 2 kHz. The state of the attenuators can be read out via a serial port,
which is also used for con�guring the Rx-side combining scheme. In case of
MRC, the strongest signal is always set to an attenuation of 0 dB, while the
other attenuators are set according to their di�erence to the dominant signal.
In case of EGC all attenuators are set to 0 dB attenuation. Additionally, SLC

Figure 5.13: Photograph of the analog combiner circuitry.
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can be performed, when the signal from single Rx is considered, by setting
its attenuation to 0 dB, whilst the other channels are set to the maximal
attenuation of 31.27 dB.

The next section presents how the analog combiner performs with SLC,
EGC and MRC when fed with synthesized outputs of a OWC MIMO channel.

5.4.2 Evaluation

In order to test the analog combining circuit with realistic MIMO LOS chan-
nels, a simpli�ed model of a 5 m x 6 m x 4 m manufacturing cell with
non-re�ective walls and a robot positioned in its center is used (see Fig. 5.14).
The robot arm consists of four segments with 0.6 m, 1 m, 1 m and 0.3 m
in length. Each segment is modeled with multiple non-transparent/non-
re�ective spheres of radius 0.3 m, 0.2 m, 0.2 m and 0.02 m, respectively. The
spheres are spaced with their radius along the corresponding segment, result-
ing in an approximation of a robot arm, which may block a LOS. In Fig. 5.14,
this robot model is represented by the orange spheres. Five positions of the
robot arm are chosen randomly (purple markers) and interpolated to result
in a total of 200 points. This yields a smooth trajectory with cyclic boundary
conditions, i.e., the same start and end point. This trajectory is depicted
in Fig. 5.14 as a green line. At each point, the entries Hmn of the M × N
LOS MIMO channel matrix H is calculated according to Eq. (2.26) for both,
UL and DL in two con�gurations. In the �rst con�guration, the immobile
TRx are placed on the walls, whereas in the second con�guration they are
placed on the ceiling. It is noteworthy, that the UL case with mobile Txs on
the robot and immobile Rxs placed on the walls, corresponds to the circum-
stances given in the channel measurements from Chapter 4 and transmission
experiments in Sections 5.2 and 5.3.
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Figure 5.15: E�ective SIMO channels along the trajectory as seen by the four re-
ceivers in use. The channels are normalized to the strongest e�ective
channel. Abrupt LOS blockage occurs only when the immobile TRx are
placed on the walls and the robot may obstruct the LOS.

The target of this channel synthesis, is to use it for an emulation of a
MIMO channel with realistically varying channel coe�cients. Therefore, as
Fig. 5.12 suggests, a SC signal is generated, its transmission over an OWC
MIMO channel is emulated and the resulting noisy waveforms are uploaded
to synchronized DACs, which feed the inputs of the analog combiner. Note
that due to the availability of only four di�erential DACs, only four inputs of
the analog combiner could be tested simultaneously. Thus, in the UL cases
we have N = 6 Tx and M = 4 Rx, in the DL N = 8 Tx and M = 4 Rx. For
the UL case, the four Rx in use are denoted in Fig. 5.14 as 2w, 4w, 6w and 8w
when placed at the walls and 2c, 4c, 6c and 8c when placed on the ceiling.

The resulting e�ective SIMO channels, when all Tx transmit the same
signal with equal gain (i.e., EGT) as seen by each Rx, are shown in Fig. 5.15.
The top and bottom graphs show the channels when TRxs are mounted on the
walls and ceiling, respectively. While the graphs in the left axes correspond to
the channels obtained in the UL, the right axes correspond to the DL. It may
be observed that the channels show similar �uctuations to those measured
and presented in Chapter 4, i.e., channel coe�cients vary strongly depending
on the position/orientation of the robot. While some parts of the trajectory
are dominated by single links (e.g., �rst 6 m in bottom right axis), in other
parts multiple similarly strong channels exist (e.g., around 11-14 m in top
left axis). However, compared to the channel measurements8, we observe
fewer abrupt changes in the channel coe�cients due to LOS blocking (see,
e.g., top left axes). This is due to the fact, that in this simulation the spheres
representing the robot are the only LOS-blocking obstacles. As a result, when
the TRxs are located at the ceiling, a LOS between all Txs and any individual
Rx is never blocked abruptly by the robot. In this case, fast channel changes

8 Note that as a UL con�guration with Rxs on the walls, only the top left axis corresponds to
the setup in the channel measurements of Chapter 4.
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Figure 5.16: Attenuation values set by the µC, when the analog combiner is con�g-
ured to perform MRC. The attenuation of Rxs facing the best channel
condition is always set to 0 dB.

as highlighted in the bottom right axis of Fig. 5.15 are smooth and rather a
result of fast rotations.

Table 5.3:
SC-QPSK DSP

PS RRC
β 0.5
M 4
Rsy 15.625 MBd
fc 15.625 MHz
Rs 62.5 MS/s
OH 2.5%
FEC LDPC
RFEC 5/6

In order to test the analog combining circuitry on such MIMO channels,
a SC waveform is used. The Tx and Rx DSP employed for the experiment
was already depicted in Fig. 5.12 and is now explained in detail. FEC encoded
bits are mapped to a QPSK symbol alphabet, after which a header for frame
detection and channel estimation is inserted. The resulting symbols with a
rate of 15.625 MBd are shaped with a RRC pulse shape with a roll-o� β = 0.5
and upconverted to an intermediate frequency of 15.625 MHz. The resulting
signal is distorted by the emulated MIMO channels and white Gaussian noise
is added, which emulates receiver-side noise of optical front ends. The noise
power is set such that the best channel would result in an SNR of 30 dB. This
value is chosen to be approximately in accordance with the measured SNRs
for a transmit distance of 1-2 m presented in Chapter 3. The noisy samples of
four emulated Rxs are then uploaded to four synchronized 14 bit resolution
DACs working as a sample rate of 62.5 MS/s with a bandwidth above 200 MHz,
whose outputs are connected to the analog combining circuitry. The circuit
is con�gured to perform either SLC, EGC or MRC. Its output is sampled
by a single ADC working at a sample rate of 62.5 MS/s with a bandwidth
above 200 MHz. The sampled signal is digitally down-converted to complex
baseband, where the training sequences are detected and used for channel
estimation and equalization. After equalization, the SNR is derived from the
EVM. The pre-FEC BER is estimated after de-mapping. For the results shown
here, the soft-decision de-mapping and FEC correction is not employed.

Since the attenuation values set by the µC may be read via a serial port,
they are displayed in Fig. 5.16 for the case that the µC is con�gured to per-
form MRC. As previously stated, in this con�guration, the attenuation of the
strongest channels is set to 0 dB and the weaker Rxs are attenuated accord-
ingly to the received power. The attenuation values of the non-dominant



5.4 analog combining and real-time implementation 75

PSfrag replacements

Rx 4Rx 3Rx 2Rx 1EGCMRC

↑ downlink ↓↑ uplink ↓

pos. along trajectory in m

TR
xs

on
ce
ili
ng

pos. along trajectory in m

SN
R
in

dB

TR
xs

on
w
al
ls

SN
R
in

dB

2 6 10 142 6 10 14
0

10

20

30

0

10

20

30

Figure 5.17: Measured SNR when using only single Rxs and for EGC and MRC,
which are implemented on the combining circuitry. For SLC, the best of
the single Rx cases is considered. As an SNR maximizing scheme, the
approximated MRC yields the highest SNR at each position.

channels thus closely follow the gain di�erence to the dominant channel
coe�cient (see Fig. 5.15 for comparison).

The resulting SNRs are shown in Fig. 5.17 for the three previously described
combining con�gurations. The SLC results serve as a reference and are shown
for the four channels individually. Note how the resulting SNRs for individual
Rx closely follow the SIMO channel coe�cients shown in Fig. 5.15. If applied
correctly, a SLC scheme makes use of the best channel at each position.
Along the trajectory, EGC reduces the SNR variations and su�ers from noisy
channels, when only a few strong channels are available (e.g., �rst 6 m in
bottom right axis). The targeted MRC scheme outperforms all the presented
reference combining schemes as the analog circuit successfully adapts to the
given channel conditions.

Figure 5.18 shows the empirical CDFs for each combing scheme and the
use of single Rxs in all scenarios. Since for the targeted communication
system, reliability is the most important property, the lower left part of
the CDF is of particular interest. For the case that single Rxs are used, the
minimally required SNR of 5 dB for a QPSK is not reached at all positions
of the emulated trajectory. Thus, the value of the CDF at 5 dB indicates the
empirical outage probability, i.e., the experimentally observed probability
with which communication is not possible. With the use of single Rxs, this
ranges from 4% to 56%. For the combining schemes, i.e., MRC, EGC and SLC,
no outage is observed and the lower left part of the CDFs indicates the lowest
achieved SNR. For high reliability, it is desired that this smallest resulting
SNR is as high as possible, since it indicates a larger SNR margin. In all UL/DL
con�gurations this is achieved by the MRC scheme performed in real-time by
the analog combining circuitry. Using either of the implemented combining
schemes a link with su�ciently large SNR is established at each point of the
trajectory under consideration. It is worth mentioning that the pre-FEC BER
was always below 8 · 10−5, 4 · 10−4 and 5 · 10−3 for MRC, EGC and SLC,
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Figure 5.18: Cumulative distributions of the SNR values obtained in each scenario
for maximal ratio, equal gain and selection combining. The empirical
outage probability for the case of single Rxs is shown in percent.

respectively. These lie well below the expected threshold of 2 · 10−2 of the
low-density parity-check (LDPC) FEC with rate 5/6 used in other evaluations
in this thesis.

These tests in the electrical domain have validated the functionality of the
analog combining circuitry and shown its working principle. Based on this
circuitry, we are able to practically convert a distributed MIMO9 channel,
which may consist of multiple unreliable spatial links, into a reliable SISO
channel. For such a channel, e�cient baseband DSP chipsets exist, which can
be employed jointly with the presented analog combining scheme and hereby
create a reliable real-time OWC system. The operation of such a system is
presented in the next section.

5.4.3 Field-Trial with Reliable Real-Time OWC System

The manufacturing cell that served as a test environment for the real-time
OWC system has already been presented in Section 4.1.3 and is depicted
in Fig. 5.19a. However, the communication system has evolved to support
bidirectional transmission and higher distances in real-time. Therefore, the
all modules shown in the photographs of Fig. 5.19 of said cell are not either
Txs or Rxs, but optical TRxs front ends with larger modulation indices [43]. In
the following, we di�erentiate between the MU, which can be moved freely
around the cell and can thus also be attached to the robot itself, and the
access point (AP). The six TRx front ends of the MU are mounted on the
faces of a cube and shown in Fig. 5.19a/b. The AP consists of eight optical
TRx front ends, which are shown in Fig. 5.19a/c and placed on the edges of
the cell. The separation of front ends ensures that the spatial diversity is
high and multiple links are less likely to be blocked simultaneously. Due to
the analog implementation of the diversity schemes, no handover on higher
layers is required, resulting in a reliable communication system with rather

9 Technically, this circuitry performs only the conversion from a SIMO channel into a SISO
channel. The circuitry dispensing the same signal to multiple Tx front ends is not further
discussed due to its simplicity.
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a b

c

Figure 5.19: a) Manufacturing cell. The MU and front ends of the AP are highlighted
by yellow and red circles, respectively. For experiments in which the MU
was not mounted to the robot, green markers indicate 13 measurement
points. b) Front ends of the MU. c) Single front end of the AP.

low latencies. In the following paragraphs, the evaluation of this system
with respect to throughput and latency of Ethernet packet transmissions is
presented.

Figure 5.20 shows a block diagram of the measurement setup: An Optixia
XM2 with 1G Ethernet cards was used to generate arbitrary Ethernet traf-
�c and evaluate the performance of the bidirectional OWC system. This
tra�c was processed by a commercially available, ITU-T G.hn compliant
[98], [142], baseband DSP unit. This OFDM-based unit was con�gured to
use 481 subcarriers on a range from 2.15 MHz to 95.90 MHz, resulting in
a subcarrier spacing of 195.3 kHz. Its generated OFDM waveform was dis-
tributed to six (UL) or eight (DL) infrared LEDs with a center wavelength of
850 nm and half-power semi-angles (HPSAs) of 45° [67], received by eight
(UL) or six (DL) photodiodes (PDs) with HPSAs of 35° [68], processed by the
analog combiner and then passed to the receiving baseband DSP unit. Note
that these DSP units have their own full protocol stack including FEC and
automatic repeat request (ARQ) mechanisms [98], [142]. From point of view
of the Ixia network test equipment, the DSP units acted as Ethernet bridges.
The output Ethernet packets were further processed by the Optixia XM2.
Resulting packet error rates (PERs) and per packet latencies were measured
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Figure 5.21: SNR per subcarrier as reported by the physical layer of the baseband
DSP unit at the 13 measurement points in the UL and DL

for multiple Ethernet line rates and packet sizes. The employed optical front
ends were the same as those used in Chapter 3 and had the electrical transmit
signal power P̃e,t adjusted to avoid Rx circuitry saturation at transmission
distances above 0.8 m. The bandwidth of the Tx and Rx front ends was
designed to be approximately 50 MHz.

In a �rst measurement series, the MU highlighted in Fig. 5.19a with a yellow
circle, was not yet mounted to the robot, but placed on a tripod at 13 positions
around the robot. These are highlighted in Fig. 5.19a with green markers.
The resulting ULs and DLs between the MU and the distributed front ends of
the AP (highlighted by red circles) were analyzed with respect to SNR and
throughput. The SNR per subcarrier, as reported by the physical layer of
the DSP baseband unit, is shown in Fig. 5.21 for all 13 positions. Especially
in the DL, the targeted bandwidth limitation to 50 MHz is clearly re�ected
in the SNR values. Furthermore, the gross throughput Gphy,g of the OWC
physical layer and the Ethernet goodput Ggp are summarized in Table 5.4.
The quantity Gphy,g returned by the commercial chipset is determined by
the bits per subcarrier and the �xed OFDM symbol rate. It excludes any
overhead of the ITU-T G.hn physical layer and serves as an upper limit for
the throughput. It varies with the available SNR per subcarrier and re�ects
the impact of the optical wireless channel employing antenna diversity. The
goodput is de�ned as

Ggp = (1− PER) ·Geth,n, (5.10)

where Geth,n denotes the net Ethernet line rate10. While Geth,n is generated
by the Optixia XM2 independently of the rate supported by the optical
wireless channel, Ggp decreases when packets are not delivered, e.g., due
to a saturated OWC link and resulting packet drops at over�owing queues.
We may use Ggp as a �gure of merit for the average rate of successfully
transmitted Ethernet payload bits. Di�erences between Gphy,g and Ggp

are caused, e.g., by training sequences, FEC overhead, packet losses, or

10 We may di�erentiate the net and gross rates with the subscript n and g, respectively. For
Ethernet, the net line rate excludes the 22 byte (B) header.
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Table 5.4: Gross optical wireless physical layer rates and net Ethernet goodput in
Mb/s at di�erent positions

uplink downlink

pos. physical layer Ethernet physical layer Ethernet

1 89 41.5 96 45.8
2 89 41.5 96 45.8
3 100 47.4 95 44.3
4 69 33.5 95 44.5
5 150 50.5 95 50.5
6 150 50.5 95 50.5
7 150 50.5 108 50.5
8 135 50.5 108 50.5
9 95 44.8 108 50.4
10 104 48.4 90 42.7
11 103 48.2 86 43.9
12 44 24 94 45
13 138 50.5 104 50.5

management packets used, e.g., for rate adaptation. Note that the highest
tested Geth,n was 50.5 Mb/s and higher rates are potentially possible.

The results shown Fig. 5.21 and Table 5.4 clearly re�ect the non-reciprocity
of the OWC system. While in the DL all �gures of merit remain mostly
steady, the UL shows variations depending on the positions of the MU. The
non-reciprocity results not only from unequal HPSAs of Txs and Rxs, but
also from di�erent numbers of Txs/Rxs in the UL and DL. At positions 4 and
12, i.e., those close to the cell boundaries, worst performances were obtained.
Positions 5, 6, 7 and 8 happened to be in a well illuminated region of the cell,
showing increased SNR and throughputs. Here, the highest gross physical
layer and net Ethernet line rates of 150 Mb/s and 50.5 Mb/s were achieved,
respectively.

In a second experiment, the support of mobility and large coverage within
the manufacturing cell was tested. Therefor the TRxs of the MU was moved
by hand while bi-directionally transmitting short Ethernet packets of 64 B at
a packet rate of 2 kHz, resulting in a 1.02 Mb/s gross Ethernet rate (0.67 Mb/s
net). The resulting 90s long trajectory taken by the MU is highlighted in green
in Fig. 5.22a and its start/end point is marked by a yellow 0s. A sensor logging
the acceleration and rotational speed was attached to the MU. These �gures
are shown in Fig. 5.22b and Fig. 5.22c. The latencies of all successfully received
180000 packets are shown in Fig. 5.22d. The minimum, average and maximum
cut-through latencies for the DL are 0.1 ms, 0.4 ms and 162 ms, respectively.
For the UL they result in 0.1 ms, 0.33 ms and 95 ms. In both directions,
99% of the latencies were below 1 ms. Peak latencies can be observed for
packets transmitted during fast channel changes, i.e., at large accelerations
or rotations. The locations of two such exemplary events are highlighted
in Fig. 5.22a with yellow 22s and 72s and happened at the according times
along the path. At the �rst event, multiple rapid rotations around the Z-axis
appear to be the cause of the increased packet latency. At the latter, a rotation
around the Y-axis with large translational displacement, followed by two
quick rotations around the Z-axis appear to be responsible. Interestingly,
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Figure 5.22: a) Photograph of the cell with the trajectory (green line) of the MU
(yellow circle) while undergoing slower movements. The yellow 22s/72s
indicate two exemplary locations at which transmissions with increased
latencies were observed. b) Sensor data of accelerometer. c) Sensor data
of gyroscope. d) Latencies per 64B packet along the 90s long trajectory.

larger translational displacements did not appear to have a strong impact,
while rapid rotations changed the individual optical wireless channels more
signi�cantly.

The fact that PERs of 0 were achieved, i.e., no packets were lost, but merely
faced increased latencies, is accredited to the built-in re-transmission mech-
anism of the rate-adaptive DSP baseband unit. We expect that con�guring
the baseband unit to operate its physical layer at a more conservative rate or
with an increased SNR margin, may slightly increase the average latency, but
signi�cantly decrease the peak latencies due to a reduced number of required
re-transmissions. This test showed that the designed OWC is capable of
maintaining a reliable link in both, UL and DL, while supporting mobility
even in the corners of the cell.

The third test series consisted of a real-time video/data transmission from
the robot to the infrastructure, while moving at full production speed. For
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Figure 5.23: Empirical CDFs of latencies for di�erent Ethernet packet sizes and thus
di�erent net Ethernet rates measured while the robot was moving at
full speed.

this test, the MU was mounted to the robot’s shoulder as highlighted by
the yellow circle in Fig. 5.19a. The movements of the robot in this test cell
consisted of picking up a grappler, grabbing a car part and moving it to a
welding station at the other side of the cell. After the welding process, the
part and the grappler were placed back. Subsequently, a mobile welding tool
was taken by the robot and di�erent positions of the car part were welded. A
total cycle of this manufacturing process took 77s.

For a �xed packet rate of 4000 packets/s, Ethernet packets of 64B, 128B,
256B, 512B, 768B, 1024B and 1518B were transmitted. This resulted in net
Ethernet rates Geth,n of 1.34, 3.39, 7.49, 15.68, 23.87, 32.06 and 47.87 Mb/s,
respectively. For each packet size 1,000,000 packets were transmitted over
250s, i.e., approximately 3.5 cycles of the robot. The minimum size for Ether-
net packets is 64B, which may be used for packets with high priority as they
face smaller network latencies. Large packets are used to obtain higher net
rates, as the Ethernet overhead is constantly 22B.

The empirical CDFs of the measured latencies are shown in Fig. 5.23 for
both, UL and DL. The reduced latencies for small packets are clearly visible.
Latencies start to increase for packets of sizes 512B (15.86 Mb/s) and above.
The two largest packet sizes of 1024B (32.06 Mb/s) and 1518B (47.87 Mb/s)
faced PERs of 15.6% and 25.6%, respectively, in the UL and 3% and 35.4%,
respectively, in the DL. This non-zero PERs resulted from over�owing packet
queues in the baseband unit and reveal a saturation of the rate-adaptive
physical layer, which did not support such large continuous tra�c throughput
the entire trajectory. However, for all packet sizes below 768B (23.87 Mb/s)
the PER was zero. In case of the two smallest packet sizes, 99% of the packets
were delivered within 2 ms in the UL and 1 ms in the DL. In case of the largest
error-free packets for 768B, 99% of the packets faced latencies below 10 ms
in the UL and 3 ms in the DL.

As a �nal result, this system allowed for a real-time transmission of a high
de�nition video with MJPEG compression. A camera mounted next to the
MU on the robot’s shoulder generated user datagram protocol (UDP) tra�c
with varying packet sizes and an average Ethernet line rate of 19 Mb/s. The
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video was successfully transmitted with low latency while the robot was
moving at full speed.

5.5 conclusion

In this chapter, a series of transmission experiments over the MIMO OWC
channel have been presented. The focus of these experimental investigations
lied on how spatial diversity can be exploited and optimized for OWC in order
to improve reliability at the physical layer of the communications system.

In a �rst experiment, it was shown that for broader bandwidths of approx-
imately 100 MHz and resulting data rates between 50 Mb/s and 200 Mb/s,
the phase-adjustment of the transmit and receive vectors is an e�ective way
for mitigating self-induced multi-path fading e�ects. An e�cient algorithm
for the computation of the transmit and receive vectors, which is also appli-
cable to higher order MIMO channels, was proposed and its functionality
veri�ed within this �rst experiment. However, it was observed that the phase-
adjustment can be neglected for narrower bandwidths below 30-50 MHz.

In a second experiment, a narrowband 1 Mb/s transmission was performed
in an industrial production environment of a manufacturing cell. For such
narrowband transmissions, the use of only the received signal power to
calculate the receive vectors was shown to be feasible. Furthermore, the
suggested antenna diversity scheme with up to eight Rxs was able to improve
coverage from 35% to 80%, when compared to a single Rx setup.

In a third experiment it was demonstrated that the gap to 100% coverage
can be closed, even for a real-time transmission of Ethernet packets with a
net rate of 23.87 Mb/s. In order to improve coverage, the optical front ends
were redesigned to allow for increased optical signal powers at a limited
bandwidth of 50 MHz. Furthermore, real-time transmission was enabled
by the use of commercially available OFDM baseband DSP units for SISO
channels, which required the antenna diversity schemes to be implemented
in the electrical analog domain. Note that ideally, combining would be
performed in the digital domain, which was not possible due to the use said
commercial chipset. However, as a proof-of-concept, these experiments have
shown that the exploitation of spatial diversity in OWC is a key building
block for a physical layer with high reliability. As a �nal result, reliable
mobile communication over an optical wireless MIMO link faced in a real
manufacturing environment could be demonstrated in real-time.



C O N C L U S I O N S A N D O U T L O O K

With a focus on the application of OWC within an industrial production
environment, this thesis has discussed the design of a OWC system with
high reliability and low latencies. First, causes compromising the reliability
of an OWC system were identi�ed: quickly changing channel gains due to
fast rotations, high directivity and LOS blockage.

As means of mitigation, the use of non-directed transmission, which
smoothes channel gain variations, and the use of multiple Txs/Rxs was
suggested and experimentally investigated. The reduced received optical
signal powers and thus poor SNRs associated with this approach was success-
fully overcome by using higher modulation indices. The impact of resulting
nonlinear distortions was investigated and a receive-side, Volterra series
based nonlinear equalization scheme suggested, whose gains of up to 2 dB
were demonstrated experimentally. For joint mitigation of LOS blocking
and reduced received signal powers, the exploitation of spatial diversity
was investigated. As an initial step, the �rst optical wireless MIMO channel
measurements in a real manufacturing environment were performed and
presented in this thesis. The expected strong spatial dependence with sudden
variations of 10-20 dB in received signal power due to LOS blocking and
fast rotations was veri�ed. This lead to a thorough analysis of how antenna
diversity schemes for broad- and narrowband signaling can be optimized for
OWC. These results in turn motivated the design of a �rst reliable real-time
OWC systemthat employs antenna diversity schemes implemented in the
analog electrical domain. This system was deployed in a real manufactur-
ing environment and its suitability for industrial wireless communication
demonstrated. With all its in-between steps, this thesis has shown how to
design and operate a real-time OWC system usable in an industrial produc-
tion environment. The derived concepts are, however, not limited the �eld of
industrial wireless communication and may also be applied to less demanding
environments such as wireless indoor home or o�ce networks, where the
experience of mobility is crucial.

As for possible improvements, it is noteworthy that combining in the
analog domain is sub-optimal. Thus, �rst extensions of this system would
include moving the application of antenna diversity schemes to the digital
domain. This would allow to make use of the improved calculation and
application of transmit/receive vectors suggested in this thesis, when moving
to higher bandwidth transmissions. Additionally, an extension of the Rx
front ends by an automatic gain control (AGC) between the PD and residual
Rx circuitry would improve the range of feasible transmission distances.
With this capability added, the implementation of the suggested nonlinear
post-equalizer (NLPE) in real-time is a suitable step for further improvement
of the signal quality.

Apart from the improving modi�cations already investigated in parts
within this thesis, further extensions are possible. Overall, it is reasonable to
focus the next steps on scaling the communication system to larger areas and
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84 Conclusions and Outlook

the support of multiple users. While the presented real-time communication
system supports multiple users via time division multiple access (TDMA)
coordinated in the ITU-T G.hn chipsets [142], an e�cient multi-user coordi-
nation would be an interesting addition. This could, e.g., allow for e�cient
spatial reuse via a combination of TDMA and spatial division multiple access
(SDMA), which is crucial for the support of multiple users without signi�-
cantly decreasing the per-user data rates. This would require a multi-user
MIMO channel estimation, which ideally probes the optical wireless channel
at sub-millisecond intervals in order to track the fast channel changes. Fur-
thermore, miniaturization and a light-weight design of the MU front ends
with lower power consumption would open new applications for highly
mobile units, such as handheld devices or drones, which are envisioned in
the factories of the future.
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a.1 noise floors

To test the type of limitation in our transceivers (TRxs), the noise �oor was
measured under multiple conditions:

normal arti�cial (�uorescent) and natural light through the win-
dow of the well illuminated laboratory

dark fully darkened laboratory
own Tx blocked as a potential source of shot noise, the LED of the TRx fully

blocked
outside TRx is pointed outside the window towards the sky on a

cloudy day to gather di�use sunlight
alien Tx same as normal, but a second TRx positioned at a distance

of 1.5 m additionally illuminates the Rx

The resulting spectra are shown in Fig. A.1. Since darkening the laboratory
had no impact on the noise spectrum, we may conclude that the noise was
not dominated by shot noise of ambient light sources. The peculiar looking
spectral lines at lower frequencies disappeared when blocking the LED of the
own transmitter (Tx) circuitry and increased when a second TRx was added.
Without knowing the exact reason at the time of writing this manuscript, a
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Figure A.1: Measured noise �oors of our Rxs with dominant thermal noise. The noise
was measured with a resolution bandwidth of 100 kHz under varying
conditions.
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probable cause may be the coupling of imperfection from the power supply
into the Tx circuitry, which are modulated onto the optical power and picked
up by the photodiode (PD). Holding the TRx with the blocked LED towards
the bright sky increased the noise �oor by approximately 0.6 dB at lower
to intermediate frequencies. Such an increase indicates that the shot noise
power in�icted by the natural light source was still only 1

10
0.6
10 −1

= 6.75 times
weaker than the other noise source. A possible noise source independent
of the incident optical power and one which shows a frequency dependent
increasing power would be thermal noise from the Rx components [2], [143].

a.2 radio- and photometric qantities

The �elds of radiometry and photometry both involve the quantitative mea-
surement of electromagnetic radiation power, with the di�erence that in
photometry powers are considered as perceived by the human eye. There-
fore, every quantity in radiometry has a corresponding one in photometry,
which is obtained by weighting it with a luminosity function that models the
human eye’s spectrally depending sensitivty. Table A.1 summarizes some of
such quantities. Those considered elsewhere in the thesis, have a symbol in
the �rst column.

Table A.1: Radiometric quantities and their photometric equivalents.
radiometry units photometry units

E radiant energy J, eV,W · s luminous energy lm · s
P radiant �ux or

power
W, J/s luminous �ux or

power
lm, cd · sr

R radiant intensity W/sr luminous intensity cd, lm/sr
I irradiance/

radiosity/
radiant exitance

W/m2 illuminance/
luminosity/
luminous exitance

lx, lm/m2

- radiance W/m2/sr luminance cd/m2

The unabbreviated units are joule (J), watt (W), second (s), steradian (sr),
meter (m), lumen (lm), candela (cd), and lux (lx). Sometimes the units of
luminance is called nit. Note the slight di�erences between irradiance, radiant
excitance and radiosity: while radiosity describes the radiant power per
unit area leaving a surface via emission, transmission or re�ection, radiant
exitance is the radiant power per unit area emitted by a surface. To add
further to the confusion, the term irradiance describes the radiant power per
unit area incident upon a surface.

Interestingly, the eye’s spectral sensitivity varies with the surrounding
lighting conditions. For this reason, the Commision International de l’Eclairage
(CIE) has adopted luminous functions for photopic (daylight) and scotopic
vision (darkness), which are made publicly available by the Colour and Vision
Research Laboratory at University College London [144] and listed in [71].
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a.3 phase optimization for eqal gain transmission

The cost function of the equal gain transmission (EGT)+equal gain combining
(EGC) phase optimization problem may be written as:

J(ρ,ψ) = |Heff |2

=

∣∣∣∣∣
M∑

m=1

N∑

n=1

ejρnejψmHmn

∣∣∣∣∣

2

(A.1)

=

(
M∑

m=1

N∑

n=1

ejρnejψmHmn

)(
M∑

m=1

N∑

n=1

e−jρne−jψmH∗mn

)

Many of the conventional, general purpose nonlinear optimization algo-
rithms rely on a search along the cost function J(ρ,ψ), for which its gradient
and Hessian matrix are often required. We derive both of them, so that they
can be fed to such nonlinear optimization algorithms. To put the entries of
the nabla operator into a �xed order, we de�ne the gradient as follows:

∇J(ρ,ψ) =

[
∂

∂ρ1
, . . . ,

∂

∂ρN
, . . . ,

∂

∂ψ1
, . . . ,

∂

∂ψM

]T
J(ρ,ψ) (A.2)

The entries of the gradient of∇J(ρ,ψ) when taken with respect to the n′-th
entry of the transmit phase vector ρ are then

∂

∂ρn′
J(ρ,ψ)

= −2 Im

{(
M∑

m=1

ejψmejρn′Hmn′

)(
M∑

m=1

N∑

n=1

e−jψme−jρnH∗mn

)}
. (A.3)

Equivalently, for the m′-th entry of the receive phase vector ψ we get

∂

∂ψm′
J(ρ,ψ)

= −2 Im

{(
N∑

n=1

ejψm′ ejρnHm′n

)(
M∑

m=1

N∑

n=1

e−jψme−jρnH∗mn

)}
. (A.4)

The Hessian matrix, while simple to derive, is a little more tedious to write
down, since we have a few cases to di�erentiate. Since we see both, the
entries of the transmit and receive phase vectors ρ andψ as the optimization
variables, the Hessian matrix HH can be split into four parts:

HH =




∂2

∂ρ1∂ρ1
· · · ∂2

∂ρ1∂ρN
∂2

∂ρ1∂ψ1
· · · ∂2

∂ρ1∂ψM... . . . ...
... . . . ...

∂2

∂ρN∂ρ1
· · · ∂2

∂ρN∂ρN
∂2

∂ρN∂ψ1
· · · ∂2

∂ρN∂ψM

∂2

∂ψ1∂ρ1
· · · ∂2

∂ψ1∂ρN
∂2

∂ψ1∂ψ1
· · · ∂2

∂ψ1∂ψM... . . . ...
... . . . ...

∂2

∂ψM∂ρ1
· · · ∂2

∂ψM∂ρN
∂2

∂ψM∂ψ1
· · · ∂2

∂ψM∂ψM




(A.5)
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We are thus taking two partial derivatives, �rst with respect to either the
n′-th or m′-th entry of ρ or ψ, respectively, then with respect to the n′′-th
or m′′-th entry. The entries of HH can be computed by splitting them into
the following cases.

Case 1, n′ = n′′:

∂2

∂ρn′∂ρn′′
J(ρ,ψ)

= −2 Re





(
M∑

m=1

ejψmejρn′Hmn′

)



N∑

n=1,
n 6=n′

M∑

m=1

e−jψme−jρnH∗mn








(A.6)

Case 2, n′ 6= n′′:

∂2

∂ρn′∂ρn′′
J(ρ,ψ)

= 2 Re

{(
M∑

m=1

ejψmejρn′Hmn′

)(
M∑

m=1

e−jψme−jρn′′H∗mn′′

)}
(A.7)

Case 3, m′ = m′′:

∂2

∂ρm′∂ρm′′
J(ρ,ψ)

= −2 Re





(
M∑

m=1

ejψm′ ejρnHm′n

)



M∑

m=1,
m 6=m′

N∑

n=1

e−jψme−jρnH∗mn








(A.8)

Case 4, m′ 6= m′′:

∂2

∂ρm′∂ρm′′
J(ρ,ψ)

= 2 Re

{(
N∑

n=1

ejψm′ ejρnHm′n

)(
N∑

n=1

e−jψm′′ e−jρnH∗m′′n

)}
(A.9)

Case 5, otherwise:

∂2

∂ρn′∂ρm′
J(ρ,ψ)

= −2 Re

{
ejψm′ ejρn′hm′n′

(
N∑

n=1

M∑

m=1

e−jψme−jρnH∗mn

)

−
(

N∑

n=1

M∑

m=1

ejρm′ e−jψn′ ejψne−jψmHm′nH
∗
mn′

)}
(A.10)
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Figure A.2: Empirical CDFs of resulting e�ective channel gains after the convergence
of di�erent nonlinear optimization algorithms. The outcomes vary due
to varying initialization points. The suggested iterative optimization
(purple) and the simple gradient search (turqoise) always converge to
the largest gain of 1.08 dB obtained among all optimization schemes.

In the last case we �rst take the derivative with respect to the n′-th entry of
ρ and then with respect to the m′-th entry of ψ. In all cases, the order of
di�erentiation does not matter since the all partial derivatives are continuous
(Schwarz’s theorem).

Equations (A.1) to (A.10) are the basis for multiple unconstrained nonlinear
optimization solving alogrithms. As benchmarks, we will be applying a simple
gradient search and a conjugate gradient (CG) search by Fletcher and Reeves
[136], [137]. Both these methods rely on Eqs. (A.1) to (A.4) only. Further,
we apply Newton’s method [136], which approximates the cost function
with a quadratic function via a truncated Taylor series. Thus, the Hessian
matrix and all Eqs. (A.1) to (A.10) are employed by this method. The last
method is a simplex method1 by Nelder and Mead, which does not require
the computation of derivatives and relies fully on Eq. (A.1) only [145], [146].
It is also the workhorse behind MATLAB’s fminsearch function. Its approach
is fundamentally di�erent, which is why it serves as an additional benchmark
to the check against in case derivative-based methods fail.

In order to see how well the suggested iterative optimization presented
in Section 5.2.1 performs compared to general purpose algorithms, we solve
an optmization problem for a �xed channel starting from 10000 di�erent,
randomly selected initial guesses ρ0 and ψ0. The initial guesses may have a
strong impact on the outcome of the optimziation problem, since Eq. (A.1)
is neither convex nor concave and we do thus have to assume that multiple
local maxima exist to which the solution may converge. The channel used
for testing is highlighted in Fig. 5.4 (41.7 MHz). It was chosen because co-
e�cients are not aligned, but scattered in the angular space. This suggest
a more di�cult problem to solve, since the target of are fully aligned pha-

1 It is not to be confused with simplex methods from linear programming. Here, the name
results from the higher dimensional simplex, which is the convex hull at whose edge nodes
the cost function is evaluated. Details are out of scope of this thesis, but are well described in
[137], [145], [146].
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sors di�ers strongly from the initial state. Figure A.2 shows the empirical
cumulative distribution functions (CDFs) of the resulting scalar e�ective
channels |Heff |2 after each algorithm is converged. Since the channel is nor-
malized such that

∑N
n=1

∑M
m=1 |Hmn| = 1, an upper limit of |Heff |2 is 0 dB.

The dashed blue line shows the e�ective channel gain, when ρ = ψ = 0
and thus no phase adjustment is performed. Its magnitude is thus given by∣∣∣
∑N

n=1

∑M
m=1Hnm

∣∣∣
2
≈ 0.21, which corresponds to -6.79 dB. The suggested

iterative optimization and simple gradient method perform best and always
converge to the best result of -1.08 dB, thus improving the channel gain by
5.76 dB. In 68%, 51%, and 13% of the initializations, the CG, Newton and
Nelder-Mead methods converge to solutions 0.1 dB worse than the optimum.
In rare cases, the CG and Newton method converge to solutions worse than
for ρ = ψ = 0. The reason for the poor performance of these two methods
is likely due to the non-quadratic nature of Eq. (A.1). Both methods are opti-
mized to have improved convergence when applied to quadratic problems.
In unconstrained nonlinear optimization it is often assumed that the cost
function can be approximated as a quadratic function around a local/global
maximum. Thus, when already close to the optimum, the CG and Newton’s
method are expected to have faster convergence, but fail in cases where this
assumption is wrong.

We now investigate the convergence behavior of two initial guesses ρ0 and
ψ0 that are of particular interest. Since the overall goal of this optimization
is to improve the performance compared to the simple unmatched case, a
resonable initialization is ρ0 = ψ0 = 0, which corresponds to performing
no phase matching. The convergence for the exemplary channel under
discussion is shown in the left graph of Fig. A.3. All optimization algorithms
start o� at the unmatched case, quickly improving the channel gain after
only a few iterations2. We may observe that for this particular initialization,
Newton’s method and the Nelder-Mead method do not converge to the
optimum and the CG method does so only slowly. However, looking at
the second particularly interesting intialization, the convergence behaves
di�erently. We recall, that the channel under investigation is a measured
multiple-input multiple-output (MIMO) channel estimated at i-th frequency
channel of fi = 41.7 MHz and thus all quantities in this section are in
fact frequency-dependent quantities. For the given digital signal processing
(DSP), the channel at the next lower frequency was estimated at fi−1 =
41.5 MHz. Expecting the solutions of neighboring frequency channels to
be similar, we set the initialization to ρ0(fi) = ρ?(fi−1) and ψ0(fi) =
ψ?(fi−1). For such initialization, the right graphs of Fig. A.3 show the
convergence. The small change in |Heff |2 and the little number of iterations
required to achieve convergence indicate that indeed the optimum is shifted
only slightly. The inset shows an enlarged version of the convergence within
the �rst 10 iterations. Being close to the local optimum, the Newton’s method
and the CG method now show improved convergence over the simple gradient
method. However, the suggested iterative optimization continues to quickly

2 While the steps within each iterations of the gradient, CG and Newton’s method are quite
similar, they are not comparable to the other ones. Since the Nelder-Mead method takes >100
iterations to converge, only the �nal result is shown.
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Figure A.3: Convergence behavior of multiple nonlinear optimization algorithms.
The left plot shows the convergence, when ρ0(fi) = ψ0(fi) = 0 is
chosen for initialization. The right graph shows the convergence, when
the nonlinear optimization algorithms are initialized with the result of the
neighboring frequency, i.e., ρ0(fi) = ρ?(fi−1) andψ0(fi) = ψ?(fi−1).

�nd the new optimum within two iterations. Since ρ and ψ need to be
updated, two iterations are always required.
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L I S T O F A C R O N Y M S

µC micro controller
µLED micro light-emitting diode

AC alternating current
ACO asymmetrically clipped optical
ADC analog-to-digital converter
AGC automatic gain control
AP access point
APD avalanche photodiode
ARQ automatic repeat request

B byte
BER bit error rate
BLER block error rate
BPL bit and power loading
BPSK binary phase-shift keying
BW bandwidth

CAD computer aided design
CAP carrier-less amplitude/phase modulation
CAZAC constant-amplitude zero-autocorrelation
CCDF complementary cumulative distribution function
CDF cumulative distribution function
CG conjugate gradient
CIE Commision International de l’Eclairage
CIR channel impulse response
CP cyclic pre�x
CSI channel state information

DAC digital-to-analog converter
DC direct-current
DCO direct-current biased optical
DD direct detection
DFT discrete Fourier transform
DL downlink
DSP digital signal processing
DVB-T Digital Video Broadcasting - Terrestrial

E/O electro-optical
EGC equal gain combining
EGT equal gain transmission
eU enhanced unipolar
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EVM error-vector magnitude

FEC forward error correction
FFT fast Fourier transform
FOV field-of-view
FS framing sequence

HHI Fraunhofer Heinrich Hertz Institute
HPSA half-power semi-angle

iDFT inverse discrete Fourier transform
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IM intensity modulation
IoT Internet of Things
IR infrared
ISI inter-symbol interference
ISM industrial, scienti�c and medical
ITU-T International Telecommunications Union - Standardization Sector
IWC infrared wireless communication

LD laser diode
LDPC low-density parity-check
LED light-emitting diode
LLR log-likelihood ratio
LOS line-of-sight
LS least squares
LTE long term evolution
LUT look-up-table

MAC medium access control
MIMO multiple-input multiple-output
MMSE minimum mean square error
MRC maximum ratio combining
MRT maximum ratio transmission
MU mobile unit

nLOS non-line-of-sight
NLPE nonlinear post-equalizer
NLTS nonlinear training sequence

O/E opto-electrical
OFDM orthogonal frequency-division multiplexing
OH overhead
OOK on/o� keying
OWC optical wireless communication

P2P point-to-point
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PAPR peak-to-average power ratio
PD photodiode
pdf probability density function
PDV packet delay variation
PER packet error rate
PIN positive intrinsic negative
PLC powerline communication
PLS penalized least squares
PRBS pseudo-random bit sequence
PS pulse shape

QAM quadrature amplitude modulation
QPSK quadrature phase-shift keying

RF radio frequency
RGB red-green-blue
RGBY red-green-blue-yellow
RRC root-raised-cosine
Rx receiver

SC single-carrier
SDMA spatial division multiple access
SFN single frequency network
Si silicon
SIMO single-input multiple-output
SISO single-input single-output
SLC selection combining
SNR signal-to-noise ratio
SP serial-to-parallel

TDMA time division multiple access
TIA trans-impedance ampli�er
TRx transceiver
TS training sequence
Tx transmitter

U unipolar
UDP user datagram protocol
UL uplink

VLC visible light communication

WDM wavelength-division multiplexing
WLAN wireless local area network

ZF zero-forcing





L I S T O F S Y M B O L S

The notation in this thesis follows a few rules of thumb. While it was not
always possible to strictly enforce them, they are as follows: Italic, non-
bold symbols in latin or greek letters indicate variable quantities. Non-
italic, non-bold symbols indicate non-variable quantities such as constants
and annotations. Lowercase, bold symbols in latin or greek letters indicate
vectors. Uppercase, bold symbols indicate matrices. Parentheses are used
for continuous-time/-frequency signals. Brackets are used for discrete-time/-
frequency signals.

Symbol Description Unit
A area of a surface m2

Aeff e�ective area of a surface m2

α relative magnitude between a line-of-sigt and
non-line-of-sight component

-

|·| denotes the magnitude operator, which re-
turns the absolute value of a complex number

-

∠(·) denotes the angle operator, which returns the
phase of a complex

rad

B bandwidth of a bandwidth-limited signal or
system

Hz

β roll-o� of a (root-)raised cosine pulse shape -

c speed of light in vacuum: 299, 792, 458 m/s m/s

d distance m
∆d di�erence in distances m
d[k] distorted signal in discrete time-domain -
dnl[k] purely nonlinear part of the distorted signal

in discrete time-domain
-

D[l] distorted signal in discrete frequency-domain -
Dnl[l] purely nonlinear part of the distorted signal

in discrete frequency-domain
-

δ(t) Dirac delta function -

e base of natural logarithm, sometimes called
Euler’s number. Approximately 2.718281828

-

E radiant or optical energy J
‖·‖2 Euclidean norm of a vector -

f continuous frequency index Hz
fc electrically or digitally generated intermediate

carrier frequency
Hz
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Symbol Description Unit
fn,i frequency of i-th sinusoid transmitted by the

n-th transmitter
Hz

φ azimuth angle rad

G(θ) optical gain of a lens -
Geth,g gross Ethernet throughput b/s
Geth,n net Ethernet throughput b/s
Ggp gootput of the end-to-end Ethernet link b/s
Gphy,g gross physical layer throughput b/s
Gphy,n net physical layer throughput b/s

h(t) continuous-time channel impulse response -
h[k] discrete-time channel impulse response -

h Planck’s constant: 6.626070150 · 10−34 Js Js
H[l] channel frequency response in discrete

frequency-domain. To indicate the correspon-
dence to a physical frequency f the notation
H[f ] will sometimes be used.

-

H frequency dependent multiple-input multiple-
output channel matrix

-

Heff scalar, frequency dependent e�ective single-
input single-output channel coe�cient

-

I irradiance W/m2

j imaginary number -
J penalizing function of the peanlized least-

squares estimation
-

k discrete time index -
K order of Lambertian function -
κ shift of discrete time index -

l discrete frequency index -
L(K)(θ) Lambertian function of order K -
λph wavelength ascribed to a photon m
λ regularition parameter for the penalized least-

squares estimation
-

m number of receiver when only a subset of M
receiver is used

-

m denotes the m-th receiver -
mq memory in samples of q-th Volterra kernel -
M number of receivers -
M cardinality of a constellation -
µ modulation index of a light-emitting diode -



List of Symbols 99

Symbol Description Unit
n number of transmitters when only a subset of

N transmitters is used
-

n vector whose elements are the samples of a
noise signal in discrete time-domain

-

n denotes the n-th transmitter -
na refractive index of surrounding environment,

e.g. air
-

nl refractive index of a lens’ material -
n(t) noise signal in continuous time-domain -
n[k] noise signal in discrete time-domain -
N vector whose elements are the samples of a

noise signal in discrete frequency-domain
-

N number of transmitters -
Nc number of distinct coe�cients in a Volterra

kernel
-

NCP size of the cyclic pre�x -
NDFT size of the discrete Fourier transform -
NFFT size of the fast Fourier transform -
NIR memory of an impulse response in samples -
N(f) noise signal in continuous frequency-domain -
N [l] noise signal in discrete frequency-domain -
Ns number of distinct sinusoids used to estimate

the frequency response of a channel
-

Ω solid angle sr

p weighting vector at the transmitter -
ph denotes correspondence to a photon -
pn n-th entry of the transmit vector p -
Pe electrical power W

P̃e(t) time-varying electrical power W

P e average electrical power W
P radiant or optical power W

P̃ (t) time-varying optical power W

P average optical power W
π mathematical constant, sometimes called

Archimedes’ constant. Approximately
3.14519265

-

ψm phase angle of the m-th entry of the receive
vector q

rad

ψ receive phase vector, whose entries are ψm rad

q weighting vector at the receiver -
qm m-th entry of the receive vector q -
q order of an individual Volterra operator -
Q highest order of a Volterra series -

r denotes correspondence to a receiver -
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Symbol Description Unit
R matrix whose eigenvectors span the subspace

to the penalized in the penalized least-squares
estimation

-

R(θ) radiant intensity W/sr
RFEC rate of the forward error-correction -
Rs sampling rate Hz
Rsy symbol rate Bd
ρn phase angle of the n-th entry of the transmit

vector p
rad

ρ transmit phase vector, whose entries are ρn rad
uW rectangular function of width W -

S subset of subcarriers used in a simulation or
experiment

-

(·)∗ indicates the conjugate transpose -
(·)? indicates optimality of (intermediate) solution -

t continuous time index s
t denotes correspondence to a transmitter -
T period of time, e.g. observation time s
Ts sample period s
τ delay or integration variable s
θ polar angle rad

(·)T indicates the matrix transpose -

v vector whose elements are the kernel coe�-
cients of all volterra operators up to q-th order
without repetition of symmetric elements

-

uq kernel of q-th order volterra operator of the
nonlinear post-equalizer with repetition of
symmetric elements

-

uq vector whose elements are the kernel coe�-
cients of the q-th order volterra operator of the
nonlinear post-equalizer without repetition of
symmetric elements

-

vq kernel of q-th order volterra operator of the
nonlinear post-equalizer without repetition of
symmetric elements

-

Uq{·} q-th order volterra operator of the nonlinear
post-equalizer

-

v vector whose elements are the kernel coe�-
cients of all volterra operators up to q-th order
without repetition of symmetric elements

-

vq kernel of q-th order volterra operator without
repetition of symmetric elements

-

vq kernel of q-th order volterra operator with
repetition of symmetric elements

-
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Symbol Description Unit
vq vector whose elements are the kernel coe�-

cients of the q-th order volterra operator with-
out repetition of symmetric elements

-

vq{·} q-th order volterra operator -
νph optical frequency ascribed to a photon Hz

x(t) transmit signal in continuous time-domain -
x[k] transmit signal in discrete time-domain -
x vector whose elements are the samples of a

transmit signal in discrete time-domain
-

xn,i[k] i-th sinusoid generated by the n-th transmitter
in discrete time-domain

-

X(f) transmit signal in continuous frequency-
domain

-

X[l] transmit signal in discrete frequency-domain -
X vector whose elements are the samples of a

transmit signal in discrete frequency-domain
-

Xn,i[l] i-th sinusoid generated by the n-th transmitter
in discrete frequency-domain

-

y(t) receive signal out contoutuous time-domain -
y[k] receive signal in discrete time-domain -
y vector whose elements are the samples of a

receive signal in discrete time-domain
-

Y (f) receive signal out contoutuous frequency-
domain

-

Y [l] receive signal in discrete frequency-domain -
Y vector whose elements are the samples of a

receive signal in discrete frequency-domain
-
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