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Abstract

The work presented in this dissertation explores the possibility of molecular communication
to be a viable alternative to radio wave-based wireless communication, where deployment
of infrastructure using traditional wired and wireless communication proves to be chal-
lenging. Any industry-specific molecular communication system application, prior to its
standardization, requires a framework to encompass various aspects of communication
theory. This dissertation aims at achieving the goal through the design and development of
a macroscopic air-based molecular communication testbed, and analyzing it from the view-
point of communication engineering. To this end, a new air-based molecular communication
testbed is developed based on the principle of optical detection of the information carriers
in the form of water-based fluorescent dye solutions, which outperforms many existing
macroscopic molecular communication testbed designs in terms of the data transmission
distance and the data transmission rate. The end-to-end system model of the testbed is
considered in order to define the analytical model expression comprising of the system im-
pulse response and the noise process, incorporating the effects of air drag and gravitational
forces. The transmission algorithms include various modulation schemes exploiting concen-
tration (such as on-off keying), time (such as pulse-position modulation), color of the dye
(such as molecular shift keying) as well as the spatial domain (such as spatial shift keying)
in order to achieve high data transmission rates. Equalization and detection algorithms
are employed in order to mitigate the problem of inter-symbol interference and improving
the bit error rate (BER) for long range communication in the process. A comparison of
the resource requirements with respect to the implemented modulation schemes are also
analyzed. Additionally, transmission errors are alleviated by the incorporation of block
codes, convolutional codes, line codes, and spatial codes. Emphasis is particularly laid on
the implementation of low-complexity codes that require less resources. The BER analyses
of all these aspects are performed based on the measurements from the testbed trials as
well as by means of Monte Carlo simulations based on the analytical model. Finally, a
possibility to improve the data transmission rates further by modifying the transmitter

and the receiver side hardware is discussed.
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Kurzfassung

Die in dieser Dissertation vorgestellte Arbeit untersucht die Moglichkeit, molekulare Komm-
unikation als eine brauchbare drahtlose Alternative in Umgebungen, in denen herkémmliche
drahtgebundene und drahtlose Kommunikation herausfordernd ist, zu etablieren. Jede
industrielle Anwendung eines molekularen Kommunikationssystems erfordert vor ihrer
Standardisierung einen Rahmen, der verschiedene Aspekte der Nachrichtentechnik umfasst.
Diese Dissertation zielt darauf ab, diesen Rahmen durch den Entwurf und die Entwick-
lung eines makroskopischen luftbasierten molekularen Kommunikationstestbeds zu schaffen
und es aus nachrichtentechnischer Sicht zu analysieren. Zu diesem Zweck wird ein neues
luftbasiertes molekulares Kommunikationstestbed entwickelt, das auf dem Prinzip der op-
tischen Detektion der Informationstréager in Form von wasserbasierten Fluoreszenzfarbstoft-
l6sungen beruht und viele bestehende makroskopische molekulare Kommunikationstestbeds
in Bezug auf die Dateniibertragungsdistanz und die Dateniibertragungsrate iibertrifft. Das
End-to-End-Systemmodell des Testbeds wird betrachtet, um das analytische Modell zu
definieren, das die Systemimpulsantwort und das Rauschen umfasst und die Auswirkungen
des Luftwiderstands und der Gravitationskréfte einbezieht. Die betrachteten Ubertragungs-
algorithmen umfassen verschiedene Modulationsverfahren, die die Konzentration (z. B.
On-Off Keying), die Zeit (z. B. Pulse-Position Modulation), die Farbe des Farbstoffs (z. B.
Molecular Shift Keying) und die raumliche Position (z. B. Spatial Shift Keying) nutzen,
um hohe Dateniibertragungsraten zu erzielen. Entzerrungs- und Detektionsalgorithmen
werden eingesetzt, um dem Problem der Intersymbolinterferenz entgegen zu wirken und
dabei die Bitfehlerrate (BER) fiir die Ubertragung iiber grofie Entfernungen zu verbessern.
Dabei wird auch ein Vergleich des Ressourcenbedarfs der implementierten Modulations-
verfahren analysiert. Dariiber hinaus werden Ubertragungsfehler durch die Verwendung von
Blockcodes, Faltungscodes, Leitungscodes und raumlichen Codes reduziert. Ein besonderes
Augenmerk liegt dabei auf der Implementierung von Codes mit geringer Komplexitét, die
weniger Ressourcen benotigen. Die BER-Analysen all dieser Aspekte werden auf der Grund-
lage von Testbedmessungen sowie mit Hilfe von Monte-Carlo-Simulationen unter Bertick-

sichtigung des analytischen Modells durchgefiithrt. AbschlieSfend wird eine Moglichkeit zur

X



weiteren Verbesserung der Dateniibertragungsraten durch Modifikationen der Hardware

sowohl auf der Sender- als auch auf der Empfangerseite diskutiert.
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Introduction

1.1 A Brief History of Communication

The term communication traces its roots back to the Latin word communicare, which means
“to share” or “to be in relation with” [Pet12]. The word also shares a direct etymological
relation with the concepts of “common”, “commune”, and “community” that form the basic
foundations of the societal fabric existent amongst all forms of living organisms inhabiting
this planet [Cob08]. Communication forms an integral part of the lives of the sentient
beings, especially that of humans who are always involved in the exchange of information,
ideas, thoughts, etc. The individuals involved in the process of communication are most
often separated from one another over large spatial distances. However, communication
process is also witnessed amongst non-sentient beings. For example, viruses and bacteria
exchange genetic information through the process of transduction [SST90]. Similarly, plants
communicate with each other through the exchange of volatile organic compounds (VOCs)
in the form of various released gases [CC™18], and surprisingly, through sound waves
too [GR13]. In a nutshell, communication is the process of sending messages with useful
information from one entity to another, which are separated through physical distance and
space. The goal of a successful communication process is to ensure that the entity receiving
the messages is successfully able to decipher the exact idea and intention the sender is
trying to convey.

Instinctively, humans are inquisitive creatures with an insatiable appetite to learn more,
which is followed by their perpetual desire to preserve and share this attained knowledge
amongst themselves and with the future generation through information storage and ex-

change. This is not just limited to the events taking place on the planet, but also the
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occurrences taking place outside the planet, so much so that telescopes such as the James
Webb Space Telescope have been launched into the outer space to gather information about
the origin of the Universe, and the existence of other life supporting exoplanets outside
the Solar System [Kall8]. The information acquired by these telescopes are then relayed
back to the observatories on Earth through wireless transmission of the electro magnetic
(EM) signals for further transformation, processing, and interpretation of the useful data.
This complex transmission link forms a part of a very sophisticated communication system

spanning over very large distances.

The communication capabilities the human civilization currently possesses, has not
been accomplished and developed overnight. Over the last few millennia, the humans have
witnessed a steady evolution in the area of communication technology. From giving out
war cries during the early Stone Ages to establishing deep-space communication links
with satellites and probes in modern times, the field has in the true sense come a long
way. During the testing times of the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) pandemic, when the world was literally brought to a standstill, it was with
the help of communication technology that people remained virtually connected through
smartphones and the Internet, despite having physical barriers and restrictions. This also
allowed most social and economic activities to continue and new business opportunities to

flourish, which otherwise would not have been possible in the past.

In the ancient times, smoke signals, flags etc., served as some of the most popular
information exchange methods, which were prevalent amongst the sailors, traders and
military armies over distances within the line-of-sight range. This slowly evolved into
pigeon posts, where birds would be flown to send information over very large distances well
beyond the line-of-sight range. In the nineteenth century, a revolution was witnessed in the
field of communication with the advent of electricity, which gave rise to more sophisticated
forms of long-distance communication using telegraph lines and telephones, making their
presence felt for several generations due to their reliability and robustness. This, however,
was a prelude to the Information Age. By the turn of the twentieth century, many endeavors
in the field of computing and semiconductors had already been made, but a whole new
research domain in the field of information and communication technology was still in the
offing. This was not until the year 1948 when an American mathematician and electrical
engineer named Claude Elwood Shannon published his ground-breaking research work
in [Sha48], officially announcing the onset of the “Digital and Information Age”, with the
information transfer taking place in the form of digital bit streams comprising of binary

data symbols “0” and “1”. This eventually paved way for the telecommunication fields such
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as wireless communication, satellite communication, optical fiber communication, etc. In
modern times, these technologies find their ways into telephone, radio, television, computer
and mobile phones, with the information transmission media primarily being wired, optical

or wireless.

Transmitter
Dat
g oiri o Encoder Modulator
Channel
Receiver
Dat .
Si‘iﬂ? - Decoder Demodulator

Figure 1.1: A basic model of a digital communication system [Sha48].

The most basic digital communication model can be described by Figure 1.1. The
information in the form of audio, video, picture, etc. to be transmitted to the desired
recipient is first transformed into a sequence of bits comprising of binary data symbols
at the data source. The bit sequence is then divided into smaller groups to form the info
words. Each info word is then passed through the encoder adding redundant bits to the
info word to form a code word. This strategy is applied in order to minimize the effects
of error that may arise due to various unwarranted effects inside the transmission channel,
affecting the detection of the originally transmitted bits at the receiver side. The encoder
is then followed by a modulator that converts a code word into a time-varying measurable
physical quantity, for example, current, voltage, light intensity, magnetic field, etc., making
it compatible with the channel and the receiver system over which the data is to be
transferred and ultimately detected. The modulated data in the form of a time-varying
physical quantity is transmitted over the channel. The channel introduces undesirable

effects such as noise and attenuation, distorting the information-carrying physical quantity
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that results in erroneous transfer of the information. At the receiver side, the information-

carrying physical quantity is demodulated to get the encoded bit sequence comprising of

binary data symbols, which is then finally decoded to get back the original bit sequence

containing the information. This is then followed by the data sink, which serves as the

final destination of the message [Sha48]. This particular communication model serves as

the foundational basis to the work that has been presented in this dissertation.

1.2 Modes of Communication

The information transfer between a source and a receiver can be achieved over various

modes and means. However, the two most commonly used modes can broadly be classified

as follows:

Wired Communication - Wired communication involves a perceivable physical con-
nection between the transmitter and the receiver, often with the help of a wire. The
range of communication can span over several meters to kilometers, but is largely
restricted to terrestrial and underwater applications. Telegraph, telephone, cable tele-
vision, Ethernet-based local area network (LAN), optical fiber communication (OFC),
etc., are some known communication methods that use a wired connection between
the transmitter and the receiver. Telegraphs for example, used electrical signals over
transmission lines to transmit messages over large distances. The early telephones also
relied on wired transmission systems, but with a higher information-carrying capacity.
Later advancements in the field along with the use of twisted pair insulated cables
increased the message quality further. The Internet and LAN connections today use
high speed unshielded twisted pair cables [TB06] to exchange information between
the connected devices. Cable televisions on the other hand use coaxial cables [LF04],
which efficiently transmit electrical signals of very high bandwidth. These cables are
also capable of providing high immunity to interference from other EM noise sources.
OFC [Agr12] developed as a communication methodology some four decades ago has
also seen a wide range of utility across many fields. This technology makes use of the
EM wavelength in visible spectrum for information and data transfer over a glass
fiber called the waveguide. This method of communication ensures an unprecedented
amount of speed, low error rates, higher bandwidth and information-carrying capacity,

all at the same time.

Wireless Communication - Wireless communication technology, however, achieves
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successful information exchange between a transmitter and a receiver without est-
ablishing a physical connection through electrical conductors or optical waveguides.
Some well-known methods of wireless communication include radio wave communica-
tion, satellite communication, acoustic communication, visible light communication
(VLC), etc. Radio wave communication finds its application in radios, televisions with
antenna receptors, wireless LAN, etc., where EM radiation of very high bandwidth
is used for long range communication. The standards for the EM radiation spectra
is set by the International Telecommunication Union [Lyal6]. Very long distance
communication through radio waves is mainly propelled by the ionosphere in the
Earth’s atmosphere [JB68]. Satellite communication is another widespread method
of wireless message exchange involving a satellite acting as both the transmitter and
the receiver [EIb08]. A wireless line-of-sight communication link is established with
telephones, televisions, probes or with other satellites by sending a very high energy
narrow beam microwave, radio wave, or visible light at times. Acoustic communica-
tion is also a popular method of wireless communication, which is used in underwater
environments where radio waves and visible light experience heavy attenuation [SP09].
Information is relayed to hydrophones by using a sound producing transmitter. Sound
navigation and ranging is another acoustic communication technique, which is em-
ployed in order to detect objects underwater and also to gauge distances between
them. Another variant of optical communication namely VLC evolved with time as
a potential wireless communication method. Fluorescent lamps and light emitting
diodes are used for both illumination as well as data transmission and localization
purposes [Hoel9]. The transmitted light is then received by a photodiode, which

converts it into useful information.

Although the advantages of using EM waves for communication purposes are many, they

do come with certain disadvantages that are listed as follows:

« High attenuation in closed bounded environments such as inside of a network of
pipelines and tunnels [NE*13; GM™15]

o Unreliable and frail connectivity between transmitter and receiver in underwater

environments with non-uniform salinity over large distances [SS*22; KP*20]

o Challenging use in micro- and nano-scale applications due to the constraint in the
form of antenna size to the wavelength ratio, in addition to supplying necessary power
to drive the antenna operation [SIT12; Whe47]
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o Limited availability of spectra with high interference [SK™12; WS™21]
« Biocompatibility and suitability for medical applications is an issue [HM™00; ZHO05]

A promising alternative to EM wave-based communication has been gaining traction
in recent times, which is termed as molecular communication. As the name suggests,
information transfer in this method is performed through the release of molecules/particles
by the transmitter, which propagate through an air-/fluid-based transmission channel
to reach the receiver. At the receiver side, these molecules/particles are then detected
in order to successfully decode the transmitted message [NE*13]. Scientists believe that
molecular communication is arguably the oldest mode of communication, which was first
used by primitive single-celled organisms long before the existence of complex multi-cellular
organisms such as plants and animals [VW'16]. Molecular communication can find its
application in both micro-scale (in the range of nm to pm) as well as macro-scale (in the
range of cm to m) domains, the details of which are discussed in the subsequent sections

of this chapter.

1.3 A Synopsis on Molecular Communication

The most ubiquitous form of communication providing information access to the entire
world is the EM wave-based communication. Although the benefits of communication
using EM waves are many, there are still some application areas where their performance
suffers greatly, especially, when it comes to their use in hostile conditions involving pipeline
and tunnel networks, salt-water environments, etc. Moreover, their utility is physically not
suitable for small-scale applications due to their performance being dependent on attributes
such as the antenna size to the wavelength ratio, as also mentioned in Section 1.2 in
detail. Therefore, there has been a growing demand in the research community to look for
alternative means of communication offering solutions to the stated problems. One such

favorable alternative is molecular communication.

1.3.1 Molecular Communication in the Nature

Molecular communication is an information transfer methodology that primarily uses
molecules, particles, ions, etc. to send information from a source to a destination that are
separated from one another with some physical distance or space [NET13]. The history
of this type of communication dates back several millions to billions of years into the

past, where it was the sole technique of information transfer among the living organisms.
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For survival strategies and evolutionary processes, the nature generally preferred slow yet
energy-efficient and reliable way of communication in comparison to high information
transfer rate methods such as the use of EM waves. For instance, free-living cells such
as Archaea, a type of bacteria populating the planet some 2.5 to 4 billion years ago
during the Archaean FEon, is believed to have communicated with one another through
the process of quorum sensing [RK17]. Quorum sensing refers to the communication
process in bacteria, whereby the information-carrying molecules such as N-(3-oxoacyl)
homoserine lactone (3-oxo-AHL), N-(3-hydoxyacyl) homoserine lactone (3-hydroxy-AHL),
etc., allow a single cell to sense the number of bacteria present in the environment so that
the population makes a collective and coordinated response [DC*07]. This indicates the
presence of social behavioral interactions among bacteria which include swarming motility,
conjugal plasmid transfer, antibiotic resistance, biofilm maturation, and virulence. Other
unicellular organisms such as yeast cells of haploid type also use molecular communication
to perform certain specific social activities especially in the process of reproduction. The
mating process in yeasts is stimulated by the presence of pheromone, which binds to the
cell receptors. This leads to the activation of a Heterotrimeric G-protein to indicate its
mating readiness to other yeast cells of the opposite sex [CA18; ABT15]. In multicellular
systems, the intra and/or intercellular signaling exist in their more complex forms, and are

categorized based on their specific tasks and functionalities they undertake [KW™16]:

o Autocrine Signaling - Cell signaling process that involves the secretion of chemical
messengers that bind to the receptors of the same cell, leading to physical changes
in the cell [Pan07].

o Intracrine Signaling - Signaling process in cells, where they stimulate themselves

to produce chemical messengers that act within the cells, managing intracellular
events [WCO08].

o Paracrine Signaling - Cellular signaling technique, whereby messenger molecules
called paracrine factors travel short distances to induce behavioral changes in nearby
cells [KB*21].

o Endocrine Signaling - Signaling process very similar to paracrine signaling, where
messenger molecules travel larger distances through the circulatory system of the

body in order to induce a behavioral change in distant target cells [CHO7].

Several examples of cellular signaling are observed inside the bodies of living organisms,

especially humans. For instance, the transfer of calcium ions with variation in concen-
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tration affects the muscle contraction, cell locomotion, hormonal secretion, and neural
transmission [CLO8]. As observed in neural transmission, where a neurotransmitter named
acetylcholine is transported along the axon and released in such a way, so as to cause
a response in the other neurons, muscle cells or gland cells with an acetylcholine recep-
tor [TD"13]. Similarly, ciliated airway epithilial cells communicate with each other by
the release of inositol 1,4,5-triphosphate (IP3). The diffusion of IP3 molecules through
gap junctions to adjacent cells results in the release of calcium ions in each adjacent cell

facilitating intercellular communication [SM™05].

Molecular communication is also used by more complex organisms such as plants and ani-
mals for communicating among themselves over much larger distances. VOCs such as benzyl
alcohol, benzyl benzoate, methyl salicylate, o-cymene, and many other compounds help to
attract pollinators like bees, facilitating the process of cross-pollination and reproduction
in plants. Concurrently, Anemophily or the process of pollen transportation through wind
movement can also be perceived in the sense of molecular communication, as these pollens
carry the genetic information of one plant (source) to another plant (receiver), where they
eventually get settled in order to further the process of reproduction, ensuring the continua-
tion of species. Additionally, in some cases, VOCs also play a completely different role from
the process of reproduction. Damaged plants also release alarm pheromones and VOCs in
order to transmit stress signals to undamaged plants nearby. This alerts the plants to a
variety of threats, and allow them to strengthen their defense mechanism [UK"12]. Insects
such as ants have signaling techniques, which make use of released pheromones in order to
coordinate activities such as nest defense and foraging [CR*19]. For example, conveying
the message about perceived threat or quality of food and its availability is achieved by
producing a higher concentration trail [RC09]. Bees also possess an elaborate array of
pheromone-based molecular communication signaling techniques that trigger the activities
involving reproduction, foraging, defense, integration of colony, etc [BC14]. Certain marine
animals such as minnows and catfish release alarm pheromones when injured in order to
warn the nearby fish of any impending danger [CR06]. More complex living organisms
such as mice have their olfactory system designed in a way, which avoids inbreeding among
the close relatives [ST07]. Interestingly, humans also possess an augmented olfactory sys-
tem, which is designed to sense the pheromones released by the person of the opposite sex,

especially by women during their ovulation phase acting as a potential aphrodisiac [GF"05].
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1.3.2 Synthetic Molecular Communication

Taking insightful knowledge and inspiration from these naturally occurring phenomena,
scientists and researchers from around the globe are currently endeavoring to replicate
molecular communication in their laboratories and realize successful information transfer
for a variety of potential applications in various disciplines. One important aspect of molec-
ular communication is being looked into that explores its possibility of integration with the
future generation of wireless networks such as 6G and beyond [HS*19]. The advantages
of molecular communication over classical communication systems are many. Since it is
already seen as the foundational basis of communication technique in living organisms,
biocompatible systems incorporating molecular communication can be realized without
much effort. Furthermore, the transmission is radiation-free, which has always been a topic
of debate when it comes to the health implications of radio wave communication on humans
and other living organisms [HHO03]. Additionally, when realizing communication at a micro-
scopic level, the introduction of a dedicated power supply for such small-scale applications
is a problem due to space restrictions. This is where the use of molecular communication
seems to be a plausible solution, as it offers a highly energy-efficient information transfer
mechanism. For example, if the molecules are diffusing from the transmitter to the re-
ceiver, they use the environmental energy to propagate through the transmission channel.
Therefore, the energy from the transmitter is only required for the release of molecules
into the environment, but no additional energy is required for their movement through the
channel. The molecules have the ability to propagate over long distances, especially in those
environments that prove to be challenging even for EM wave-based communication. For
example, in underwater information transmission applications, in environments with a net-
work of pipelines and shaft systems, or in disaster management operations among mounds
of debris, etc. However, molecular communication also comes with a lot of disadvantages.
As the molecules are physical particles that need to be transported from the transmitter
to the receiver, the speed of information transfer or the throughput gets affected, which
particularly gets hindered over very large communication distances. When molecules get
carried through the transmission channel by diffusion, the information-carrying signal gets
attenuated with distance along with the additional spreading in time domain, leading to
inter-symbol interference (ISI). These reasons result in errors in the transmission system.
Moreover, it is the stochastic propagation of the information-carrying molecules that makes
it an inconsistent and unreliable transmission system, as there is no guarantee that all
the released molecules would eventually reach the receiver over an intended period of time.

Unless there is a presence of favorable drift from the transmitter towards the receiver,
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molecular communication systems also suffer in terms of their maximum transmission

range.

Potential Applications of Microscopic Molecular Communication

There are many potential multi-scale applications of molecular communication that are
envisaged by the research community, which could lead to its practical realization in the
days to come. In the microscopic domain, for example, it is imperative for communication
engineers to understand and draw inspiration from molecular communication in cell biol-
ogy involving cell signaling techniques. The process involves interpretation, replication and
manipulation of these signaling methods in a useful manner that suits the application in
terms of the physical nature and scale of the environment. This knowledge is especially
more helpful in those applications, where miniaturization of macroscopic transceivers to
microscopic levels is extremely challenging [BA21; AB*08]. However, the field of nanotech-
nology is striving to push the technological boundaries by ushering in the development
of devices such as nanomachines and nanorobots in the nanometer scale range [Req03;
AB™08]. Subsequently, the fields of biotechnology, biomedical engineering and nanotechnol-
ogy can be combined together for medical applications, one of the main driving motivations
behind the conception of molecular communication [AAT12]. For instance, the interaction
between the cells, tissues, organs, and the control of the cell growth and division can be
realized with the help of nanomachines [PM*08]. They can also be engineered to be made
more biocompatible such as in the form of a genetically modified bacteria or a synthetic
cell performing more specialized but simple tasks [AF*12; XY*03; SM*05]. However, due
to their small size and limited access to energy, their performance can strongly be hin-
dered. The problem can be mitigated by introducing more nanomachines in the form of a
self-organizing swarm [CT04]. The nodes within the swarm can use energy-efficient means
such as quorum sensing to communicate with one another [EST12; MBO01]. Additionally,
these swarm of nanomachines can be modified to form a nano-scale sensor network [ES™*12;
AB"08], serving both medical and military applications [NM*12; YW 16]. In the recent
times, the scaling of these sensors have taken place to realize their utility in microscopic
range [EG118; Bog08], for instance, in the design and development of biological circuits,
which are based on chemical reaction networks and deoxyribonucleic acid transcription
processes [EDT19; MP718]. The use of artificial neural networks (ANNs) for micro-scale
applications has been proposed in [BB11], where these ANNs could be interfaced with a
nanomachine to efficiently perform molecular communication. The idea of nanomachines

in literature has mostly existed as a theoretical concept, but their capabilities have already
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been showcased in [GA'13], where glucose-mediated delivery of insulin is made possible
through injection of nanonetwork. Similarly, in another work, systems have been constructed
where synthetic biological and nanotechnological components communicate in vivo for the
purpose of amplifying disease targeting mechanism [VP*11]. This has led to an impor-
tant application of molecular communication using nanomachines in the area of targeted
drug delivery [CM*17]. Targeted drug delivery can be performed by transporting the drug
molecules at a specific location such as disease cells or tumors through nano-scale delivery
capsules, and releasing them at highly localized sites [NST14]. Tumor cells are known for
releasing messengers as opposed to healthy cells. The nano-scale capsules are capable of
identifying the messenger substance, and are able to bind themselves to the specific recep-
tors of the tumor cells. The capsules then release the intended amount of drugs locally on
the unhealthy cells, and reduce the potential hazards of targeting the healthy cells [AC04].
Addtionally, nanorobots are also proposed for the detection of other health complications
such as brain aneurysm [CST09]. Nanorobots are alternatives to nano-scale capsules that
can be used to transport molecular payloads to cells [DB*12], which help alter the func-
tionalities and behavior of the cells [EW12]. Ongoing research efforts have made it possible
to develop these nanorobots in the form of a programmable bacteria replicating compu-
tational capabilities of nanodevices by maintaining biocompatibility [WKO00]. In another
method, flagellated magnetotactic bacteria are being explored, which can harness power
from magnetic resonance imaging to power the transportation process [MS09]. In [CH"06;
VPT11], it is shown that a swarm of nanomachines communicating with one another are
far more effective at targeted drug delivery than non-communicating nanomachines. For
example, when a nanomachine detects released molecules from tumor cells, it can share the
information with other nanomachines in the vicinity, and coordinate better to cooperatively
release drugs at these tumor cells. Molecular communication also sees potential in the field
of tissue engineering, which includes the restoration, maintenance, and/or improvement of
damaged tissues or entire organs in a living organism [GN02]. In tissue engineering, the stem
cells are extracted from a subject, which are then cultured and returned back to replace
the lost tissue. Molecular communication can be used to control the growth and division of
these cells to form desired structures [NE"13]. Another interesting field where molecular
communication can potentially find its use is in the enhancement of the immune system
response of the human body [DG"12]. The introduction of artificial immune systems into
the human body can be helpful in providing protection against dreadful infectious agents
such as parasites, virus, bacteria, and fungi [TK™*04], especially at a time when the world

is still reeling under the effects of SARS-CoV-2 pandemic. Molecular communication may
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enable the communication and coordination of a group of bio-nanomachines in enhanced
immune system by tracking the moving objects such as pathogens, and then notifying
the external devices of the target location for further necessary action [ON*14]. Apart
from the stated potential use cases of molecular communication, additional micro-scale
applications include lab-on-a-chip systems [Par10], cell-on-chips devices [ES*06], point-of-
care diagnostic chips [YE"06], bio-computers [Nob02], controlling and detecting chemical
reactions [Dem06], monitoring and quality control [AB*08], and environmental control and
preservation [HN*11].

Potential Applications of Macroscopic Molecular Communication

A plethora of applications in the macro-scale range are also anticipated, where molecular
communication can be used effectively. The feasibility of the application of macroscopic
molecular communication is more practical due to the availability of the basic communi-
cation system units in the market, especially in the form of detectors [McG20]. However,
these applications are mostly in those areas, where the performance of the EM wave-based
communication is restricted or suffers to a significantly large extent. For example, radio
wave sensor networks are not very robust when it comes to infrastructure monitoring ap-
plications [SH*10; QG™14], especially in underground facilities and environments [RS™20].
Hence, molecular communication systems are very useful for transmission of information
in those surroundings, which involve an extended network of pipelines and ducting sys-
tems, with a lot of bends and turns such as in the oil and gas industry [FY16]. Based on
the naturally occurring pheromone-based signaling in ants and moths [Ago92; AC16], a
number of research works have come up to study and replicate these biological processes
from the standpoint of macroscopic molecular communication in order to solve engineer-
ing problems [CG*09a; CGT09b; MD'12]. For example, chemical signaling in codling
moth has been studied in the past, where pheromones are released to confuse the male
moths for disrupting the mating process, resulting in better pest management and con-
trol [NBO8]. Another important area of macroscopic molecular communication application
is in the field of robotics [IAR*12; PR10]. Molecular communication between robots can
be performed through judicious transmission and detection of certain VOC gases, with
the help of a whole range of gas detectors that are readily available. More technologically
advanced detectors in the form of electric noses can help establish more efficient molecular
communication between the robots [FH"19]. An electronic nose is an artificial sensory
device emulating the human olfactory system through pattern recognition algorithms, and

is used to detect chemical odors and scents [GB99]. These electric noses are capable of
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converting the detected odors into measurable electrical signals. Robots equipped with
such sensory devices could then be deployed in harsh environments to perform disaster
management and rescue missions through swarm navigation [MN"10; AA*17]. Another
interesting application of macroscopic molecular communication can be found in the area of
transmitting odor over digital platforms [HC" 03], especially at a time when the popularity
of the virtual reality hardware is on the rise [Ste92]. These devices can successfully simulate
audio and visual sensory inputs on digital platforms and media, however, simulating odor
is still a challenge. Macroscopic molecular communication can also be used for applications
related to the protection of the environment. For example, bacterial biofilms can be used
to clean chemical-laden water that is discharged from manufacturing plants or to treat
organic wastes [CST99; KO"98]. Similarly, the principle of molecular communication can
be applied to deploy large-scale biosensor networks in order to monitor the environments
that may be contaminated with toxins and radioactive materials [NE"13]. In future, it
may be possible to integrate bio-nanomachines into silicon-based electrical devices such as
mobile phones for the advancement of information technology [Fre99; Bail6]. These devices
equipped with a biochip would be capable of analyzing various bio-marker-carrying agents
such as human breath, sweat, saliva, blood, etc. through molecular communication [HM™"08].
The information regarding the health of the subject could then be directly relayed to the
concerned health authorities during an emergency via traditional cellular networks. Since
the start of the SARS-CoV-2 pandemic, many works tried to draw a parallel between
macroscopic molecular communication and infectiology. The idea has been proposed for
the first time in [KA"19], where pathogen-laden human breath released from an infectious
human is considered as the transmitter, while healthy human receiving the pathogens is
considered to be the receiver. Furthermore, the study is extended in [KA"20a], where virus
spread through aerosol transmission is treated as a macroscopic molecular communication
problem by incorporating silicon nanowire field effect transistor-based biosensors to model
airborne pathogen transmission and detection. Additionally, an end-to-end system model
is presented in [GA21b] for the spreading mechanism of infectious diseases by airborne
pathogen transmission between two humans. The sprayed pathogen-laden cough/sneeze
droplets in the model are also subjected to the effects of gravity and buoyancy to pre-
dict the trajectory of these droplets. These methods and analyses from the perspective of

macroscopic molecular communication may prove to be useful in tackling future pandemics.

Gauging the potential of the macroscopic molecular communication, various research
groups around the world are working together for investigating its possible industry ap-

proved applications. One such example is the project “Makroskopische Molekulare Kom-
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munikation (MAMOKO)”, funded by the German Federal Ministry of Education and
Research [MAMOKO]. The project specifically aims to investigate and perform feasibility
studies on macroscopic molecular communication from the perspective of those industrial

applications that extensively make use of inflammable and/or explosive liquids/gases.

1.4 Motivation and Contributions

As evident from the discussions in the previous sections, molecular communication has many
useful applications across various disciplines needing combined scientific efforts from the
community of engineers, physicists, chemists, biologists, physicians, etc., for its successful
implementation. The field especially sees immense potential in the microscopic domain for
the medical applications revolving around targeted drug delivery, lab-on-chip systems, etc.
Therefore, over the years, the research endeavors have mostly remained focused on compre-
hending the underlying principles that govern the functioning of molecular communication
in the micro-scale domain. However, molecular communication in the macro-scale domain
also has a wide variety of potential applications, but the field largely remains unexplored.
Moreover, as opposed to microscopic molecular communication, macroscopic molecular
communication is not limited by its computational power, allowing it to implement high
data rate-achieving transmission algorithms by simultaneously dealing with the channel
issues that may arise in the process. As research on molecular communication is still in
its nascent stage, many theoretical works in the micro-scale domain have come up in the
recent times attempting to model the propagation of the information-carrying particles
from the transmitter to the receiver through the process of diffusion in three-dimensional
space. The diffusion process is often modeled with the help of Brownian motion, which
to a large extent, explains the movement of information-carrying particles through space
in every direction. However, for a successful transmission of information in the macro-
scale range, the diffusion process is not enough as it is a very slow process, affecting the
propagation speed and maximum achievable throughput of the molecular communication
system. Therefore, additional assistance in the form of advection is necessary for a faster
transmission of data in a particular direction (from the transmitter towards the receiver).
Moreover, the medium over which the transmission of information occurs, plays a crucial
role in determining the data transmission rates in the macro-scale domain. Additional
factors influencing the throughput of the macroscopic molecular communication system
also include the rate at which the information is generated at the transmitter side as well

as the sensitivity and responsitivity of the receiver.
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Any industry-specific system application of macroscopic molecular communication prior
to its standardization would require a framework to encompass various aspects of commu-
nication theory. These include the system impulse response analysis and system modeling
(taking into account the combined effects of the transmitter, the transmission channel, and
the receiver), implementation of high data rate achieving modulation schemes, efficient
detection algorithms at the receiver side for achieving data transmissions at very low error
rates, channel coding techniques for effective error detection and/or correction, etc. There-
fore, the design and development of experimental platforms and testbeds becomes a crucial
starting point to perform these tests and analyses in order to understand the system better
(for example to attain the highest possible data transmission rate/reliable communication
over a certain length of distance), and also to incorporate the aforementioned functionalities
more effectively. Furthermore, the testbed lays the foundation for far-reaching innovations
and added value. For example, a simulation environment can be set-up which emulates the
properties of the testbed. The simulation environment could help bring in more flexibility
into the system by offering the choice of seamless addition/alteration of various physical
parameters governing the communication process. Towards this goal, this dissertation at-
tempts to investigate macroscopic air-based molecular communication, where the released
information-carrying particles from the transmitter side travel through the air medium in
order to reach the receiver. The information is decoded by performing optical detection
of the information-carrying particles that exhibit fluorescence property. Based on the said
principle, a new molecular communication testbed is designed. Additionally, the testbed
system model is developed through experimental measurements by considering the effects
of the velocity of the released information-carrying particles, the influence of drag and
gravitational forces on them, and the noise process originating from various sources inside
the testbed, as the distance is increased between the transmitter and the receiver. Various
modulation schemes are implemented and studied that exploit not just a single degree of
freedom in the form of concentration of the released information-carrying particles, but
also additional degrees of freedom in the form of time, fluorescent dye colors and the spa-
tial regions populated by the water-based solution droplets of the information carriers in
order to explore the possibility of increasing the data transmission rates. For long-distance
communication, the macroscopic air-based molecular communication system also brings
in a lot of challenges in the form of signal attenuation and a strong influence of ISI. In
addition, the system is prone to amplitude-dependent noise leading to greater unreliability
in data transmission. Therefore, these problems are tackled by incorporating and analyzing

different detection algorithms and channel equalization techniques for further improving the
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reliability of data transmission. Additionally, the investigation of forward error correction
(FEC) channel codes, line codes, and spatial codes is carried out, and their potential to
enhance transmission reliability is evaluated. Finally, an improvement of optical detection
hardware is proposed to explore the possibility of further increasing the data transmission

rates.

1.5 State-of-the-Art

Testbed Design In order to make molecular communication a feasible option for ap-
plications in various industries, many researchers have contributed to testbed designs at
the macroscopic domain considering various types of transmitters, transmission channels,
and receivers. This can also be seen as an attempt to complement the already existing
theoretical works on molecular communication as a proof of principle in both micro- and
macro-scale domains. A detailed survey concerning the practical implementations of molec-
ular communication testbeds can be found in [JA*19; LB"23a; LB"23b]. One of the earlier
works concerning the testbed design is presented in [FG¥13], where isopropyl alcohol is used
as the information carrier between the transmitter consisting of an electronic sprayer and
the receiver comprising of a metal-oxide alcohol sensor. The information-carrying droplets
released by the sprayer are propelled with the help of a tabletop fan, which propagate
through the open air space to ultimately reach the receiver. The channel modeling is based
on the advection-diffusion model as presented in [FK'14]. However, nonlinearity, high ISI,
and saturation level attained by the receiver proved to be major performance deterrents to
the system. A testbed for in-vessel communication simulating portion of the cardiovascular
system or a complex network of pipes in industrial complexes and city infrastructures is
shown in [FP*17]. The presented work makes use of acids and bases as the information
carriers, where peristaltic pumps at the transmitter side release acids and bases, which
propagate through a tube with the help of flow-assisted filtered water. A pH probe is used
at the receiver side, where the pH value is converted into an electric potential. The system
faces challenges in the form of nonlinearity and a long memory due to chemical reactions,
apart from lacking a channel model of its own [FG16]. Similarly, a more biocompatible
approach is adopted through the use of magnetic nanoparticles in [UK*18]. The transmitter
side comprises of a peristaltic pump connected to a syringe that holds the information
carrier in the form of superparamagnetic iron oxide nanoparticles (SPIONs). The syringe
is connected to a Y-connector with another tube providing a background flow of water.

The end of the Y-connector joins the propagation channel tube, which joins the magnetic
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susceptometer coil acting as the receiver. The system model is based on the laminar flow
of fluid inside a duct. A fluid-based molecular communication testbed, however, offers
low data transmission rates due to high viscosity. With respect to air-based molecular
communication, many testbeds developed by the researchers utilize VOC and chemical
vapor for transmitting the information that are also based on the advection-diffusion model.
For example, in [GM*17], the transmitter comprises of an odor emitter that controls the
evaporation of liquid chemical analytes and their diffusion in a carrier gas stream through a
tube-like propagation channel. The VOC particles are detected with the help of a portable
membrane inlet mass spectrometer at the receiver side. However, the response time of the
mass spectrometer-based detector is slow, which affects the overall data transmission rates.
Therefore, on similar lines as an alternative, a high-speed chemical vapor communication
testbed is presented in [OK'18], where a solenoid valve at the transmitter side controls
the release of solvent vapors carrying the information into an enclosed flow tube propa-
gation channel. The vapors are carried by a background airflow provided by a fan. The
information-carrying particles are then detected by several photoionization detectors at the
receiver side with a very high responsitivity. Many testbeds additionally, also exploit the
fluorescence properties of the information carriers for optical-based detection at the receiver
side. For instance, in [AE"18], the information-carrying fluorescent particles are injected
as plumes inside a fluid propagation channel with variable flow rates. At the receiver side,
the fluorescent particles are detected through particle image velocimetry with the help of a
camera or a submersible optical fluorometer. Various obstacles are also installed inside the
propagation channel in order to emulate the real-life scenarios. Based on similar principles,
planar laser-induced fluorescence is studied and presented in [AL*19], which describes the
advection diffusion-based channel model along with the quantification of the statistical
noise distribution and the mutual information. Additionally, works such as [DD*13; TL* 18]
have also presented their experimental setups based on the camera-based fluorescence de-
tection of microfluidic droplets and fluorescent substances in liquid medium. In spite of
optical-based detectors offering high responsitivity, the fluid-based propagation channel
restricts the system from achieving high data transmission rates, as previously stated.
Apart from the synthetic molecular communication testbeds, several biological testbeds
have also been designed over the years. For example, the experimental setup in [KAT13]
uses genetically engineered Escherichia coli bacteria producing a fluorescent response to a
time-varying chemical stimulus. Similarly, in [GK19], these bacteria react to fluorescence
by releasing protons into the environment. The concentration of protons is then measured

by a pH electrode to produce information signals.
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Modulation Techniques The information in molecular communication is embedded in
molecules/particles based on their various properties namely quantity, type, release time,
populated spatial regions, and a hybrid of any of these. The most basic and popular modu-
lation scheme is the on-off keying (OOK), which represents a binary data symbol either by
releasing or not releasing molecules from the transmitter. The first implementation of OOK
for a diffusion-based molecular communication channel is presented in [MM*10], which is
later extended to molecular concentration shift keying (MCSK) in order to accommodate
higher data symbol cardinality, represented by multiple concentration levels [KY*11]. This
scheme is inspired from amplitude shift keying, which is a well-known modulation scheme
in digital communication theory. Another modulation scheme which is quite popular in
the molecular communication research community is molecular shift keying (MoSK), em-
bedding the information into the type of molecule that is being transmitted [KY*11].
One advantage of MoSK over MCSK is that it is more resilient to the errors that origi-
nate due to ISI. In order to make the in-body nano communication feasible, isomer-based
MoSK has been proposed in [KC13] that makes use of aldohexose isomers to modulate
the information. Similarly, in [AK"18], a modulation scheme is proposed based on the
concept of isotopic isomerism, where information is encoded in the molecular isotopes.
Practical implementation of type-based modulation schemes in testbeds has also witnessed
significant progress in the recent times. For instance, in [FP17], a time-slotted binary
communication system is implemented, where the information is carried by the pH signal
by representing binary data symbols “0” and “1” by an acid and a base pulse, respectively.
A droplet-based microfluidic system for molecular communication in [BF*20] has been
presented with a droplet detector that has the ability to characterize droplets based on
their presence/absence, color as well as their size, which can potentially be utilized sep-
arately for data encoding purposes. Information is also encoded by using the temporal
dimension. The first implementation of such modulation scheme is shown in [MM™*10],
where the chemical concentration is varied in accordance with a sinusoidal signal of cer-
tain frequency, similar to the idea of frequency shift keying in radio wave communication
theory. Pulse-position modulation (PPM) is proposed from the perspective of molecular
communication in [GL11], where the information is represented by the position of a pulse
within a transmission interval. Rate modulation is another interesting scheme proposed in
the same work, where the information is represented by the number of pulses contained
within a transmission interval. Furthermore, communication through silence (CTS) (also
known as differential pulse-position modulation (DPPM)) is proposed in the same work,

where the information is contained in the time interval between two consecutive pulses.
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Modulation schemes such as OOK and CTS in the form of time-elapse communication
(TEC) have also been implemented practically in a testbed setup with the use of geneti-
cally engineered bacteria [KA"13]. In the same work, TEC is further modified as smart
TEC by adding error differentiation and differential coding techniques. In another instance,
different time-based modulation schemes are implemented for a droplet-based microfluidic
testbed, where information is encoded based on the presence/absence, distance and the
size of the droplets, and a study is presented based on the information rates and error
tolerances of these modulation schemes [HM*19]. Another degree of freedom is attained in
the form of the spatial regions populated by the molecules/particles, which can be achieved
by making use of multiple transmitters. Molecular space shift keying (MSSK) is presented
in [GBT19b], in which the information is modulated into the transmitter antenna index.
Finally, a hybrid modulation scheme incorporates one or more aforementioned properties in
order to embed the information. For example, OOK and molecular frequency shift keying
are combined together in [MM*10] to form multilevel amplitude modulation to encode more
number of symbols. Similarly, in [KC13], a modulation scheme named isomer ratio shift
keying is introduced that modulates the information through ratios of quantity of a specific
isomer. A higher-order modulation scheme named run-length aware hybrid modulation is
showcased in [PS*14] that combines both concentration shift keying (CSK) and MoSK to
form MCSK. In [GB"19b], MSSK is extended by including different types of molecules,
which results in molecular spatial modulation. In [GB*19a], index modulation and PPM
are merged together to provide resilience against inter-link interference (ILI). Additionally,
index modulation and CSK are united together for designing a modulation scheme, as
discussed in [HW™19a]. In terms of the practical implementation of hybrid modulation
schemes in a testbed setup, very little work has been done. However, in [BS*21], SPION
and fluorescent particles are used simultaneously for transmission of independent streams
of data. This helps to increase the channel capacity in comparison to the transmission of

only a single type of information particles.

System Design with Multiple-Input Multiple-Output In classical wireless communica-
tion, multiple-input multiple-output (MIMO) is a well-known technique used to achieve
spatial diversity, beamforming, and to increase the data transmission capacity using mul-
tiple transmit and receive antennas [Hoh13]. For inclusion of MIMO in diffusion-based
molecular communication, the first attempt has been made in [MY*12], with the intro-
duction to the concepts like transmitter diversity, receiver-side diversity combining, and

spatial multiplexing. However, the effect of ISI is not considered in this work, which is later
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included in [KL*16]. Additionally, modulation scheme such as index modulation has been
introduced to simultaneously tackle the problems of ISI and ILI [GBT19b]. MIMO channel
modeling based machine learning is presented in [LY*17], which is used in [DY 18] to
analyze spatial coding techniques such as the Alamouti-type coding and repetition MIMO
coding along with the receiver-side combining strategies such as selection diversity and
equal gain combining. One of very few practical implementations of MIMO in a molecular
communication testbed is presented in [KL"16], where a single-input single-output (SISO)
system is extended to a MIMO system. In order to present the possibility of utilizing
molecular communication in an in-body blood vessel network, an in-vessel molecular com-
munication testbed is developed using acid and base, where information is transmitted
by changing the pH value [LK"20a]. The low data transmission rates are improved by
extending the work in [LK"20b] that incorporates improved modulation schemes such as

binary time shift keying.

Channel Coding To increase the robustness of data transmission over a given channel,
the method of channel coding is considered, which helps in the detection and/or correc-
tion of the erroneous data symbols by introducing redundancy into the data transmission
sequence [PP*72]. The first instance where the channel coding technique has been incor-
porated in a diffusion-based molecular communication channel is [LH12]. In this work,
the Hamming code is implemented in order to achieve a coding gain for larger distances
compared to the uncoded transmission scheme. However, this is achieved only if the system
makes use of a large number of molecules. In the case of fewer molecules, the effect of
ISI from the redundant symbols becomes more dominant leading to higher transmission
errors. Therefore, it is observed that in the case of molecular communication, channel
codes serve a different purpose altogether, which helps counter the ISI. However, some
works such as [Dam20] use channel coding strategies in order to make data transmis-
sion more robust against the amplitude-dependent noise of the diffusion-based molecular
communication channel. In [BL"14; Bail6], minimum energy codes have been introduced
that prove to be more energy efficient as compared to the Hamming codes. Addition-
ally, these codes are also less error prone as compared to the Hamming codes. Other
popular channel coding schemes from the digital communication theory have also been
applied to the diffusion-based molecular communication channel such as convolutional
codes [MM"13; LH"15b], Reed-Muller codes [LH"15a], Reed-Solomon codes [DD*17],
Bose-Chaudhuri-Hocquenghem codes [KP*18], Luby transform codes [Bail6], etc. Novel

coding techniques for molecular communication in the form of ISI-free code has been pro-
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posed in [SL*12; SL*13], where the communication reliability is improved by restricting
the molecules emitted at a later time instant from reaching the receiver earlier than the
molecules emitted at a previous time instant, also referred to as the crossover effect. In the
same work, the performance of repetition codes and ISI-free codes is shown to be similar to
that of convolutional codes, but at a much lower complexity. The performance of ISI-free
codes is further increased by introducing the concept of time gap between successive code
words [AKT16; KJ"19]. Additionally, zero-error codes are presented for different types of
molecules that avoid the problem of ISI arising from the occurrence of random delays
in successive data transmission time slots [AG*18]. In another work, a low complexity
error correction method through amplitude-width encoding is presented for potential use
in bio-circuits, where the redundancy is embedded in the duty-cycle of the transmitted
signal [KS18]. Finally, the implementation and analysis of FEC channel codes, line codes,
spreading codes, and spatial codes for a diffusion-based molecular communication system
is extensively discussed in [Dam20]. In the same work, novel line codes that are adapted
to the transmission channel characteristics are also presented. One of very few practical
works discussing the benefits of the channel coding method is presented in [KA*20b], where
[SI-mitigating channel code in combination with MIMO application is implemented in an
alcohol-based molecular communication testbed. A performance enhancement in terms of
character error rate is witnessed as compared to the uncoded transmission scheme as the
coding family avoids the continuous transmission of the binary data symbol “1”, and uses

an adaptive thresholding strategy.

1.6 Author’s Contributions

This section presents the list of peer reviewed scientific contributions from the author,

which are in agreement with the objectives of this dissertation discussed in Section 1.4.

Testbed Design A proof of concept for the macroscopic air-based molecular communica-
tion testbed using fluorescent dye is presented for the first time in [BD"20b], which shows
that a simple modulation scheme such as OOK can help achieve a data transmission rate
up to 20bit/s. This is later extended in [BD"20a] to setup a 2m long physical testbed
with a detailed description about the choice of hardware necessary for the individual units
comprising of the transmitter, the information carrier, the transmission channel, and the
receiver. The work tries to emulate the scenario that could enable the transmission of

information within industrial networks incorporating pipes, ducts, etc. Furthermore, mod-
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els for the spray nozzle injector at the transmitter side and the camera-based detector at
the receiver side are described to simulate the testbed in a particle-based simulator. The
simulated models are adapted with respect to the transmitter and the receiver, and are
compared with the presented analytical model obtained from the testbed measurements.
Additionally, modifications in the testbed design at the transmitter side through improved
hardware and PIN photodiode-based detection at the receiver side is presented in [BK™23],
showcasing a significant improvement of the data transmission rate up to 50 bit/s with
simple OOK.

System Modeling The air-based molecular communication testbed setup is transformed
into an end-to-end system model followed by the evaluation of the end-to-end system
impulse response in [BD"22b]. The system impulse response from a short spray burst of
the water-based dye solution at the transmitter side is measured using the camera-based
detector at the receiver side. The true end-to-end system comprises of the influences of a
perfect transmitter, a perfect channel and a perfect receiver, as shown in [BD"20a]. However,
the response of the system over multiple trials shows randomness, which is attributed to
the imperfect sprayer at the transmitter side, turbulence and air drag in the transmission
channel, the imperfection of the camera-based detector at the receiver side, etc. Therefore,
a discrete-time input into the system, the true end-to-end system impulse response, and
the noise model are presented in [BD"20a] to give the complete analytical model of the
testbed.

Modulation and Detection For the first time, the transmission of data over the air-based
molecular communication testbed is performed by employing various modulation schemes
exploiting several degrees of freedom in the form of the information carrier concentration
level, time, color, and the spatial regions populated by the sprayed information carrier,
presented in [BD*22b]. These include PPM, DPPM, shorten pulse position modulation,
multi-pulse pulse position modulation, MoSK, MCSK, spatial shift keying, and spatial
concentration shift keying. For the hardware being used in the testbed, the performances
of all the modulation schemes are compared to the standard OOK with respect to their
maximum achievable data transmission rates, resource requirements and their bit error
rate (BER) performance. Modulation schemes such as MoSK and MCSK are especially
discussed in great detail in [BD"19; DB*21b]. Various equalization techniques and detec-
tion algorithms have also been implemented and compared for OOK modulation scheme.

The aforementioned analyses and comparisons have particularly been carried out using the
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analytical model as well as the particle-based simulator, introduced in [BD¥20a]. Addition-
ally, for the particle-based simulator, a mobility scenario of the transmitter with respect
to the receiver is investigated in [SG*21] for studying its effects on the received signal.
The results show that mobility impacts the amplitude as well as the width of the received
signal completely in tune with the Doppler effect.

Channel Coding Like most communication systems, long-distance molecular communi-
cation is also prone to errors originating from the transmission channel. This leads to
decreased reliability in data transmission with an increased BER. This is where the utility
of channel coding schemes is exploited by adding redundant symbols to a data sequence,
resulting in more robust data transmission. While in the literature, several channel coding
techniques have been studied for diffusion-based molecular communication systems, very
few works have actually showcased their usefulness in macroscopic molecular communica-
tion testbeds. In [BD"22a], a new line coding method named weak sequence preventing
mapping (WSPM) code is implemented for the first time in a macroscopic molecular
communication testbed using fluorescent dyes by taking into account the testbed channel
characteristics. This work presents WSPM code as another viable alternative to improving
robustness in long-distance data transmission. Additionally, the resource requirement and
the BER performance of WSPM code are compared with the other popular block codes
from digital communication theory, proving its usefulness over the other channel coding

schemes.

Testbed Design with Multiple Transmitters/Receivers In [DB*21a], for the first time,
the air-based molecular communication testbed using fluorescent dyes is extended to a
2 x 2 MIMO system. The transmitters of the 2 x 2 MIMO setup is realized by two pressure
sprayers containing water-based dye solutions, while the emulation of the spatially separated
receivers is realized by splitting the field of view of the camera-based detector into two
equal halves. The MIMO setup helps to increase the data transmission rate through spatial
multiplexing or the robustness of data transmission through array gain. Implementation
of spatial multiplexing is carried out by multiplexing the data stream over the pressure
sprayers, and by transmitting them in parallel. On the other hand, an array gain is achieved
with the help of spatial diversity algorithms such as the Alamouti-type coding and repetition
MIMO coding. For a fair comparison with SISO transmission scheme, simple fixed threshold
detector is incorporated at the receiver side for detecting the transmitted data. With the

help of BER analysis, it is presented that the performances of both the Alamouti-type
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coding and repetition MIMO coding exceed that of SISO transmission system.

Miscellaneous Applications/Applicability Inspired by the presented air-based molecular
communication testbed using fluorescent dyes and the ongoing SARS-CoV-2 pandemic, the
duality between various aspects of macroscopic air-based molecular communication and
viral infection spreading has been showcased in [SH21a]. The airborne aerosol and droplet
transmission via various human respiratory processes is modeled as a multiuser molecular
communication scenario [SH*21b] with the respiratory event-driven molecular variable
concentration shift keying, as discussed in [BD"19]. Experiments are conducted by inducing
coughs artificially by an adult test person with the release of saturated aqueous solution of
fluorescent dye mixed with saliva. It is also shown that the number of observed particles
released is significantly higher in test series without mouth and nose protection than in those
with a well-fitted medical mask. Additionally, the concept of mutual information in the sense
of infection rate is presented in [SHT21b]. The infection rate is explained in [HD"21] by
considering various discrete memoryless channel models, which depends on the distribution
of the channel input events as well as on the transition probabilities between channel
input and output events. Contrary to the maximization of the mutual information in data
communication systems, it becomes imperative to minimize the infection rate between an
infected person acting as the transmitter and a non-infected person acting as the receiver,
as mentioned in [SH"21b]. Furthermore, the simulation tool for the macroscopic molecular

communication is extended through consideration of all the previously mentioned scenarios.

List of Publications by the Author

[BD"19] S. Bhattacharjee, M. Damrath, and P. A. Hoeher, “EXIT chart analy-
sis of higher order modulation schemes in molecular communications,”
in Proc. ACM Int. Conf. on Nanoscale Computing and Communication
(NANOCOM), Dublin, Ireland, Sep. 2019, pp. 1-6.

Abstract: This paper discusses and compares the performance of existing mod-
ulation schemes in diffusion-based molecular communication systems by means
of extrinsic information transfer chart and bit error rate analysis. Additionally, a
new modulation scheme called variable concentration shift keying is introduced
with proven advantage over conventional concentration shift keying in terms of

bit error rate performance.
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[BD"20a]

[BD*20D]

[DB"21a]

S. Bhattacharjee, M. Damrath, F. Bronner, L. Stratmann, J. P. Drees, F.
Dressler, and P. A. Hoeher, “A testbed and simulation framework for air-
based molecular communication using fluorescein,” in Proc. ACM Int. Conf.
on Nanoscale Computing and Communication (NANOCOM), Virtual Con-
ference, Sep. 2020, pp. 1-6.

Abstract: Molecular communication can enable transmission of information
within industrial networks comprising of pipes, ducts, etc. This work emulates
the system by introducing an air-based macroscopic molecular communication
testbed, exploiting the fluorescence property of a water-based solution of an
organic compound called fluorescein. An efficient transmitter in the form of an
industrial sprayer, coupled with a high-speed camera-based detection, eventually
paves way to achieve higher data transmission rates. The transmission distances
considered are in the range of several centimeters to meters. Additionally, models
for spray nozzle injector and camera receiver are described to simulate the testbed
in a particle-based simulator. These simulated models are calibrated to the used
transmitter and receiver and are compared with the analytical models obtained

from the testbed measurements.

S. Bhattacharjee, M. Damrath, and P. A. Hoeher, “Design of macroscopic air-
based molecular communication concept using fluorescein,” in Proc. ACM
Int. Conf. on Nanoscale Computing and Communication (NANOCOM),
Virtual Conference, Sep. 2020, pp. 1-2.

Abstract: A proof of concept for a macroscopic air-based molecular communica-
tion testbed is presented using fluorescein. The compound in solution state when
excited by ultra-violet light, acts as information carrier between a sprayer (trans-
mitter) and a camera (receiver). Relatively higher data rates can be achieved
compared to traditional air-based testbeds using alcohol. Implemented modula-
tion schemes include on-off keying, pulse position modulation and differential
pulse position modulation, which showcase the efficacy of the system in terms of

achievable data transmission rates.

M. Damrath, S. Bhattacharjee, and P. A. Hoeher, “Application of MIMO

techniques in macroscopic air-based molecular communication,” in Proc.

ACM Int. Conf. on Nanoscale Computing and Communication (NANOCOM),
Virtual Conference, Sep. 2021, pp. 1-2.

Abstract: In this contribution, an air-based macroscopic 2x2 multiple-input

multiple-output (MIMO) molecular communication testbed using fluorescent dyes
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[DB*21b)]

[HD"21]
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is presented and the application of MIMO techniques is investigated. It is demon-
strated that the data rate can be doubled using spatial multiplexing. Using rep-
etition MIMO coding and Alamouti-type coding, a spatial diversity/array gain
can be achieved, resulting in error-free transmission over the entire transmission

distance of the testbed.

——, “Investigation of multiple fluorescent dyes in macroscopic air-based
molecular communication,” IEEE Trans. Mol. Biol. Multi-Scale Commun.,
vol. 7, no. 2, pp. 78-82, Jun. 2021.

Abstract: An air-based macroscopic molecular communication testbed exploiting
fluorescence properties of water-based solutions of Uranine and Rhodamine 6G
is presented in this work. The testbed comprises of an industrial sprayer as its
transmitter, a 2m long tube as transmission channel, and a high-speed camera-
based detector. The transmission distances considered cover a range over several
tens of centimeters to meters. Concerning modulation schemes, molecular shift
keying and molecular concentration shift keying are implemented and compared
with on-off keying serving as a benchmark. It is shown that the former two can be
used to decrease the bit error rate and/or to increase the bit rate. Furthermore, a
platform is set for implementing a multiuser scenario, where the same channel is
made accessible to multiple users by simultaneous use of different dyes for data

transmission with small co-channel interference.

P. A. Hoeher, M. Damrath, S. Bhattacharjee, and M. Schurwanz, “On mutual
information analysis of infectious disease transmission via particle propaga-
tion,” IEEFE Trans. Mol. Biol. Multi-Scale Commun., Oct. 2021.

Abstract: Besides mimicking bio-chemical and multi-scale communication mech-
anisms, molecular communication forms a theoretical framework for virus infection
processes. Towards this goal, aerosol and droplet transmission has recently been
modeled as a multiuser scenario. In this letter, the “infection performance” is
evaluated by means of a mutual information analysis, and by an even simpler
probabilistic performance measure which is closely related to absorbed viruses.
The so-called infection rate depends on the distribution of the channel input
events as well as on the transition probabilities between channel input and out-
put events. The infection rate is investigated analytically for five basic discrete
memoryless channel models. Numerical results for the transition probabilities are
obtained by Monte Carlo simulations for pathogen-laden particle transmission in

four typical indoor environments: two-person office, corridor, classroom, and bus.
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[SH™21a]

[SHT21D]

Particle transfer contributed significantly to infectious diseases like SARS-CoV-2

and influenza.

M. Schurwanz, P. A. Hoeher, S. Bhattacharjee, M. Damrath, L. Stratmann,
and F. Dressler, “Duality between coronavirus transmission and air-based
macroscopic molecular communication,” IEEE Trans. Mol. Biol. Multi-Scale
Commun., vol. 7, no. 3, pp. 200-208, Apr. 2021.

Abstract: This contribution exploits the duality between a viral infection pro-
cess and macroscopic air-based molecular communication. Airborne aerosol and
droplet transmission through human respiratory processes is modeled as an in-
stance of a multiuser molecular communication scenario employing respiratory-
event-driven molecular variable-concentration shift keying. Modeling is aided by
experiments that are motivated by a macroscopic air-based molecular commu-
nication testbed. In artificially induced coughs, a saturated aqueous solution
containing a fluorescent dye mixed with saliva is released by an adult test person.
The emitted particles are made visible by means of optical detection exploiting
the fluorescent dye. The number of particles recorded is significantly higher in
test series without mouth and nose protection than in those with a well-fitting
medical mask. A simulation tool for macroscopic molecular communication pro-
cesses is extended and used for estimating the transmission of infectious aerosols
in different environments. Towards this goal, parameters obtained through self
experiments are taken. The work is inspired by the recent outbreak of the coron-

avirus pandemic.

——, “Infectious disease transmission via aerosol propagation from a molec-
ular communication perspective: Shannon meets coronavirus,” IEEE Com-
mun. Mag., vol. 59, no. 5, pp. 40-46, May 2021.

Abstract: Molecular communication is not only able to mimic biological and
chemical communication mechanisms, but also provides a theoretical framework
for viral infection processes. In this tutorial, aerosol and droplet transmission
is modeled as a multiuser scenario with mobile nodes, related to broadcasting
and relaying. In contrast to data communication systems, in the application of
pathogen-laden aerosol transmission, mutual information between nodes should be
minimized. Toward this goal, several countermeasures are reasoned. The findings
are supported by experimental results and by an advanced particle simulation
tool. This work is inspired by the recent outbreak of the coronavirus (COVID-19)

pandemic, but also applicable to other airborne infectious diseases like influenza.
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[SG*21]

[BD*22a]

[BD*22b)]
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L. Stratmann, J. T. Gomez, S. Bhattacharjee, M. Damrath, P. A. Hoeher, and
F. Dressler, “Impact of mobility on air-based macroscopic molecular commu-
nication: A simulation study,” in Proc. ACM Int. Conf. on Nanoscale Com-
puting and Communication (NANOCOM), Virtual Conference, Sep. 2021,
pp. 1-2.

Abstract: Molecular communication (MC) is considered to become a very rele-
vant communication technology for many industrial and health care applications.
Here, we study the impact of mobility on the channel impulse response. Building
upon previous work on simulation and experimental insights on air-based MC,
we investigate a mobility scenario in which the sender moves with respect to
the receiver of the signal. Our findings show the impact of the mobility on the
amplitude as well as the width of the received signal. We consider our results as
a first step towards general mobility-impact mitigating waveform and protocol
designs for MC.

S. Bhattacharjee, M. Damrath, and P. A. Hoeher, “Channel coding tech-
niques in macroscopic air-based molecular communication,” in Proc. ACM
Int. Conf. on Nanoscale Computing and Communication (NANOCOM),
Barcelona, Spain, Oct. 2022, pp. 1-2.

Abstract: Long distance molecular communication (MC) is prone to channel
errors, leading to an increased bit error rate. For solving the issue, a new coding
scheme named weak sequence preventive mapping code is designed, conforming
to the channel characteristics of the macroscopic air-based MC using fluorescent
dye. The scheme not only minimizes the transmission errors, but also conserves

the resource in the form of sprayed water-based dye solution.

S. Bhattacharjee, M. Damrath, L. Stratmann, P. A. Hoeher, and F. Dressler,
“Digital communication techniques in macroscopic air-based molecular com-
munication,” IEEE Trans. Mol. Biol. Multi-Scale Commun., vol. 8, no. 4,
pp- 276-291, Dec. 2022.

Abstract: An air-based macroscopic molecular communication testbed exploit-
ing fluorescence properties of water-based solutions of Uranine and Rhodamine
6G dyes is presented in this work. The testbed comprises of an industrial sprayer
as its transmitter, a 2m long tube as the transmission channel, and a high-speed
camera-based detector. The considered transmission distances cover a range over
several tens of centimeters to meters. The analytical end-to-end system model is

extended to include the noise model in this work. Various modulation schemes
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exploiting the concentration levels of the sprayed dyes as the information source
have been implemented and their performances are compared to the standard
on-off keying. Spatial domain, along with the concentration of the dyes has been
introduced as an additional degree of freedom into the testbed to improve the bit
rate, and the performance is compared with respect to those modulation schemes
using color and concentration levels of the dyes as degrees of freedom. Various
equalization techniques and detection algorithms have also been implemented and
compared. All comparative analyses are performed with respect to the measure-
ments obtained from the testbed, the analytical models, and the particle-based

Pogona simulator.

[BK"23] S. Bhattacharjee, E. B. Krebs, A. Harlakin, and P. A. Hoeher, “Detection
process in macroscopic air-based molecular communication using a PIN
photodiode,” IEEE Trans. Mol. Biol. Multi-Scale Commun., vol. 9, no. 1,
pp- 13-17, Mar. 2023.
Abstract: An air-based macroscopic molecular communication (MC) testbed is
presented exploiting the fluorescent properties of a highlighter-ink water-based
solution. The testbed consists of a pressure sprayer as its transmitter, a 2m long
tube as the transmission channel, and a newly designed PIN-photodiode-based
detector at the receiver side. The considered transmission distances cover a range
over several tens of centimeters to meters. The on-off keying (OOK) modulation
scheme is implemented in the new setup and a bit error rate (BER) analysis
is performed over the channel length. A data transmission rate of 50 bit/s is
achieved, which is more than twice that of the erstwhile implemented testbed
using a camera-based detector, at a comparable BER. To the best of authors’

knowledge, this is perhaps the fastest transmission rate ever achieved across all

existing macro-scale MC testbeds employing OOK.

1.7 Dissertation QOutline

The content outline and the organization of the dissertation is summarized as follows:

o Chapter 2 discusses the aspects which concern the design and implementation issues
of an air-based macroscopic molecular communication testbed using fluorescent dyes.
The various functional units and components that form the building blocks of the

testbed are also explained in great detail. Additionally, a performance comparison of
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the testbed presented in this dissertation and the traditional macroscopic molecular
communication testbed using alcohol is made with a detailed analysis of proven

advantages and superiority of the former against the latter.

Chapter 3 focuses on the theoretical aspects behind the mass transportation pro-
cesses of the information carrier through a molecular communication channel. A
distinction of these mass transportation processes based on the scale of the applica-
tion of molecular communication is also made and discussed in this chapter. Moreover,
the theoretical models for the transmission of the information carriers in the form of
sprayed droplets of uranine and the highlighter ink water-based solutions are defined
for the testbed presented in this dissertation. Consequently, the dominant physical
effects such as the drag and the gravitational forces influencing the sprayed droplets
propagating through the channel are also highlighted. Furthermore, a test of linearity
with respect to the choice of the information carrier is showcased for the system
under consideration. The end-to-end system model of the testbed is presented that
takes into account the system impulse response originating from the combined effects
of the transmitter, the propagation channel, the receiver, and the noise process that
arises due to the imperfect design of these units. Finally, the true end-to-end system
impulse response and the noise models are combined together to define the complete
analytical model of the testbed, which is then validated by transmission of a message

sequence through testbed measurement scenarios.

Chapter 4 presents the receiver side data acquisition principle of the macroscopic
molecular communication testbed presented in this dissertation. Simple binary mod-
ulation technique like OOK is implemented and its BER over increasing distance is
analyzed by considering the testbed measurements and the analytical model using
low-complexity threshold detection strategy. Additionally, the theoretical BER is also
evaluated by considering the testbed measurements. The performance of different
detector types and equalization techniques are compared through BER analysis of the
testbed measurement results, and the simulation results obtained from the analytical
model. Furthermore, higher-order modulation schemes exploiting additional degrees
of freedom such as time, the color of the water-based dye solutions, and the physical
space are implemented with an analysis based on their respective BER performances,

maximum achievable data transmission rates, and resource requirements.

Chapter 5 deals with the implementation of channel coding schemes in the pre-

sented testbed, which ensures robust and error resilient data transmission over longer
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distances. Various broader types of coding techniques such as block codes, convo-
lutional codes, line codes and spatial codes have been investigated, and their BER
performance has been analyzed based on the testbed measurements and simulation
results obtained from the analytical model. Furthermore, their respective resource

requirements have also been studied in this chapter.

Chapter 6 concludes the dissertation by summarizing the content. Additionally, the
presented outlook provides some insight into the topics which could be explored in

the future.
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Testbed Setup

This chapter presents a detailed discussion about the design and the implementational
aspects of an air-based macroscopic molecular communication testbed using fluorescent
dyes. The testbed design principle along with its various units and components mainly
comprising of the transmitter, the information carrier, the transmission channel, and the
receiver are extensively discussed. Furthermore, a comparison with the traditional molec-
ular communication testbed using alcohol is presented with a detailed analysis of proven

advantages and improvements.

2.1 Testbed Units and Components

Efficient transfer of information in any physical communication environment is dependent
on its system design aspects and hardware implementation, which in principle, applies
to molecular communication too. In order to establish molecular communication as an
industry-approved communication methodology, a holistic application framework is nec-
essary which encompasses various domains of communication theory such as the system
response analysis and modeling, implementation of high data transmission rate achieving
modulation schemes, incorporating efficient detection algorithms to achieve lower error
rates, inclusion of channel coding techniques for effective error detection and correction,
etc. In this dissertation, efforts have been made for the inclusion of the aforementioned
points in a more controlled and confined conditions in order to achieve reliable transmission
of information. Towards this goal, a testbed design and its realization helps to conduct
preliminary tests and analyses in a seamless fashion, allowing easy extension/alteration of

the different communication units, which makes the study of the air-based macroscopic
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molecular communication system more efficient. Like any other communication system,
this air-based molecular communication testbed comprises of three important units, the
transmitter, the transmission channel through which the information carrier propagates,

and the receiver.

2.1.1 Transmitter
Sprayer

The Gloria Prima 3 pressure sprayer is used for spraying out the water-based solution of
the information carrier and acts as the transmitter of the testbed, as shown in Figure 2.1.
The maximum capacity of the container is 3L, while the integrated pump generates a
maximum pressure of 3 bar. The water-based solution is released from the sprayer through
a long spray lance with a conical nozzle tip, mounted on a stand for stable and consistent
spray bursts. The nozzle tip of the spray lance is adjusted to produce either “cloudy”- or
“jet”-like spray formation. In order to maximize the reach of the sprayed information carrier
over larger distances, the nozzle tip is adjusted to emanate “jet”-like spray bursts. This is
achieved by turning the nozzle tip 360° from its closed position. At a maximum pressure
of 3bar, the spraying volume rate is around 0.54 L./min. The switching mechanism of the
sprayer is electronically controlled by a 12V AOMAG solenoid valve attached at the end of
the spray lance, right before its handle. The sprayer switches between two available states,
i.e., the “on” state and the “off” state. The valve with a maximum tolerance pressure of
10 bar, is controlled by a waveform generator and a control circuit. The minimum shutting
time of the valve is T}, = 0.03s, which is the minimum time required for the valve to
transition from the “on” state to the “off” state. This influences the shape of the impulse
response of the system in the time domain. The transmitter side can easily be extended
to accommodate multiple sprayers with separate water-based solutions of the information

carriers, depending on the modulation schemes used for data transmission.

Micro-controller Device

The opening and shutting mechanism of the solenoid valve of the sprayer is operated by a
micro-controller device called the Analog Discovery 2 manufactured by Digilent, as shown
in Figure 2.2. It is a compact universal serial bus operated device that offers a large variety
of useful laboratory functionalities such as waveform generation and digital oscilloscope,
apart from offering power supply to the auxiliary electronic devices, and digital inputs

and outputs. The solenoid valve is controlled by the waveform generator of the Analog
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Figure 2.1: Solenoid valve operated Gloria 3 pressure sprayer as the transmitter
with water-based solution of the information carrier.

Figure 2.2: A micro-controller device Analog Discovery 2 facilitating the opening
and shutting mechanisms of the solenoid valve.
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Discovery 2 through a metal-oxide semiconductor field-effect transistor from its analog
output. The waveform output signal, which is used to produce a transition from the “off”
state to the “on” state of the solenoid valve, is a 5 V rectangular-shaped signal. The analog
output of the Analog Discovery 2 has a resolution of 14 bit, and offers up to £5V at a
sampling rate of 100 megasamples per second with 12 MHz bandwidth.

2.1.2 Information Carrier

The information carrier is chosen based on its property of fluorescence. Fluorescence is a
type of luminescence displayed by a substance that has absorbed electromagnetic radiation
of certain frequency and wavelength. As a result, the electrons from the atoms are knocked to
the higher quantum states by the absorbed photons. The high energy electrons then return
back to their ground state by releasing energy in the form of emitted radiation, generally
of lower frequency and longer wavelength as compared to the absorbed radiation. The
wavelength gap between the initially absorbed radiation and the emitted radiation is termed
as the Stokes shift, and is unique to the material displaying fluorescence property. Such
fluorescent substances are used as the information carrier, which typically emit radiation in
the visible light spectra for the convenience of detection. The transmitter sprayer contains
such information carrier in the form of water-based fluorescent dye solutions. Depending
on the degree of freedom of the implemented modulation schemes, multiple fluorescent
dyes from different transmitter sprayers can be used simultaneously to send information
with a higher data symbol cardinality. Therefore, the choice of the fluorescent dye as the

information carrier is mainly influenced by the following criteria:

Solubility of the fluorescent dye in water

e Energy contained in the emitted light from the water-based fluorescent dye solution
for a seamless detection at the receiver side, without risking an early saturation of

the receiver

» Production of distinct and separable emission spectra in the cases, where multiple dye

solutions are used simultaneously for data transmission with minimum interference

e Minimum to no contribution to the production of any offset value during detection

process, which may otherwise lead to the background noise

e No adverse effects on health and environment
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Keeping the aforementioned points in mind, the water-based solutions of uranine and
fluorescent highlighter ink have been chosen as the information carriers. The properties and
suitability of these information carriers have been studied very closely in this dissertation
for successful data transmission over distances ranging from several tens of centimeters to
meters.

Uranine is a disodium salt of fluorescein, which is a red crystalline powdery compound.
The salt is slightly soluble in water and alcohol, and finds a plethora of applications
particularly in the fields of biochemical and medical research [NU02], earth science [Kas18],
plant science [PR"15], etc. When excited by a less harmful and long wavelength ultraviolet
(UV)-A light source (also termed as “black light”) at approximately 398 nm, a water-based
solution of uranine produces a peak emission at approximately 548 nm. The emission
spectra of both water-based solution of uranine and the UV-A light source are presented in
Figure 2.3. The dye properties do not change while the measurements are being performed
for analysis during data transmission, and therefore, are reliably used to represent the

information symbols.
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Figure 2.3: Spectra of ultraviolet-A light source and the water-based solutions of
uranine and highlighter ink as the information carriers.

Due to their strong fluorescence property, highlighter inks have traditionally been utilized
for conducting many scientific experiments and studies, especially in the field of blood
vessel imaging [BD21]. Therefore, a water-based solution of Edding 345 orange highlighter

ink is used in this particular work as an additional information carrier for implementing
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modulation schemes with higher degrees of freedom. The highlighter ink is available in the
form of concentrated aqueous solution, which has a higher solubility in water as compared
to uranine. The water-based solution of the highlighter ink produces fluorescence with a
peak emission wavelength at approximately 594 nm, when excited by the same UV-A light
source at 398 nm. The emission spectra is again depicted in Figure 2.3.

From Figure 2.3, it is clear that the UV-A light source makes uranine and the highlighter
ink produce distinguishable emissions over a certain range of wavelength. This property
helps the receiver make a decision about the transmitted symbols, when the information

carriers are simultaneously released into the channel.

2.1.3 Transmission Channel

Figure 2.4: The transmission channel in the form of a tube-like structure with multiple
flaps over a maximum length of 2.38 m, where the detection modules can be mounted.

The transmission channel consists of a tube of length 2.38 m and a diameter of 50 cm,

which can be further extended up to several meters by attaching additional tubes. The tube
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consists of three rows of six opening flaps, each separated from its neighbor by a distance
of 30 cm, as shown in Figure 2.4. The detection modules and chambers can be mounted on
these flaps at varying distances from the transmitter, located at one end of the tube. The
tube can be made to rest on an aluminum support structure, and tilted up to a maximum
angle ¢y max = £20° to facilitate proper drainage of the residual dye solution, which gets
collected at the bottom surface of the tube. To further prevent any noise contribution
by the residual dye solution, an offset removal technique is employed, described later in
Section 2.3 of this chapter. With the flaps closed, the internal environment of the tube is left
completely dark in order to avoid interference from the environmental light. Furthermore,
turbulence caused due to the movement of air, and its deflection off the interior surface of

the tube is also minimized with this design.

2.1.4 Receiver

The receiver module comprises of a high-speed smartphone digital camera OnePlus 6T, as
shown in Figure 2.5, capturing the images at 480 frames per second (FPS) with a resolution
of 1280 x 720 pixels and a viewing angle of approximately 36.87°. The smartphone digital
camera is controlled remotely via instructions passed through Android debug bridge as
soon as the spray droplets are released from the solenoid valve controlled by the micro-
controller. The region that lies in the field of view of the camera is illuminated by an
18 W UV-A flashlight, as presented in Figure 2.6. The UV-A flashlight excites the liquid
droplets containing the uranine and the highlighter ink molecules emitting colors in the
wavelength regions, as seen from the spectrometer measurements in Figure 2.3 described
in Section 2.1.2.

2.2 Testbed Layout

The front view of the final testbed layout with all the modular components assembled is
shown in Figure 2.7. As seen from the figure, the tube rests on an aluminum frame, mounted
by the receiver chamber with the UV-A flashlight fitted on its side. The UV-A flashlight is
placed along the circumference of the tube at an angle, so that it illuminates major portion
of the cross-sectional area of the tube with the light cone passing right through its center.
Also, this configuration does not allow the droplets sticking to the inner side walls of the
tube from getting illuminated, which could otherwise contribute to the noise. The side view

of the testbed layout is depicted in Figure 2.8, which gives a clear picture of the placement
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Figure 2.5: OnePlus 6T used as the receiver module of the testbed.

Figure 2.6: Ultraviolet-A flashlight.
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Figure 2.7: Physical testbed front view.
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Figure 2.8: Physical testbed side view.
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of the various components along the length of the tube. It may be mentioned that the
receiver chamber is placed at a certain flap, which also corresponds to the placement of the
UV-A flashlight with a separation angle of 120°. This ensures maximum illumination of the
information carrier droplets with a clear image captured by the camera at the receiver side.
It is also made sure that the camera is kept outside the light cone of the UV-A flashlight
in order to minimize the effects of noise and any offset which may arise at the time of
capturing images for pixel intensity measurements. The tube is tilted at an angle of ¢
in order to flush out the residual dye solution that collects at the bottom surface of the
tube. If the transmission system uses a single fluorescent dye solution as the information
carrier, then the residual dye solution could be collected outside the tube and re-used
to send new sets of data sequences. This is done in order to conserve the resources used
as the information carrier. However, if the system uses multiple fluorescent dye solutions
simultaneously to transmit the information, the separation process of the constituent dye
solutions becomes more complex, which is not considered in this dissertation. The testbed

with all its physical units and components is presented in Figure 2.9.

- Receiver Chamber

@ Transmission Channel -..D.‘ :
® : o =
a 1]

UV-A Flashlightg

Figure 2.9: Testbed with all its physical units and components for a successful
implementation of macroscopic air-based molecular communication.

2.3 Information Carrier Concentration

The choice of the information carrier depends on various aspects such as the wavelength of
the light emitted under the influence of UV-A light source, photo-sensitivity of the detector
to the light received from the water-based solution droplets, responsitivity of the detector
to the fast changing number of droplets observed over a given period of time, etc. However,
the aforementioned aspects heavily depend on the concentration level of the information

carriers in their respective water-based solutions. At a specific desirable concentration level,
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the sprayed water-based solution droplets are detected at the farthest intended transmission
distances with significantly high signal-to-noise ratio (SNR). This is necessary in order
to perform the measurements leading to the establishment of the communication theory
with respect to the maximum reach of the communication channel of the testbed under
investigation. Care should also be taken by conserving the information carrier resources

by avoiding over-saturation of the water-based solutions.

As already described in Section 2.1.2, uranine and the highlighter ink water-based solu-
tions are used as the information carriers in the system. The light emitted by their sprayed
water-based solution droplets, when under the influence of the UV-A light source, can
be distinguished in terms of the energy contained in their wavelength components. This
phenomenon is more pronounced in the green and the red pixel intensity values of the
images captured by the high-speed camera-based detector at the receiver side. The camera
captures images at 480 FPS, and the sum of the intensity values of all green and red pixels
for the captured frames are added together and plotted with respect to time ¢. The images
are post-processed by taking the first captured image as a reference frame, and subtracting
it from all subsequent captured images. This further tackles the problem of the offset
that can arise due to any other luminous components or residual dye solution inside the
tube, eventually also contributing to the noise process. From the green and the red pixel
intensity plots, it is observed that one is more dominant than the other depending on the
information carrier being sprayed inside the testbed tube. It is observed (later presented in
Section 2.4) that in the case of the sprayed uranine water-based solution droplets, the green
pixel intensity recorded by the camera is far more dominant than the red pixel intensity.
Conversely, in the case of the sprayed highlighter ink water-based solution droplets, the

red pixel intensity is more dominant than the green pixel intensity.

In order to find the optimum concentration levels of each information carrier, the pixel
energy is measured at a distance of 88 cm. The concentration levels of the information
carriers are gradually increased in separate sprayer containers, each holding 3 L of water. The
pixel energy at a given concentration level is then calculated by spraying the water-based
solution of the information carrier with a spray duration 7, = 0.02s by integrating the
pixel intensity pulse with respect to time over a duration of 0.05s (the choice of parameters
are akin to spray duration 7,, and symbol duration 7', described later in this section
and Section 2.4). The idea of correlating energy contained in the pixel intensity pulses to
the dye concentration is inspired from the simultaneous measurements of particle image
velocimetry and planar laser-induced fluorescence in the work presented in [SG*12]. For

both the information carriers, a total of 100 trials are conducted for each concentration level
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Figure 2.10: Measurement of the green pixel energy values for varying concentration
levels of uranine in water-based solution, at a distance of 88 cm.
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Figure 2.11: Measurement of the red pixel energy values for varying concentration
levels of the highlighter ink in water-based solution, at a distance of 88 cm.
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and the mean of the energy values is considered. Since uranine is available in its disodium
salt form, the concentration is measured in g/3L. It is observed that the saturation level
of the green pixel energy is achieved at a concentration level of about 4 g/3L, as shown by
the red-dotted line in Figure 2.10. Beyond this point, there is no significant increase in the
measured pixel energy values. Henceforth, in this dissertation, the said concentration level
is considered for performing any measurements and analyses that involves water-based
solution of uranine as the information carrier. Similarly, in case of the highlighter ink,
the red pixel energy is measured. Since the highlighter ink is available in its concentrated
aqueous solution form, the concentration is measured in mL/3L. It is observed that the red
pixel energy continues to increase with increase in concentration level without achieving
any apparent saturation level, as shown in Figure 2.11. This is due to the fact that the
highlighter ink itself is in the form of a concentrated aqueous solution. Therefore, in its
undiluted form, it would ideally produce the maximum pixel energy. However, due to
limited availability of resources, in this dissertation, the concentration level of 60 mL/3L
is considered for performing any measurements and analyses which involves water-based
solution of the highlighter ink as the information carrier. Interestingly, the green pixel energy
in water-based solution of uranine at a concentration level 4 g/3L is nearly the same as the
red pixel energy of the water-based solution of the highlighter ink with a concentration of
60 mL/3L. The concentration level of the information carrier is also chosen on the basis of
the SNR that it produces at the receiver side. This allows the sprayed water-based solution
droplets to be conveniently detected by the camera-based detector at the farthest end of

the testbed channel, as presented in Section 2.1.3.

With the aforementioned concentration levels of the information carriers, Figure 2.12(a)
and Figure 2.12(b) depict uranine and the highlighter ink water-based solution droplets,
respectively, when sprayed out of the sprayer at the transmitter side, and viewed through
the camera at the receiver side at a distance of 88 cm. The spray duration at the transmitter
side is T, = 0.02 s, and is chosen in such a way that the sprayed droplets of the water-based
solutions of the information carriers are clearly visible by the camera-based detector at
the receiver side with a considerably high SNR at the farthest end of the testbed. The
green pixel and the red pixel intensity values in case of uranine is shown in Figure. 2.13.
As mentioned earlier, it is clearly seen that the green pixel intensity pulse is far more
dominant than the almost negligible red pixel intensity pulse. In case of the highlighter ink,
the maximum value of the red pixel intensity is nearly three times that of the maximum
value of the green pixel intensity, as observed from Figure 2.14. For the said concentration

levels, the maximum value of the green pixel intensity in case of uranine water-based
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solution is almost the same as the maximum value of the red pixel intensity in case of the

highlighter ink water-based solution.

(a) Uranine (b) Highlighter Ink

Figure 2.12: Camera snapshot of water-based solution droplets of uranine and the
highlighter ink, at a distance of 88 cm under the influence of the ultraviolet-A flashlight.
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Figure 2.13: Observed green and red pixel intensity values over time for the sprayed
water-based solution droplets of uranine, at a distance of 88 cm.
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Figure 2.14: Observed green and red pixel intensity values over time for the sprayed
water-based solution droplets of the highlighter ink, at a distance of 88 cm.

2.4 Receiver Performance Analysis

The receiver of a communication system plays a huge role when it comes to determining
the system performance. It is, therefore, crucial to identify the correct type of receiver for
the system under consideration in order to maximize the performance output in terms of
the data transmission rates, low inter-symbol interference (ISI), low symbol error rates, etc.
This is achieved by performing thorough analyses and investigations of various parameters

depending on the type of the receiver.

2.4.1 Receiver Type

The choice of the receiver, to a large extent, depends on the physical quantity that is
being measured, which is ultimately used to decipher the useful information sent by the
transmitter. This can be done by assessing the interactive behavior of the receiver in
relation to the particles carrying the information in a molecular communication system.

In this regard, the receivers are broadly classified into two types:

o Active Receiver - An active receiver directly interacts with the information-carrying
particles in the form of molecules/particles/ions. This allows the receiver to directly
quantify these particles into a measurable physical unit. For instance, the molecular

communication testbed using alcohol incorporates the M Q-3 gas sensor as its receiver,
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where the resistance of the thin layer of heated-up tin oxide present inside the
gas sensor changes as the alcohol molecules come in contact with it, resulting in a
measurable voltage [KF15; Koh89]. In another instance, a molecular communication
system comprising of acids and bases for transmitting binary data symbols “0” and
“1” encode information in the pH value, which is decoded at the receiver side by
an active receiver interacting with the hydrogen and hydroxide ions called a pH
probe. The measure of the presence of these ions is converted into a measurable
voltage [FPT17]. However, due to this direct interaction between the information
particles and the receiver, the risk of it running into an early saturation is very high,
resulting in “system nonlinearity” [FG13; FP*17]. This makes the detection process

more complex.

o Passive Receiver - A passive receiver, on the other hand, does not interact directly
with the information carriers, but rather measures a specific physical property dis-
played by these particles under certain conditions from a certain distance. For ex-
ample, a molecular communication system comprising of a culture of genetically
engineered Escherichia coli bacteria is used that exhibits fluorescence upon receiving
a specific signal molecule N-(3-Oxyhexanoyl)-L-homoserine lactone (C6-HSL). The
bacteria produces a fluorescent response to the diffusion of C6-HSL molecules, which
is then recorded with the help of a passive receiver in the form of fluorescence micro-
scope [KA™13]. In another example, a molecular communication testbed comprising
of a droplet-based microfluidic system encodes data on water droplets with dissolved
water colors [HM™*19]. For imaging and detection of these colored droplets, optical
microscope with an integrated high-speed camera is used as a passive receiver. In such
systems, due to the absence of direct interaction between the information-carrying
particles and the receiver, the risk of the receiver running into saturation is minimum.
However, the SNR at the receiver side may get impacted due to the distance between
the spatial point where the information-carrying particles are present and the spatial
point where the receiver is stationed. Typically, the detection process is less complex
in such systems due to minimum or complete absence of nonlinear behavior of the

receiver.

2.4.2 Receiver Performance Evaluation

When designing a testbed, the evaluation of the end-to-end system impulse response (hence-

forth, simply referred to as the system impulse response) performance of any communication
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system plays a vital role. The system impulse response refers to the response that a com-
plete end-to-end communication system comprising of the transmitter, the channel, and the
receiver has on a Dirac delta function produced at the transmitter side. The block diagram
of a molecular communication system model is presented in Figure 2.15 [GA21a; KFT15].
A system with a sprayer as its transmitter, produces a short spray burst to emulate the
Dirac delta function. The system impulse response, which is then obtained as a measurable
output quantity at the receiver side, contains the combined influences of the transmitter,
the channel, and the receiver on the spray burst. Consequently, the system impulse re-
sponse can be used to compare two different communication systems comprising of the
same transmitter and transmission channel, but employing different receivers. This allows
the performance evaluation of the receiver through various parameters, often encountered
in literature such as the responsitivity of the receiver, the effect of ISI, effects of the receiver
reaching its saturation value while measuring a certain quantity, etc. These parameters
ultimately decide the error robustness of the communication system, and the achievable
data transmission rates with a significant influence on the communication algorithm (mod-
ulation/detection/coding) design. For the investigation of these parameters, the system
impulse response h(t) of the molecular communication system under investigation is ob-
served over time ¢. A Dirac impulse in the form of a short spray burst is transmitted in order
to trace the response of the system. The response is largely influenced by the responsitivity
of the detection process of the communication system under consideration. Thus, taking
h(t) into account, two crucial performance metrics are identified in this work, which ensure
a fair comparison between the respective responsitivity of the receivers. These are namely
the peak’s maximum to full-width at half maximum (PMFWHM) and the delay to peak’s
maximum (DPM). PMFWHM is the ratio between the maximum value of the system
impulse response hy,. (t) and the full-width at half maximum (FWHM), while DPM is the
time 7 taken by the system impulse response to reach its maximum value hy,,, (t) [FG*13].
It is ideal to have PMFWHM to be as large as possible, which implies a much sharper h(t)
due to high responsitivity of the receiver. It also suggests that the maximum energy of
the impulse is concentrated over a very short period of time. Additionally, it is desirable
to have small DPM 7. This means that the time taken by the receiver to sense the very
first incoming information carrier to the point of detection of its peak value should be as
small as possible. A large value of 7 would mean either the information carrier is being
transmitted slowly (which affects the data transmission rates) and/or the receiver has a
slow response time (a lag which leads to detection errors at the receiver side). Furthermore,

interference to total received energy ratio (ITR) is a metric which defines the ratio of the
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energy contained within the current symbol duration 7" of the impulse response h(t) to the
energy that is contained beyond 7' [KY"20]. This metric helps determine the effect of ISI
originating from the transmission of the current symbol, which impairs the detection of

the next transmitted symbol. ITR is mathematically represented as

Ajgr _ ftioT h(t) dt

ITR(t =T) = _ 2= ,
( ) Agm + At [y h(t)dt

(2.1)

where Ay, is the total energy contained in h(t), and A is the energy contained in h(t)
beyond T. The aforementioned performance metrics to determine the response of the

receiver is illustrated in Figure 2.16.
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Figure 2.15: Block diagram of the system model of the testbed.
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Figure 2.16: Depiction of the system impulse response h(t) along with various per-
formance metrics to determine system response.

In order to compare the system performance of the testbed presented in this work, the
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traditionally implemented macroscopic molecular communication testbed using alcohol is
considered as a benchmark [FG*13]. The testbed is implemented with modified units and
components, which also previously served as a proof of concept for the work presented
in [Dam20]. The setup consists of a Gloria 3 pressure sprayer as the transmitter with an
information carrier comprising of a 3.5% concentration of alcohol water-based solution.
A fan is used at the transmitter side to transport the sprayed information carrier by the
process of advection-diffusion through the channel. The transmission channel is open air
space with no boundaries. An M(Q-3 gas sensor is used as the receiver to measure the
concentration of the transported alcohol from the transmitter side. The M Q-3 gas sensor
directly interacts with the alcohol particles in the air producing a corresponding desired
measurable output, making it an active receiver. The distance between the transmitter and
the receiver is 88 cm, while the relative height between the spray nozzle at the transmitter
side and the M@-3 sensor at the receiver side is 25 cm. The spray duration of T, = 0.5s
is chosen, which produces a clear response at the receiver side with a high SNR, the
sampling frequency of Analog Discovery 2 being 100 Hz. The concentration of the detected
alcohol is translated into a measurable voltage, which is considered for the investigation
of its system impulse response. Due to a slow response time of the receiver, a total of
15 impulse responses are measured and averaged in order to determine the mean system
impulse response, denoted by h,.(t) as shown in Figure 2.17. In order to make a fair
comparison with the system impulse responses of the other systems, h,(¢) is normalized
to its maximum value. It may be mentioned that the symbol duration of T" = 4 s is chosen
for the data transmission in [Dam20]. This period is, however, insufficient for the voltage of
the alcohol sensor to fall back to at least half its maximum value after binary data symbol
“17 is transmitted. With transmission of long sequences of 1’s in quick succession, the
sensor quickly runs into saturation, which is to be compensated. This leads to an increased
probability of detecting the transmitted symbols erroneously. The h,(t) presented in
Figure 2.17 takes the compensation of the effect of saturation into account, in accordance
with the procedure described in [Dam20]. The problem is also tackled by increasing the T

but the data transmission rate suffers, which is seen as a trade-off.

A similar setup is prepared with a macroscopic molecular communication testbed using
water-based fluorescent dye solution. The distance is set at 88 cm between the transmitter
and the receiver, and a relative height of 25cm is set between the spray nozzle at the
transmitter side, and the camera-based detector at the receiver side. In this case, however,
the response produced as pixel intensity value in the camera-based detector is not due to a

direct interaction between the sprayed water-based dye solution droplets of the information
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Figure 2.17: Normalized mean system impulse response h,(t) over time ¢ for a
macroscopic molecular communication testbed using alcohol, at a distance of 88 cm.

carrier and the detector itself. This makes the camera-based detector to be a passive receiver.
Furthermore, a spray burst of duration T,, = 0.02s is considered in order to release the
information carrier into the transmission channel tube, which is a closed bounded structure.
The chosen value of T, still produces a significantly high SNR, which makes it possible to
perform detection of the sprayed droplets of the information carrier at the farthest end of
the tube. In the case of uranine water-based solution, the green pixel intensity recorded
by the camera-based detector at the receiver side is considered for the investigation of
its system impulse response Ay, (t). Similarly, in the case of highlighter ink water-based
solution, the red pixel intensity recorded by the camera-based detector is considered for
the investigation of its system impulse response hi, (t). In order to make a fair comparison
with the measurements of the testbed using alcohol, a total of 15 impulse responses are
measured and averaged. Thus, the mean system impulse response is determined and is
denoted by hyan(t) and hyy(t), as shown in Figure 2.18 and Figure 2.19, respectively.
Additionally, hyan(t) and hy,(t) are also normalized to their maximum values similar to
hae(t) for the testbed using alcohol. It is to be noted that the chosen symbol duration
for the transmission of data in the testbed using water-based fluorescent dye solution is
T = 0.05s. As mentioned earlier in the chapter (Section 2.1.1), the minimum shutting time
of the valve is T}, = 0.03s, which is the minimum time taken by the solenoid valve to

transition from the “on” state to the “off” state. Therefore, T'= T, + Tirans-
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Figure 2.18: Normalized mean system impulse response h..,(t) over time ¢ for a
macroscopic molecular communication testbed using uranine, at a distance of 88 cm.
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Figure 2.19: Normalized mean system impulse response hi,(t) over time ¢ for a
macroscopic molecular communication testbed using the highlighter ink, at a distance
of 88 cm.
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Keeping all the discussed parameters and restrictions in mind, Table 2.1 summarizes the
performance metrics between the receivers of the testbeds using water-based alcohol and
fluorescent dye solutions. It is observed that PMFWHM (measured in unit/s) for the system
using fluorescent dye is much higher than the system using alcohol by a factor of almost 1000.
Furthermore, DPM is achieved much faster in systems using fluorescent dye over the system
using alcohol. Additionally, ITR in the system using alcohol is more than a factor of 100,
as compared to ITR in the systems using fluorescent dyes. All these performance metrics
make the testbed using fluorescent dye an obvious choice for conducting the macroscopic
air-based molecular communication related investigations and analyses over the traditional

testbed using alcohol.

Table 2.1: Performance metrics of the system impulse responses of the testbed re-
ceivers.

Testbed Symbol Duration 7" (s) | PMFWHM (unit/s) | DPM 7 (s) | ITR

Alcohol 4 0.0683 3.22 0.8875

Uranine 0.05 45 0.0208 0.0044
Highlighter ink 0.05 47 0.0210 0.0061

2.5 Summary

In this chapter, the testbed design and implementation of the air-based macroscopic molec-
ular communication using fluorescent dyes is presented. Additionally, each testbed unit
and component, which primarily comprises of the transmitter, the information carrier, the
transmission channel, and the receiver are described in detail.

The chapter also makes an effort to compare the molecular communication testbeds
using fluorescent dye that includes water-based solutions of uranine and the highlighter
ink with the conventional molecular communication testbed using water-based solution
of alcohol. The detailed analyses of proven advantages and improvements of the former
against the latter with respect to various performance parameters like PMFWHM, DPM,
and ITR are discussed in detail. In conclusion, molecular communication testbed using
fluorescent dye has been considered for the first time to establish the complete air-based

macroscopic molecular communication theory, presented in the subsequent chapters.
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In this chapter, the theory behind particle-based molecular communication is presented,
which mainly defines the mass transportation process of the information carriers over a
given channel based on the scale of its application. Additionally, the theoretical models for
the transmission of the information carriers in the form of sprayed droplets of uranine and
the highlighter ink water-based solutions are defined for the testbed under investigation
in this dissertation. The dominant physical effects, which influence the propagation of the
water-based solution droplets of the information carriers through the channel are taken
into account. Furthermore, the end-to-end system model is considered to model the system
impulse response originating from the combined effects of the transmitter, the propagation
channel as well as the receiver, along with the noise process model arising due to the
imperfect design of these fundamental units that make up the testbed. Finally, the system
impulse response and the noise models are considered to define the complete analytical
model of the testbed, which is then validated by transmission of a message sequence through

measurement trials inside the testbed.

3.1 Theory of Molecular Communication

The idea of having a communication system is to successfully achieve transfer of information
over time and space. This is only possible when a system comprising of a transmitter
generates information in the form of some physically quantifiable entity, which is then
transmitted over a propagation channel and ultimately measured by the receiver. The
physical quantity measured at the receiver side is then interpreted in a meaningful way,

which helps to decipher the data that has been transmitted. Conventional communication
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systems typically use wires and cables to connect both the transmitter and the receiver
tangibly, over which a physically quantifiable entity in the form of an electro magnetic
(EM) wave propagates with the useful information. Similarly, in another traditional method
of communication using the open-air free space, the EM waves successfully transfer the
information through the air medium between the transmitter and the receiver, without any
physical connection between the two. However, the speed of transfer of the information is
comparable to the speed of light in a given medium. For example, in air, the speed of light
is given by cjgn = 299702547 m/s, and is typically determined by the refractive index of
the transmission channel medium.

The rate of information transfer in molecular communication, on the other hand, depends
on the speed at which physical transfer of the individual particles carrying the information
takes place in a given medium. This typically occurs at a velocity v << ¢jgn. However, the
propagation of these particles carrying the information depends on the dimensions of the
major units that form the molecular communication system. These include the sizes of the
transmitter and the receiver, the dimensions and medium of the propagation channel, the
physical distance between the transmitter and the receiver, etc. Therefore, based on the
aforementioned aspects as well as the scale at which the application takes place, molecular

communication can be mainly classified into two types:

o Micro-scale molecular communication applications, which occur in nanometer to

micrometer range, for example, as intra and intercellular communication inside human

bodies [Alb10)]

o Macro-scale molecular communication applications that occur in centimeter to me-
ter range, for example, long distance communication between social insects using

pheromones [Ago92]

A comprehensive theoretical framework of molecular communication concerning the testbed
presented in this work would be incomplete without mentioning some of the most com-
mon phenomena facilitating the transportation of information-carrying particles from the

transmitter to the receiver through a transmission channel. These processes include:

o Diffusion - Diffusion is a mass transportation process, where the particles move
randomly in a fluid-based medium by colliding against each other [Ber93]. The
particles mainly utilize the thermal energy of the environment, which can be used
in a molecular communication system to power the transmission process of the

information-carrying particles from the transmitter to the receiver [AB708].
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o Advection - Advection is a faster alternative to the diffusion-based mass transporta-
tion process for moving the information carrier particles from the transmitter to the
receiver over larger distances [HV07]. This is achieved by introducing flow into the en-
vironment in the direction of the receiver [KA09; KA™12]. In the process, additional
energy from external sources are necessary for introducing the velocity component

into the propagation medium.

o Turbulent Flow - Turbulent flows originate due to the random motion of the particles
that constitute the fluid propagation medium, over which, the information-carrying
particles are transmitted with a certain bulk flow [Csa73]. This random motion of the
fluid propagation medium is very similar to the diffusion process of the information-
carrying particles. The major difference lies in the fact that in the diffusion process,
the information-carrying particles are transported from the transmitter to the receiver
due to their own random motion, while in turbulent flow, the random motion of the
propagation medium particles helps to transport these information-carrying particles
along with the presence of the bulk flow. The turbulence is represented by a unitless
quantity called the Reynolds number, which is dependent on the velocity and the
viscosity of the fluid propagation medium. Turbulent flow is also noticeable when
a stream of high velocity fluid is introduced into a low-velocity fluid. A molecular

communication system employing turbulent flow is presented in [AE"18].

o (Convection - Convection is the mass transportation process of particles of the informa-
tion carrier in a fluid-based environment caused due to the presence of a temperature
gradient in the environment, and can be seen as a combination of diffusion, advection,
and turbulent flow. The temperature gradient leads to the thermal expansion and
buoyancy in the fluid, which results in the transportation of particles from the region
of high pressure to the region of low pressure [MY*95]. The information particles
in a molecular communication system could also be transported along with the flow
of the fluid medium if the transmitter is situated at a high pressure region, and the

receiver is situated at a low pressure region [GA™20].

o Dispersion - Dispersion is the process that occurs due to the unequal flow pathways
taken by the particles of the fluid propagation medium, when passing through a
porous medium such as soil [JD84], or the different velocities at which fluid particles
travel due to the non-uniform laminar flow inside a duct [Tay53]. This process helps to
transport the information particles from the transmitter to the receiver that also get

dispersed with the particles of the propagation medium, as discussed in the molecular
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communication system in [WS™18].

However, in a molecular communication system comprising of an air-based propagation
channel medium, the particles of the information carrier in their liquid-based solution form
are released out of the transmitter sprayer via pressurized air. These information-carrying
droplets are predominantly transported over a certain distance between the transmitter
and the receiver through diffusion, advection and/or turbulent flow mass transportation
processes. In this chapter, the mass transportation processes with respect to micro-scale
molecular communication are described in detail along with their mathematical models.
The models are then utilized to formulate the air-based molecular communication in the

macro-scale range.

3.2 Mass Transportation Processes in Molecular

Communication

3.2.1 Diffusion

Diffusion is the random movement of particles such as molecules, particles and/or ions
through random collisions with one another due to the presence of the thermal energy for
temperatures above absolute zero [Cus09]. These particles are suspended in a fluid-based
medium, and the phenomenon is also referred to as the Brownian motion [NE*13]. The dif-
fusion process is seen as one of the potential methods for transporting information particles
from the transmitter to the receiver in a molecular communication system. Its usefulness
comes in the form of its energy efficiency. The energy requirement for the propagation of
the information particles is solely harnessed from its propagation environment in the form
of thermal energy, without the need of any additional external sources of energy. Diffusion-
based applications are commonly observed in cellular level biological processes such as in
the nerve cells, which release neurotransmitter molecules acetylcholine (ACh) into the neu-
romuscular junction to transmit messages to the muscle cells [KY*13]. In another example,
glucose is released into the bloodstream via diffusion [CY"18]. The epithelial cells of the
small intestine absorb glucose molecules through digestion of dietary carbohydrates. These
molecules are then released into the bloodstream via diffusion, which are then carried to
the cells with the help of glucose transporters. Other examples include deoxyribonucleic
acid replication [PS*16], diffusion process in kidneys [FO00], etc.

The rate of diffusion, also termed as diffusivity, is unique to the physical state of the prop-

agation medium through which the particles are free to move and spread. This phenomenon
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3.2 Mass Transportation Processes in Molecular Communication

is mainly observed in fluid (aqueous and gaseous) media. For instance, the diffusion coeffi-
cient in an aqueous medium can be estimated using the Stokes-Einstein equation [KD95] for
the size of the diffusing molecules larger than the size of the molecules of the propagation

aqueous medium, and is given by
kgv
D= (3.1)

- 9
67”77}1101

and for the size of the diffusing molecules which have approximately the same size as the

molecules of the propagation aqueous medium, is given by

Do kgv

= 3.2
47”77'111017 ( )

where kg ~ 1.38 x 1072 ] /K is the Boltzmann constant, 1 and 7 are the temperature and
viscosity of the aqueous medium, respectively, and r,,, is the radius of the diffusing molecule.

Similarly, in the gaseous medium, the diffusion coefficient [Kos82|] can be expressed as

209/ k3

= 2 3 )
3P, gas dgas ™ mgas

(3.3)

where Py, is the pressure of the gas, d,s is the diameter of the gas molecule, and my,; is

the molar mass of the gas.

To model the transfer of information particles via the diffusion process, a three dimen-
sional scenario is assumed, as shown in Figure 3.1. The unbounded environment is filled
with a fluid-based medium of diffusion coefficient D. The described scenario consists of
an infinitesimally small point transmitter, which is located in the coordinates origin of
the three dimensional space. The interaction of the released information-carrying particles
with each other or the homogeneous fluid-based medium is neglected with absence of flow.
The diffusion process can then be modeled using Monte Carlo simulations [FY*16; BS10].
The Brownian motion emulating the diffusion process is well described by a Wiener process
W (t) at time t, with spatial increments of W (t+ At) — W (¢) in every direction, governed by
the distribution A'(0,2DAt), where N'(u1,0%) is a Gausssian distribution with mean p and

variance 2. For a small step size of At — 0, a three-dimensional random walk converges
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Figure 3.1: Diffusion-based molecular communication scenario.

to the Wiener process [NE"13], and is given by

(px [isim] 7py {Z’sim] y P [isimD = (px [Zsim - 1] 7py [isim - 1] y Pz [isim - 1]) (34)
+ (Aper Apy, Ap,)

Apy ~ N(0,2DAt), (3.5)
Apy ~ N(0,2DAL), (3.6)
Ap, ~ N(0,2DAY), (3.7)

where i, € N, represents the simulation step, (px lisim] » Py [Zsim] » Pz [z’sim]) is the position
of the information particle at time instant iy, At, and (pX 0], py [0, o, [0]) is the initial
position of the information particle at time instant ¢ = 0. Additionally, the diffusion process

can also be modeled in a spherical coordinate system as

Px [isim] Px [isim - 1] sin eisim COS Pig;,
py [isim] = py [isim - 1] + Ap sin eisim sin Soisim ) (38)
Pz [isim] Pz [isim - 1] Cos eisim

where Ap is the displacement of the information particle over the time interval At, and
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3.2 Mass Transportation Processes in Molecular Communication

@;.and 0;  describe the three dimensional angular displacements (azimuthal and polar)

over time interval At.

Another method to model the diffusion process is by using the analytical approach with
the help of partial differential equation (PDE). This is represented by Fick’s second law,
which results in mathematical expressions for one dimension, two dimensions and three

dimensions as [SK00; CraT79]

96 (p = [ps, 9%6 (s

¢ (p at[p] H_, ¢a<5§ t)) | 59)

06 (p = |px, pyl , O (P pyrt) 00 (P, pys t
o(p (g’; 7 ):D ¢(gp2py )+ ¢(gp2py) : (3.10)

x g
06 (p=|pryr t) (00 (prvpnt) 0 (porypnt) 06 (ppypnt)

ot a Op3 i op; i op; ’
(3.11)

where D is the diffusion coefficient, ¢(p, ) is the concentration at a given point in space,

defined by the dimension dependent location vector p at time instant .

To solve the PDEs given by (3.9), (3.10), and (3.11), a simple but useful initial condition
is considered, which corresponds to the release of molecules from a point transmitter [Far15],
where it is assumed that M, molecules are released by the point transmitter at time ¢ = 0.
Thus, the initial condition for diffusion process for a dimension dependent space vector can

be given as

qb(p, t) = M05(p)7 (3'12)

where §(p) represents the Dirac delta function for the dimension dependent location vector

p, which is defined as
/ d(p)dp = 1. (3.13)

[e.e]

The boundary condition is considered as

lim ¢ (p,t) = 0, (3.14)

p—+00

where it is assumed that the concentration of the information particles at the far end

in space, represented by the dimension dependent space vector p is negligible. Solving
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the PDEs by considering the stated initial and boundary conditions lead to the following
solutions for the diffusion process in one dimension, two dimensions and three dimensions,

respectively, and are given as

M, ,0>2<
o (p=lpd,t) = TP (_M)’ (3.15)
My pi+ oy
¢ (p = [pxapy] 7t) = W@Xp (— 1Dt ), (316)
My P+ Py + 0}
6 (0= [pxrpy: 0] 1) ::“E;;}Sgggexp (“A4[ns)' (3:17)

The complete derivation of the solution can be found in [McG20]. The diffusion equation
can also be solved in many other ways considering different initial and boundary conditions
in order to obtain the channel impulse response [Ber93|. This could particularly be solved
for the absorbing receivers [Red01]. The capture function of the information particles for a
certain receiver in space can also be obtained by integrating the channel impulse response
from the PDE over a certain boundary [YH" 14]. Also, by differentiating the channel impulse

response with respect to time, it is possible to obtain the maximum concentration [YH"14;
LAT11].

3.2.2 Advection-Diffusion

To accelerate the process of diffusion, a flow component is introduced in the fluid-based
propagation medium, which is termed as the process of advection [AB86]. This is especially
helpful in transporting particles over larger distances with a more channelized approach
to reach a certain target. Together with diffusion, it is termed as the advection-diffusion
process. Advection-based phenomena are often encountered in the nature such as tissue
oxygen delivery system by a micro-vascular network inside the human body [FS*08]. In
plants, the nutrient uptake by the roots from the groundwater is also seen to be an advection-
diffusion process [Avh18]. In a much larger context, advection-diffusion is also responsible
for the flow of the wind, which facilitates the process of pollination in plants, enabling
fertilization [Barll]. Furthermore, the distribution of air pollution to monitor the time
and space dependent concentration of pollutants across a certain region from the source
is also understood better by applying the advection-diffusion models [UA"17]. Based on

the diffusion process, the advection-diffusion process can be modeled by introducing flow
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velocity components in each spatial dimension, and can be expressed as

Px [isim] vpx [isim - 1] Px [isim - 1] sin Qisim cos SOisim
Py [isim] = At Upy [isim - ]-] + Py [isim - 1] + Ap sin Hisim sin Pigim | (318)
IOZ [iSim] /UPZ [iSim - 1] pZ [iSim - 1] Cos eisim

where v, , Uy, and v, represent the flow velocity components in spatial dimensions py, py

and p,, respectively.

Additionally, the advection-diffusion process can also be modeled using analytical ap-
proach. In order to model the propagation of the information particles, the flow due to the

advection process is defined as

\Y% J J J 3.19
v-V=v, —+v, —+v, 7, .
where v = pr,vpy,vpz} is the velocity vector in a three dimensional space, and V =
0 + —+ = is the di t

— 4+ — 4+ — is the divergence operator.

or Oy 0z vere P

Therefore, the transport of the information particles through the advection process
modeling the flow of the propagation environment, with the help of the velocity vector in

three dimensional space is expressed using the advection equation PDE [JA'19] as

96(p, 1)

S = -V (volp,1)). (3.20)

Finally, the Fick’s second law for the process of diffusion is extended to include the
advection process too, resulting in the mathematical expression for the advection-diffusion

process, which is given as

9é(p, 1)

T DV*¢(p.t) = V - (vé(p,t)), (3.21)

0 0?0

where V? = — is the Laplacian operator.

PEREr R

With the same initial condition as described in (3.12) and the boundary condition as
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described in (3.14), the final solutions for the different dimensions can be given as

2
M, x — Uy t
6(p=lpx.t) = e eut)) (3:22)
2 2
M, —(px — v, t) — —v, t
¢ (p = [an py:| ,t) = mthyeXp (p pr BlDt (py UPy ) , (323)
TR (e ) i ) R
Qb(P: [px’pyﬂpz}7t> :WGXP ’ ZLDtp -
(3.24)

3.2.3 Turbulent Flow

Turbulent flow is another mass transportation process in which the bulk flow present in
the fluid propagation medium undergoes chaotic mixing, in contrast to laminar flow, where
the flow of the fluid propagation medium takes place smoothly over multiple layers [MS00].
The fluid propagation medium eddies around the propagating particles, which makes the
particles of the propagation medium at any point to undergo a random change in velocity
(both in magnitude as well as in direction), while the majority of the bulk flow takes place
along a certain direction [BS*15]. This phenomenon is termed as the turbulent flow, where
the random motion of the particles of the fluid propagation medium is very similar to the
diffusion process. The difference, however, lies in the fact that in the diffusion process, the
propagating particles move randomly due to the thermal energy present in the environment,
while in the case of the turbulent flow, the randomness occurs in the particles of the fluid
propagation medium itself. A critical number termed as the Reynold’s number is used to
quantify the presence of turbulence, which is defined as the ratio of the forces due to inertia

to the forces due to viscosity of the fluid propagation medium [Rot90], which is given as

de Vi
Re = — 4, (3.25)
0

where d g is the effective linear dimension of the environment, vg,;q is the flow velocity in
the fluid propagation medium, and 7 is the kinematic viscosity of the fluid propagation
medium. The critical value for Reynold’s number commonly encountered in the literature
is Re = 2300. The flow is laminar for Re < 2300 and turbulent for Re >= 2300. Turbulent

flow is also observed in regular day-to-day life scenarios such as the blood flow in the
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arteries of the heart. Any curves or obstructions in the aorta causes the blood flow to
become more turbulent [SS76]. In another example, the smoke particles emanating from
the ignited tip of an incense stick display a smooth laminar flow for shorter distances,
while the flow becomes more chaotic and turbulent for larger distances [IT92]. Similarly,
turbulent flow is also observed in flowing rivers due to the presence of obstacles, which
turn the laminar flow into turbulent flow [Yok67]. Turbulence in the water increases with
an increase in the flow velocity vqyiq-

As mentioned in [McG20], the equation to model turbulence in the spherical coordinates

can be given as

(3.26)

- or

a¢ (p = [pxa Py pz} 7t) Deddy 0 28¢(t)
ot A !

where Deqqy is the eddy-diffusion coefficient, ¢ is the concentration dependent on time ¢,

and r is the radius of the transmission with the relation
r* = pi +pi + Py (3.27)

The solution for the PDE in three dimensions can be expressed as

M, r
LR R v e

Thus, in the presence of obstacles, a flow component that brings about a movement of
propagating particles and the propagation medium particles alike, (3.24) can be combined

with (3.28) for more accurate models of the mass transportation process.

3.3 Physical Influences Inside the Testbed

As described in Chapter 2, the macroscopic air-based molecular communication testbed
under consideration comprises of a pressure sprayer as the transmitter, a hollow tube of
length 2.38 m as the transmission channel, and a camera-based detector as its receiver.
Before determining the model that best describes the mass transportation process of the
sprayed droplets of the water-based solution of the information carrier inside the testbed,
the physical influences that govern the trajectory of the sprayed droplets are to be identified.
In this dissertation, mainly two major influences are investigated with increasing distance

d inside the testbed by performing physical measurements, one being the drag force in the
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direction opposite to the sprayed droplets in horizontal p, axis, and the other being the
influence of gravity in the vertical p, axis in a three dimensional space. It is also to be
noted that the nozzle tip of the spray lance of the sprayer is adjusted in such a way, so that
it produces a more directed and beamformed “jet”-like spray bursts, allowing the sprayed
droplets to reach the farthest ends of the transmission channel tube by passing through
the ultraviolet (UV)-A flashlight cone. This allows the signal-to-noise ratio (SNR) to reach
sufficient levels, which makes it possible for the camera-based detector to conveniently
detect the transmitted data symbols. The parameters chosen to conduct the measurements

are presented in Table 3.1.

Table 3.1: Parameters for the investigation of the physical influences inside the
testbed.

Parameter Value
Volume of the sprayer container (L) 3
Pressure inside the sprayer container (bar) 3
Spray volume rate (L/min) 0.54
Distance to the receiver d (cm) {58, 88, ..., 178}
Camera frame rate f,,,, (FPS) 480

3.3.1 Influence of the Drag Force on Droplet Trajectory

The sprayed water droplets containing the information carrier are emitted from the sprayer
at the transmitter side. These droplets travel a distance d in the positive p, direction to
reach the camera-based detector at the receiver side. Over the course of their travel, these
droplets are subjected to drag force from the air medium, which slows down their velocity
v, (henceforth, denoted as v for simplicity), thus increasing the transmission delay. The
width of the transmit pulse shape in time domain detected by the camera-based detector is
also increased with increasing distance d from the transmitter, as the droplets take much
longer time to pass through the entire length of the camera field of view, contributing to
inter-symbol interference (ISI).

In this section, the variation of velocity v over the length of the testbed is observed by
carrying out the measurements at a particular distance d from the transmitter, and taking
the average over 20 trials. A light-emitting diode (LED) is placed in the field of view of
the camera-based receiver, which records the incoming droplets. The switching operation
of the LED is linked to that of the sprayer solenoid valve, which is controlled by the micro-

controller. The LED glows as long as the solenoid valve remains open. The frames are then
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counted from the time the LED turns on to the first droplets that reach the center of the
camera field of view, the schematic diagram of which is shown in Figure 3.2. Similarly, an
offset removal technique is employed at the transmitter side by counting the number of
frames from the time instance the LED turns on to the time instance the first droplets
appear just outside the sprayer nozzle. Uranine water-based dye solution is considered for
conducting the trials for the particular experiment, although, the choice of the fluorescent

dye is trivial in this case. Therefore, the measured velocity v,,.,s is given as

d cam
Umeas — fiv (329)

Nyec — MNtrans

where 1., 1S the number of frames from LED turning on to the first appearance of
droplets just outside the sprayer nozzle at the transmitter side, and n,.. is the number of
frames from LED turning on to the first appearance of the droplets at the center of the

field of view of camera at the receiver side.

The mean measured velocities at distances with respect to the position of the flaps in
the transmission channel tube is depicted in Figure 3.3. The standard deviation of the
velocities is represented by the lines enclosed within a certain range of the values. The
velocity v of the droplets increases up to a certain distance to attain a maximum value
right outside the spray nozzle [BD"22b]. This is because the droplets are subjected to a
constant force from the pressure sprayer, allowing them to accelerate over a short range of
distance before attaining a maximum velocity. However, it is observed that as the distance
d is further increased, the velocity v decreases linearly, as depicted in Figure 3.3 due to

the drag force.

In order to obtain a direct relation between the decrease in velocity v due to drag force
with increase in transmission distance d, a linear equation model is fitted (goodness of fit
R? = 0.9912) to obtain vg, over the mean measured velocities after attaining the maximum

value, which is shown in Figure 3.3 and is given as

Uge = 15.45m/s — d 0.010 67 /s. (3.30)

It is to be noted that the fitted equation model is only valid for the range of distance
that has been considered for the particular analysis, but might be inaccurate for larger

distances.
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Figure 3.2: Velocity measurement of the sprayed droplets.
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Figure 3.3: Effect of drag force on velocity of droplets v with increase in distance d.

3.3.2 Influence of the Gravitational Force on Droplet Trajectory

The sprayed droplets released as the water-based solution of the information carrier from
the transmitter side undergo a projectile motion to reach the camera-based detector at the
receiver side. The motion of the droplets in three dimensional space is mainly governed
by their velocity components in both vertical and horizontal directions, represented by p,
and p, axes, respectively. The increasing vertical component of the velocity v, I py axis
is due to the gravitational pull of the Earth, while the varying velocity component v in the
horizontal p, axis is due to the drag force, as described in Section 3.3.1. The divergence

of the stream of sprayed droplets away from the center of the UV-A flashlight cone at the
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receiver side majorly influences the pixel intensity values recorded by the camera-based
receiver, which in turn impacts the SNR. The droplets pass through the light cone of the
UV-A flashlight at a height that varies with distance d between the sprayer nozzle at the
transmitter side, and the camera-based detector at the receiver side.

In this section, the experimental evaluation of the variation of height A’ of the stream of
sprayed droplets from the transmitter side over the length of the testbed tube is observed
by carrying out measurements at a distance d. Figure 3.4 depicts the experimental setup,
where a sheet of absorbing paper is vertically placed at distance d perpendicular to the
direction of the spray nozzle of the sprayer at the transmitter side. The spray nozzle is fixed
at a height A’ = 25 cm from the ground level, as it mimics the exact placement position
of the sprayer at the transmission channel tube of the testbed. The measurements are
conducted over 20 trials in open environment, and the average height is evaluated at the
observation point, depicted in Figure 3.4. A fluorescent impression is left by the sprayed
droplets of water-based solution of uranine on the absorbing sheet of paper, as shown in
Figure 3.5, the center of which is considered to be the height A’ of the sprayed droplets
from the ground. It is also noteworthy to mention that the maximum range of the sprayed

droplets in the open environment is approximately 3.36 m.

Observation Point

Transmitter 3.36 m

Figure 3.4: Gravitational force influencing the trajectory of the sprayed droplets.

The mean measured heights at distances with respect to the position of the flaps in the
transmission channel tube is depicted in Figure 3.6. The standard deviation of the heights
is represented by the lines enclosed within a certain range of the values. It is observed
that the height A" of the droplets decreases in a parabolic fashion. In order to obtain a
direct relation between the change in height A" due to the influence of the gravitational

pull of the Earth with increase in transmission distance d, a parabolic equation model is
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Figure 3.5: Fluorescent impression left by the sprayed droplets of the water-based
solution of uranine on the absorbing sheet of paper.

26 I I
—e— Measured Height
—— Fitted Height
24 - s
o 22 | =
S
k=
= 20| 1
18 | |
16 | | | | | |
58 88 118 148 178 208
d in cm

Figure 3.6: Variation of height /' of the sprayed droplets due to the influence of the
gravitational force with increase in distance d.
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fitted (goodness of fit R* = 0.9902) to obtain hg; over the mean measured heights, which

is shown in Figure 3.6 and is given as
R = 0.258 m — d* 0.0185 /m. (3.31)

It is to be mentioned that the fitted equation model is only valid for the range of distance
that has been considered for the particular analysis, but might be inaccurate for larger

distances.

3.4 System Impulse Response Model

The presented testbed in this dissertation consists of a water-based solution of the informa-
tion carrier at the transmitter side, which is filled inside a pressurized container. During
a single spray burst, the pressurized air particles are released from the sprayer at a very
high speed, which carry the water-based solution droplets of the information carrier along
the length of the transmission channel tube. As mentioned in Section 2.1.1, the nozzle
tip of the spray lance is adjusted to produce “jet”-like spray bursts of the droplets, which
gives them a more directed and beamformed shape. This eliminates the chances of these
droplets hitting the lateral walls of the propagation channel tube of the testbed, before
reaching the camera-based receiver. Another advantage of the spray bursts being directed
and beamformed is that the sprayed droplets reach the farthest end of the channel tube,
making the camera-based detector to detect them with sufficient SNR. Furthermore, the
testbed channel tube is also unbounded in the direction of the propagation of the sprayed
droplets, which makes it safe to assume that the information-carrying droplets travel un-
hindered through the free space environment, without hitting any obstacles on the way.
The tilt of the testbed channel tube for facilitating proper drainage of the residual solution
conforms with the trajectory of the information-carrying droplets, which is in tune with the
distance dependent height profile due to the gravitational pull of the Earth, as discussed
and depicted in Section 3.3.2. However, the sprayed droplets under the influence of gravity
diverge away from the center of the UV-A flashlight cone, thus increasing the relative
distance between the camera-based detector and the sprayed droplets. Additionally, there
is also a small percentage of these droplets which either get collected at the bottom of
the tube or get dispersed laterally beyond the field of view of the camera. This further
impacts the light received by the camera-based detector from the total number of sprayed

droplets, thus affecting the measured pixel intensity values described in Section 2.3. It is
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noteworthy that with a passive receiver in the form of the camera-based detector, it is a
challenge to estimate the exact number of molecules of the information carrier present in
the water-based solution due to the absence of a direct interaction between the detector and
the information-carrying particles. However, there exists a correlation between the number
of information-carrying particles with their changing concentration through space and time,
and the pixel intensity value recorded by the camera-based detector. This relationship can

be established through a calibration process presented in [SGT12].

Finally, in order to find the solution that best describes the mass transportation process
of the sprayed water-based droplets carrying the information carrier, it is witnessed that
the droplets predominantly move from the sprayer at the transmitter side towards the
camera-based detector with a dominant velocity component v along the horizontal p, axis
in the three dimensional space. However, it is to be noted that in the testbed environment,
the velocity v of the sprayed droplets is considered based on the time taken by the sprayed
droplets to traverse the length of the section of the transmission channel tube which is
visible in the field of view of the camera-based detector. It is also assumed at this point
that the transmit sprayer, the channel and the receiver are ideal with no influence of the
noise from various sources, as pointed out in the latter part of this chapter in Section 3.6.
Moreover, the camera-based detector is assumed to act as a transparent receiver since the
sprayed droplets of the information carrier are recorded while they pass through the field
of view of the camera. The sprayed information-carrying droplets also do not stay in the
environment after detection, as they are drained out of the tube. Any other droplets that
collect at the bottom of the tube are not detected by the camera-based detector since
they are not illuminated by the UV-A flashlight, lying completely outside its illumination
cone. Therefore, taking into account all the aforementioned points, the concentration of the
sprayed water-based solution of the information carrier inside the testbed can be modeled
using the one dimensional solution of the advection-diffusion mass transportation process
based on (3.22). This is popularly known as the inverse Gaussian distribution function in

literature [SE*12], and can be expressed as

Mop, . —vt)’
e e a2

In this dissertation, as mentioned in Section 2.4.2, the pixel intensity value measured by the
camera-based detector at the receiver side is considered to be the system impulse response
of the testbed with a strong correlation to the changing concentration of the information-

carrying particles with respect to space and time. Therefore, at the transmission distance
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d, h(t) o< ¢ (px = d,t). It is also to be noted that like any other sensor, the sensor of the
camera-based detector at the receiver side also has a certain response time, i.e., how quickly
it responds to, and picks up the sudden changes in the illumination brought by the sprayed
fluorescent droplets in the environment of the testbed tube. Furthermore, the velocity v of
the sprayed droplets decreases with increase in d due to the drag force from the air-based
propagation medium, explained in Section 3.3.1. This phenomenon remains unchanged
when considering the testbed hardware setup, where v of the sprayed droplets is taken into
account only for the tube section that gets captured by the field of view of the camera-
based detector mounted on a particular flap. Both the aforementioned phenomena combined
together, cause the system impulse response to stretch in time domain, as opposed to the
theoretical model described by (3.32), with a detailed explanation in [FK™14]. Therefore,
a correction term needs to be introduced in the system impulse response (3.32) in order to
compensate for these effects. Moreover, as the pressurized air particles are released from the
sprayer container at a high velocity, they carry the water-based solution of the information
carrier along with them, which then breaks apart at the tip of the nozzle into multiple
droplets to give a spray-like formation. This phenomenon drags along the air from the
propagation medium of the testbed tube, generating shear forces responsible for producing
small amount of turbulence in the process [VD"18]. However, the Fick’s law can still be
applied to such cases with the introduction of a correction term in the diffusion coefficient
D [Guh08; Far15]. From Figure 2.18 and Figure 2.19, it is also observed that the testbed
measurements of the system impulse responses for sprayed uranine as well as the highlighter
ink water-based solution droplets display two discernible local maxima. This is due to the
fact that as the high velocity air particles are ejected from the pressurized container at the
transmitter side, they push out the traces of the water-based solution of the information
carriers already present inside the spray lance. This is seen as the initial burst of the sprayed
droplets. The second burst, which is much wider in time domain, comes from the droplets
being ejected out from the container along with the air particles. This occurrence can
be modeled by the summation of two individual inverse Gaussian distribution functions,
described by (3.32). Finally, the trajectory of the sprayed droplets gets affected by the
gravitational pull of the Earth, increasing the distance between the camera-based detector
at the receiver side and the information-carrying droplets, as described in Section 3.3.2.
This affects the amplitude of the system impulse response, and is determined by the height
of the trajectory given by h’. Therefore, taking into account all the aforementioned factors

and (3.32) forming the basis, a more practical and realistic model for the true system
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impulse response free from the effects of the noise can be described as

, (d —mt)? , Qo (d — 75t)°
h(t)=nh ﬁexp (—ﬁl ; ) +h \/t_36Xp (—52t), (3.33)

where a; and ay are the correction coefficients that take into account the combined effects
of the response time of the camera-based detector, the number of sprayed droplets of the
information-carrying particles populating the field of view of the camera-based detector
undergoing lateral dispersion, and the diffusion coefficient due to the turbulence introduced
into the air-based channel by the spraying action and the change in the sprayed droplet
size, when traversing through the transmission channel tube. Similarly, 5, and 3, are the
coefficients that correct the diffusion coefficient due to the effects of turbulence from the
spraying action, and the change in the sprayed droplet size as they travel through the
transmission channel tube. Finally, 7, and 7, are the coefficients used to correct the change
in the velocity of the sprayed droplets due to the drag force as they travel through the

channel.

Estimation of the System Impulse Response Coefficients

The coefficients of the true system impulse response can be estimated for varying con-
ditions and parameters of the testbed such as the pressure, the spray duration, and the
distance between the transmitter and the receiver corresponding to a water-based solution
of the information carrier. However, in this dissertation, the pressure of the sprayer at the
transmitter side is fixed at 3 bar, as this is the maximum pressure at which the sprayer
can operate. Also, the spray duration T, is chosen to be 0.02s for the reasons stated in
Chapter 2. Therefore, in this work, only the behavior of the true system impulse response
model described by (3.33) is analyzed with increasing distance d, which helps understand
the extent up to which a molecular communication link can be established. In this regard,
measurements are conducted in the testbed to help estimate the values of the coefficients
of the model, and to study their behavior with increasing d between the transmitter and
the receiver.

For estimating the coefficients of the true system impulse response for increasing distance
d between the transmitter and the receiver, the list of parameters considered to perform the
experiments is listed in Table 3.1. For a particular value of d, the system impulse response
from the testbed is recorded by performing 100 measurement trials. As examples, both

uranine as well as the highlighter ink water-based solutions at d = 88 cm are presented
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3.4 System Impulse Response Model

in Figure 3.7 and Figure 3.8, respectively. Finally, the model for the true system impulse
response described by (3.33) is fitted through the average of all measured trials from the
testbed.

0.012

0.01

0.008

0.006

hmeas (t)

0.004

0.002 |-

Figure 3.7: System impulse response based on the testbed measurements with 100
trials for uranine water-based solution, at distance d = 88 cm.

In order to find the coefficients of the true system impulse response model, h(t) is
sampled at m multiples of period Ty = 1/ feam, and is represented as h(mT .y, p), where
p = [ay, B, 71, @, B, 12T, with aq, By, 71, g, [a, and v, being the model coefficients. The
fitting is performed with the help of the nonlinear least square curve-fitting technique for
N samples measured by the camera-based detector, and every sample being represented

by a function f(mT.,,). The coefficient estimation problem can therefore be formulated as

min Z_l (f(mToam) = (M T, P))° - (3.34)

The problem is finally solved using the Levenberg-Marquardt algorithm [Gav19], offered
by the curve-fitting toolbox in MATLAB. For a particular set of coefficients, the goodness
of fit between the true system impulse response model, and the average measured system

impulse response from the testbed is evaluated in absolute terms by a metric named
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Figure 3.8: System impulse response based on the testbed measurements with 100
trials for the highlighter ink water-based solution, at distance d = 88 cm.

root-mean-square error (RMSE), which is given as

1 N

N (f(mTcam) - h(mTcama p))2 (335)

m=1

RMSE =

The average measured system impulse response along with the curve-fitted system
impulse response for the water-based solutions of both uranine and the highlighter ink with
increasing distance d are shown in Figure 3.9 and Figure 3.10, respectively. The model
coefficients obtained produce an RMSE in the order of approximately 10™*, as listed in
Appendix B, which corroborates the fact that the fitted model very closely resembles the
real-life measurements obtained from the testbed. General observation shows that the
maximum value of the system impulse response decreases, while its spread increases with
increase in d, which is explained in detail later in this section. Moreover, the two discernible
local maxima of the system impulse response appear to merge together with increase in d.
This is due to the fact that for larger distances, the clear distinction between the consecutive
spray bursts from the spray lance dissipate slowly as the individual droplets present in the

spray burst travel with different velocities constantly undergoing a lateral dispersion.

The coefficients of the system impulse response themselves display a variation with

increasing distance d between the transmitter and the receiver. The coefficients o and as
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Figure 3.9: Average measured system impulse response from the testbed with the
curve-fitted system impulse response for uranine water-based solution for increasing
distance d.
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Figure 3.10: Average measured system impulse response from the testbed with the
curve-fitted system impulse response for the highlighter ink water-based solution for

increasing distance d.
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Figure 3.11: Variation of coefficients of true system impulse response model h(t)
with distance d for uranine water-based solution.
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for both water-based solutions of uranine and the highlighter ink decrease almost linearly
with increase in d, as shown in both Figure 3.11 and Figure 3.12. This is because the
coefficients take into account the number of sprayed droplets of the information-carrying
particles, which constantly undergo a lateral dispersion. As a result, a fraction of these
particles settle down at the bottom of the tube and/or move out of the field of view
of the camera with increasing d. Moreover, the diffusion coefficient changes because of
the turbulence introduced into the air-based channel due to the spraying action of the
information-carrying droplets. Additionally, the coalesced droplets break apart into smaller
droplets, as they travel from their release point at the tip of the spraying nozzle through the
transmission channel tube. The change in radius of these droplets also affects the diffusion
coefficient. Linear equation models for uranine water-based solution are thus fitted in order
to get a direct relation between the change in the values of the coefficients a; and a5 with

increase in d, and are obtained as
o = 1.249 x 10752 — d 5.648 x 107°s"/? /m), (3.36)

and
oy = 2.988 x 1074 s"? — 4 6.993 x 107° 82 /m. (3.37)

Similarly, the linear equation models for the highlighter ink water-based solution for coeffi-

cients a; and a5 with an increase in d are obtained as
ap = 1518 x 107462 —d 5.7 x 107°s"/2 /m, (3.38)

and

ap = 3416 x 1072 — 4 1.217 x 107*s"/? /m. (3.39)

Coefficients 5, and Sy decrease exponentially with increase in distance d for both water-
based solutions of uranine and the highlighter ink, as depicted in Figure 3.11 and Fig-
ure 3.12, respectively. These coefficients take into account the diffusion coefficient that
gets affected by the turbulence caused by the spraying action of the water-based solution
of the information-carrying droplets. Moreover, the coalesced droplets break apart into
smaller droplets from their point of release at the tip of the spraying nozzle, as they travel
through the transmission channel tube. The constantly changing radius of these droplets
ultimately introduces a change in the diffusion coefficient with increasing d, which can

be represented in the case of uranine water-based solution by fitted exponential equation
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models for coefficients 5, and (3, as
By = 2.261 exp (—d 2.131)s/m?, (3.40)

and

By = 12.38 exp (—d 2.667) s/m”>. (3.41)

In similar lines, the exponential models that best describe the change in the values of
coefficients 8, and (3, with an increase in d for the highlighter ink water-based solution are

obtained as
B, = 2.613exp (—d 2.271) s/m?, (3.42)

and
By = 15.07 exp (—d 2.577) s/m>. (3.43)

Lastly, coefficients v, and 7, increase linearly with increase in distance d for both water-
based solutions of uranine and the highlighter ink, as shown in Figure 3.11 and Figure 3.12,
respectively. The coefficients take into account the change in the velocity of the sprayed
droplets due to the drag force as they travel through the channel. In the testbed environ-
ment, however, the velocity v of these droplets is only considered based on the time taken
by them to traverse the length of the channel that is visible in the field of view of the
camera-based detector, and not from the point of release of the droplets from the spray
nozzle, as described in Section 3.3.1. Thus, the increase in the values of the coefficients v,
and 7y, is mostly to offset the effect of the increase in d in the true system impulse response
model. Therefore, the change in the coefficient with d for uranine water-based solution is

represented by fitted linear equation models for coefficients v; and 5, and are obtained as
v = —10.68m/s + d 64.64 /s, (3.44)

and
Yo = 0.9693m /s + d 29.37 /s. (3.45)

Similarly, the linear models describing the change in the values of coefficients v; and v,

with increasing d for the highlighter ink water-based solution are obtained as

7 =4.871m/s + d 46.16 /s, (3.46)
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and

7o = 5.185m/s + d 24.94 /s. (3.47)

3.5 Test of Linearity

In signals and systems theory, linear systems are classified as those, in which the output
produced due to a linear combination of the inputs is the same as that of the linear com-
bination of the individual responses to the same inputs [PM14]. Mathematically speaking,
for a system ¥ [z] defined over time ¢, the relation between the individual inputs z(t)
and x,(t) scaled by two arbitrary constants a; and a, respectively, and the corresponding

outputs y;(t) and y,(¢) can be defined as
yi(t) = a1 T [1(1)] (3.48)

and
Yo(t) = axT [25(t)] . (3.49)

The condition of linearity is thus satisfied when
T a1 (1) + agwo(t)] = arT [z, (8)] + a2 T [22(8)] = y1(?) + va(D). (3.50)

Molecular communication systems relying on fluid flow mechanism for information trans-
fer processes, often risk defying the linearity property that is presented in (3.50), which
causes dramatic variations between the inputs and the outputs of a system, requiring a
more complex detection process of the transmitted information. Some of the possible rea-
sons leading to this nonlinear behavior are the presence of strong turbulence or wind effects
at the transmitter side or in the channel, which could potentially change the direction of
flow of the information-carrying particles. Other possible reasons include changes in the
properties of the information carrier that affect its concentration, and thus, its ability to
be detected at the receiver side. The imperfect receiver design is another cause of nonlinear
behavior, making the detection process inconsistent over extended periods of time. However,
as long as these deviations are small, well within certain “permissible limit”, and can be
minimized by averaging out over multiple trial runs of transmitted sequences, the system
can still be considered to be close to a linear system.

Concerning a molecular communication system employing a single transmitter, the non-

linear behavior is identified for the first time in the alcohol-based molecular communication
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testbed, presented in [FG*13; FK"14; KF*14]. The main reason behind the display of
such behavior is due to the imperfection of the gas sensor at the receiver side reaching its
saturation level, which leads to an inconsistent detection of long sequences of 1’s in the
data transmission sequence.

In order to test the system linearity of the introduced molecular communication testbed in
this dissertation, the experiment is performed using a single transmitter with the assumption
that all the inconsistencies in the end-to-end system leading to the deviation from the
true input value can be reduced by averaging over multiple trial runs of a transmission
sequence. The experiment to test the linearity of the system is performed separately for the
water-based solutions of uranine as well as the highlighter ink, in line with the experiments
performed in [OK*18; WH"20]. In order to do so, three transmit sequences are considered,
as shown in Table 3.2. Sequences S; and S, comprise of 20 randomly generated symbols
without having an overlapping symbol “1”, as the system is incapable of producing symbol
“2” due to the availability of only two states of a single sprayer at the transmitter side, i.e.,
“on” (symbol “17) and “off” (symbol “07).

Table 3.2: Transmit sequences for the test of linearity of the fluorescent dye-based
molecular communication system.

Transmit Sequence Binary Representation
Sq 10010100111010101001
Sy 01001010000101000100
S 11011110111111101101

Additionally, sequence S; is considered, which is the superposition of the sequences S; and
S,. The sequences S; and S, are transmitted separately, and the pixel intensities generated
by the individual transmission of these sequences are recorded by the camera-based detector
and superpositioned on one another. Finally, sequence S5 is transmitted, and the pixel
intensity is separately recorded by the camera-based detector. The detection at the receiver
side is performed at a distance of d = 83 cm. To minimize the effect of inconsistencies in
the system, the sequences are run over 20 trials, and the mean pixel intensity values are
calculated as shown in Figure 3.13 and Figure 3.14 for water-based solutions of uranine
and the highlighter ink, respectively. It is observed that the superpositioned received pixel
intensity values from the transmission of sequences S; and S, are almost the same as
the received pixel intensity value from the transmission of sequence S3. Therefore, it is
concluded that the molecular communication system making use of only one transmitter is

nearly linear and is independent of the choice of the information carrier used to transmit
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Figure 3.13: Recorded green pixel intensity values of the water-based solution of

uranine for the transmit sequences, at distance d = 88 cm.
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the information.

It is important to mention that those molecular communication systems employing
multiple transmitters for modulation purposes by exploiting the color of the information
carrier and/or the spatial domain as additional degrees of freedom (described in Chapter 4 in
detail), the system can display nonlinear behavior due to the effect of shadowing. Shadowing
occurs when the sprayed droplets of one color or belonging to one spatial region may get
hidden by the droplets of other color or belonging to the other spatial region, due to an

increase in lateral dispersion with distance between the transmitter and the receiver.

3.6 Noise Process

As mentioned in Section 2.4.2 and in Section 3.4, the system impulse response is evaluated
by transmitting a short spray burst through the channel, resembling a Dirac delta function,
and measuring the response using the camera-based detector at the receiver side. In an ideal
scenario, the system impulse response comprises of the influences of a perfect transmitter,
a perfect channel, and a perfect receiver on the Dirac delta function, which is described
by the model in (3.33). However, the response of the system over multiple trials shows
randomness, as seen from multiple measurement trials in Figure 3.7 and Figure 3.8, and
the linearity test of the system in Figure 3.13 and Figure 3.14. This phenomenon can be
attributed to the following reasons: Imperfect sprayer at the transmitter side producing
inconsistent spray bursts, spray nozzle adjustments, small turbulence created by the initial
interaction of released high velocity droplets with air, the air drag from the transmission
channel medium, the inconsistency in the amount of droplets passing through the UV-A
light cone, and the imperfection of the camera-based detector at the receiver side. Some
of the sources of randomness are also in line with the noise sources of the molecular
communication systems described in [KF*15; GA20], and therefore in this work too, the
randomness present in the system is treated as the background noise, which is described
by a statistical noise model. The proposed noise model together with the true system
impulse response model in (3.33) can be used to describe the complete analytical model
for the end-to-end system under investigation. The analytical model could then be used to
predict the results much faster and more efficiently by conducting extensive simulations
as compared to the time-consuming testbed measurements.

The proposed noise model is assumed to be additive in nature, and in order to establish
the noise process, the noise samples in m multiples of period T,,,, = 1/ feam are estimated.

Therefore, the estimated noise sample 7, from the measured system impulse response
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trials hpeas(t), and the true system impulse response h(t) sampled at ¢t = mT,,,, can be

described as
ﬁm = hmeas(mTcam) - h(mTcam)' (351)

The estimated continuous-time noise signals of five testbed trials at a transmission distance
d = 88 cm is shown for uranine and the highlighter ink water-based solutions in Figure 3.15

and Figure 3.16, respectively.
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Figure 3.15: True system impulse response model for uranine water-based solution
and estimated noise signal of five testbed measurement trials, at a distance d = 88 cm.

It is also interesting to see how the standard deviation of the noise signals for 100
measurement trials sampled at ¢t = mT,,,, vary with time ¢. If the total number of trials
is represented by N, the standard deviation of the noise samples at time t = mT,,,, is

given by
]_ Ntrial
ﬁmthriM) Z ﬁm,itrial — Ha,, n (3.52)

= y
s . trial
Ntrlal Giria=1

o

where iy, is a trial from Ny, total trials, 2, ;  is an estimated noise sample at t = mTg,

for trial igy, and pp . is the mean value of the estimated noise samples at time

trial

t =ml,,,, for Ny, total number of trials, which is given as

1 Ntrial

'ﬁ, g
™, Nirial Ntrial

7 (3.53)

M,%rial *

Ztrialzl
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Figure 3.16: True system impulse response model for the highlighter ink water-based
solution and estimated noise signal of five testbed measurement trials, at a distance
d = 88 cm.

It is observed that a direct correlation exists between the true system impulse response
h(t) sampled at time t = mT,,, scaled by a factor k, and the standard deviation of the
noise samples (7, v, . ), the plots of which for both uranine as well as the highlighter ink
water-based solutions at a distance d = 88 cm are shown in Figure 3.17 and Figure 3.18,
respectively. For the quantification of the correlation that exists between the aforementioned

quantities, a Pearson correlation coefficient [Pes15] is calculated, which is defined as

o — cov (h(mTcam), o (ﬁm Ntrm))’ (3.54)

Jh(mTcaIIl) 0-0' (ﬁmﬂNtriml )

where cov(+) is the covariance between the true system impulse response h(t) sampled
at t = mT,,,, and the standard deviation of the estimated noise samples o (ﬁm Ntrial) at
t = mT am, Opmr,.) is the standard deviation of the true system impulse response h(t)

sampled at t = mT,,,,, and o . is the standard deviation of the standard deviation
U(nmthrm)

of the estimated noise samples o (ﬁm Nma1> at t = mT,,,,. The values of the scaling factor
x and the Pearson correlation coefficient p,,., with distance d for the water-based solutions
of uranine and the highlighter ink are presented in Table 3.3 and Table 3.4, respectively.
The value of k is proportional to the maximum value of the system impulse response

hmax(t) achieved, which decreases almost linearly with increase in distance d between the
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Figure 3.17: Scaled true system impulse response and the standard deviation of the

estimated noise samples at ¢ = mT,,,, for the uranine water-based solution, at distance
d = 88 cm.
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Figure 3.18: Scaled true system impulse response and the standard deviation of the
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distance d = 88 cm.
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transmitter and the receiver. Owing to a very large value of p..., corresponding to d, it
is concluded that the noise power is amplitude-dependent, which is also in tune with the
diffusion noise in classical diffusion-based molecular communication models, often encoun-
tered in the literature [DK*17]. Additionally, the randomness present in the system under
investigation is due to the superposition of many uncorrelated processes mentioned earlier
in this section. As the central limit theorem states that the superposition of uncorrelated
random variables in real-life scenarios roughly leads to a Gaussian distribution [Fis11], the
noise process variance can therefore be modeled as a continuous-time amplitude-dependent

white Gaussian noise process, and can be expressed as

o2(t) = h(t) (1 — h(t)) . (3.55)

Table 3.3: The values of the scaling factor x and the Pearson correlation coefficient
Peorr With distance d for uranine water-based solution.

Distance d (cm) | Scaling Factor x | Correlation Factor pegp.
58 7.2601 0.8382
88 5.1068 0.9410
118 4.6945 0.9502
148 3.2124 0.9628
178 1.9398 0.9421

Table 3.4: The values of the scaling factor x and the Pearson correlation coefficient
Peorr With distance d for the highlighter ink water-based solution.

Distance d (cm) | Scaling Factor k£ | Correlation Factor peop.
58 5.9209 0.8790
88 4.6385 0.9089
118 3.2324 0.9473
148 3.4119 0.9749
178 2.7211 0.9804

The statistical dependency of the estimated noise sample 7, to a previous noise sam-
ple ﬁm—ﬂag with a relative time lag of 7j,, is described by the auto-correlation function
ACF (ﬁm, Tlag). As examples, this function is illustrated in Figure 3.19 and Figure 3.20 for
uranine as well as the highlighter ink water-based solutions for a transmission distance of
d = 88 cm, which show the previous noise sample estimates that have a strong statistical

influence on the current noise sample estimate, which makes the noise process itself to be
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Figure 3.19: Correlation weighting factors averaged over 100 measured trials for
uranine water-based solution, at a distance d = 88 cm.
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Figure 3.20: Correlation weighting factors averaged over 100 measured trials for the
highlighter ink water-based solution, at a distance d = 88 cm.
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correlated in nature. This is in contrast to a white noise process, where the statistical de-
pendency of a noise sample on any of the previous noise samples is absent. It is to be noted
that the strong correlation between the current sample and the past noise samples exists
due to the appearance of the same droplets multiple times in a sequence of recorded frames
of the camera, as they travel along the field of view of the camera. Once the droplets exit
the field of view of the camera, there is no longer any contribution by these droplets to the
pixel intensity values, recorded in subsequent frames. The observation is also true for the
other transmission distances under investigation. As a consequence of these observations
specific to the testbed design and the distance between the transmitter and the receiver, the
statistical dependence of the noise samples can be emulated using a simple moving average
(MA) model. The order wy;s of the MA model is determined by taking into account all
the weighting factors with a value of at least 0.1 that exist due to the correlation between
the current noise sample estimate, and the previous noise sample estimates. As examples,
the correlation weighting factors averaged over 100 trials for both uranine as well as the
highlighter ink water-based solutions at a distance d = 88 cm are presented in Figure 3.19

and Figure 3.20, respectively. Thus, the MA model can be described as

1 WMA
Ny, = (Z ¢i5m—i + <’3‘m> > (356)
WMmA :
(1 + 3 w?) =
=1

where 1); are the weighting factors that determine the influence of the previous noise
samples, and ¢,,_; ~ N (0,1), &, ~ N (0, 1), are zero-mean white Gaussian noise processes
with variance of 1. The parameters of the MA model are determined from the measured
testbed signals in the sense of a maximum likelihood estimation with the help of the
arima() function available in MATLAB. Therefore, the final amplitude-dependent and

correlated noise process can be given as

n(MT pam) = 00 (ML o) My, (3.57)

Finally, the superposition of the true system impulse response h(t) sampled at mT,,,,,
and the noise model sampled at mT,,,, for a distance d = 88 cm are combined together in
order to generate 100 impulses for both uranine as well as the highlighter ink water-based
solutions, as depicted in Figure 3.21 and Figure 3.22, respectively. The impulses generated
from the models show a clear conformity with the measured impulses from the testbed, as

depicted in Figure 3.7 and Figure 3.8.
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Figure 3.21: System impulse response from the testbed with 100 measured trials for
uranine water-based solution, at distance d = 88 c¢m.
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Figure 3.22: System impulse response from the testbed with 100 measured trials for
the highlighter ink water-based solution, at distance d = 88 cm.
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3.7 Analytical Model

Finally, the transmission and reception of data through the testbed can be well described
by a continuous-time end-to-end system model comprising of the input signal into the
system x(t), the system impulse response h(t), the additive noise n(t), which ultimately

produces the output signal y(¢) coming out of the system, as depicted in Figure 3.23.

z(t) —> h(t) »w > y(t)

Figure 3.23: Continuous-time end-to-end system model of the testbed.

Mathematically speaking, the system model can be translated into the analytical model,
which is a computational representation used to describe and analyze the behavior of a
system, process, or a particular phenomenon. The analytical model can also be used as
an alternative to performing real-life measurements, which often prove to be very tedious
and time-consuming. The analytical model introduces more flexibility by providing an
option to perform the various analyses, especially that of bit error rate (BER) by running
larger Monte Carlo runs for higher accuracy, which otherwise is a constraint in a physical
testbed scenario. However, it must also be noted that analytical models do have their
limitations. They often rely on simplified assumptions that may not accurately capture
all the real-life complexities. For example, when a system becomes nonlinear, it might be
difficult or even impossible to derive closed-form solutions. Keeping all the constraints in
mind, the complete end-to-end system of the testbed can be described conforming with
Figure 3.23 as

y(t) = x(t) * h(t) + n(t), (3.58)

where * represents the convolution operation.

In order to test the validity of the analytical model and a compatibility with the measure-
ments from the testbed, data transmission of the text message “ICT” is performed over the
testbed with uranine as well as the highlighter ink water-based solutions, as depicted in Fig-
ure 3.24 and Figure 3.25, respectively. This is performed for increasing distance d between
the transmitter and the receiver. A source-coded binary data sequence “010010001110100”

that corresponds to the American standard code for information interchange is transmitted
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over the testbed channel. An initialization symbol “1” precedes the transmission sequence
in order to facilitate proper synchronization at the receiver side, indicating the arrival of
the message sequence. Symbol “0” is represented by the inactivity of the sprayer over a
symbol duration 7' = 0.05s, while symbol “1” is represented by the spraying action at
the transmitter side over T" = 0.05s, with a spray duration of T, = 0.02s. The same
text message is also transmitted using the analytical model, as shown in Figure 3.24 and
Figure 3.25. It is observed that the model very closely emulates the real-life measurements
obtained from the testbed, indicating the fact that the model is suitable for the purpose of
BER analysis, when comparing the performances of various modulation schemes, equaliza-
tion and detection strategies, as well as channel coding schemes by increasing the Monte
Carlo trials in a simulation environment. The obtained results closely resemble the testbed
measurement results with a higher precision, requiring only a fraction of time and effort

as compared to conducting the measurement trials.

3.8 Summary

This chapter discusses the theory behind the mass transportation process of the information-
carrying particles in a transmission channel of a molecular communication system. Micro-
scale molecular communication system primarily witnesses the mass transportation of
the information-carrying particles in the form of diffusion, advection, turbulent flow, con-
vection, and dispersion. However, when it comes to the macro-scale air-based molecular
communication system, diffusion, advection, and turbulence are the predominant ways
in which the information-carrying particles get transmitted from the transmitter to the
receiver. The testbed presented in this work is modeled to transport the information-
carrying water-based solution droplets of uranine and the highlighter ink using the inverse
Gaussian distribution function, based on the principle of advection-diffusion. Moreover, by
conducting experiments, the dominant physical effects such as the drag force and the grav-
itational force are seen to influence the propagation of the water-based solution droplets
of the information carriers through the channel. These effects are incorporated into the
inverse Gaussian distribution function defining the noise-free system impulse response of
the molecular communication testbed under investigation. Furthermore, the estimation of
the system impulse response coefficients and their variation with increase in distance d
between the transmitter and the receiver are carried out in this work based on the testbed
measurements and curve-fitting technique using the Levenberg-Marquardt algorithm.

The system linearity of the introduced molecular communication testbed in this disserta-
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Figure 3.24: Comparison of measured y(t) and analytical () for transmitted message
“ICT” for uranine water-based solution with increasing distance d.
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Figure 3.25: Comparison of measured y(t) and analytical y(¢) for transmitted message
“ICT” for the highlighter ink water-based solution with increasing distance d.
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tion is tested by performing experiments with a single transmitter containing a water-based
solution of uranine and the highlighter ink. With the assumption that the inconsistencies
in the end-to-end system can be reduced through averaging of the transmission sequences
over multiple trials, the linearity test is performed by the transmission and superposition
of independent data sequences. It is observed that the presented molecular communication
system displays almost a linear behavior. The slight deviations and randomness are treated
as noise.

The noise in the end-to-end system of the presented macroscopic molecular commu-
nication testbed originates due to the imperfect sprayer design at the transmitter side,
spray nozzle adjustments, small turbulence due to the interaction of released high velocity
droplets with air, the air drag from the transmission channel medium, inconsistency in the
amount of sprayed droplets passing through the UV-A light cone, and the imperfection
of the camera-based detector at the receiver side. The statistical analysis of the noise is
performed to find out its characteristics, which is observed to be amplitude-dependent in
nature. This noise process is combined with the system impulse response to define the
complete analytical model of the testbed.

The mathematical translation of the end-to-end system model comprising of the input,
the true system impulse response, the noise model, and the output is given by the analytical
model. The analytical model is helpful in the sense that it can be used as an alternative
to performing real-life measurements, which are often time-consuming and require a lot of
effort. The validation of the analytical model is done by generating a text message with the
model, and comparing it with the same text message transmitted using the water-based
solutions of uranine as well as the highlighter ink through the testbed channel. This is
done for increasing distance d between the transmitter and the receiver. The observation
shows the ability of the analytical model to very closely emulate the real-life measurements
performed on the testbed, indicating its suitability in performing BER analyses with
respect to the implementation of different modulation schemes, equalization and detection
methods as well as the channel coding schemes through Monte Carlo trials in a simulation

environment.
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This chapter deals with the data detection process at the receiver side as well as imple-
mentational aspects of various transmission algorithms in the form of modulation schemes
incorporating one or more degrees of freedom. This is achieved typically by exploiting
the information carrier concentration, time, the color of the information carrier, and the
presence of sprayed water-based droplets of the information carrier in the spatial domain
to represent the information. The error performance of the information carriers in the
form of the water-based solutions of uranine and the highlighter ink are compared for a
simple binary modulation scheme incorporating concentration as a degree of freedom, for
increasing distance between the transmitter and the receiver. Similarly, the detection algo-
rithms and equalization techniques are also realized, and their performances are compared
for a particular information carrier. Finally, the error performance analysis is extended to
various higher order modulation schemes for increasing distance between the transmitter

and the receiver.

4.1 Receiver-Side Data Acquisition

Before discussing the modulation techniques and detection algorithms, it is imperative to
discuss the process by which the transmitted data gets acquired at the receiver side. As
explained in Section 2.3, the detection process considers the fact that the sprayed water-
based solution droplets of the information carriers under the influence of the ultraviolet
(UV)-A light source can be distinguished based on the fluorescence produced by them
over a certain wavelength range in the visible light region. This phenomenon is reflected

predominantly on the green and red pixel intensity values of the images that are captured
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by the high-speed camera-based detector at the receiver side for uranine and the highlighter
ink water-based solutions, respectively. However, prior to their interpretation for detection
of transmitted data symbols, the images are post-processed by taking the first captured
image as a reference frame, and then subtracting it from all the subsequent images that
are captured. This step ensures that there is no offset in the recorded pixel intensity values,
which may arise due to any other luminous components or residual dye solution inside
the tube contributing to the noise process. In the next step, the green and the red pixel
intensities for the respective water-based solutions of the information carriers recorded
by each pixel in a given frame are summed separately, which are then interpreted as the
information signal, ready to undergo the detection process. As example, the transmission
of the text message “ICT” in Section 3.7 is considered for illustration purpose. At distance
d = 88cm, the information signal representation with green pixel intensity value for
uranine water-based solution is presented in Figure 4.1. The binary equivalent of the
message sequence along with the initialization symbol “1” is depicted, where symbol “0”
and symbol “1” are represented by the inactivity and activity of the sprayer over symbol

duration 7' = 0.05s at the transmitter side, respectively.
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Figure 4.1: The information signal representation of the transmitted message “ICT”
with green pixel intensity value for uranine water-based solution, at distance d = 88 cm.

In the sense of the acquisition of the transmitted data, the energy under the received

green and/or red pixel intensity pulses are accumulated over a symbol duration T', and

can be mathematically obtained through integration. Hence, the ¢th end-to-end system
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z
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Figure 4.2: Block diagram of the equivalent discrete-time end-to-end system model.
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Figure 4.3: The pixel energy samples y|k] for the binary equivalent of the transmitted

message sequence “ICT”.
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coefficient h,, 0 < ¢ < L is calculated as

(t+1)T

hy = / h(t) dt, (@1)

LT

where L is the effective end-to-end system memory length. Therefore, the relationship
between the transmitted data symbol x[k] and the received pixel energy value y[k] at kth
transmission interval can be exactly described in discrete-time domain by a representation
of convolution operation with addition of noise term n[k]. This is termed as the equivalent
discrete-time end-to-end system model, as shown in Figure 4.2. The model is in line with
the equivalent discrete-time channel model, introduced for a diffusion-based molecular
communication channel in [DK*17]. Therefore, the pixel energy samples for the binary
equivalent of the transmitted message sequence “ICT” in Figure 4.1 is depicted in Figure 4.3,
which are then subjected to various detection algorithms to detect the transmitted data

symbols.

4.2 Simple Binary Transmission and Threshold Detection

Once the data acquisition process is established, data transmission can be achieved by
employing low-complexity modulation of the data based on the spraying action at the
transmitter side. The modulated data is then detected and deciphered at the receiver side

using low-complexity detection algorithms. This section discusses these methods in detail.

4.2.1 On-Off Keying

On-off keying (OOK) is arguably the simplest type of modulation scheme, which is the
unipolar version of the more popular binary amplitude shift keying used for several appli-
cations in wireless communication. Here, the information is represented by switching the
signal on or off. Due to low energy consumption, especially when there is no transmission of
information, OOK finds its application in optical transmission and battery-operated remote
controls. For a diffusion-based molecular communication channel, the first implementation
of OOK is presented in [MM*10], where the binary information is represented by the pres-
ence and absence of molecules released from the transmitter side. Therefore, a single type
of molecule is sufficient to represent the information. In this dissertation, OOK modulated
information is represented using a single transmit sprayer containing either a water-based

solution of uranine or the highlighter ink. The chosen symbol duration is T = 0.05s of

102



4.2 Simple Binary Transmission and Threshold Detection

which the solenoid valve of the sprayer remains open for a duration of 7,, = 0.02s for
representing a binary data symbol “1”, while it remains closed for a binary data symbol “0”.
For the parameters like T" and T, their values are chosen in conformity with the reasons
stated in Section 2.4.2. For illustration purpose, the depiction of OOK modulated data in
terms of the received pixel energy samples y[k] for a data sequence “101101” is presented

in Figure 4.4, with the dashed lines representing a symbol duration 7'
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Figure 4.4: Depiction of the received pixel energy samples y[k| for an on-off keying
modulated data transmission sequence.

4.2.2 Threshold Detection

Threshold detection refers to a fundamental technique employed for the detection of the
transmitted data, which gets affected by noise in the transmission channel. It involves
establishing a decision boundary, known as the threshold, to discriminate between different
data symbol states or levels. It is a low-complexity detection technique, typically employed
in those systems which have limited access to computational power such as the diffusion-
based molecular communication system. The threshold detection is also incorporated in

the macroscopic molecular communication testbed presented in this dissertation.

Fixed Threshold Detector

With respect to molecular communication, fixed threshold detector (FTD) is the simplest,
the least complex, and the most common type of detector found in nature. FTD is op-
erational inside the human bodies, where the transfer of calcium ions above a certain

concentration level affects muscle contraction, cell locomotion, hormonal secretion, and
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neural transmission [CLO8]. In another example, insects such as ants make use of the FTD-
based signaling techniques for conveying the message about perceived threat or quality of
food by producing a higher concentration trail of pheromones, which is detected by the
other ants in the colony [RC09]. In molecular communication, FTD is used to detect the
transmitted data symbols. For a diffusion-based molecular communication channel, when
the number of absorbed molecules at the receiver side within a transmission interval exceeds
a certain threshold, the decision is made accordingly for the corresponding transmitted
data symbol [MM™*11]. However, in this dissertation, when the received pixel energy value
y[k] at the receiver side accumulated over a symbol duration 7" exceeds a certain threshold
€, the data symbol estimate Z[k| corresponding to the transmitted data symbol z[k] is
assigned with the decision value. The value of ¢ remains unchanged during the detection
process of the entire sequence of symbols in the case of FTD, which makes it suitable only
for concentration-based modulation schemes. The FTD rule for OOK modulation scheme

can be given as

Bk = 0 ifylk] <&, (42)

1 if ylk] > €.

Adaptive Threshold Detector

Although FTD is a low-complexity detector, it is not well-suited for countering inter-
symbol interference (ISI). Therefore, the problem can be solved by introducing the concept
of adaptive threshold detector (ATD), as first introduced for a diffusion-based molecular
communication channel in [DH16]. In ATD, the detection threshold changes depending
on the received number of molecules. It is a biologically inspired detection algorithm
motivated by the synaptic plasticity witnessed in human neural networks. Based on the
previous stimuli, the synapses either increase (enhancement) or decrease (depression) their
activity for a stimulus. In this dissertation, the threshold value £[k] changes with time
instance k, depending on the received pixel energy value of the previously transmitted
symbol y[k — 1]. This is then used to determine the symbol estimate #[k| corresponding
to the transmitted data symbol z[k]. The ATD rule for OOK modulation scheme can be

given as

Bk = 0 %fy[/f] <{kl=y (4.3)
1 ifylk] > (k] =y
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One disadvantage of using ATD is that without ISI in the channel, the detection algorithm
performs poorly, especially when there is a sequence with a long chain of binary data
symbol “1”. On the other hand, ATD is advantageous in the sense that it requires no
knowledge of the end-to-end system coefficients h,, saving computational complexity and

channel estimation overhead [Dam20].

4.2.3 Error Performance of the Transmission System

The transmission link using OOK modulation scheme at the transmitter side and a
threshold-based detection algorithm at the receiver side is established by separately using
water-based solutions of both uranine as well as the highlighter ink. The bit error rate
(BER) performance of the information carriers are compared with increasing distance d.
The theoretical BER as well as the BER based on the testbed measurements and the
analytical model are evaluated and analyzed in this section. The theoretical BER is espe-
cially analyzed by taking into account 108 OOK modulated data symbols over 20 trials,
detected at the receiver side using F'TD. The data transmission sequence length is chosen
in a way, so as to make it a possibility to compare up to 16-ary higher-order modulation
schemes (8-ary higher-order modulation schemes already implemented in this work, as
discussed in Section 4.4). The received energy samples y[k] corresponding to each binary
data symbol is separately represented by a probability density function (PDF). Since the
received energy samples representing the unipolar data symbols are always non-negative,
the received energy samples are only defined for the region 0 < y[k] < co. PDF for the
received energy samples y[k] (denoted by y for simplicity) representing the binary data

symbol “0” is modeled by a half Gaussian distribution M. (0, ob ), which is formulated as

V2 Y
Nha1f<070§) = mexp (—%‘2 ) (4-4)
0

where o is the standard deviation of the distribution. Similarly, PDF for the received
energy samples y[k| representing the binary data symbol “1” is modeled by a Gaussian

distribution N (s, 07), which is formulated as

N, 01) = ;exp (—M) , (4.5)

2
o1V 2T 201

where 11; and o; are the mean and the standard deviation of the distribution, respectively.

In order to obtain the mean and the standard deviation values of the distributions with
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increasing distance d between the transmitter and the receiver, the histogram curve-fitting
function histfit () is used, which is available in MATLAB. The histogram bin size is
chosen to be 50 with each bin having a width of 0.00048 for binary data symbol “0”, and
0.0024 for binary data symbol “1”. The values of u,, g and o; with increase in d for
the molecular communication testbed presented in this work are listed in Appendix C.1.
An evident observation shows that o; > 0y, a clear indication to the presence of the

amplitude-dependent noise in the end-to-end system.

PDFs of binary data symbol detection based on the received green pixel energy samples
in the case of uranine water-based solution, and the received red pixel energy samples
in the case of the highlighter ink water-based solution with increasing distance d are
presented in Figure 4.5 and Figure 4.6, respectively. An error is said to have occurred
when a transmitted data symbol x [k] is incorrectly detected. The general expression of the
symbol error probability for an erroneous detection of the transmit symbol z[k] (denoted

by x for simplicity) at the receiver side is given as

P,= > P(2)P(i # x| ), (4.6)

TEX

where P (z) is the probability of occurrence of the transmitted data symbol, P(Z # z ‘ x)
is the probability of receiving the erroneous data symbol, and X is the symbol alphabet.
Therefore, for a system incorporating binary data symbols for data transmission purposes,
the symbol error probability P, is the same as the bit error probability A,. Thus, B, for
OOK modulated binary data symbols is given as

P, = P(0)P(1|0) + P(1)P(0] 1), (4.7)

The decision threshold £ is the intersection point of the two distributions N, (0, ob ) and
Ny, 0%), beyond which, a transmitted symbol is erroneously detected, i.e., if binary data
symbol “0” is transmitted, then it is detected as a binary symbol “1” and vice versa. Hence,

the theoretical BER is evaluated for equiprobable binary data symbols as

11 (y— ) 1> 2 Y’
P = —d+/ —— | ay. 4.8
b= 5 /0 - %eXp( 27 vt o N e K (4.8)

The derivation to evaluate £ is described in Appendix C.2 in detail.

A performance comparison of the theoretical BER for both uranine and the highlighter

ink water-based solutions along with BER obtained from the testbed measurements and
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Figure 4.6: Distribution of the received red pixel energy samples of binary data
symbols with increasing distance d using water-based solution of the highlighter ink.
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Figure 4.7: Comparison of theoretical bit error rate of the on-off keying modulated
binary data symbols for water-based solutions of uranine and the highlighter ink with
the bit error rates obtained from the testbed measurements and the analytical model
for increasing distance d.

the analytical model is presented in Figure 4.7. In the case of the testbed measurements, a
sequence of 108 randomly generated OOK modulated binary data symbols is transmitted
over 20 trials for increasing distance d. In the case of the analytical model, where a better
observation of the BER performance can be made for shorter values of d, OOK modulated
and randomly generated binary data symbols of the same sequence length is transmitted
over 100000 trials. As a common observation, it is seen that for both uranine as well as
the highlighter ink water-based solutions, the BER performance deteriorates with increase
in d. This is because there is a significant reduction in the number of droplets traveling
the length of the tube and reaching the field of view of the camera-based detector at
the receiver side. The droplets either fall down and collect at the bottom of the tube or
simply get dispersed laterally. Also, the trajectory assumed by the spray is influenced
by the gravitational pull of the Earth, increasing the distance between the camera-based
detector and the droplets, as discussed in Section 3.3.2, thus reducing the intensity of light
received by the camera. All these influences decrease the received signal strength while
contributing to the noise power. Moreover, the slowing down of the sprayed droplets due
to the effect of the drag force further leads to an increase in ISI. For smaller transmission
distances, more accurate results are obtained with the help of the theoretical BER and

the BER obtained from the analytical model, as opposed to the results obtained from the
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testbed measurements. For larger transmission distances, the theoretical BER performance
of the uranine water-based solution as the information carrier is better than that of the
highlighter ink water-based solution. This observation also holds true when considering the
BER results obtained from both the testbed measurements as well as the analytical model.
This is due to the presence of the Bayer filter in the optical sensors of the camera-based
detector, which is more sensitive to the fluorescence producing wavelength in the case of
uranine water-based solution (548 nm) as opposed to the fluorescence producing wavelength
in the case of the highlighter ink water-based solution (594nm) [HX"10]. Henceforth, all
the testbed measurements are carried out using the water-based solution of uranine, unless

mentioned otherwise.

4.3 Channel Equalization

In communication theory, equalization is a technique that is used in order to mitigate the
effects of channel distortion on the transmitted signals. For an electro magnetic (EM) wave-
based communication, when data is transmitted through a communication channel, the
channel can introduce various impairments that include signal attenuation, delay spread,
and frequency-selective fading. These impairments can distort the original signal causing ISI,
and reducing the quality of the received signal. Equalization, therefore, helps compensate
for these distortions and restores the original signal as closely as possible at the receiver
side of the transmission system. The macroscopic air-based molecular communication
testbed using fluorescent dyes presented in this dissertation displays clear evidence of
ISI with increasing distance between the transmitter and the receiver, which proves to
be a major deterrent to the BER performance of the various transmission algorithms
employing modulation schemes. Hence, popular equalization techniques from the literature
are implemented in the molecular communication system to address the issue.

Prior to implementing an equalizer, least squares channel estimation technique can be
used as a tool to estimate the end-to-end system coefficients of a molecular communication
system. This is a popular method used in classical wireless communication systems to
estimate the characteristics of a communication channel. When the signals from the trans-
mitter towards the receiver get distorted due to noise, interference, multipath propagation,
etc., channel estimation helps determine the behavior of the channel so that the received
signal can be properly equalized or corrected. A popular approach in the estimation of
the channel coefficients include the transmission of a known pilot sequence with the com-

bination of the knowledge of the transmitted and the received signals. For the molecular
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communication testbed presented in this dissertation and for a system memory length of
L, the L + 1 end-to-end system coefficients can also be estimated using the least squares
channel estimation strategy. For a pilot matrix A of size (L + 1) x K, where K is the
length of randomly generated known pilot sequence, and the received pixel energy vector

y of size 1 x K, the estimated end-to-end system coefficient vector h is given as
. —1
h=yA" (AAT) . (4.9)

It must be mentioned that the estimated end-to-end system coefficients are not normalized
in order to preserve the features like the hardware position/configuration related and the

distance dependent signal strength.

4.3.1 Zero-Forcing Equalization

Equalization techniques are commonly used in digital communications theory as a mea-
sure to counteract the IST originating in the data transmission channel [PS07]. A linear
equalization technique named the zero-forcing (ZF) equalizer has been implemented in this
dissertation for the fluorescent dye-based macroscopic molecular communication testbed.
Similar to the equivalent discrete-time end-to-end system model, where the memory and the
end-to-end system coefficients form the building blocks of a finite impulse response (FIR)
filter, the ZF equalizer is also represented in the form of an FIR filter with its coefficients
g; in order to invert the characteristics of the end-to-end system. This helps to cancel out
the ISI. The convolution of the end-to-end system coefficients with the ZF filter coefficients

in the discrete-time domain results is a unit impulse that can be formulated as [PS07]:

> Gihey = (4.10)
j=—00 0 if g 7é 0.

In principle, the system behaves like an FIR filter, implying that the ZF equalizer
should ideally be implemented as an infinite impulse response (IIR) filter. However, given
the complexity involved in the design and realization of an IIR filter with infinite filter
coefficients, the ZF equalizer is implemented as an FIR filter with G filter coefficients, as
shown in Figure 4.8. This particular constraint affects the performance of the ZF equalizer
as the ISI is not removed completely. The system is however modeled on the one dimensional
solution of the advection-diffusion mass transportation process which is causal, stable, and

minimum-phase, and is similar to the diffusion-based molecular communication channel.
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Figure 4.8: Block diagram of the zero-forcing equalizer.

This in turn makes the ZF filter causal, stable, and minimum-phase, with a very small
influence of the IIR filter coefficients, which has not been considered in the design process.
Finally, the transmit symbol x[k] is estimated as #[k] with the help of a threshold detection
process, without considering the effects of ISI. Therefore, FTD presented in Section 4.2.2
is used for the final detection of symbols when applying the ZF equalizer, as also seen from
Figure 4.8.

4.3.2 Decision-Feedback Equalization

Another popular equalizer in digital communications is the decision-feedback equalizer
(DFE) that is used for effectively correcting the current transmit symbol by relying on the
decisions made with respect to the previously transmitted symbols. The DFE is a nonlinear
type of equalizer whose performance is often better than that of a linear equalizer [PS07],
and is implemented for the macroscopic molecular communication testbed presented in this
work. It comprises of two parts, a feedforward filter that helps in the truncation of a long
system impulse response, and a nonlinear feedback filter that helps in the removal of any
residual IST through the previously detected symbols [PS07]. In this dissertation, however,
a DFE is considered without taking into account the feedforward filter, as depicted in
Figure 4.9. It is the special case, where the filter coefficients are equal to the coefficients

of the system memory. Therefore, the equalized received sample is given as [Dam20]

y'[k] = ylk| —ii’[kj—f]hg, (4.11)

(=1

where Z[k —(]h, is the estimated IST available at the input of the DFE through the feedback

of the previously decided symbols & [k — ¢], which is then subtracted from the received pixel
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energy sample y[k]. The transmitted symbol estimate Z[k] is finally obtained after y'[k]
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Figure 4.9: Block diagram of the decision-feedback equalizer without feedforward
filter.

undergoes a threshold detection process, without taking the effects of ISI into account. For
example, in this dissertation, FTD presented in Section 4.2.2 is used for the final detection
of symbols when applying DFE. One advantage of using a nonlinear equalizer like DFE
over a linear equalizer like ZF is that the former does not amplify the noise as opposed to
the latter. However, if an erroneous detection of a symbol occurs, the error then propagates

across the entire transmission sequence limiting the performance of the DFE [PS07].

4.3.3 Maximum-Likelihood Sequence Estimation

The maximum-likelihood sequence estimation (MLSE) approach is an optimal detection
strategy that helps in the minimization of error present in the transmitted data sequence.

With the help of MLSE technique as a detection algorithm for the macroscopic air-based
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molecular communication using fluorescent dyes, the most probable transmitted data se-
quence is determined by considering every possible sequence [PS07], and is mathematically

represented as

& = argmax {p(y | Z)}, (4.12)

where @ is the sequence of the transmitted data symbol estimate, & is the sequence of
the data symbol hypothesis, and y is the sequence of the received pixel energy samples at
the receiver side. The MLSE detection strategy has many advantages over conventional
equalization techniques. For example, the MLSE-based detectors neither amplify the noise
as in the case of ZF equalizer, nor do their use lead to any error propagation, as witnessed
in DFE. A low-complexity and elegant version of the MLSE-based detection scheme is
the Viterbi algorithm [For73], which looks for the most probable path in a trellis diagram
leading to the identification of the data sequence that has most-likely been transmitted.
A trellis diagram comprises of K trellis segments, where K is the number of transmitted
data symbols in a sequence, resulting in one trellis segment for every transmission interval.
An example of a trellis segment with binary symbols and a system memory length L = 2 is
shown in Figure 4.10. A trellis segment consists of M” states, where M is the cardinality

of the transmitted data symbols. These states represent all possible symbol combinations

lJ’mem I‘l’mem

[k — 2] 7k — 1] #k — 1)7[K]

0 0 0 0
0 1 0 1
1 0 1 0
1 1 1 1

Figure 4.10: Trellis segment of a binary data transmission sequence with system
memory length L = 2 in maximum-likelihood sequence estimation detection strategy.

in the memory elements of the equivalent discrete-time end-to-end system model. Thus,
the trellis segment in Figure 4.10 consists of 2% = 4 states. Two adjacent states in a trellis

segment are connected by a branch. Each state can therefore be reached by M branches, and
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M branches emanate from a particular state. These branches constitute a transmit data
symbol in the current time instance, which is subsequently present in a memory element
of the equivalent discrete-time end-to-end system model in the next time instance. In the
case of binary data symbols, a solid branch depicts symbol Z[k] = 0 and the dashed branch
depicts symbol Z[k] = 1. Each branch is assigned with a cost when transitioning from one
state to another. The branch metric is denoted by )\Z[j]em [k], where g, represents the
current memory state. The sum of all branch metrics that lead to the next memory state at
time k is called the path metric, which is denoted by I, [k]. Thus, the implementation
of the Viterbi algorithm consists of the following three steps:

1. Initialization: The branch metrics of all trellis segments corresponding to the length of

the transmitted data sequence are calculated in this step based on the rule )\i[ﬂm k] =
2

L

ylk] — X heZ[k — ¢]| . Furthermore, at the beginning of the transmission, the memory
(=0

state is assumed to be empty, and the path metric of the first all-zero state is set to

zero, while the path metric of every other state is initialized to infinite.

2. Add, compare, select: This step is sequentially executed for every new state in the
successive trellis segment. Initially, the new path metrics are computed based on the
rule I, [k] = I, [k~ 1]+ ¥ [k] (add), following which, the different path
metrics leading to the new state are compared with one another (compare). Finally,
the path with the least cost is preserved as the surviving path, while every other

path with higher cost is eliminated (select).

3. Trace-back: Finally, at the trellis diagram corresponding to the end of the transmitted
data sequence, the minimum path metrics amongst all final states are compared. The
state with the lowest path metric marks the beginning of the path realizing the most
probable sequence. The path from that point onwards is traced back through the
surviving trellis paths. Each selected branch is assigned a particular symbol leading

to the detection of the transmitted data sequence.

4.3.4 Results

A comparative BER performance analysis of the detection algorithms with increasing
distance d is presented in this section. The BER performance based on the testbed mea-
surements using the water-based solution of uranine for a randomly generated binary data
sequence length of 108 over 20 trials is presented in Figure 4.11 (testbed measurement

parameters listed in Table 3.1). Similarly, for a better observation of the BER performance
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in the case of smaller values of d, the simulation results based on the analytical model
presented in Figure 4.12 is considered for a randomly generated binary data of same se-
quence length over 100000 trials. An end-to-end system with a memory length L = 3
with OOK modulation scheme is considered for evaluating the BER performance of the
detection algorithms. These algorithms can also be applied to higher order modulation
schemes, described in Section 4.4. A known pilot sequence of length 108 over 20 trials is
randomly generated for separately estimating the end-to-end system coefficients, using the
least squares channel estimation technique. For the BER analysis, the length of the filter
coefficients for both ZF equalizer and the DFE is considered to be the same as the end-to-
end system memory length. As observed from both Figure 4.11 and Figure 4.12, FTD is the
worst performer amongst all the detection algorithms, as it does not take ISI correction into
account. The ZF equalizer, however, performs better than FTD but performs worse than
DFE and MLSE-based equalizer. This is due to the fact that ZF equalizer is represented
as a low-complexity FIR filter with finite filter coefficients, inverting the characteristics of
the end-to-end system, instead of using an IIR filter in the ideal case. This hinders the
performance of the ZF equalizer and the ISI is not completely removed. Furthermore, noise
amplification also occurs for smaller end-to-end system coefficients. The DFE, however,
only feeds back hard decisions, and does not amplify the noise. Therefore, it has a better
BER performance as compared to the ZF equalizer. However, error propagation might
still occur in the case of DFE if a decision is made incorrectly. The MLSE-based equalizer
performs the best due to its high computational complexity. It is also interesting to see
that the BER performance of the detection algorithms converge for higher values of d,
indicating the fact that the noise in the system becomes a more dominant error contributor

as compared to the ISI.

4.4 Higher-Order Modulation Schemes

Higher-order modulation schemes are advanced techniques used in digital communication
systems to transmit and receive higher volume of data over a communication channel.
These schemes involve encoding information using various degrees of freedom, allowing
for the transmission of multiple binary data symbols per unit time, thus, increasing the
data transmission rates and the spectral efficiency. Therefore, in this section, higher-order
modulation schemes are discussed that are incorporated in the macroscopic air-based
molecular communication testbed presented in this dissertation. Apart from using time,

additional degrees of freedom in the form of fluorescent dye colors and the spatial regions
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Figure 4.11: Bit error rate performance of the channel equalization techniques on
the on-off keying modulated data transmission sequences based on the testbed mea-
surements with increasing distance d.
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Figure 4.12: Bit error rate performance of the channel equalization techniques on the
on-off keying modulated data transmission sequences based on the analytical model
with increasing distance d.
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populated by the information carriers are exploited to design the modulation schemes for

achieving higher data transmission rates.

4.4.1 Pulse-Position Modulation

[k

.
0 0
k

Figure 4.13: Depiction of the received pixel energy samples y[k] for a 2-ary pulse-
position modulated data transmission sequence.

Pulse-position modulation (PPM) is a popular modulation technique commonly used
in optical communication, where the information is embedded in the position of a signal
pulse within a transmission interval. Based on the same principle, PPM has also been
introduced for a diffusion-based molecular communication channel in [GL"11], where the
time of release of molecules within a transmission interval is utilized to represent the
information. In this dissertation, PPM modulated information is represented using a single
sprayer containing uranine water-based solution. The M data symbols in an M-ary PPM
are encoded by transmitting a spray-pulse occupying one of the M chip slots of duration
T,, within a symbol duration T" = M T,. Bearing in mind the hardware restrictions as
mentioned in Section 2.4.2, suitable value of T, is chosen. For this work, T, = 0.025s is
considered, while the spray duration T,, = 0.02s. Additionally, 2-, 4-, and 8-PPM are
implemented in this work. For illustration purpose, the depiction of 2-PPM in terms of
the received pixel energy samples y[k| for a binary data sequence “101101” is shown in

Figure 4.13, with the dashed lines representing a symbol duration 7.
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Figure 4.14: Depiction of the received pixel energy samples y[k]| for a 2-ary differential
pulse-position modulated data transmission sequence.

4.4.2 Differential Pulse-Position Modulation

Differential pulse-position modulation (DPPM) is a commonly used modulation technique
concerning applications in both radio-based wireless and optical communication [SK98;
SK99], which is implemented by transmitting a reference signal pulse followed by the
transmission of the subsequent pulses at various time intervals corresponding to the data
symbols. The information is embedded within the time gap between two successive pulses.
DPPM has been introduced in the form of communication through silence for a diffusion-
based molecular communication channel in [GL"11], and its variation in the form of time-
elapse communication for a testbed setup using genetically modified bacteria in [KA™*13].
In this dissertation, DPPM is implemented by spraying uranine water-based solution from
a single sprayer. A single reference spray-pulse of duration 7, = 0.025s is transmitted
with each of the subsequent symbols in an M-ary DPPM being transmitted with the same
pulse duration after a certain time gap, which is in multiples of T,,, = T}, = 0.025s
from the previous pulse. The symbols in M-ary DPPM are represented as s; = @ Ty,
i €{0,...,M — 1}. In this dissertation, 2-, 4-, and 8-DPPM have been implemented, and
the pictorial representation of 2-DPPM in terms of the received pixel energy samples y[k]
for a binary data sequence “101101” is showcased in Figure 4.14, with the dashed lines

representing a symbol duration T' = i Tg,,.
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4.4.3 Shorten Pulse-Position Modulation

Shorten pulse-position modulation (SPPM), as first introduced in [SZ09], is a more band-
width-efficient alternative to PPM modulation scheme that shows promise in applications
such as underwater optical communication. In this scheme, the first binary data symbol of an
M-ary SPPM is OOK modulated, while the remaining binary data symbols are PPM mod-
ulated, making it more bandwidth efficient as compared to the standard PPM. For the first
time in [BD"22b], SPPM is implemented with regard to molecular communication. SPPM
modulated information is represented using a single sprayer containing uranine water-based
solution. The chip slot duration is the same as for PPM at T,, = 0.025 s, while the symbol du-
ration can be expressed in the form of T = (210552 M=1 4 mod (21°g2 M=t 2) + (\/—_1)M> T.,.
In this work, 4- and 8-SPPM have been implemented, and the graphical representation
of 4-SPPM in terms of the received pixel energy samples y[k] for a binary data sequence
“101101” is showcased in Figure 4.15, with the dashed lines representing a symbol duration
T.
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Figure 4.15: Depiction of the received pixel energy samples y[k| for a 4-ary shorten
pulse-position modulated data transmission sequence.

4.4.4 Multi-Pulse Pulse-Position Modulation

Another modulation scheme to improve the bandwidth utilization in PPM is proposed
in [SN89] as multi-pulse pulse-position modulation (MPPM) for optical communication.
Contrary to PPM, where one pulse occupies one of the M chip slots for representation
of a data symbol, in an M-ary MPPM scheme, several pulses occupy the chip slots to

represent one symbol. If K, among N, chip slots are to be occupied by the pulses to
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K,

c

represent a symbol, then up to (%Z) symbols can be transmitted. However, the value (NC>
is not a power of two, and in order to transmit log, M bits, the additional symbols must
be modulated by the conventional PPM technique using a single pulse. In [BD*22b] for
the first time, MPPM is implemented for a molecular communication testbed, where a
single sprayer containing uranine water-based solution is used to modulate the symbols in
an 8-MPPM scheme. Here, N, = 4 and K, = 2 are chosen, while the chip slot duration
T, = 0.025s remains the same as that of PPM. Thus, the symbol duration can be given
as T = MT,./ 21084(M/2) e binary data symbols are mapped as shown exemplarily for
the 8-MPPM in Table 4.1, while the pictorial illustration of the scheme in terms of the
received pixel energy samples y[k| for a binary data sequence “101101” is showcased in

Figure 4.16, with the dashed lines representing a symbol duration 7'.

Table 4.1: Mapping for the 8-multi-pulse pulse-position modulation scheme.

Data Sequence x
[0 0 0] 110 0]
00 1] [1010]
[0 1 0] 100 1]
01 1] 0110
10 0] 010 1]
10 1] 00 1 1]
11 0] 100 0]
11 1] 00 10]
1 0 1 1 0 1
0 ° ° Y °
0 1 2 3 4 5) 6 7
k

Figure 4.16: Depiction of the received pixel energy samples y[k| for an 8-ary multi-
pulse pulse-position modulated data transmission sequence.
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4.4.5 Molecular Shift Keying

. Receiver Chamber

___‘____."" Transmitter 2

Figure 4.17: Testbed with two different sprayers, one containing uranine water-based
solution, while the other containing highlighter ink water-based solution.

Molecular shift keying (MoSK), as the name suggests, embeds the information on the
type of molecule that is being transmitted from the transmitter to the receiver, serving as
an additional degree of freedom over concentration of molecules. The possibility to exploit
an additional degree of freedom for data transmission is also perceived as a significant
advantage over traditional EM wave-based wireless communication. The receiver for MoSK
has the ability to distinguish between the different data symbols that are being carried by
the respective molecules, which leads to the detection of the transmitted information. For
a diffusion-based molecular communication channel, the first implementation of MoSK is
presented in [K'Y " 11], which draws inspiration from hydrofluorocarbons messenger molecule
structure for designing different molecule types to represent the information. Therefore, for
an M-ary MoSK, M different types of molecules can be used to represent M different data
symbols, each symbol comprising of log, M bits. In this dissertation, based on the same
principle, both uranine as well as the highlighter ink water-based solutions are released
from the transmitter side sprayers in order to represent different data symbols due to their
property of emitting light of different wavelengths, when their sprayed water-based solution
droplets come under the influence of the UV-A light source. At the receiver side, the green
pixel intensity captured by the high-speed camera-based detector in the case of sprayed

uranine water-based solution droplets is far more dominant than the red pixel intensity,
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(a) Binary data symbol “0” (b) Binary data symbol “1”

Figure 4.18: Camera snapshot of water-based solution droplets of the highlighter
ink and uranine for the transmission of binary data symbols in 2-ary molecular shift
keying, at a distance d = 88 cm.

while in the case of sprayed highlighter ink water-based solution droplets, the red pixel
intensity is more dominant than the green pixel intensity (presented in Section 2.4.2 in
detail). This helps the detector distinguish between the transmitted data symbols. The work
presents the implementation of 2-MoSK realized by two sprayers, one filled with a uranine
water-based solution, while the other filled with the highlighter ink water-based solution, as
shown in Figure 4.17. The separation distance between the two sprayers at the transmitter
side is set at 16 cm, which ensures the visibility of the sprayed droplets released by both the
sprayers in the field of view of the camera-based detector at the receiver side. For a binary
data symbol “0”, the solenoid valve of the highlighter ink water-based solution is opened
for a duration of T, = 0.02s right at the start of the transmission interval. Similarly, for a
binary data symbol “17, the solenoid valve of the uranine water-based solution is opened
for the same duration. The visibility of these water-based dye solutions in the field of view
of the camera-based detector at a distance d = 88 cm for the transmission of respective
data symbols is presented in Figure 4.18. The symbol duration in 2-MoSK is again chosen
to be T' = 0.05s. The graphical representation of 2-MoSK in terms of the received pixel
energy samples y[k| for a binary data sequence “101101” is presented in Figure 4.19, with

the dashed lines representing a symbol duration 7.
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Figure 4.19: Depiction of the received pixel energy samples y[k] for a 2-ary molecular
shift keying modulated data transmission sequence.

4.4.6 Molecular Concentration Shift Keying

In molecular concentration shift keying (MCSK), the degrees of freedom such as the concen-
tration level as well as the type of released molecules are combined together to represent the
transmitted data symbols with a higher bandwidth efficiency. The receiver in MCSK has
the ability to distinguish between the different data symbols based on the type of molecules
as well as their respective concentration levels. The first instance of the implementation
of MCSK for a diffusion-based molecular communication channel is presented in [KC13],
where molecule isomers at respective concentration levels are used. In M = U?ml-ary
MCSK, M data symbols are formed with the help of U possible concentration levels
and Z,,,; molecular types. Therefore, each of M = U?m' symbols can be represented by
log, (M) = log,(U”me) bits. For a simplified version of MCSK, which is considered in
this work due to the availability of only two sprayer states, i.e., “on” and “oft”, each of
M = 2%m symbols can be represented by log, (M) = log,(27m!) bits, where Zy,, > 2. In
this dissertation, the implementation of 4-MCSK is realized by two sprayers, one filled
with a uranine water-based solution while the other filled with a highlighter ink water-
based solution. The testbed setup for the implementation of 4-MCSK is similar to that of
2-MoSK, as shown in Figure 4.17. Thus, up to four different data transmission symbols
can be formed by modulating each sprayer with OOK modulation scheme. Therefore, the
symbol representing a bit combination of “00” is transmitted when both the sprayers are
switched off, “01” is transmitted when only the sprayer containing the water-based solution

of the highlighter ink is turned on, “10” is transmitted when only the sprayer containing
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the water-based solution of uranine is turned on, and “11” is transmitted when both the
sprayers are turned on. The spray duration of each sprayer is T, = 0.02 s, while the symbol
duration is T' = 0.05s. The illustration of the information signals with respect to the green
and the red pixel intensity values recorded through spraying action of both the sprayers

containing their respective water-based dye solutions is shown in Figure 4.20.
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Figure 4.20: Received information signal representation of the transmitted data
symbols in 4-ary molecular concentration shift keying, with the green as well as the
red pixel intensity values while spraying the water-based solutions of both uranine as
well as the highlighter ink, at distance d = 88 cm.

As also mentioned in Section 4.4.5, the green pixel intensity value captured by the high-
speed camera-based detector in the case of sprayed uranine water-based solution droplets
is far more dominant than the red pixel intensity value, which is almost negligible. This
is in contrast with the sprayed highlighter ink water-based solution droplets, where the
maximum value of the red pixel intensity is almost three times more dominant than the
maximum value of the green pixel intensity. Therefore, when the water-based solutions
of either the highlighter ink or both the dyes are sprayed simultaneously, the presence of
inter-color interference (ICI) is observed in the recorded green pixel intensity value, which
affects the detection performance. To reduce the effect of ICI, the scaled red pixel intensity
value is subtracted from the green pixel intensity value before detection, which is presented
in Figure 4.21. Finally, the diagrammatic illustration of 4-MCSK in terms of the received
pixel energy samples y[k| for a binary data sequence “101101” after the removal of ICI is

presented in Figure 4.22, with the dashed lines representing a symbol duration 7.
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Figure 4.21: Received information signal representation of the transmitted data
symbols in 4-ary molecular concentration shift keying, at distance d = 88 cm after
removing inter-color interference.
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Figure 4.22: Depiction of the received pixel energy samples y[k] for a 4-ary molecular
concentration shift keying modulated data transmission sequence.
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4.4.7 Spatial Shift Keying

(a) Binary data symbol “0” (b) Binary data symbol “1”

Figure 4.23: Camera snapshot of water-based solution droplets of uranine for the
transmission of binary data symbols in 2-ary spatial shift keying, at a distance d =
88 cm.

Another interesting modulation scheme which is similar to MoSK is spatial shift keying
(SSK) that modulates the data depending on the presence of the transmitted information-
carrying particles in a particular region of space. The exploitation of the spatial element
serves as an alternative degree of freedom to concentration and type of released information-
carrying particles. The idea is inspired from SSK modulation scheme for multiple-input
multiple-output (MIMO) wireless communication links. SSK has been introduced for a
diffusion-based molecular communication channel in [GB*19b], where the transmitter an-
tenna indices releasing the information-carrying molecules are used to encode the informa-
tion, while an underwater prototype using a dilute hydrochloric acid solution is presented
for the practical implementation of this particular scheme in [HW™19b]. Therefore, for an
M-ary SSK, M different transmit antennas can be used to release the information-carrying
molecules for M different data symbols representing log, M bits. In this dissertation, based
on the same principle, uranine water-based solution is released from two different sprayers
at the transmitter side in order to represent different data symbols. Therefore, the 2-SSK
is implemented by representing the binary data symbols based on the transmitter sprayer
that is used to release the water-based dye solutions. The testbed setup is similar to the
one illustrated in Figure 4.17. The transmitted information is detected at the receiver side

by making a decision about the section of the field of view of the camera-based detector,
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Figure 4.24: Depiction of the received pixel energy samples y[k] for a 2-ary spatial
shift keying modulated data transmission sequence.

where most of the received sprayed droplets are observed over a given transmission duration.
For a binary data symbol “0”, the solenoid valve of the sprayer is opened for T,, = 0.02s,
for which the lower half region of the field of view of the camera-based detector receives
most of the sprayed fluorescent droplets. Similarly, for a binary data symbol “1”, the upper
half region of the field of view of the camera-based detector receives most of the sprayed
fluorescent droplets, which can be seen in Figure 4.23 for a distance of d = 88 cm. The
symbol duration is T = 0.05s. The pictorial depiction of 2-SSK in terms of the received
pixel energy samples y[k| for a binary data sequence “101101” is presented in Figure 4.24,

with the dashed lines representing a symbol duration 7'.

4.4.8 Spatial Concentration Shift Keying

Similar to MCSK, spatial concentration shift keying (SCSK) combines together the degrees
of freedom namely the concentration levels as well as the visibility of the molecules in
a particular region of space in order to represent the transmitted data symbols with a
higher bandwidth efficiency. The first implementation of SCSK modulation scheme for
a diffusion-based molecular communication channel is presented as a spatial modulation-
based molecular communication in [HW™19a], where the information is embedded into
the index of a transmitter nanomachine and the concentration of the released molecules.
This concept is very similar to the idea of spatial multiplexing in MIMO systems for
molecular communication [KL"16]. ITn M = U”»ee_ary SCSK, M data symbols are formed

by exploiting U possible concentration levels and Z,,.. possible spatial regions. Therefore,
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Figure 4.25: Depiction of the received pixel energy samples y[k] for a 4-ary spatial
concentration shift keying modulated data transmission sequence.

each of M = U symbols can be represented by logy(M) = log,(U %) bits. For a
simplified version of SCSK, which is considered for this work due to the availability of only
two sprayer states, i.e., “on” and “off”, each of M = 2%pace symbols can be represented
by log,(M) = log,(2%=) bits, where Z > 2. In this dissertation, the implementation of
4-SCSK is realized by two sprayers, both filled with water-based solutions of uranine. The
testbed setup for the implementation of 4-SCSK is similar to that of 2-MoSK, as shown
in Figure 4.17. Thus, up to four different data transmission symbols can be formed by
modulating the sprayers according to OOK. Therefore, the data symbols are represented
by the cases when either both the sprayers are switched off, or one of the two sprayers
is switched on, or both the sprayers are switched on for a period of T,, = 0.02s with a
symbol duration 7" = 0.05s. This results in the sprayed droplets being not visible at all,
or being visible in the lower half spatial region, or being visible in the upper half spatial
region, or being visible in both the spatial regions of the field of view of the camera-based
detector. The concept is very similar to the implementation of spatial multiplexing in
a 2 x 2 MIMO system, where the two sprayers act as two transmit antennas while the
upper and lower regions in the field of view of the camera-based detector act as two receive
antennas. The pictorial representation of 4-SCSK in terms of the received pixel energy
samples y[k| for a binary data sequence “101101” is presented in Figure 4.25, with the

dashed lines representing a symbol duration 7'.
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4.4.9 Hardware Constrained Performance Comparison

Considering the hardware restrictions at the transmitter side of the testbed, as explained in
Section 2.1, the minimum shutting time of the sprayer solenoid valve is Ti,,,s = 0.03 s, the
spray duration of the sprayer is T, = 0.02s, and the volume of the water-based solution of
the information carrier released during 7,, duration is V,, = 0.18 mL. These restrictions
reflect on the choice of parameters for the implemented modulation schemes such as the
symbol duration 7', the chip duration 7T, etc. Based on these hardware restrictions and
the choice of parameters, the general expressions for the maximum achievable average
data transmission rate R,, and the average volume sprayed per bit V' for the implemented
modulation schemes can be derived, which are listed in Table 4.2. For instance, if V' is not
crucial, the design goal may be focused on maximizing ;. On the other hand, V' may be
considered as a design criterion if resources are limited and R, is not a pivotal parameter.
Therefore, a performance comparison of the implemented modulation schemes based on
the said parameters is essentially gauged by increasing the data symbol cardinality M.
Figure 4.26 shows the variation of R, with log, M, and it is observed that for the modulation
schemes using a single dye as the information carrier, a general trend is observed where
R, increases or remains the same up to a certain point, before gradually decreasing with
log, M. This is because the symbol duration 7" increases with M, and its effect is more
dominant as compared to the number of data bits transmitted per symbol. This observation,
however, is not seen in the modulation schemes like MoSK, MCSK, SSK, and SCSK, as the
symbols are represented by additional degrees of freedom in terms of the color of fluorescent
dyes and the spatial position.

Similarly, Figure 4.27 depicts the variation of the average volume sprayed per bit V'
with the data symbol cardinality M in terms of log, M. Apart from SPPM, where V
increases initially with increase in the value of log, M before decreasing quasi-exponentially,
every other modulation scheme display a common characteristic, where V' decreases quasi-
exponentially with increase in log, M. However, this observation is not seen in the case
of MCSK and SCSK, as can also be inferred from their expressions of V' which remains
constant, as listed in Table 4.2.

Therefore, a more meaningful performance metric is the ratio between the maximum
achievable average data transmission rate R, and the average volume sprayed per bit V'
given by R;,/V, which takes both these design criteria into account. It is observed from
Figure 4.28 that in the case of modulation schemes using a single dye as the information
carrier, R,/V increases up to a certain point before gradually decreasing with increasing

symbol cardinality M, represented in terms of log, M. This is because with increase in
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Figure 4.26: Variation of the maximum achievable average data transmission rate
R, with data symbol cardinality M, represented in terms of log, M.
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Figure 4.27: Variation of the average volume sprayed per bit V' with data symbol
cardinality M, represented in terms of log, M.
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Table 4.2: The hardware constrained maximum achievable average data transmission
rate R, and the average volume sprayed per bit V' with respect to the data symbol
cardinality M. The general expressions are presented for the implemented modulation

schemes in this dissertation.
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M, the influence of the parameter V' dominates over the influence of the parameter R,.
However, this observation is not seen in the case of modulation schemes using additional
degrees of freedom to represent the information like MoSK, MCSK, SSK and SCSK, as

the influence of parameter R, is more dominant than the influence of parameter V.
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Figure 4.28: Variation of ratio of the maximum achievable average data transmission
rate to the average volume sprayed per bit R,/V with data symbol cardinality M,
represented in terms of log, M.

4.5 Results

The results of the BER analysis with increasing transmission distance d for the imple-
mented modulation schemes are discussed in this section. The BER performance based on
the testbed measurements using water-based solution of uranine for a randomly generated
binary data sequence of length 108 over 20 trials is presented in Figure 4.29 (testbed mea-
surement parameters listed in Table 3.1). For a better estimate of the BER, performance
for smaller values of d, the simulation results based on the analytical model presented
in Figure 4.30 is considered for a randomly generated binary data sequence of the same
length over 100000 trials. As the detection technique, threshold detection is used for the
implemented modulation schemes, as the emphasis has particularly been laid on implement-
ing low-complexity detection methods. These detection algorithms can also be used for

applications concerning micro-scale molecular communication systems, which have limited
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access to computational power. Therefore, in the case of OOK, 4-MCSK, 4-SCSK and 8-
MPPM, FTD detection technique is employed. On the other hand, ATD proves to be more
efficient as a detection strategy in the case of 2-PPM, 2-DPPM, 2-MoSK, 2-SSK, 4-PPM,
4-DPPM, 8-PPM, and 8-DPPM. Modulation schemes such as 4-SPPM and 8-SPPM use
a combination of FTD and ATD in their detection processes. As a common observation,
it is seen that the BER performance deteriorates with increase in d. This is because there
is a significant reduction in the number of droplets traveling the length of the tube and
reaching the field of view of the camera-based detector at the receiver side. The droplets
either fall down and collect at the bottom of the tube or simply get dispersed laterally. Also,
the trajectory assumed by the spray is influenced by the gravitational force, increasing the
distance between the camera-based detector and the droplets, as discussed in Section 3.3.2,
thus reducing the intensity of light received by the camera. All these influences decrease
the received signal strength while contributing to the noise power. Moreover, the slowing
down of the sprayed droplets due to the effect of air drag further leads to an increase in
IST.
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Figure 4.29: Bit error rate performance of the modulation schemes under investigation
based on the testbed measurements with increasing distance d.

The BER performances of the implemented higher-order modulation schemes using
various degrees of freedom are compared with respect to OOK modulated received energy
samples, recorded by the camera-based detector. As seen from Figure 4.29, DPPM displays
the worst BER performance amongst all the implemented modulation schemes. This is

because in the case of DPPM, the time gap between two successive pulses determines the
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Figure 4.30: Bit error rate performance of the modulation schemes under investigation
based on the analytical model with increasing distance d.

transmitted data symbol. However, the detection of a successive pulse at an undesirable
time slot leads to an error, and from there onwards, every subsequent pulse detected most-
likely falls in an undesirable time slot leading to a severe error propagation. This observation
is also corroborated by the simulation results based on the analytical model depicted in
Figure 4.30. However, with increase in symbol cardinality M, the BER performance does
improve as the time gap between the successive pulses corresponding to the transmitted
data symbol increases, as described in Section 4.4.2. This is because with increase in
the time gap, the effect of ISI is reduced, thus reducing the chances of detection of the
pulses in an incorrect time slot. In the case of PPM and as observed from the testbed
measurement results in Figure 4.29, BER performance is worse than that of OOK. This is
due to the fact that the fixed chip duration 7T is small, which leads to an increased ISI in
a chip slot within a symbol duration 7' for PPM with lower values of M. As M increases,
T = M T, also increases, thus reducing the effects of ISI. This in turn improves the BER
performance. However, in the case of the simulation results based on the analytical model
shown in Figure 4.30, a more accurate result shows that PPM performs better than OOK
for smaller values of d. The reason behind such observation is the fact that PPM employs
ATD detection strategy, which performs better than FTD used in the detection of OOK
modulated data symbols by efficiently mitigating the ISI. From Figure 4.29 as well as
Figure 4.30, it is evident that the modulation schemes SPPM and MPPM perform better
than DPPM, but worse than PPM since these schemes employ a multi-pulse system. In
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these modulation schemes, more than one pulse is transmitted over multiple chip slots
within 7", unlike PPM where only a single pulse per T is transmitted. This makes it more
difficult for the detector to distinguish the transmitted symbols based on the position of the
pulses in the chip slots within 7', thus increasing the BER. Again, with increase in the value
of M, the BER performance improves as the overall T" increases with T, remaining fixed.
This is similar to the observation in the case of PPM. In the case of modulation schemes
using more than one degrees of freedom like 4-MCSK displays a better BER performance
than most other modulation schemes but performs worse than OOK. This is observed from
the plots based on both the testbed measurement results as well as the simulation results
based on the analytical model in Figure 4.29 and Figure 4.30, respectively. This is due
to the effect of shadowing that takes place amongst the water-based solution droplets of
the sprayed information carriers. The droplets of one color gets hidden by the droplets
of the other color due to an increase in lateral dispersion of the sprayed droplets with
increase in distance d between the transmitter and the receiver. Moreover, in 4-MCSK,
the detection of the red pixel energy samples at the receiver side using FTD contributes
to the error more than the detection of the green pixel energy samples due to the reasons
stated in Section 4.2.3. However, the BER performance of 4-SCSK is better than that of
4-MCSK. This is due to the fact that although the effect of shadowing is still present in the
case of 4-SCSK, its ill effects are not very pronounced as only a single color water-based
fluorescent dye solution in the form of uranine is used. It is also to be mentioned that the
effect of shadowing in the analytical model has been treated as a noise process. The BER
performances of 2-MoSK and 2-SSK are the best in comparison to all the implemented
modulation schemes as obtained from the results based on the testbed measurements as
well as the simulation results based on the analytical model, showcased in Figure 4.29 and
Figure 4.30, respectively. This is because the information decoded by the camera-based
detector is assumed to be obtained from two reliable independent sources in the form of
two separate colors of the sprayed water-based dye solutions or two separate spatial regions,
where the sprayed water-based dye solution droplets are present. The dye colors or the
spatial regions represent the same transmitted binary data symbol in a complementary
fashion. For example, in the case of 2-MoSK, binary data symbol “0” is represented by
spraying the highlighter ink water-based solution, while at the same time, not spraying
the uranine water-based solution, and vice versa when representing binary data symbol
“1”. Similarly, in the case of 2-SSK, binary data symbol “0” is represented by the sprayed
water-based solution of uranine, whose droplets populate the lower half region of the field

of view of the camera-based detector, while at the same time, not populating the upper half
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region of the field of view of the camera-based detector, and vice versa when representing
binary data symbol “1”. This improves the confidence of the detection algorithm as the
information is obtained from two independent sources representing the same event, resulting
in improved BER performance. The BER performance of 2-MoSK is worse than that of 2-
SSK. This is due to the presence of the Bayer filter in the optical sensors of the camera-based
detector, which is less sensitive to the fluorescence producing wavelength in the case of the
highlighter ink water-based solution as opposed to the fluorescence producing wavelength
in the case of the uranine water-based solution (as also mentioned in Section 4.2.3). A
further improvement in the BER performance of all the modulation schemes can also be

achieved by combining the channel equalization methods presented in Section 4.3.

4.6 Summary

This chapter discusses the data acquisition principle that is employed at the receiver side
of the presented macroscopic air-based molecular communication testbed using fluorescent
dyes. The green pixel intensity value is preferred as the information-carrying signal, when
water-based solution of uranine is used. Similarly, the red pixel intensity value is preferred as
the information-carrying signal when water-based solution of the highlighter ink is used. The
energy under the received green and/or red pixel intensity pulses are then accumulated over
a symbol duration 7', before undergoing the detection process. This process is represented
with the help of an equivalent discrete-time end-to-end system model.

Simple binary transmission algorithms like the OOK modulation scheme using only a
single degree of freedom in the form of concentration is presented in this chapter. Similarly,
low-complexity threshold detection strategies like FTD and ATD, which can also be utilized
in those applications that have limited access to computational power are additionally
discussed. The error performance of the transmission link incorporating OOK at the
transmitter side and F'TD at the receiver side is investigated by separately using water-based
solutions of both uranine as well as the highlighter ink. The theoretical BERs of both the
information carriers are evaluated, and are compared to their respective BER performances
based on the testbed measurements and the simulation results using the analytical model.
The investigations are carried out for an increasing distance d between the transmitter
and the receiver. It is observed that for larger values of d, the BER performance of the
uranine water-based solution as the information carrier outperforms that of the highlighter
ink water-based solution due to the optical sensors of the camera-based detector being

more sensitive to the fluorescent wavelength produced by the former against the latter.
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Additionally, the problem of IST in the presented air-based molecular communication testbed
with increasing d is tackled by the use of popular equalization techniques like ZF, DFE and
MLSE. It is observed that the MLSE-based equalizer outperforms all other equalization
methods due to its high computational complexity.

Finally, higher-order modulation schemes are implemented in this chapter in order to
transmit and receive higher volumes of data over the transmission channel of the presented
molecular communication testbed. For this purpose, the information is encoded utilizing
several degrees of freedom in the form of concentration, time, color, and the spatial region
populated by the sprayed droplets of the water-based solution of the information carriers.
Modulation schemes like PPM, DPPM, SPPM, MPPM, MoSK, MCSK, SSK, and SCSK
have been implemented and investigated in this chapter. A hardware constrained perfor-
mance comparison for the implemented modulation schemes have also been analyzed in
order to give a perspective to the user when choosing a particular modulation scheme,
and the parameters like the maximum achievable average data transmission rates and the
average resource requirements need to be optimized. Additionally, BER analysis of the
implemented modulation schemes have also been included in this chapter with respect
to the results obtained from the testbed measurements as well as the simulation results
obtained from the analytical model. It is observed that MoSK and SSK perform the best
amongst all the implemented modulation schemes, when a binary data symbol is repre-
sented by two independent sources complementing one another. Modulation schemes like
4-MCSK and 4-SCSK display poor BER performance as compared to OOK, however their
data transmission rates are double that of OOK (40bit/s for 4-MCSK and 4-SCSK as
compared to 20 bit/s for OOK). The worst performing modulation schemes are 2-DPPM,
4-DPPM, and 8-DPPM as they suffer from the problems of error propagation. Finally,
2-PPM, 4-PPM, 8-PPM, 4-SPPM, 8-SPPM, and 8-MPPM modulation schemes perform
worse than OOK in terms of the BER performance due to the dominant effect of ISI.
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This chapter deals with the implementation of the channel coding schemes in the macro-
scopic air-based molecular communication testbed using fluorescent dyes, with the emphasis
being on the binary data symbol coding algorithms. The incorporation of the channel codes
ensures robustness against the data transmission errors over large distances, which may
arise due to the effects of inter-symbol interference (ISI) and noise, specified in Chapter 3.
In this dissertation, analysis of various forward error correction (FEC) codes have been
carried out that do not require a feedback from the channel decoder to the channel encoder.
FEC coding techniques are broadly classified under two larger coding families such as the
block codes and the convolutional codes. As alternatives to FEC codes, a type of line
code and spatial codes have also been investigated. The inclusion of the channel coding
schemes in the molecular communication testbed results in an improved bit error rate
(BER) performance due to their error detection, correction, and avoidance (in the case
of line codes) capabilities compared to the uncoded transmission scheme. Simultaneously,
resource requirements in order to achieve an improved BER performance has also been
studied in this chapter with respect to the implemented FEC and line codes.

The evaluation of the channel coding schemes is performed through BER analysis by
conducting the testbed measurements as well as the simulations based on the analytical
model, described in Section 3.7. Therefore, an uncoded on-off keying (OOK) modulated
transmission signal is considered as the performance benchmark, while fixed threshold
detector (FTD) is used for the detection of the energy samples of the received signal, as
described in Section 4.2.2. Similarly, after the application of channel coding, the energy
contained within the pulses of the coded data is evaluated through integration over time

for determining the threshold before performing FTD-based detection. It is also to be
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mentioned that in this dissertation, the focus is on the application of the unnormalized
case of channel codes, i.e., the symbol duration 7" and the spray duration 7}, remain the
same as in the case of the uncoded scheme. This is because this work aims at achieving
long distance transmission with minimum transmission errors, which is ensured in the case
of unnormalized channel coding scenario. The normalization of the transmission rates of
the coded data to that of the uncoded data ensures that both the coded and the uncoded
data are transmitted and received at the same time. Similarly, when normalization of the
resource requirements of the coded data to that of the uncoded data is performed, both
the scenarios utilize exactly the same amount of resources for the transmission process.
However, both these advantages for the coded scenario come at a cost of reduced BER
performance as compared to the uncoded scheme. This observation is corroborated by the

detailed studies presented in [Dam20].

5.1 Block Codes

Block codes, as the name suggests, use the strategy of blockwise encoding and decod-
ing [LCO1]. The information sequence is divided into blocks called the info word u, =
[ug . .. up__q] of length k, € N. Each info word is then individually encoded into a code
word x, = [z ...7, 1] of length n, € N, where n, > k.. Thus, a bijective mapping exists
between 2% info words and 2% code words out of a possible 2" code words. This redun-
dancy offered by n. — k. bits helps in the detection and/or correction of the transmission
errors. The block code is said to have a code rate R = k./n,, that determines the gain
incurred over the uncoded scheme in terms of the BER performance for a target distance
between the transmitter and the receiver or vice versa. Additionally, the error detection
and correction capabilities of a block code can be determined from a metric called the
minimum Hamming distance d,,;,, which describes the minimum number of positions at
which two code words differ from one another. Hence, with hard-input decoding, a block
code guarantees the detection of up to d,,;, — 1 erroneous bits, and a correction of up to
| (din—1)/2] erroneous bits. Furthermore, a block code is considered to be systematic if the
info word is found embedded within its code word with the remaining bits [po .. .pnc,kc,l}
as its parity bits. Additionally, a linear block code is one, where a linear combination of
two valid code words leads to another valid code word. A linear block code encoding is
made possible with a k, X n. generator matrix G, and the decoding is performed by an
(n. — k) X n. parity check matrix P provided the condition GP' = 0 is satisfied, where

0 is the zero vector. A generator matrix and a parity check matrix are inter-convertible,
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and the following relation between them for systematic codes applies:
G=|1, P| P=[-Pl I,.,], (5.1)

where I}, is the k, x k. identity matrix and P, is the k, x (n, — k) matrix with parity
check equations. Furthermore, some block codes can also be represented using the gener-
ator polynomial g(z). The valid code words are designed in a way that the polynomial
representing the code is completely divisible by the generator polynomial. In this section,
the following gives an overview of the block codes considered and implemented in this

dissertation.

5.1.1 Repetition Code

Repetition coding is arguably the simplest channel coding technique, where a code word
is formed by repeating the bits present in the info word n, times. Repetition code is an
(ng, k. = 1) linear systematic block code, with a code rate of R = 1/n,. Its generator matrix

G and parity check matrix P can be expressed as

11 0 0
10 1 "

G=[1 .. 1], P= . (5.2)
Sl e 0
10 0

The repetition code has the minimum Hamming distance d,,;, = n.. Owing to its low-
complexity implementation, the first instance where repetition code is employed in a

diffusion-based molecular communication is presented in [SL*12].

In this particular work, a (2, 1) repetition code and a (3, 1) repetition code are investi-
gated, and their info word to code word mapping tables are given in Table 5.1 and Table 5.2,
respectively. A hard-input decoding guarantees the detection of a single bit error in the
case of the (2, 1) repetition code, while in the case of the (3, 1) repetition code, up to two
bit errors can be detected and a single bit error can be corrected for sure. However, the
performance of soft-input decoding is better than hard-input decoding, and therefore, has
been considered for this work. The decoding of repetition code is performed on the energy
samples of the received signal using FTD. Therefore, the energy samples of every code bit

corresponding to an info bit is added up, and is used for calculating the FTD threshold.
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Table 5.1: Mapping table of the (2, 1) repetition code.
U, = [Uo] Lo = [950 xl]
0]
1]

o

—_

Table 5.2: Mapping table of the (3,1) repetition code.

U

= [ug) | . = [0 71 2]
0 [0 0 0]
1 11 1]

5.1.2 Single Parity Check Code

Single parity check (SPC) code is a systematic block code, where the code word is produced
by appending an additional parity bit to the info word. SPC codes can be represented in
the form of (n, = k. + 1, k.) block code, with R = k./(k. + 1). The redundancy is added
with the help of a parity bit, which is selected in a way that the code bits in a code word
have an even or an odd parity. For even parity SPC code, which also happens to be a linear

block code, the parity equation must be satisfied, which is of the form
oD, DD Lp,—1 = 0, (53)

where @ is a modulo two addition. In this dissertation, only SPC code with an even parity

is considered. The resulting generator matrix G, and parity check matrix P for an SPC

code are } i
1 0 ... 01
o 1 . =
G=| L P=[1 ... 1] (5.4)
. o001
0 ... 0 1

From the standpoint of diffusion-based molecular communication channel, SPC code is
explored in [MP"18] through design of genetic circuits.

In this work, an even parity (3,2) SPC code is implemented having a minimum Hamming
distance d,;, = 2, with the info word to code word mapping shown in Table 5.3, making it
possible to detect a single bit error with hard-input decoding. However, soft-input decoding
makes it possible to even correct the error, and thus, has been considered in this dissertation.
The decoding of (3,2) SPC code is performed on the energy samples of the received signal

using FTD. In the case of an erroneous code word, where the parity equation is not satisfied,
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the code bit with the smallest distance between its energy sample and the threshold is

inverted.

Table 5.3: Mapping table of (3,2) single parity check code.

U = [uguy] | @ = [Tg 21 2]
[0 0] 00 0]
0 1] 01 1]
[1 0] 10 1]
1 1] 11 0]

5.1.3 Cyclic Redundancy Check Code

Cyclic redundancy check (CRC) code is a systematic cyclic block code best suited for
detecting and correcting burst errors in various data transmission standards such as Eth-
ernet, Bluetooth, etc. [Wic95]. An (n., k.) CRC code word with R = k./n, is formed by
extending the info word by appending n, — k. bits of the check value. The check value is
obtained through the remainder of the division of the info word in its polynomial form by
a generator polynomial of the order n. — k.. The error is detected if the division of the
received code word with the generator polynomial again produces a remainder [BG™92].
From the context of molecular communication, CRC codes have been investigated and
used in works related to error detection strategies in bacterial quorum sensing in [Bail6],
and for error detection and correction applications in diffusion-based micro-scale channel
models in [Dam?20].

In this work, (8,4) and (16,8) CRC codes are implemented using polynomials g(z) =
2428+ 27+ 2+ 1 [Wie95), and g(2) = 2° + 27 + 2% + 2" + 2° + 1 [DVBS2], respectively.
(8,4) CRC code has a minimum Hamming distance d,;, = 2, while (16,8) CRC code has
dpin = 4. As an example, the mapping between the info words and the code words for
(8,4) CRC code is presented in Table 5.4. For detection purposes, soft-input decoding is
performed on the energy samples of the received signal using FTD. For each code bit, the
distance between the energy sample and the threshold is calculated, which is interpreted
as a soft value. The distances are then correlated with the code word hypotheses, and
the one with the highest correlation is selected, where the info word is obtained from the

systematic part of the code word.
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Table 5.4: Mapping table of (8,4) cyclic redundancy check code.

U, = [ug uy uy ug] | T = [T ) Ty T3 Ty Ts Te 7]
000 0] 00000000
000 1] 00011111
0010 0010000 1]
0011] 00111110
0100 01000010
010 1] 0101110 1]
0110 0110001 1]
011 1] 01111100
100 0] 10000100
100 1] 10011011
1010 1010010 1]
[1011] 10111010]
110 0] 11000110
110 1] 1101100 1]
1110 11100111
[1111] 11111000

5.1.4 Hamming Code

The Hamming code is a linear systematic block code with a minimum Hamming distance
value fixed at d,,;, = 3 [Ham50]. This guarantees the detection of up to two erroneous bits
and a correction of a single bit error using hard-input decoding. In Hamming codes, the
relationship between the number of parity bits, the info word length, and the code word
length is fixed as d,,;, remains constant for all the code rates. An (n., k.) Hamming code
consists of n, — k, parity bits with code word length n, = 2" " — 1, and info word length
k. = n, — logy(ne + 1), where {ng, k.,n. — k.} € N must be satisfied. In this work, the
parity bits of a Hamming code are placed at positions which are in powers of two. As an

example, the generator matrix G and parity check matrix P for (7,4) Hamming code are

1110000
Lo 01100 1010101
G = ,P=10110011 (5.5)
0101010
0001111
1101001

Hamming coding has also been extensively studied from the perspective of molecular
communication in the past for diffusion-based channels, as presented in works [LH'15a;
Bail6; Dam20).

144



5.2 Convolutional Codes

In this dissertation, (7,4) Hamming code and (15,11) Hamming code are implemented.
As example, the info word to code word mapping table for (7,4) Hamming code is shown in
Table 5.5. Although, with hard-input decoding, the Hamming code can detect up to two bit
errors and correct up to a single bit error for sure, soft-input decoding gives better error rate
performance, and therefore is used in this work. Soft-input decoding is performed on the
energy samples of the received signal using FTD. For every code bit, the distance between
the energy sample and the threshold is used as a soft value. For decoding, the distances
are correlated with the code word hypotheses. The decoded info word is then obtained
from the systematic part of the code word hypothesis that gives the highest correlation,
a decoding strategy that is very similar to the one employed for CRC codes, described in
Section 5.1.3.

Table 5.5: Mapping table of (7,4) Hamming code.

U = [Uug Uy Uy Ug] | T = [T9 Ty T T3 T4 T5 T
000 0 0000000
000 1] 101000 1]
00 10] 1110010
001 1] 010001 1]
010 0] 011010 0]
010 1] 110010 1]
0110 1000110
011 1] 0010111]
(1 00 0] (1101000
100 1] 011100 1]
1010 0011010
101 1] 1001011]
110 0] 101110 0]
110 1] 000110 1]
1110 0101110
1111 1111111]

5.2 Convolutional Codes

Convolutional codes are another broad classification of channel codes, which tackle the
errors originating in the transmission channel by making use of the error detection and
correction strategies through addition of redundant bits. Contrary to block codes, where

encoding is performed on discrete block of bits, convolutional codes are constantly encoding
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Figure 5.1: (4,1, 4) convolutional code represented by shift registers and modulo two
additions.

the continuous stream of info bit sequence, which are not partitioned into discrete info
word blocks [LC01]. A convolutional encoder representation is shown in Figure 5.1, which
generally constitutes of shift registers and modulo two additions. Unlike the block codes
in their systematic form, where the parity bits are appended to the info bits to form the
code word, a convolutional code uses the same info bit with the introduction of memory,
and then spreads it over several parts of the code sequence in order to add redundancy. A
convolutional code can also be described by its generator polynomials. (4, 1,4) convolutional

code presented in Figure 5.1 has the following generator polynomials [Tiic04; LCO1]:

go(2) =1+ 2+ 2",

g(2) =1+ 22+ 25 + 24 (5.6)
g0(2) =1+ 24+ 2"+ 2*,

g3(2) =1+ 2+ 2° + 2%

The presented convolutional code is a non-recursive type, as it does not have any internal
feedback path. A typical (n., k., L.) convolutional code encodes k. info bits to produce n,
code bits with a memory length of L. (represented by the shift registers), and a code rate
of R =k./n.. The (4,1,4) convolutional code in Figure 5.1 has R = 1/4.

The construction of convolutional codes is more complex as compared to block codes,

and therefore, strong convolutional codes need to be obtained by performing an exhaustive
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search. Convolutional codes with high code rate R can be designed with a process called
code puncturing [Tiic04]. In this technique, some code bits are omitted in a periodic fashion
and are not transmitted at all, which the decoder interprets as erasures. For decreasing the
value of R, the generator polynomials can be re-used. Thus, convolutional codes of varied R
could be generated by a combination of puncturing and re-use of polynomials. The original
convolutional code from which various values of R are obtained is often termed as the
mother code.

Decoding a convolutional code is generally performed with the help of a trellis-based
decoder having 2% states. The most popular trellis-based decoders encountered in the
literature are the Viterbi algorithm [For73] and the Bahl-Cocke-Jelinek-Raviv (BCJR)
algorithm [BC™74]. Similar to the block codes, where the error detection and correction
capabilities of a code is determined by its minimum Hamming distance d,;,, convolutional
codes use a metric called the minimum free distance (also denoted as d,,;, in this disserta-
tion) [LCO1]. The value of the minimum free distance represents the smallest difference in
path metrics between the all-zeroes output and the path with the smallest non-zero path
metric going from the initial all-zeroes state to some future all-zeroes state. The larger the
value of minimum free distance, the more error detection and correction capabilities a convo-
lutional code possesses. The implementation and investigation of a convolutional code with
respect to the diffusion-based molecular communication is presented in [SLT12; YC*12;
MM*13]. Furthermore, an irregular convolutional code has been implemented in [DH18;
Dam20] in order to shape the extrinsic transfer function used for iterative decoding.

In this dissertation, based on the mother code in Figure 5.1 and (5.6), convolutional
codes with code rates R = 3/4 and R = 1/2 are implemented in the air-based molecular
communication testbed using fluorescent dyes. For decoding purposes of the convolutional
codes, the Viterbi algorithm is preferred over the BCJR algorithm, as the former offers
similar decoding performance as the latter with a much lower complexity [CC*19]. With
the help of the Viterbi algorithm, the info bit sequence which had the maximum likelihood

of getting transmitted is determined, the details of which is explained in Section 4.3.3.

5.3 Line Codes

Line codes were first introduced for the purpose of transmitting digital information using
the telephone lines [Gib18]. By definition, the process of conversion of digital data into real-
time temporal waveforms in baseband is the process of line coding. Various transmission

channel characteristics along with different applications and performance requirements

147



Chapter 5 Channel Coding Schemes

have led to the development of different line codes, which are commonly found in the
literature such as the non-return to zero, the return to zero, alternate mark inversion,
Manchester code, etc. [Lat95]. However, the utility and choice of the line codes depends

on the following considerations as mentioned in [Gib18]:

Timing - The line coded waveform contains the timing information for the purpose
of synchronization of the receiver with the transmitter, without getting affected by

the data transmission sequence

o Direct current content - The line coded waveform does not contain any direct current
(DC), which causes DC wander leading to the variation of the baseline of the received

signal with time

o Power spectrum - The power spectrum and bandwidth of the waveforms are adapted
to the frequency response of the transmission channel in order to avoid signal distor-

tion

o Performance monitoring - The error detection and error avoidance capabilities during
transmission channel use are realized for the purpose of performance monitoring, as

line codes are able to adapt the transmitted data to the channel characteristics

o Probability of error - In reliable line codes, the average error probability is maintained

at a minimum level for the given transmitter power

o Transparency - Line codes allow all combinations of the data transmission sequences,

with a possibility to use alternatives to the undesirable sequence patterns

Line codes can particularly be used in the applications of molecular communication due
to their ability to adapt data to the transmission channel characteristics, which helps
minimize transmission errors. The amplitude-dependent noise, which typically affects the
molecular communication channel, gives rise to a transmission sequence-dependent error
probability. This means that some binary symbol sequences are more error-prone than the
others. Therefore, inspired by this fact, a new probability-based distance metric has been
introduced in [KL"12] as a replacement to the Hamming distance:

d,(x,z) = —log (P (x — )), (5.7)

where P (x — &) is the probability of receiving sequence &, when x is the transmitted

sequence. A detailed investigation of line codes for diffusion-based microscopic molecular
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communication channel is presented in [Dam20]. In the mentioned work, run-length limited
code is implemented to prevent high-frequency signals, which experience attenuation due to
the low-pass characteristic of the diffusion-based channel. Additionally, it also helps generate
such code words which contain more zeros than ones. This is because the transmission of

binary symbol “1” is more error-prone than the transmission of binary symbol “0”.

The work in [Dam20] also presents and investigates another novel line coding technique
dubbed weak sequence preventing mapping (WSPM), which is introduced to mitigate
the transmission errors by omitting the most error-prone code words. In this line coding
technique, a codebook for an (n., k) block code is created by performing an error analysis of
all 2" possible received words. Then, from these received words, 2% least error-prone code
words are selected and assigned to 2% info words. By applying the same principle, (3,2)
WSPM code is designed and implemented in this dissertation for the macroscopic air-based
molecular communication testbed under investigation. This leads to the use of only those
code words, which are least prone to transmission errors due to the ill effects of ISI and
noise. A water-based dye solution of uranine is used as the information carrier to perform
the experiments in this section. An error analysis over 50 testbed measurement trials for
the sequence length n, = 3 is performed on a continuous sequence of randomly generated
OOK modulated binary data symbols of length 108 (testbed measurement parameters
listed in Table 3.1). The analysis is performed for the transmission distances d = 118 c¢m,
d =148 cm and d = 178 cm, as shown in Figure 5.2. Any other transmission distance less
than d = 118 cm is not considered for the measurement analysis, as for these distances,
OOK transmission scheme with FTD does not produce any error. For a distance d = 118 c¢m,
Figure 5.2(a) illustrates that the sequence [110] is the most error-prone sequence. However,
the result is inconclusive as for d = 118 cm, substantial amount of errors are not produced
for the OOK modulated transmitted data. Concrete evidences with regard to the most
error-prone sequence is obtained for distances d = 148 cm and d = 178 cm, as illustrated
in Figure 5.2(b) and Figure 5.2(c), respectively. This corroborates the fact that [110] is
indeed the most error-prone sequence in the case of testbed measurements. Out of the
23 = 8 possible code words, 2* = 4 code words are selected and assigned to the four info
words, as shown in Table 5.6. The selected code words reduce the probability of occurrence
of [110] in a continuous stream of code word sequence. Compared to (3,2) SPC code,
(3,2) WSPM code is beneficial on many fronts. Firstly, the chances of transmitting the
most error-prone sequence [110] is notably reduced. This is observed by considering an
example, where two possible code words are transmitted in succession. In the case of (3, 2)

SPC code, the likelihood of occurrence of the sequence [110] is 75%, while in the case of
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Figure 5.2: Sequence error analysis for length n. = 3 for the weak sequence preventing
mapping code based on the testbed measurements.
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(3,2) WSPM code, the likelihood of the occurrence of the same sequence is merely 6.25%.
Secondly, in the case of (3,2) WSPM code, the water-based dye solution is sprayed on
average 0.375 times per info bit, which offers the best resource efficiency as compared to
the other implemented FEC codes, which are summarized in Table 5.7. Interestingly, the
performance is even better than the uncoded OOK modulation scheme, which requires to

spray 0.5 times per info bit on average.

Table 5.6: Code table of (3,2) weak sequence preventing mapping code inferred from
the analysis based on the testbed measurements.

ue = [uguy] | T = [10 7)1 7))
[0 0] [0 0 0]
[0 1] 00 1]
[1 0] [0 1 0]
1 1] 10 0]

Table 5.7: Comparison of the channel coding schemes and the on-off keying based
on the performance parameters.

Channel Code d

R Sprays per info bit

(2,1) Repetition 2 1/2 1
(3,1) Repetition 3 1/3 1.5
(3.2) SPC 2 | 2/3 0.75
(8,4) CRC 2 | 1/2 1
(16,8) CRC i 12 1
(15,11) Hamming | 3 | 11/15 0.682
(7,4) Hamming 3 4/7 0.875
(4,3) Convolutional | 4 3/4 0.674
(2,1) Convolutional | 7 1/2 1
(3.2) WSPM T | 2/3 0.375
OOK (uncoded) - 1 0.5

For the analytical model presented in Section 3.7, the error analysis is performed in
order to find out the least error prone code words for (3,2) WSPM code. Similar to the
testbed measurements, the error analysis using the analytical model is also performed
for the sequence length n, = 3. The distances d = 118cm, d = 148 cm and d = 178 cm
are considered for the analysis by performing transmission of a continuous sequence of
randomly generated OOK modulated binary data symbols of length 108 over 100000 trials,
as shown in Figure 5.3. It is observed that [101] is the most error-prone sequence, when

the analytical model is considered. The deviation from the error analysis performed on
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Figure 5.3: Sequence error analysis for length n. = 3 for the weak sequence preventing
mapping code based on the analytical model.
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the testbed measurements is due to the fact that the analytical model only considers the
effect of ISI on the current data transmission symbol from the previously transmitted data
symbol. However, the error analysis on the testbed measurements is performed considering
ISI effect of more than one previously transmitted data symbols on the current data symbol.
Out of the 2° = 8 possible code words, 22 = 4 code words are selected and assigned to the
four info words, as shown in Table 5.8. The selected code words reduce the probability of

occurrence of [101] in a continuous stream of code word sequence.

Table 5.8: Code table of the (3,2) weak sequence preventing mapping code inferred
from the error analysis based on the analytical model.

U = [uguy] | @ = [T 21 2]
0 0] 00 0]
0 1] 00 1]
1 0] 100
1 1] 11 1]

When considering the example, where two possible code words are transmitted in suc-
cession, the chances of transmitting the most error-prone sequence [101] is zero in the
case of (3,2) WSPM code. However, in the case of the (3,2) SPC code, the likelihood
of occurrence of the sequence [101] is 75%. For the analytical model, (3,2) WSPM code
sprays the water-based dye solution 0.625 times per info bit on average, which is higher
than the testbed measurements, but still offers the best resource efficiency as compared to
the other implemented FEC codes. The decoding of the (3,2) WSPM code is performed by
FTD-based detection of the received energy samples. An error correction of the invalid code
word to the true code word is performed by considering the soft value in the form of the
distance between the energy sample and the threshold, and finding the highest correlation

among all the available code words.

5.4 Results

The results of the BER analysis with the increasing transmission distance d for the imple-
mented channel coding schemes are discussed in this section. The BER performance based
on the testbed measurements using the water-based solution of uranine for a randomly
generated info word of length 108 over 20 trials is presented in Figure 5.4 (testbed mea-
surement parameters listed in Table 3.1). For a better observation of the BER performance

for smaller values of d, the simulation results based on the analytical model presented in
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Figure 5.5 is considered for a randomly generated info word of the same length over 100000
trials. As a common observation, it is seen that the BER performance deteriorates with
increase in d. This is because there is a significant reduction in the number of droplets
traveling the length of the tube and reaching the field of view of the camera-based detector
at the receiver side. The droplets either fall down and collect at the bottom of the tube
or simply get dispersed laterally. Also, the trajectory assumed by the spray is influenced
by the gravitational force, increasing the distance between the camera-based detector and
the droplets, as discussed in Section 3.3.2, thus, reducing the intensity of light received by
the camera. All these influences decrease the received signal strength while contributing
to the noise power. Moreover, the slowing down of the sprayed droplets due to the effect

of air drag further leads to an increase in ISI.

—— 00K
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Figure 5.4: Bit error rate performance of the encoded transmission data sequences
based on the testbed measurements with increasing distance d.

The BER performances of the channel coding schemes with FTD are compared with
respect to the OOK modulated received energy samples recorded by the camera-based
detector. It is evident from Figure 5.4 that (3,1) repetition code offers a better BER
performance as compared to (2, 1) repetition code, and produces no error up to d = 178 cm,
which is also corroborated by the simulation results using the analytical model depicted
in Figure 5.5. This is due to the fact that (3,1) repetition code has a lower value of
code rate R as compared to (2, 1) repetition code, with more redundant bits capable of
detecting and correcting more erroneous bits. In addition, a lower value of R increases the

energy per info bit in the transmission system under investigation. From the measurement
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Figure 5.5: Bit error rate performance of the encoded transmission data sequences
based on the analytical model with increasing distance d.

results obtained from the testbed, the performances of (8,4) and (16,8) CRC codes are
very similar and also give zero error for the transmission distances under consideration,
as shown in Figure 5.4. A more accurate observation can be made from the simulation
results of the analytical model shown in Figure 5.5, which depicts that (16,8) CRC code
outperforms (8,4) CRC code in terms of the BER performance. This is due to the fact
that (16,8) CRC code has a minimum Hamming distance d,,;, = 4, which enhances its
coding gain. Overall, the soft-input decoding of CRC code is quite powerful, however, more
computationally complex, which is another reason why no error is obtained in the case of
(8,4) CRC code for the measurement results acquired from the testbed. The performance
of (3,2) SPC code is the worst among all the implemented coding schemes for the testbed
measurements, as presented in Figure 5.4. This is due to the fact that the likelihood of
transmission of the most error-prone sequence [110] is quite high. In order to tackle this
issue, (3,2) WSPM code is designed keeping in mind the channel characteristics. The
likelihood of transmission of the most error-prone sequence [110] is significantly reduced
in this case, due to which, no error is observed for the transmission distances taken into
account. However, this is not the case for the results obtained from the simulation results
using the analytical model, presented in Figure 5.5. (3,2) WSPM code performs worse than
(3,2) SPC code due to the fact that although the transmission of the most error-prone
sequence [101] is avoided, the probability of occurrences of the other more error-prone

sequences such as [001] are still pretty high, leading to the deterioration of the BER
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performance. (7,4) Hamming code performs better than (15,11) Hamming code in the
case of both testbed measurement results as well as the simulation results based on the
analytical model presented in Figure 5.4 and Figure 5.5, respectively. (7,4) Hamming code
in fact, produces no error for d up to 178 cm with respect to the testbed measurements.
This is again because (7,4) Hamming code has higher redundancy and higher energy per
info bit as compared to (15,11) Hamming code. It is also interesting to see that the value
of R for (7,4) Hamming code, although higher than (2, 1) repetition code and (8,4) CRC
code, has a better BER performance than them, as evident from the simulation results
based on the analytical model in Figure 5.5. This is because d,,;, = 3 remains fixed for all
Hamming codes, which helps boost their coding gain. Also, soft-input decoding employed
is quite powerful, although being more computationally complex. This is also evident from
Figure 5.5 that (15,11) Hamming code has a much higher value of R as compared to (2,1)
repetition code, but their BER performances at d = 178 cm are quite similar. Derived from
(4,1,4) convolutional mother code, (2,1) convolutional code is error-free in the case of the
results obtained from the testbed measurements, depicted in Figure 5.4, compared to (3,4)
convolutional code for the transmission distances under consideration. This is because (2, 1)
convolutional code has a lower value of R and higher energy per info bit. (2, 1) convolutional
code also performs better than (2, 1) repetition code, as the former offers a minimum free
distance of d,,;, = 7 that helps improve its coding gain as compared to the latter, which
offers a minimum Hamming distance of d,;,, = 2. Additionally, (2,1) convolutional code
is decoded using the Viterbi algorithm, which is based on maximum-likelihood sequence

estimation (MLSE), offering a higher computational power with a better BER performance.

5.5 Spatial Codes

Multiple-input multiple-output (MIMO) technique is a very popular method incorporated
in wireless communication systems, where several transmit and receive antennas are used
for data transmission purposes. Currently, MIMO has become an inalienable part of many
modern wireless communication standards such as the 5G, Wi-Fi, long term evolution,
and worldwide interoperability for microwave access [FKO08]. The information in MIMO is
encoded by making use of an additional degree of freedom in the form of spatial domain.
Multiple antennas in a MIMO system with respect to wireless communication can be

utilized in the following forms to achieve improvements in system performance, as mentioned

in [MST09]:

o Spatial Multiplexing - The process in which independent data sequences are transmit-
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ted over multiple antennas called layers. This method ensures higher data transmis-
sion rates as compared to the systems employing single antenna or the single-input

single-output (SISO) configuration through multiplexing gain.

o Spatial Diversity - This technique makes use of the multiple antennas by transmitting
redundant signals representing the same data transmission sequence in order to
improve the BER. With the help of space-time coding (two-dimensional coding in

time and spatial domains), a diversity gain is achieved.

o Smart Antennas - This method makes use of steerable antennas in order to improve
the signal-to-noise ratio (SNR), and to subdue the inter-link interference (ILI) for a
multiuser scenario at the receiver side. Beamforming technique is used to steer the
beam patterns towards a desired receive antenna in order to attain an increased SNR

through array gain.

In the context of molecular communication, MIMO for a diffusion-based molecular com-
munication has been introduced for the first time in [MY*12], where various aspects such as
transmitter diversity, receiver-side diversity combining techniques, and spatial multiplexing
are discussed. Since then, many theoretical works have come up in this field of research
such as machine learning-based channel modeling [LY17], introduction of modulation
schemes [GBT19b], receiver design optimization strategies as well as channel estimation,
equalization and detection processes [RS19] (details in Section 1.5). However, very few prac-
tical implementations of MIMO concepts from the perspective of molecular communication
have been realized in the past. The very first attempt to extend a SISO alcohol-based
molecular communication testbed setup to a MIMO setup has been showcased in [KL'16;
LK*20a; LK"20b]. In similar lines, this dissertation presents a 2 x 2 MIMO scenario for
an air-based molecular communication testbed using fluorescent dyes. The goal in this
work is to achieve an improvement in the BER performance of the data transmission
process. Therefore, different spatial algorithms at the transmitter and the receiver sides
are employed and investigated while taking both the effects of ISI as well as ILI into ac-
count. As presented in [DY'17; DY 18], two types of spatial coding techniques namely the
Alamouti-type coding and repetition MIMO coding are implemented at the transmitter
side. At the receiver side, two different receiver combining techniques namely equal gain

combining (EGC) and selection diversity (SD) are used.
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5.5.1 MIMO Testbed Setup

In order to tap into the advantages of spatial diversity offered by a MIMO configuration,
different spatial codes and combining/selection strategies presented in [DY"17; DY 18]
for a diffusion-based molecular communication channel are implemented in a 2 x 2 MIMO
setup for the macroscopic air-based molecular communication testbed presented in this
dissertation. The MIMO configuration of the testbed as depicted in Figure 5.6 is very
similar to the SISO scenario, discussed in Section 2.2. The difference, however, lies in the
fact that the sprayer acting as the transmitter (Tx) is extended by an additional sprayer
with both the containers filled with water-based solutions of uranine, while the field of
view of the receiver (Rx) side camera is split into two equal halves, each acting as an
independent receiver similar to its previous implementation in Section 4.4.7. Analogous
to the radio-based wireless transmission systems, the two sprayers at the transmitter side
and the split field of view of the camera-based detector at the receiver side are referred to
as the antennas from this point on, even though they significantly differ in terms of their
operations compared to a classical antenna. In a symmetrical arrangement, the distance
between the spray nozzles of the transmit antennas Tx, and Tx; is fixed at 16 cm, which
ensures the reception of the sprayed droplets by both the receive antennas Rx, and Rx;
of the camera-based detector. The distance between Tx, and Rxg, and between Tx; and
Rx; is d.

Tx 0

CO

Camera Field of View

16 cm

=

TX 1

Figure 5.6: A 2 x2 multiple-input multiple-output setup of the testbed with two trans-
mit antennas Tx, and Tx;, and two receive antennas Rx, and Rx;, with a separation
distance d between the transmit antennas and the receive antennas.
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The end-to-end system coefficient hf describes the end-to-end subsystems between the
transmit antenna Tx; and the receive antenna Rx;. The pixel energy sample from the
sprayed information carrier droplets recorded at the receive antenna Rx; during the kth
transmission interval can be expressed by the superposition of all available end-to-end sub
systems. Therefore, the equivalent discrete-time end-to-end system model in Section 4.1 at
Rx; for N, transmit antennas can be generalized as according to [DY"17; DY 18] by the

expression
Npo—1 L

yilkl = 30 S hiwk — 0] + w,lk], (5.8)

i=0 (=0

where z;[k] is the data symbol transmitted by Tx; in kth transmission interval and w;[k]
represents the noise term at Rx; arising due to the reasons such as imperfection of transmit
antennas, turbulence, air drag, etc., as mentioned in Section 3.6 in detail. It must be
mentioned that the end-to-end system coefficients are not normalized in order to preserve
the features like the hardware position/configuration related and the distance dependent
signal strength. All the investigations are carried out with OOK modulated data sequence
at the transmit antennas, where x;[k] € {0,1}. As an example, the end-to-end system
coefficients of the 2 x2 MIMO configuration at distance d = 178 cm is depicted in Figure 5.7.
The end-to-end system coefficients represented by hﬁi for the MIMO subsystems for system
memory length L = 2 are evaluated through the testbed measurements averaged over 20
trials. The effects of ILI is more pronounced at the considered distance, as the sprayed
droplets from the antennas experience lateral dispersion, which gets larger with increase in
d between the transmit antennas and the receive antennas. It is observed that the system
coefficients k" and h;' are stronger as compared to hY° and hY'. Since there is only one
ultraviolet (UV)-A light source illuminating the sprayed water-based solution droplets at
the receive antennas, the received droplets which lie closer to the UV-A light source in the
spatial domain glow much brighter than those droplets that lie much farther away from

the light source, resulting in the higher magnitude of the system coefficients.

5.5.2 Alamouti-type Code

Spatial diversity achieving algorithms in MIMO systems make use of the multiple trans-
mit antennas to send redundant information to the receive antennas in order to achieve
better BER performance. Some MIMO coding techniques introduce the redundancy in
both spatial and time domains, and are therefore, referred to as space-time coding. In
this regard, the Alamouti space-time block code, originally introduced for a two-antenna

wireless communication systems in [Ala98], is an orthogonal space-time coding strategy.
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Figure 5.7: The end-to-end system coefficients of the 2 x 2 multiple-input multiple-
output configuration for the presented testbed, at distance d = 178 cm.
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The information can typically be represented by a sequence of data with symbol cardinality
M. However, in this dissertation, only binary data symbols are considered, where the kth
info bit u;, from an info word u represents the information. Therefore, the transmission

matrix for a 2 x 2 Alamouti space-time block code can be described by

T = [ h “’T] . (5.9)

*
—Ug41  Ug

The rows of T represent two consecutive transmission intervals k7" and (k4 1)7", while the
columns constitute the two transmit antennas Tx, and Tx;. Therefore, it is understood that
in the first time slot, xy[k] = u;, is transmitted over Txq and z;[k] = uy, is transmitted
over Tx;. Similarly, in the next time slot, zg[k + 1] = —uj,; and z[k + 1] = wuy, are
transmitted over the antennas Tk, and Txy, respectively. The information from both info
bits are transmitted over the two transmit antennas in two successive transmission intervals,
leading to a diversity gain. Due to the orthogonality introduced by the Alamouti space-time
block code at the receive antennas, the condition T™T = cI, holds true, where T is the
Hermitian of the transmission matrix, ¢ is a constant, and I, is a 2 x 2 identity matrix.
Thus, a complete cancellation of ILI is obtained at the receive antennas, further simplifying
the maximum-likelihood detection process. In practical scenarios, the orthogonality often
gets lost when the transmission channel gets affected by the ISI, necessitating the use
of more complex detection algorithms such as the MLSE [MHO04]. The Alamouti space-
time block code has been originally conceived for a complex-valued bipolar data symbols,
while the data in molecular communication, as in the case of optical communication, is
represented by unipolar real-valued data symbols. In order to accommodate these conditions,
the Alamouti space-time block code for wireless communication systems can be modified
to an Alamouti-type code, as presented in [SV05] for free-space optical communication
channels, and extended for diffusion-based molecular communication channels in [DY"17;
DY "18]. The Alamouti-type code is formed by taking into account only the real-valued
data symbols without the complex conjugate operation as well as replacing the data
symbols having negative signs with their inverse equivalent symbols. Therefore, the modified
transmission matrix of the Alamouti-type code for OOK modulation in air-based molecular

communication testbed can be expressed as

T=| " " e {01, (5.10)
L —upn wy
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It is to be noted that for the testbed using water-based solution of uranine as the infor-
mation carrier, the transmission data is affected by ISI leading to a loss in orthogonality
that Alamouti-type code typically offers. This entails the use of more complex detection
algorithms such as the MLSE at the receive antennas similar to the conventional Alamouti
space-time block code with ISI. Since the Alamouti-type code spreads the information
of two data symbols over two time slots, the branch metric in MLSE introduced in Sec-
tion 4.3.3 should be jointly evaluated for both time slots, as also mentioned in [DY*17;
DY *18]. For instance, if ISI for the system memory length L = 1 is taken into account,
the transmission matrix is given as
Uy, Uppr 1 —wpy up o

T, = , (5.11)
1 —upyr  uy U Uk+1

where T'; is the transmission matrix taking into account L ISI terms. The ISI terms
belonging to the previous transmission slots of transmit antennas Tx, and Tx; are given

by the last two columns in (5.11). Therefore, the pixel energy samples due to the sprayed

information carrier droplets at the receive antennas Rx, and Rx; can be expressed as

hY  hi°
volk +1] ik +1] Plpgo plo wolk + 1] wi[k + 1]
W ng

5.5.3 Repetiton MIMO Code

Another technique to achieve diversity gain is to simply code the information over the spatial
dimension instead of using the time dimension. Based on the exact same principle, a spatial
coding strategy namely repetition MIMO coding is introduced for a laser-based optical
communication in [WB*05]. The coding design of the repetition MIMO is much simpler at
the transmit and the receive antennas as compared to the orthogonal Alamouti space-time
block code, making the former a more intuitive choice against the latter. Repetition MIMO
is also popularly used in applications related to visible light communication [Hoel9]. The
information in repetition MIMO is replicated over all the transmit antennas and transmitted
simultaneously to the corresponding receive antennas using OOK modulation scheme. The
information can typically be represented by a sequence of data symbols of cardinality M.
However, in this dissertation, only binary data symbols are considered, where the kth info

bit u; from an info word w represents the information. Therefore, the transmission matrix
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for a 2 x 2 MIMO system can be written in the matrix form
T=|u w. (5.13)

Repetition MIMO coding does not provide the advantages of orthogonality. Thus, ILI
cannot be removed at the receive antennas. However, it is to be noted that since the same
information is transmitted simultaneously over every transmit antenna, the ILI acts rather
constructively at the receive antennas from the viewpoint of the received signal strength.
On the other hand, ISI at the receive antennas can be removed quite conveniently by

implementing the detection algorithms for SISO systems.

5.5.4 Receiver Combining Strategies

The main advantage of using a MIMO setup is the availability of multiple receive antennas
that can acquire the information-carrying signal in the spatial domain, which can then be
utilized for detection purposes. The idea is then to either consider one of these acquired
signals or to combine several of these acquired signals together, before employing the
detection algorithm. To this end, the most popular selection and combining strategies
discussed in the literature are SD and EGC [Ho6h13], which have also been taken into

consideration for the 2 x 2 MIMO system presented in this dissertation.

In the case of SD, the receive antenna that acquires the information-carrying signal
with the maximum strength is selected to perform the detection algorithm. The strength
of the received signal is determined by the end-to-end system coefficients hi’ Therefore,
the higher the value of system coefficient, the stronger the signal acquired by the receive
antenna. However, for the 2 x 2 MIMO scenario introduced in this work, it is observed that
the system coefficients h’ and hj' are stronger as compared to he® and hY' for the reasons
stated in Section 5.5.1. According to the MIMO testbed setup, the receive antenna Rx;
receives the droplets which end up lying closer to the UV-A light source as compared to
the droplets received by antenna Rxg, leading to employment of the detection algorithm
on the acquired signal with a higher SNR. This results in the signal Rx; to be selected for
the scenario under consideration as

L

ysolk] = k] = Z (hi®molk — 0 + hi'z1 [k — €]) + wi []. (5.14)
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For detection purposes, the FTD rule for SD is used which is given as

Solk] = ] = | ol =6 (5.15)

1 if ygplk] > €.

In the case of EGC, all the acquired information signals by the receive antennas are
equally weighted and summed together, resulting in a very low-complexity combining

strategy. Without loss of generality as well as choosing the weights to be equal to one gives

yeac k] = yolk] + 1 [K]

— ZL: (2 + BlO) ol — ] + (W + B aalk — ] + wolk] + wr[] (5.16)

=0

For detection purposes, the FTD rule for EGC is used that is given as

Golk] = 24[K] = 0 if ypeclk] <&, (5.17)

1 if ypaelk] > €.

The optimum combining strategy is based upon assigning different weights to the acquired
information signal by the receive antennas with respect to the channel quality. This is
known as the maximum ratio combining (MRC) strategy [H6h13], popularly used in MIMO
scenarios for radio wave-based wireless communication systems. However, in this work,
the emphasis has particularly been laid on showcasing and implementing low-complexity
combining strategies such as SD and EGC, which do not require the knowledge of the
channel, and can also be of great importance to applications concerning the micro-scale

molecular communication systems.

5.5.5 Results

The results of the BER analysis with increasing transmission distance d for the implemented
MIMO spatial codes are discussed in this section. The analysis is performed based on the
testbed measurements using the water-based solution of uranine as the information carrier
as well as the simulation results based on the analytical model, presented in Section 3.7.
An end-to-end system with a memory length L = 2 is considered for the analysis. It is
important to mention that the resource normalization at the transmit antennas is not
considered for the spatial diversity algorithms for this work, as it is shown in [DY"18]

that when power normalization is applied in a diffusion-based molecular communication
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channel, no diversity gain is achieved in the case of implemented MIMO algorithms over
the SISO scenario. Therefore, without power normalization, an array gain is achieved over
diversity gain, which is also the case for the spatial diversity algorithms used in the MIMO

system considered in this dissertation.
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Figure 5.8: Bit error rate performance of the spatial encoded transmission data
sequences based on the testbed measurements with increasing distance d.
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Figure 5.9: Bit error rate performance of the spatial encoded transmission data
sequences based on the analytical model with increasing distance d.

The BER performance from the testbed measurements for a transmission sequence length
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of 108 randomly generated binary data symbols over 20 trials is presented in Figure 5.8
(testbed measurement parameters listed in Table 3.1). It is observed that compared to the
OOK modulated SISO transmission system, all spatial diversity techniques such as the
Alamouti-type coding as well as the repetition MIMO coding result in no error for increase
in distance d. However, when the simulation results from the analytical model presented
in Figure 5.9 is considered for a transmission sequence length of 108 randomly generated
binary data symbols and 100000 trials, it is observed that the repetition MIMO coding
with EGC receiver combining strategy performs best in terms of the BER performance
with increasing d. This is because of the array gain achieved by the use of two different
transmitters requiring twice the amount of resources as compared to the SISO transmission
system. Similarly, the BER performance of repetition MIMO code employing SD receiver
combining strategy performs better than the SISO transmission system with increasing d.
This is due to the fact that in a 2 x 2 MIMO configuration of the testbed setup, one of
the transmitters is closer to the UV-A light source illuminating the sprayed droplets of the
water-based solution of the information carrier as compared to the transmitter used in the
SISO configuration of the testbed setup. This results in a proportionately higher SNR at
the receive antenna in the case of 2 x 2 MIMO setup, thus improving the BER performance
when using SD combining strategy at the receiver side. Additionally, it is also observed that
the Alamouti-type code achieves an improved BER performance as compared to repetition
MIMO code with both EGC and SD combining strategies for smaller values of d. This is
because for smaller d, ILI is negligible, while a more complex detection algorithm such
as MLSE outperforms FTD-based detection algorithm at the receiver side. However, as
d increases, the BER performance worsens despite employing MLSE detection algorithm.
This is due to the fact that in repetition MIMO with EGC, ILI contributes constructively
to the received signal, while in the Alamouti-type code, ILI has a rather destructive effect.
It is also to be mentioned that ILI for the analytical model has been treated as a noise
process. As a general observation, it is also seen that for all the implemented spatial coding
schemes, the BER performance worsens with increase in d. This is due to the ill effects of
the decreasing SNR and increasing ISI with d. A further improvement in BER performance
for repetition MIMO code can be achieved by also combining the channel equalization

methods presented in Section 4.3.
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5.6 Summary

In this chapter, error minimization techniques in the form of channel coding have been
employed for the presented macroscopic air-based molecular communication testbed using
a water-based solution of uranine as the information carrier. The performance analysis of
different FEC channel codes belonging to the families of block codes and convolutional
codes, apart from line codes and spatial codes have been investigated from the standpoint of
the presented macroscopic molecular communication testbed, based on the measurements as
well as the analytical model. (3,2) WSPM line code especially, has been implemented for the
very first time in a molecular communication testbed, which minimizes the transmission
errors by the use of code words that are adapted to the channel characteristics. It is
also shown that this low-complexity line coding technique not only helps minimize the
transmission errors but also uses the least amount of resources on average, as compared
to the other implemented FEC codes. A BER performance analysis of the FEC codes and
the line code have been presented with respect to the increasing distance between the
transmitter and the receiver. The analysis is performed based on the testbed measurements
as well as the simulation results obtained from the analytical model, presented in Section 3.7.

Similarly, the implementation of spatial codes has been achieved by extending the SISO
setup of the testbed to a 2 x 2 MIMO system. The Alamouti-type code as well as repetition
MIMO code have been presented as two spatial coding techniques that help improve
the BER performance of the transmission system with increasing distance between the
transmitter and the receiver by exploiting the spatial domain. The array gain involved
in the spatial coding techniques leads to a better BER performance compared to the
SISO transmission system, which is presented with the help of a BER analysis, making
use of both the testbed measurements as well as the simulation results acquired from the
analytical model. Repetition MIMO incorporating EGC as a low-complexity combining
strategy particularly displays the best BER performance amongst all the implemented
spatial coding techniques due to the constructive effect of ILI. Moreover, it also offers
advantage over the optimal MRC combining strategy, as it completely eliminates the
requirement of the channel knowledge at the receiver side, as the performance of the MRC

gets hindered with inaccurate estimation of the channel.
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6.1 Conclusion

The work presented in this dissertation presents the new practical implementation of
macroscopic molecular communication testbed using water-based solution of fluorescent dye
as information carrier, sprayed over an air-based transmission channel medium. Due to the
limited availability of resources in the literature with respect to the practical implementation
of molecular communication at a macro-scale level, this work attempts at discussing its
various aspects from the perspective of communication theory that would eventually be
helpful in its standardization for industry-specific applications. Infrastructure monitoring
applications such as the underground sewage facilities and oil /gas industries, where pipelines
and ducting systems are extensively deployed, can especially reap benefits of molecular
communication, where otherwise conventional radio-based wireless communication performs
poorly. Therefore, the focus of this work is to investigate a complete end-to-end data
transmission system that includes the transmitter, the information carrier, the transmission
channel, and the receiver encompassing the end-to-end system model, the transmission
and reception algorithms, as well as the error mitigation strategies. Additionally, for the
considered transmission distance, one of the main objectives of this work is also to attain
high data transmission rates at low bit error rate (BER) in order to make molecular
communication at macro-scale level a more feasible choice of data communication.

The testbed design and implementation of the air-based macroscopic molecular com-
munication using fluorescent dye is discussed in this dissertation. At the transmitter side,
a pressure sprayer containing the water-based solution of uranine or the highlighter ink

as the information carrier is operated with the help of a micro-controller. The sprayed
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droplets of the water-based information-carrying dye solution, which pose no threat to
health or environment, are transmitted through a transmission channel tube, which is then
detected using a camera at the receiver side. The information signal is extracted in the
form of green or red pixel intensity values of the camera-based detector. The performance
of the overall transmission system especially depends on the responsitivity of the receiver,
which is gauged with the help of certain performance metrics namely peak’s maximum to
full-width at half maximum, delay to peak’s maximum and interference to total received
energy ratio. In order to compare the system performance of the molecular communication
testbed using fluorescent dyes, the traditionally implemented molecular communication
testbed using alcohol is considered as a benchmark. It is demonstrated that the afore-
mentioned performance metrics show defining results which are in favor of the molecular
communication testbed using fluorescent dyes, as opposed to the molecular communication

testbed using alcohol.

The theory behind the mass transportation process of the water-based solution droplets
of the dye can be perceived from the standpoint of particle-based molecular communication.
In this regard, some of the most common phenomena facilitating the transportation of
information-carrying particles from the transmitter to the receiver that are often mentioned
in the literature include diffusion, advection, turbulent flow, convection, and dispersion.
However, when molecular communication takes place in an air-based medium with infor-
mation carrier in liquid-based solution droplets, the released droplets from the transmitter
side sprayer mostly get carried towards the receiver through diffusion, advection and/or
turbulent flow. In this work, the transportation of the water-based dye solution droplets are
modeled using the advection-diffusion process by taking into account physical influences
such as the drag and gravitational forces. The end-to-end system model of the testbed is
considered to model the system impulse response, which is a direct consequence of the
combined effects of the transmitter, the propagation channel as well as the receiver. More-
over, the molecular communication system that is under investigation is also shown to be
nearly linear, and is independent of the choice of the information carrier in the form of the
water-based solutions of uranine or the highlighter ink. Any uncertainty and randomness
in the system impulse response due to inconsistent spray bursts at the transmitter side,
turbulence causing initial interaction of released high velocity droplets with air, imperfec-
tion of the camera-based detector at the receiver side, etc., is modeled with the help of
an amplitude-dependent noise process. Finally, the system impulse response and the noise
model are combined together to formulate the complete analytical model of the testbed,

which is validated by the transmission of a message sequence through measurement trials
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from the testbed. The analytical model helps to run computer simulations with very large
number of trials in order to obtain more accurate results, which would otherwise be a

tedious process when obtaining the results based on the testbed measurements.

The data acquisition principle pertaining to the presented air-based macroscopic molec-
ular communication testbed using fluorescent dyes is also focused in this dissertation.
Obtaining the green pixel intensity value for the water-based solution of uranine and
obtaining the red pixel intensity value for the highlighter ink water-based solution are
elucidated, followed by the accumulation of energy under these pixel intensity pulses over
a symbol duration, a process delineated through an equivalent discrete-time end-to-end
system model. Simple binary transmitter-side modulation schemes and low-complexity
receiver-side threshold-based detection algorithms are presented with a possibility to in-
clude equalization techniques for further improvement of BER performance. Additionally,
higher-order modulation schemes incorporating various degrees of freedom are implemented.
A performance analysis in terms of their hardware constrained data transmission rates
as well as their resource requirements are showcased, which gives a unique perspective to
the user when choosing a particular modulation scheme for data transmission purposes.
Moreover, investigative analysis of the implemented modulation schemes in terms of their
BER performance is also presented in this dissertation based on the results obtained by
conducting the testbed measurements as well as the simulation results obtained through

the analytical model.

From the wireless communication and information theory literature, it is a well-known
fact that channel coding schemes are used to successfully mitigate the transmission errors
that originate in the channel. The same goes for the macroscopic air-based molecular
communication system presented in this work, where the transmission channel errors occur
due to the reasons such as the effects of inter-symbol interference (ISI), noise processes, etc.
The analysis of various forward error correction (FEC) codes that are broadly classified
under two larger coding families of block codes (like repetition code, single parity check
code, cyclic redundancy check code, and the Hamming code) and convolutional codes
have been carried out. A specific type of line code namely weak sequence preventing
mapping code has been implemented in a macroscopic molecular communication testbed,
which minimizes the transmission errors by the use of code words that are adapted to the
channel characteristics. This low-complexity line coding technique additionally helps to
minimize the average resource requirement as compared to the other implemented FEC
codes. Furthermore, spatial codes have also been implemented by extending the single-

input single-output (SISO) setup of the macroscopic air-based molecular communication
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testbed to a 2 x 2 multiple-input multiple-output (MIMO) system. The performances of the
Alamouti-type code and the repetition MIMO code have specifically been investigated with
respect to their roles in improving BER performances by exploiting the spatial domain.
The array gain in the spatial codes helps to improve the BER performance with respect
to the SISO transmission system as observed from both the testbed measurements as well
as the simulation results acquired from the analytical model. Low-complexity combining
strategies such as equal gain combining also leads to an improvement in BER performance

due to the constructive effect of the inter-link interference (ILI) at the receiver side.

6.2 QOutlook

The field of molecular communication is still at a very nascent stage and developing contin-
uously. This offers several research opportunities to the community in multiple areas. This
outlook discusses possibilities of further research on the topics presented in this dissertation.

The end-to-end system of the macroscopic air-based molecular communication testbed
presented in this work is based on the principle of advection-diffusion process due to the
transmission channel itself being a bounded tube, reducing the effects of turbulence. In
order to expand the investigation, scenarios that cause turbulence such as the presence of
obstacles as well as drift in random direction can help make the system model more holistic.
Additionally, reflecting surfaces inside the transmission channel as well as various spray
characteristics and shapes can be investigated. Moreover, the presence of the water-based
information-carrying droplets in the background can be another scenario for which the
noise model can be formulated. Mobility of transmitters and receivers can also be studied
for the testbed in order to perceive its impact on the system impulse response. The same
setup can be extended to include a network of tube-like structures emulating a pipeline
network, commonly found in oil/gas industries and sewage systems employing relaying and
routing strategies.

The dissertation discusses about the use of spatial domain and color of dye as two
additional degrees of freedom along with the concentration of the sprayed water-based dye
solution for the representation of transmit data symbols. Future research work can combine
all the three degrees of freedom together in order to represent data symbols of a higher
symbol cardinality, thus increasing the transmission rates further. The analytical models,
when simultaneously using two different colored dyes or spatial regions, can be improved by
modeling the effects of shadowing and ILI. Innovative modulation techniques and channel

coding schemes can also be designed that not only serve their respective purposes efficiently,
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6.2 Outlook

but also minimize the average volume of the sprayed water-based solution of the information
carrier per bit.

Finally, the transmitter and the receiver hardware can themselves be modified and im-
proved in order to achieve higher data transmission rates. For example, the work presented
in [BK"23] makes use of a faster switching solenoid valve at the transmitter side, controlling
the opening and shutting mechanism of the spray nozzle, and releasing the water-based
solution of the information carrier. This is used in conjunction with an improved detector
with a PIN-photodiode at the receiver side, which enhances the detection capability of
the sprayed droplets. The end-to-end system model for this system can be proposed to
formulate the analytical model including the noise process for simulation purposes. The
modulation schemes with higher degrees of freedom can additionally be used to increase the
data transmission rates by manifold. Furthermore, the range of data transmission between
the transmitter and the receiver can be increased for a target BER when equalization

techniques and channel coding schemes are introduced into the system.
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Acronyms

ANN
ATD
BCJR
BER
C6-HSL
CRC
CSK
CTS
DC
DFE
DPM
DPPM
EGC
EM
FEC
FIR
FPS
FTD
FWHM
ICI
IIR

Artificial neural network

Adaptive threshold detector
Bahl-Cocke-Jelinek-Raviv

Bit error rate
N-(3-Oxyhexanoyl)-L-homoserine lactone
Cyclic redundancy check
Concentration shift keying
Communication through silence
Direct current

Decision-feedback equalizer

Delay to peak’s maximum
Differential pulse-position modulation
Equal gain combining

Electro magnetic

Forward error correction

Finite impulse response

Frames per second

Fixed threshold detector

Full-width at half maximum
Inter-color interference

Infinite impulse response

Notation
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ILI

ISI

ITR

LAN

LED

MA
MCSK
MIMO
MLSE
MoSK
MPPM
MRC
MSSK
3-hydroxy-AHL
3-oxo-AHL
OFC

OOK

PDE

PDF
PMFWHM
PPM
RMSE

Rx
SARS-CoV-2
SCSK

SD

SISO

SNR

SPC
SPION
SPPM
SSK

TEC

Tx

[OAY
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Inter-link interference

Inter-symbol interference

Interference to total received energy ratio
Local area network

Light-emitting diode

Moving average

Molecular concentration shift keying
Multiple-input multiple-output
Maximum-likelihood sequence estimation
Molecular shift keying

Multi-pulse pulse-position modulation
Maximum ratio combining

Molecular space shift keying
N-(3-hydoxyacyl) homoserine lactone
N-(3-oxoacyl) homoserine lactone
Optical fiber communication

On-off keying

Partial differential equation

Probability density function

Peak’s maximum to full-width at half maximum

Pulse-position modulation
Root-mean-square error

Receiver

Severe Acute Respiratory Syndrome Coronavirus 2

Spatial concentration shift keying
Selection diversity

Single-input single-output
Signal-to-noise ratio

Single parity check
Superparamagnetic iron oxide nanoparticle
Shorten pulse-position modulation
Spatial shift keying

Time-elapse communication
Transmitter

Ultraviolet



VLC
VOC
WSPM
ZF

Visible light communication
Volatile organic compound
Weak sequence preventing mapping

Zero-forcing

Mathematical Notation

Zero vector

Scaling constants

Pilot matrix

Total energy in system impulse response curve

Energy in system impulse response curve beyond symbol duration
Auto-correlation function

Speed of light in air

Covariance

Transmission distance

Effective linear dimension of the environment

Diameter of a gas molecule

Minimum Hamming/free distance of block/convolutional code
Probability-based distance

Diffusion coefficient

Eddy-diffusion coefficient

Function

Camera frame rate

ZF filter coefficient

Generator polynomial

Number of ZF filter coefficients

Generator matrix

End-to-end system coefficient

Estimated end-to-end system coefficient vector

(th system coefficient of end-to-end system between jth transmit antenna
and ith receive antenna

System impulse response

System impulse response for alcohol

System impulse response for the highlighter ink
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Maximum system impulse response value

Measured system impulse response

System impulse response for uranine

h(t) sampled at time ¢ = mT,,,

Height of the stream of sprayed droplets

Fitted height

Simulation step

Trial index

Identity matrix

Discrete time

Boltzmann constant

Info word length

Sequence length of the transmitted pilot/data symbols

Total chip slots occupied by MPPM pulses

System memory length

Memory length / number of shift registers of a convolutional code
Multiples of sampling period

Molar mass of a gas

Symbol cardinality

Number of molecules released by the point transmitter at time ¢ = 0
Code word length

Noise sample generated using the MA model

Estimated noise sample

Number of frames from LED turning on to the first appearance of droplets
at the center of the field of view of camera

Number of frames from LED turning on to the first appearance of droplets
just outside the sprayer nozzle

Continuous-time additive noise

Number of samples

Total available chip slots

Total number of trials

Number of transmitters

Natural numbers excluding 0

Natural numbers including 0

. . . . . . 2
Gaussian distribution with mean g and variance o



Nhalf('7 )

TRNT R

oY
@

P, gas
r

Tmol

Umeas

Half Gaussian distribution

1th parity bit

Probability of a transmitted data sequence in MLSE
Vector with the coefficients of the system impulse response model
Parity check matrix

Submatrix with parity checks

Probability

Bit error probability

Error probability of sequence s

Symbol error probability

Pressure of a gas

Transmission radius

Radius of the diffusing molecule

Code rate

Goodness of fit

Maximum achievable average data transmission rate
DPPM symbol

Data transmission sequences for the test of linearity
Time

Symbol duration

Chip slot duration

Sampling period of the camera-based detector
Spray duration

Time gap in DPPM

Reference spray-pulse in DPPM

Minimum shutting time of the valve

Transmission matrix

System

Info bit

Info word

Possible concentration levels in MCSK and SCSK
Velocity of the information carrying particles

Fitted velocity

Flow velocity in the fluid propagation medium

Measured velocity from the experiments
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Up,r Upy» VU,

Zmol
Zspace
ay, B,m

g, 2,72
Fl—Lmem [k]

o(-)
At
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Flow velocity components in z, y, and z dimensions

Velocity vector

Volume of the water-based solution of the information carrier released over
T,, duration

Average volume sprayed per bit

MA model order

Wiener process

Transmit symbol

Transmit symbol hypothesis

Estimated transmit symbol

Transmit symbol sequence

Transmit symbol sequence hypothesis

Code word

Transmit symbol alphabet

Received pixel energy sample

Received pixel energy sample after post-processing

Continuous-time output signal of the end-to-end system

Received pixel energy sample vector

EGC receive sample

SD receive sample

Z-transform variable

Different molecular types in MCSK

Different spatial regions in SCSK

Coefficients of the system impulse response model for the first local maxi-
mum

Coeflicients of the system impulse response model for the second local
maximum

Path metric

Dirac delta function

Discrete time step

Discrete displacement step in spherical coordinate system

Discrete step in z, y, and z dimensions

Zero-mean white Gaussian noise process sample with a variance of 1
Viscosity of the aqueous medium

Temperature of the medium



pCOI‘I‘

p,p, 0
Jo)

pxapy>pz
g

Tlag

o(p,t)
Gyt

¢tilt,max

Vi

2

q4q &8 /M

Scaling factor

Branch metric

Mean

Mean of the distribution corresponding to data symbol “1”

Mean value of the estimated noise samples at time t = mT,,,, for Ny
total trials

Memory state

FTD threshold value

Pearson correlation coefficient

Location in radial, azimuthal, and polar dimension

Location vector

Location in z, y, and z dimensions

Standard deviation

Standard deviation of the distribution corresponding to data symbol “0”
Standard deviation of the distribution corresponding to data symbol “1”
Standard deviation of the estimated noise samples at time t = mT,,,, for
Ny total trials

Standard deviation of the continuous-time amplitude-dependent white
Gausssian noise process

Variance

Variance of the estimated noise samples at time ¢t = mT,,,, for N, total
trials

Variance of the continuous-time amplitude-dependent white Gausssian noise
process

Time taken by the system impulse response to reach its maximum value
Time lag

Concentration at a point p in space at time instant ¢

Angular tilt of the transmission channel tube

Maximum angular tilt of the transmission channel tube

ith weighting factor for the MA model used in the generation of the noise
sample

Detection threshold

Noise sample

Divergence operator

Laplacian operator
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System Impulse Response Coefficients

Table B.1: Obtained model coefficients with increasing distance d by performing
curve-fitting through measured system impulse response averaged over 100 trials for

uranine water-based solution.

Distance d (cm) o B4 Y Qs B Yo RMSE
58 1.05x 1071067 | 2868 | 291 x 1072|263 | 17.37 | 3.87 x 107*
88 576 x 107° 1 0.32 [ 4663 | 1.92x 10°* | 1.19] 27.16 | 1.75 x 10~ *
118 6.59 x 107> [ 0.18 [ 60.57 | 2.53 x 107 | 0.57 | 35.41 | 1.99 x 10~ *
148 270x10°10.12] 859 [ 1.27x 1077 [0.20 | 46.34 | 1.50 x 10~ *
178 3.57x10°10.09] 106 |219x10°*]0.07|51.83]2.26 x 10~*

Table B.2: Obtained model coefficients with increasing distance d by performing
curve-fitting through measured system impulse response averaged over 100 trials for

highlighter ink water-based solution.

Distance d (cm) o B 0% Qs B Yo RMSE
58 121 x10°%]0.71 12994 | 299 x 10 * | 3.36 | 18.12 | 3.70 x 10~ *
88 1.08 x107% [ 0.33 | 46.62 229 x107* [ 1.62 | 27.58 | 2.28 x 10~ *
118 6.67x107° [ 0.19 | 61.71 | 1.44 x 10°* [ 0.73 | 36.98 | 6.60 x 107°
148 748 x 107° 1 0.10 | 71.91 | 1.74 x 107 [ 0.26 | 42.14 | 1.46 x 10~ *
178 521 x 107° | 0.07 | 86.54 | 1.44 x 107 [ 0.08 | 48.25 | 1.03 x 10~ *
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Evaluation of Theoretical BER

C.1 Variation of Distribution Parameters with Increasing

Distance

In the following, the standard deviation of the half Gaussian distribution for binary data

symbol “0” is denoted by Mu(0,05). Similarly, the mean and the standard deviation of

Gaussian distribution for binary data symbol “1” is denoted by N'(u1, 07). The variation of

these distribution parameters with respect to increasing distance d for both uranine as well

as the highlighter ink water-based solutions as the information carriers are summarized in

Table C.1 and Table C.2, respectively. The distribution parameters are attained based on

the testbed measurements and the histogram curve-fitting function histfit () available

on MATLAB.

Table C.1: The variation of standard deviation o of Ny.;(0, o ) and the variation of
mean g; and standard deviation oy of N (p, af) with increasing distance d for uranine

water-based solution.

Distance d (cm) | Standard Deviation oy | Mean u; | Standard Deviation o
58 0.0028 0.0662 0.0131
88 0.0017 0.0364 0.0089
118 0.0018 0.0426 0.0117
148 0.0012 0.0209 0.0061
178 0.0015 0.0189 0.0067
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Appendix C Evaluation of Theoretical BER

Table C.2: The variation of standard deviation o of M.(0,05) and the variation
of mean 1, and standard deviation oy of N (u, af) with increasing distance d for the

highlighter ink water-based solution.

Distance d (cm) | Standard Deviation oy | Mean p; | Standard Deviation o,
58 0.0074 0.0855 0.0124
88 0.0026 0.0356 0.0063
118 0.0015 0.0201 0.0047
148 0.0014 0.0149 0.0043
178 0.0014 0.0113 0.0036

C.2 Derivation of Intersection Point of Two Distributions

In the following, the intersection point between a half Gaussian distribution and a Gaussian
distribution for the evaluation of the theoretical bit error rate (BER) is derived. The half
Gaussian distribution for binary data symbol “0” is represented by N (0, 0(2)) and the

Gaussian distribution for binary data symbol “1” is represented by N (u1,01). Since the

received energy sample y[k| is always non-negative, the distributions are only defined for

the region 0 < y[k] < oco. For detection, the non-zero intersection point is of interest. For

simplicity reasons, y[k] is represented by y, and equating both the distributions results in

V2 (v em)
oo/ P 200  o1V/2m P 201 ,

N C R T T D A V)
oo/ o1V 2T _20(2) 20% ’
2

2 2 2 2 2 2
o1 o1y — ooy’ + 21100y — piog
In|2— )

2
09 20507

Solving for y yields

2 2 2
01 =00\ o Ha H1 01
O=| —5— + | — ———In[2—],
( 2030% ) y (0’%) 4 20% ( 00)
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