S —'-— RS University of Central Florida
/ k STARS

Electronic Theses and Dissertations, 2020-

2021

Directional Link Management using In-Band Full-Duplex Free
Space Optical Transceivers for Aerial Nodes

A F M Saniul Haq
University of Central Florida

b Part of the Electromagnetics and Photonics Commons, and the Optics Commons
Find similar works at: https://stars.library.ucf.edu/etd2020
University of Central Florida Libraries http://library.ucf.edu

This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted
for inclusion in Electronic Theses and Dissertations, 2020- by an authorized administrator of STARS. For more

information, please contact STARS@ucf.edu.

STARS Citation

Haq, A F M Saniul, "Directional Link Management using In-Band Full-Duplex Free Space Optical
Transceivers for Aerial Nodes" (2021). Electronic Theses and Dissertations, 2020-. 1136.
https://stars.library.ucf.edu/etd2020/1136

- + . +

s “”:§ + ¢. * v * + *

gj KO . * + + . . +
. + +

Central e, .+ + | STARS

Florida . + . + Showcase of Text, Archives, Research & Scholarship *


https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/etd2020
https://network.bepress.com/hgg/discipline/271?utm_source=stars.library.ucf.edu%2Fetd2020%2F1136&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/204?utm_source=stars.library.ucf.edu%2Fetd2020%2F1136&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/etd2020
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/etd2020/1136?utm_source=stars.library.ucf.edu%2Fetd2020%2F1136&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/

DIRECTIONAL LINK MANAGEMENT USING IN-BAND FULL-DUPLEX FREE-SPACE
OPTICAL TRANSCEIVERS FOR AERIAL NODES

A FM SANIUL HAQ
M.Sc., University of Central Florida, 2021
M.Sc., Georgia Institute of Technology, 2015
B.Sc., Bangladesh University of Engineering and Technology, 2012

A dissertation submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy
in the College of Optics and Photonics
at the University of Central Florida
Orlando, Florida

Summer Term
2021

Major Professor: Murat Yuksel



© 2021 A F M Saniul Haq

i



ABSTRACT

Free-space optical (FSO) communication has become very popular for wireless applications to
complement and, in some cases, replace legacy radio-frequency for advantages like unlicensed
band, spatial reuse, and enhanced security. Even though FSO can achieve very high bit-rate (tens
of Gbps), range limitation due to high attenuation and weather dependency has always restricted
its practical implementation to indoor application like data centers and outdoor application like
Project Loon. Building-to-building communication, smart cars, and airborne drones are potential
futuristic wireless communication sectors for mobile ad-hoc FSO networking. Increasing social
media usage demands high-speed mobile connectivity for applications like video call and live video
stream on the go. For these scenarios, implementation of in-band full-duplex FSO (IBFD-FSO)
transceivers will potentially double the network capacity to improve performance and reliability of
the communication link. In this work, we focus on implementing prototypes of FSO transceivers on
mobile platform using both off-the-shelf and customized components. Current goal is to implement
a prototype of IBFD-FSO transceiver using VCSEL as transmitter and PIN photodiode as receiver
at 900 nm wavelength. We are considering atmospheric attenuation, FSO beam propagation model,
geometry, and tiling of the components to optimize the link performance while keeping the package
low-cost and mobile, ensuring connectivity to mass population. Eventually, our goal is to have
communication between multiple airborne drones through IBFD-FSO transceivers by discovering
each other and maintaining established link. Applications of this research is not only limited to the
conceived idea of smart cities, but it can also have real impact on disaster management in times of

wildfire or hurricane.
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CHAPTER 1: INTRODUCTION

Free-space-optical communications (FSOC) is envisioned to play a significant role in future gen-
eration wireless ad-hoc networks (Figure 1.1). FSO network can be a useful for multi-node short
distance communication network, which requires high bandwidth and mobility. Tactical ad-hoc
networks with requirement of high bandwidth and reduced probability of jamming and intercep-
tion can greatly benefit by implementing nodes with FSO transceivers. Beyond these advantages,
the network capacity can be significantly increased by utilizing the FSO transceivers for in-band
full-duplex communications. In recent years, the application of FSO transceivers has attracted
strong interest from both the wireless research community and industry [2, 3, 4]. FSOC uses the
unlicensed optical spectrum and relies mostly on the basic optoelectronic technology used in fiber
optic communications. It provides very high point-to-point data transfer rate (up to 10 Gbps) [5]
and much higher bandwidth compared to traditional RF networks. Moreover, FSO transceivers are
highly directional, and thus, provides better spatial reuse and larger network capacity. This direc-
tionality also reduces the inference caused from unwanted directions and enhances signal security

by lowering the probability of interception and detection by sniffers.

el

i g i In-band Full-duplex -
wmmnumcanon

Figure 1.1: In-band full-duplex FSO communication between mobile nodes



Currently, in almost all the communication networks the antennas/transceivers operate in half-
duplex mode, where a node can either transmit or receive but cannot do both over the same com-
munication channel at the same time. Although, this results in inefficient use of resources, it
helps to avoid self-interference that occurs when the mode of operation is full-duplex. In-band
full-duplex (IBFD) communication uses simultaneous signal transmission and reception in the
same frequency band. Despite the disadvantages caused by self-interference, full-duplex operation
can aid in successfully dealing with huge spectrum demands. Although full-duplex communica-
tion provides increased wireless channel capacity, it is prone to more interference compared to
half-duplex communication. In [6], it has been shown that, even in the presence of interference,
full-duplex communication can provide at least 20% gain over half-duplex communication. A
new MAC protocol for full-duplex radio communication is proposed in [7] that helps achieve 88%
throughput gain. Also, the effect of interference reduces significantly with increase in directional-
ity of the transmitter and the receiver of a node [8]. Recently, several other works have focused on
designing directional RF transceivers showing the feasibility of having full-duplex communication

[9, 10].

For RF transceivers, full duplex (FD) communication can be achieved through active or passive
self-interference suppression. In active interference suppression, a node cancels out its own trans-
mitted signal received by its receiver by injecting a cancelation waveform in the direction of its
own receiver antenna. In passive suppression, transmitter and receiver antennas are separated by
an electromagnetic observer which enforces the signal strength at the receiver coming from its own
transmitter to be below receiver cutoff [10]. For FSO transceivers, full duplex communication can
be achieved by using transmitters and receivers of separate wavelengths [11, 12, 13]. The idea of
isolating the transmitter and receiver of a node using non-reflective and non-transparent material
for achieving in-band full-duplex functionality has been proposed in [14, 15, 16]. But, to the best

of our knowledge, there has not been any prior work demonstrating a functional IBFD transceiver



particularly within the context of mobile FSO networks.

Mobile FSO networks can be a useful solution for multi-node, high speed, short distance commu-
nication. Tactical ad hoc networks with requirement of high bandwidth and reduced probability of
jamming and interception can greatly benefit from implementing nodes with FSO transceivers [3].
Beyond these advantages, the network capacity can be significantly increased by utilizing the FSO
transceivers in an IBFD manner. Some of the drawbacks of IBFD FSOC can be addressed imple-
menting multi-element transceiver nodes with capability of spatial reuse, beam steering, cognitive
techniques for adaptive optimizations, and tolerance to mobility, vibration, sway, or tilt during
communication. The single most key limitation of the mobile FSOC is to maintain the link un-
der perturbation. Loss of LOS might result in loss of communication, and hence the alignment
of the transmitter and receiver might need to be compensated for vibration, sway, or tilt. Intelli-
gent design of a multi-element transceiver plane layout may minimize these loss components and

maximize signal-to-interference and noise ratio (SINR) for mobile FSOC links.

On the other hand, FSO-enabled UAVs are envisioned to play a significant role in future gen-
eration mobile wireless ad hoc networks. Swarms of UAVs connected to each other via FSOC
links can help to relay data from pico-cells to the core network. UAVs are also used for both
civil and military missions, such as monitoring of an area hit by a natural disaster, broadcasting
data at some critical sports event or even observing behind the enemy lines. Recently, Alphabet
Inc. deployed stratospheric solar-powered balloons to provide Internet service to remote areas of
Puerto Rico where cellphone towers were damaged by Hurricane Maria. All these different appli-
cations of UAVs produce large amounts of data that is required to be delivered to a ground station
or other UAVs [17]. Using FSO transceivers, these large volumes of data can be transferred at
extremely high speeds. Directional FSO antennas also provide secure communication compared
to traditional omni-directional link. Directional antennas reduce possibility of receiving data from

unwanted direction as well as makes it difficult to intercept and detection by sniffers. Even with so



many advantages, communication using directional transceivers are limited by line-of-sight (LOS)
alignment. Even if the transceivers are within communication range, they can not establish a link
if they are not facing each other. For this very reason, directional neighbor discovery is the first

step to establish a directional communication link.

1.1 History of Optical Communication

Optical communication is an ancient medium of communication. Ancient Romans and Greeks
used fire as a signalling tool around 800 BC. Even though the information transmitted were pretty
low, it was a very effective way of signalling danger and crucial for survival. By the time 150 BC,
American Indians were also adopting smoke signal for the same purposes. Light pulses were also
used to communicate between ships at the ocean for distress call or emergencies. The first use of
light as optical communication as we know today was the photophone experiment by Alexander
Graham Bell in 1880 [18]. In this experiment, solar radiation was used to modulate information and
transmitted over a distance of 200 m. However, the robustness of the system was too low to sustain
reliable connection. FSO communication became more accessible and reliable with the invention
of laser in the 1960s. Many prominent research groups, including MIT Lincoln Laboratories, North
American Aviation, and Nippon Electric Company (NEC) led the way to demonstrate long-range
laser-based communication channels. Around 1970, NEC demonstrated commercial laser-based
FSO communication link between the cities Yokohama and Tamagawa using a full duplex 0.6328

um He-Ne laser.

FSO and OWC has been of great interest to researchers and mostly funded for military covert
applications. This technology has also been of interest for deep space communication. NASA
explored OWC for Mars Laser Communication Demonstration (MLCD) and paved many other

suitable applications for optical communication channels. The first open standard for infrared



(IR) data communication was established by The Infrared Data Association (IrDA) in 1993 [19].
It took more 15 years to establish global standards for home networking using IR and visible
light communication (VLC). In 2009, standard for VLC (IEEE 802.15.7) was introduced. Due to
many challenges and lack of technological maturity, integration into the existing communication
networks has been slow for FSO systems. However, in recent years, FSO technology has seen
a significant increase in technological maturity and culminated into increased commercialization

and integration into today’s communication infrastructures [20].

1.2 Advantages of FSO Communication

With increasing wireless data demand and exponential increase of mobile devices, OWC offers the
necessary bandwidth and speed that requires to fulfill the demand. OWC avails a wide range of
diverse applications that span from on-chip optical interconnects (mm range) for integrated circuits
[21] to intersatellite communication links (km range) [22]. In 2017, hurricane Maria devastated
Puerto Rico and left millions of people with no power and emergency connections. Google’s
Project Loon provided emergency connectivity to the people of Puerto Rico including LTE support
to emergency responders and general public. The balloons used for Project Loon had multi-hop
optical communication between the balloons. FSO systems offer many advantages for such appli-

cations:

* Spatial Reuse: Due to the smaller divergence angle, multiple channels can be accommo-
dated. Also, higher capacity per unit volume sharing same frequency gives rise to higher

bandwidth. Further, well-defined beam path ensures reduced interference.

* Data Transfer Rate: FSO provides the potential for higher data transfer rate with unregulated

and unlicensed bandwidth. Due to no utilization tariffs, FSO makes it possible to meet the



high data demand with very little additional cost.

* Security: FSO offers highly secure connectivity. The optical beams are narrow and invisible,

and they are harder to detect and intercept. FSO also has electromagnetic immunity.

* Compactness: Small, lightweight, and compact design of the optical components ensures

the system better follows SWaP limitations.

* Cost: Overall cost of the system is relatively low. Infrastructure cost is also much smaller
as most of the FSO communication systems can be added as ad-hoc opportunistic networks

complementing the existing radio technologies.

* Power Consumption: Power requirements can be managed as well based on applications.
In general, power consumption is much lower for FSO systems compared to existing radio-

based systems.

1.3 Challenges of FSO Communication and Viable Solutions

FSO communication does not come with advantages only, it has significant amount of challenges
as well. Major challenges for FSO communication and their corresponding viable solutions are

discussed here:

* Additive Noise and Background Radiation: One of the major challenges of FSO communi-
cation is management of additive noise and background radiation. Proper choice of sensitive

detector with selective filters can ensure regeneration of signals at the receiver end.

» Free Space Path Loss: FSO links experience free space path loss due to multi-path dispersion

and channel fading. Free space path loss results in limited link range for effective data



transmission. With adaptive signal modulation, power management, and sensitive detector

can increase link range to acceptable range.

* Atmospheric Losses: Airborne particle and weather conditions, such as fog, rain, and smoke,
can introduce additional atmospheric losses to the FSO link. Power control, mesh architec-
ture, and hybrid RF/FSO systems can be implemented to mitigate the effect of atmospheric

losses.

* Atmospheric Turbulence: Atmospheric turbulence causes FSO link failure as the optical
beams are highly directional and narrow. Use of adaptive optics and spatial diversity can

reduce the effect of atmospheric turbulence on the performance of FSO link.

* Sway, Motion, and Vibration: Mobile platforms are prone to link failure due to vibration and
sway misalignment of the transmitters and receivers. Robust and fast tracking system needs
to be incorporated to eliminate the effect of motion on the link up-time. Also, smart optical
design can be implemented to address the issue of drift while two mobile nodes are in the

process of communicating.

The comparison of FSO systems over RF and fiber-based systems are shown in Table 1.1. It is
evident that RF-based systems can provide mobility for shorter span in indoor and outdoor settings,
however data rates that are available to end users are much higher for FSO-based systems. This
max throughput capability makes it easier to implement FSO as the last-mile solution to the high
demand issues. Fiber-based systems provide the backbone of the high-speed systems, but existing
RF systems are the bottleneck for delivering the high-speed data to the end users. Even though FSO
enables high mobility and secure connectivity, FSO experiences sensitivity to external conditions

which limits the link range and application diversity.



Technology \ RF Network \ Fiber-based Network \ FSO Network

Max Throughput a few Gb/s >10 Gb/s >10 Gb/s
Mobility Yes No Yes, but limited
Cost Low High Low
Infrastructure No Yes No
Interception Yes With difficulty With difficulty
Specific Frequency Band Yes No No
Sensitivity to External Condition No No Yes

Table 1.1: Comparison Table for RF, Fiber, and FSO systems

1.4 FSO Network Classifications

Depending on the applications and link range variations, FSO networks can be classified into three

(3) major categories, as shown in Fig. 1.2:

1. Optical Wireless Satellite Networks (OWSNs)
2. Optical Wireless Terrestrial Networks (OWTNs)

3. Optical Wireless Home Networks (OWHNS5)

The comparative applications of the FSO network classifications are given in Table 1.2. It is
clear from the table that FSO can be implemented in various applications based on the the hard-
ware requirements and performance limiting factors. In this thesis, our efforts relate mostly to
the OWHNSs (IrDA) applications of the FSO network. Even though IrDA standards were intro-
duced for indoor applications in 1993, now-a-days it has shown potential for various short range
outdoor applications as well. With proper design and hardware selection, IrDA systems can be
used with autonomous vehicles, UAVs, and building-to-building communications. This particular

sub-category provides a moderate FOV with portability for mobile applications.
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Figure 1.2: Classification of the FSO networks [ref: CailLabs].
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Figure 1.3: Recent trends of applications of OWHNSs [Ref: cablefree.net].



OWSNss OWTNs OWHNSs OWHNSs
(IrDA) (VLC)
Location Orbit High/Open Indoor/Outdoor| Indoor
Place (Short range)

Link Distance ~84,000 km ~10 km ~Few meters | ~Few meters
Channel Vacuum chan- | Air turbulent | Weak turbu- | Weak turbu-

nel channel lent channel lent channel
RX FOV Very narrow Narrow 30° Wide
Performance Lim- | Misalignment | Atmospheric | Limited power | Limited power
iting Factor turbulence for eye safety | for eye safety
Hardware Require- | Precise Turbulent re- | Lightweight, | Uniform
ment steering sistant design | portable, and | diffuser

technology inexpensive

Misc.

Long distance
coverage and
expensive
maintenance

Various  im-
pairment

factors

Short-range
point-to-point
link

Exploiting re-
flection

Table 1.2: Comparison of FSO Network Categories [1].

* Smart city and environmental monitoring

* Transportation infrastructure

* Indoor or residential connections through VLC

10

Large scale events where thousands of attendees need connectivity

Autonomous vehicle and vehicle monitoring pattern at busy locations

The recent trends of the OWHN focuses mainly on short-range and low-elevations civilian appli-

cations, including mobile nodes, and can be classified into few major categories:



1.5 Mobile FSO System

Mobile Ad-Hoc Network (MANET) is a network of mobile platforms forming an autonomous
connectivity without any access point. These mobile platforms or systems are very useful for
many applications where no infrastructure is present or existing infrastructure is compromised due
to natural disasters. Connecting the people of Puerto Rico during Hurricane Maria is a glowing
example of the usefulness of Mobile FSO Networks. Surveying a remote location or perform-
ing an emergency procedure on a patient from a distance can be done using MANET protocols.
Emerging technologies and high-speed devices are used to perform these tasks which is becoming
more difficult to establish with existing RF networks due to increased demand for such telemetry

applications.

Mobile FSO systems require short-range, robust, and reliable communication protocol. Designing

and implementation of mobile FSO systems can be classified into four (4) steps:

1. Channel Modeling: A comprehensive channel model needs to be developed to calculate and
incorporate free space path losses, atmospheric losses, atmospheric turbulence, and self-
interference suppression model. This channel model will give a complete guideline to de-
termine link range, power requirements, positioning optical elements, and optimize overall

channel performance.

2. System Design: Based on the developed channel model, appropriate transmitters and re-
ceivers needs to selected to develop the system prototype. The several parameters that need
to be considered to choose the optical elements include power levels, transmitter divergence

angle, beam profiles, receiver FOV, and sensitivity.

3. Pointing and Tracking (PAT) System: PAT is one of the most important aspects of designing

a mobile system. It requires both hardware and software direction to develop a PAT system.
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Vibration model of the mobile platform needs to be considered to develop the PAT algorithm.
Pointing can be controlled either by using hardware (single element, gimbal-based design)
or software (multi-element, electrical steering-based design). PAT system needs to be time-

synced with the data transmission unit by integrating it with the controller.

4. Data Processing: For full-duplex application, data thread management is also very impor-
tant to ensure error-free communication. Synchronous data stream management, encoding
the data at the transmitter end, decoding the data at the receiver end, and data storage man-
agement are important aspects of design challenges that needs to be addressed to achieve

high-performing mobile FSO system.

1.6 Literature Review

In this section, we first present the existing literature on full-duplex RF communications. Then, we
discuss some previous work that addressed the problem of full-duplex transceiver design for FSO
communications. We will also include the weather-dependent performance studies and models
proposed and how we can incorporate those models into design and performance estimation of

in-band full-duplex optical wireless communication.

1.6.1 Full-duplex RF

The concept of designing full-duplex transceivers has been around since the 1940s, but recent re-
quirement for higher bandwidth transmission ignited much interest in implementation of in-band
full-duplex (IBFD) wireless communication systems [23, 24, 25]. By utilizing IBFD mode, the er-
godic capacity can theoretically be doubled compared to the half-duplex mode [26]. Despite other

advantages, such as reduced end-to-end delay and improved efficiency of ad-hoc network proto-
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cols, IBFD design has few challenges as well, such as self-interference (SI), increased inter-node
interference, and design complexity [24]. Self-interference cancellation (SIC) techniques for IBFD
mode operation can be classified into active and passive schemes. For active SIC, analog cancel-
lation is done in order to suppress SI before it enters the analog-to-digital converter (ADC) [24].
Active cancellation can be achieved in two ways: First, by injecting a replica transmit waveform
into the receiver of the same transceiver using Balun transformer [27]; and second, by introducing
path loss and delay in the digital domain, which cancels the SI when converted into analog and
added with transmit signal [28]. For passive SIC, SI is suppressed even before entering receiver
path [23]. This essentially means establishing an electromagnetic obstruction in the path of SI by

using a directional antenna [28] or an absorbing material in the SI path [10].

1.6.2  Full-duplex FSO

Prior work on full-duplex FSO communication has reported transceiver designs using out-of-band
techniques. Full-duplex indoor optical wireless communication is demonstrated for error-free
(BER < 107?) short range operation [11, 12]. The transceiver used different optical wavelengths
for uplink (1550.12 nm) and downlink (850 nm) channels, which makes it an out-of-band design.
To suppress the SI for full-duplex mode operation, two separate bands are used for the transmitter
and the receiver. Wang et al. [29] reported a full-duplex VLC system which implements subcarrier
multiplexing (SCM) and wavelength division multiplexing (WDM) technique based on commer-
cially available LEDs. Bit-error rate reported for 66 cm free-space delivery was 3.8 x 1073, but
the use of RGB LEDs essentially makes the design out-of-band. To the best of our knowledge,
the only in-band full-duplex design for FSO communication has been reported by Oh et al. [30],
which implements communication between a stationary controller and a mobile node using beam
reversibility and data erasure method. Even though this design implements full-duplex operation

for the mobile node, the controller has only a transmitter but no receiver. Johnson et al. proposed
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isolating the transmitter and the receiver of a node using a divider, but no functional prototype was

demonstrated [14].

1.6.3  Turbulence Effect on FSO

Light has been source for communication since the beginning of civilization as lighthouse or sig-
naling beacon, but foggy or rainy weather and atmospheric turbulence limited the extent of the
communication. Due to the atmospheric and turbulence effect on free-space optical signals, ad-
vancement for optical wireless communication with promising solutions to the turbulence effects
has been relatively new. In the last couple of decades, many statistical models have been pro-
posed to characterize the optical wireless channel under turbulent weather [31, 32, 33, 34]. By
implementing log-normal or gamma-gamma distribution of the irradiance in optical channel, per-
formance of the link, such as average channel capacity and signal to noise ratio (SNR), have been
estimated [35, 36]. However, those works focused on half-duplex configuration of the optical chan-
nel. In this work, we carry out weather-dependent performance analysis for in-band full-duplex

optical wireless channel.

1.6.4  Directional Neighbor Discovery

Technology involving FSOC between unmanned aircrafts will connect areas of the world that
currently do not have internet structures [37]. This kind of UAV based base-stations have garnered
a wide attention due to several humanitarian crisis in recent years, such as hurricane Harvey and
hurricane Maria in 2017. Facebook developed one drone-based internet service provider named
project Aquila that can support date rate in Gbps [5]. A method of establishing FSO link with

the aid of GPS, an out-of-band RF channel, camera, and communication with a base station at
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ground are presented in couple of subsequent works [38, 39]. LOS alignment for these works
were achieved initially by using GPS or camera to identify neighbor nodes; FSO channel was
only used to transmit and receive data, not discovery or maintenance purpose. Unlike out-of-band
technique, Khan et al. proposed an in-band method that determines LOS between hovering UAV's

in 3D domain using FSO transceivers mounted on mechanically steerable heads [4].

Choudhury et al. designed a MAC protocol for ad-hoc networks with directional transmitters and
omnidirectional receivers [40]. An et al. proposed a handshake based self adaptive neighbor dis-
covery protocol, which also considers directional transmitters and omnidirectional receivers [41].
Ramanathan et al. proposed first directional full system design using directional antennas, along
with GPS clock cycle synchronization [42]. Pei et al. proposed another neighbor discovery proto-
col for directional mobile ad-hoc networks (MANETSs) based on synchronous search and positional
information available from GPS [43]. Jakllari et al. proposed a polling based MAC protocol for
MANETS using directional transmitters and receivers [44]. Khan et al. proposed a neighbor dis-
covery algorithm considering omni-directional RF only to exchange orientation information and
then searching for neighbors using FSO transceivers without using GPS [45]. Several mechanical
beam steering approaches, such as MEMS-based mirror [46, 47], servo-based gimbal [3], liquid
crystal modulators [48], and optical phased arrays [49], and optical beam steering approache, such
as infra-red (IR) beam steering using lens system [50], can be adopted to establish LOS for mo-
bile FSO networks[51]. In addition to the multi-element transceiver and mechanical beam steering
techniques, a near-afocal lens assembly for the transmitter can provide tolerance to vibration and

sway to ensure LOS [52].
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1.6.5 Multi-Element Transceivers

To improve link quality and provide higher throughput, a large number of transmitters with direc-
tional propagation characteristics over same link can be deployed for FSOC, especially to achieve
higher aggregated bandwidth and link robustness due to spatial diversity [53]. Bilgi et al. re-
ported that FSO mobile ad-hoc networks (FSO-MANETS) can be designed using optical antennas
in spherical shapes, which can achieve angular diversity, spatial reuse, and multi-element incorpo-
ration [54]. Alignment and mobility issues of multi-element FSO transceivers were analyzed and
modeled by Kaadan er al. [55]. Also, in a similar fashion but with less focus on angular diversity,
several issues on multi-element VLC systems are investigated by Eroglu et al. [56, 57]. In these
works, the authors investigated localization and tracking of users, LED assignments, and transmit
power control for optimum operation. In a recent work, a Line-of-Sight (LOS) alignment protocol
has been employed to tackle the hand-off issue caused by the mobility of the receivers in a room
using multi-element VLC link by optimizing link performance [58]. In contrast, in our work, we
focus on designing and tiling multiple elements on a single transceiver plane so that we can achieve

the best performance out of the established FSO link in terms of robustness against mobility.

1.6.6 Laser-based FSOC System Applications

FSOC systems can be categorized based on optical link range and location of deployment. Short-
range systems can be very useful for indoor applications and utilizes the wider divergence angle
of LEDs to establish optical links. However, otdoor application requires more narrow beam trans-
mitters and susceptibility to atmospheric turbulence and instability of the mobile platform. Desai
et al. demonstrated a medium range FSOC system between stationary devices located 500 m to
5 km apart [59]. Furthermore, 72 Mbps to 2.88 Gbps datarate has been demonstrated for near-

Earth communications using FSOC systems in the NASA project Laser Communications Relay
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Demonstration [60]. Before shutting down the campaign in March 2021, the Google Project Loon
provided internet to remote areas as a part of hurrican disaster relief by using a network of bal-
loons at 20 km above sea level through long-range FSOC[61]. Recently, laser inter-satellite links
between two LEO Starlink satellite has been reported and deployed which can be a crucial com-
ponent is achieving low-latency communication paths for next generation satellite networks [62].
However, in this work we focus on short to medium range FSO links with limitations on size,

weight, and power (SWaP) to achieve low-altitude laser links for massive network deployment.

1.7 Dissertation Overview

In this work, we emphasize on design and prototype of IBFD-FSO transceiver for aerial platforms.

The major contributions of this work are listed here:

* We conducted a simulation study of the weather-limited performance between two IBFD
transceivers by considering SI. We developed a model to interpret the effect of SI on the

channel performance, which can be used for future channel modeling.

* We demonstrated proof-of-concept prototype of a short-range IBFD-FSO transceiver using
off-the-shelf components using isolation mechanism. The prototype addresses different sys-
tem issues such as threading, queuing, and storage of transmitted and received data-streams.
The prototype successfully transmitted an image file in an IBFD manner, which can be re-

constructed and displayed on the receiver end.

* The IBFD-FSO transceivers are mounted on aerial platforms (DJI M1000 Quad Drone) to
establish a communication link between hovering aerial nodes. The transceivers successfully
completed a three-way handshake to discover each other while hovering. To the best of
our knowledge, no such prototype has been reported for IBFD-FSO transceiver for mobile

setting.
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» We explored different discovery algorithms to establish an LOS link between communicating
nodes using IBFD-FSO transceivers. We implemented the prototype by mounting the IBFD-
FSO transceivers on a mechanically steerable platform which can search in the 3D space for

other communicating nodes within its communication range.

The rest of the report is organized as follows: A weather-limited channel performance analysis
for IBFD FSOC is discussed in Chapter 2. A prototype of short-range IBFD FSO transceiver
is demonstrated in Chapter 3. The asynchronous LOS discovery algorithm for a mechanically
steerable platform implementing the prototype of IBFD transceiver is reported in Chapter 4. We
discuss the design and optimum tiling of multi-element optical transceiver using genetic algorithm
in Chapter 5. In Chapter 6, we propose a fixed effective focal length lens system with adjustable
defocusing length to optimize the optical coupling efficiency and vibration tolerance for mobile
FSOC links. Finally, we conclude with a summary of the progress thus far and a brief description

of proposed research tasks.
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CHAPTER 2: WEATHER-LIMITED IN-BAND FULL-DUPLEX
TRANSCEIVER

Free-space optical (FSO) communication has gained popularity for wireless applications over
legacy radio frequency for advantages like unlicensed operation, spatial reuse, and security'. Even
though FSO communication can achieve high bit rates, range limitation due to strong attenua-
tion and weather dependency has always restricted its practical applications to controlled settings
such as building-to-building communication. Futuristic mobile and secure ad-hoc FSO network
applications like smart cars and air-subsea links need more efficient and autonomous link acqui-
sition capabilities which can be enabled by in-band full-duplex (IBFD) operation. IBFD-FSO
transceivers will potentially increase network capacity significantly as well. In this work, we pro-
totype an IBFD-FSO transceiver consisting of a VCSEL and a photodiode by addressing systems
challenges, and model such transceivers to determine the range and weather dependent perfor-

mance of the FSO link.

In this chapter, the main contributions are as follows:

* We model an IBFD-FSO transceiver having bandwidth of 175 MHz by using VCSEL as
transmitter and Si PIN photodiode as receiver at 900 nm wavelength to determine the range
and signal quality of the communication link. We incorporate atmospheric attenuation, sur-
face reflection, and back-scattering to observe the weather dependency on the link perfor-
mance. We consider the FSO beam propagation model and transmitter geometry for mod-
eling as well as vary transmitter power and visibility range (100 m — 25 km). We find that
for clear weather (e.g., visibility being 25 km) and 10 mW transmitter power, the IBFD-FSO

communication link can range up to 120 m [64].

IThis work was published in IEEE LANMAN 2018 [63]
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Figure 2.1: Block diagram of an in-band full-duplex optical wireless link consisting of two nodes.

* We calculate quality of the link in terms of signal-to-interference-plus-noise ratio (SINR)

where visibility and transmitter power are taken into account.

* We propose an analytical model for self-interference cancellation due to the presence of an

isolator within a transceiver unit.

2.1 Analytical Model of an IBFD FSO Link

To calculate signal-to-interference-plus-noise ratio (SINR) of an IBFD FSOC link, we have to
consider overall atmospheric attenuation, noise margin, and self-interference signal. The block
diagram of the system, having link length of d, is shown in Fig. 2.1. The separation distance of
the transmitter and the receiver of each transceiver is denoted as /. Each node has a controller unit

that handles data conversion, queuing and storage to operate in full-duplex configuration.

When two transceiver nodes communicate with each other in full-duplex configuration, both nodes
transmit and receive optical signal simultaneously. Let us consider x4 and xp are transmitted signals

from nodes A and B respectively, while y4 and yp represent received signals. If we denote additive
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white Gaussian noise as w4 and wg, then we can write the received signals as

1
= ——Hpaxp+wa+ia(Py), 2.1
YA T et A(Pa) (2.1

%BXA —|—WB—|—iB(PB), 2.2)

1

YB = m
where 7 p and g4 represent channel impulse functions for the forward and reverse channels, re-
spectively, and i (P4) and ig(Pg) are the residual SI signals at nodes. P4 and Pg are the transmitted
signal powers at nodes A and B, respectively. Also, « is the FSO path loss attenuation coefficient,
which we calculated for different visibility conditions in equation 2.7. In the equations 2.1-2.2, d
is the distance between two nodes and and 7 is the free-space path loss exponent of the channel.
Typical value of 7y for free-space propagation is 2, however the value can vary for urban areas in

the range of 2.7 — 3.5 [65]. In this study, we set the value of y to 2.

A mathematical formulation of the transmission link can be defined by calculating received power
by incorporating weather-dependent atmospheric attenuation coefficient and noise components
such as Rayleigh scattering, thermal radiation, and back reflection. A list of important symbols

is given in Table 2.1.

2.1.1 Atmospheric Attenuation Coefficient

In this section, we will calculate the attenuation of optical signal over FSO channel. The optical
signal, propagating through free-space medium, experiences different attenuation factors. The

received power at the receiver end is given by Friis transmission equation [66]
Pr = PrGrGRrTymLFs, (2.3)
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Table 2.1: List of symbols

| Symbol | Description

Lrs Free-space loss parameter

Atmospheric loss parameter

Atmospheric attenuation coefficient
Free-space path loss exponent

Link distance

Separation between transmitter and receiver
Visibility

Residual self-interference (SI) power
Coefficient of SI suppression by separation
Coefficient of SI suppression by isolation
Exponent of SI suppression by isolation
Average noise equivalent power (NEP)

o' | <~ =S

E

where Pr is the transmitted power, Gr and G are the transmitter and receiver gains, respectively,
T,im 1s atmospheric transmission coefficient, and Lrg is free-space loss parameter. Free-space loss

parameter for omnidirectional transceiver is given by [66]

1 \2
Lrs = (ﬁ) , (2.4)

where A is the wavelength of transmitted signal and d is the link length. For our directional

transceiver, we modified the free-space loss parameter using divergence angle (¢) of the transmitter

[67]
Lpg¢= A2 X AR
PS™4n 7 2md?(1—cos 9)’

(2.5)

where Ap, is the effective receiver area of the detector.

Attenuation of transmitted power through atmosphere is dependent on free-space loss and scatter-
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ing loss, which can be modeled using exponential Beers-Lambert Law [68]

_ R _ e

o(R) = = e, (2.6)

where « is the attenuation coefficient (per unit length). By equating equation 2.6 to the P/ Pr ratio

from equation 2.3, we can calculate the attenuation coefficient as

1 1
o=-lIn——. 2.7)
d GTGRTatmLFS

Again, the value of o depends on wavelength of the signal (1), visibility range (V), and size dis-
tribution of the particle (g) in the atmosphere. The equation of atmospheric attenuation coefficient

is proposed by Kim et al. [69] in the form of

391/ A \ ¢
_ 220 2.8
=V (550 nm) ’ 2.8)
where ¢ is given by
1.6; V > 50 km
g=1413; 6km<V <50km (2.9)
0.72V3;  V <6km.

By comparing equations 2.7 and 2.8, we can calculate the gain product GrGg. We can use this
product term to calculate the received power (Pg) for any given transmitted power (Pr) using equa-

tion 2.3.
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2.1.2 Noise Calculation
The variance in the current noise when an optical signal is received by the detector is given by
2 2 2 2 2
ON = Oy + Op + Ogark + OT: (2.10)

where O't%l, Gé, Ggark’ and G% are noise variance in current due to Johnson (thermal) noise, back-
ground radiation, dark current, and transmitted signal, respectively [70, 71, 72]. Noise equivalent
power (NEP) is defined as the quantitative measure of the sensitivity of a detector or the power gen-
erated by a source of noise on a detector [73]. The equations for the NEP of the optical components

are given by [74]

/24SP;. B,
127 bg e 2.11)

Pbg_sn - f’

\/29SPsigBenF 2.12)

P sig_sn — S 5

\/(2qldarkG31e;F +2qldc) Ben
SGdet

Pdark_sn - s (2.13)

where Py, is the optical solar background noise, Py;; is the optical power of the signal, Iy, 1s
optical dark current, I;. is the dc dark current, G, is the detector current gain, B,, is effective
noise bandwidth (= %), S is radiant sensitivity of the detector (amp/watt), F' is excess noise factor

which is equal to 1 for photodiode, and ¢ is the electronic charge. The total NEP is given by

+P;

dark_sn

+P?

sig_sn

Ny = /P2

be sn (2.14)

To design a short-range FSOC system using laser as transmitter, all the noise contributions need
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to be incorporated in calculation. As the bit-rate requirement is increasing day-by-day, receiver
components and circuit are required to be very sensitive and responsive. With the increase of

sensitivity, receiver noise budget is becoming smaller.

2.1.3 Residual Self-Interference Model

By using the residual SI model of [75, 76], residual SI power at nodes A and B are given by

P176 P175
I = A and I'\p= ﬁB,u‘s’

(2.15)

where 3 represents the coefficient of SIC by separation of the transmitter and the receiver within
the same transceiver unit, and p and & represent SI suppression parameters for deployed passive SI

cancellation technique. P4 and Pp are the transmitted signal power at nodes A and B, respectively.

Within a transceiver unit, the distance between transmitter and receiver is denoted as / and the
coefficient of passive SIC coefficient is 1. The exponent of passive SIC is denoted as §, which
can be between any value from 0 to . The case § = 0 represents when there is no passive SIC is
implemented, whereas 0 = o represents perfect cancellation of SI. Again, § = 1 means there is a
constant residual SI power present irrespective of the transmit power, which portraits an unrealistic
scenario for full-duplex application. However, there is threshold value of & for which full-duplex
performance supercedes the performance of half-duplex operation, which can be defined as 0*.
The typical values for 6* lies between 0.6 to 0.8 [76]. Usually it can can be defined that any value
of § that is less than §* represents low SIC and higher 6 value represents high SIC region. For this

study, we will consider 6 = 0.2 for low SIC and 0 = 1.8 for high SIC performance.

The value of the coefficient of SIC by separation, 3, depends on the distance (/) of the transmitter

and receiver within a transceiver unit and the free space attenuation coefficient. The equation can
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be defined as
B = o 17, (2.16)

where o, is the free space attenuation coefficient along the perpendicular direction of beam prop-
agation and 7 is the free space path loss exponent. Considering / < d and comparatively higher
divergence angle (0) of the VCSEL, the value of o; will be comparable to the value of the free
space attenuation coefficient (o) for our system. For this study, we will consider &, ~ a and

Y=2.

2.1.4 SINR Calculation

In the previous sections, we have shown the formulation of free-space atmospheric attenuation,
noise components, and residual SI. Let us consider a system consisting of two transceiver nodes,
each having one transmitter and one receiver. Using these equations, SINR can be written for a

transceiver with the transmitter having 0 divergence angle and the receiver with detection area of

Ager @S
PBTatm(V))'zAdel
SINR, = 2.17
A 872d?(1 —cos0) (Nga +Tsa)’ e
PyTm(VIA2A
SINRp = A alm( ) det (2.18)

872d?(1 —cos0) (Nrp+Tsp)’

where N74 and N7 denote NEP at node A and B, respectively.

2.2 Simulation Results and Discussion

In this section, we will present our simulation results for the performance of an IBFD transceiver

for different weather conditions and SI suppression parameters. We will evaluate free-space atmo-
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spheric loss coefficient and corresponding link length for different visibility range. Then, we will

evaluate SINR for different system parameters and transmitted power levels.

2.2.1 Attenuation Coefficient and Link Length

To calculate the atmospheric attenuation coefficient of the free-space optical signal, we imple-
mented equation 2.6 using parameters of the system components at A = 900 nm. We used detector
parameters such as receiver area (Ag = 1 cm?), and transmitter parameters such as divergence
angle (6 = 24°), to calculate free-space loss parameter, Lrs. We acquired atmospheric loss coeffi-
cient, Ty, from MODTRAN® simulation for different visibility ranges. MODTRAN® simulation
parameters are listed in Table 2.2. We calculated atmospheric attenuation coefficient, &, using
equations 2.3 — 2.6. The calculated o and corresponding link distance, L, are shown in Fig. 2.2.
It can be seen from the figure that link distance is about 127 m when visibility is 1 km. With the

increase of visibility, link distance also increases as we can observe from the figure, however it
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Figure 2.2: Attenuation coefficient and link distance variation with visibility using system param-
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tends to plateau around 132 m.

Table 2.2: MODTRAN® simulation parameters

| Item | Value/Description | Unit
Atmospheric model | Mid-latitude winter model
Water 1059.7 atm-cm
Ozone 0.37681 atm-cm
CO, 410 ppmv
CO 0.15 ppmv
CHy4 1.8 ppmv
Temperature 300 K
Aerosol model Urban

Attenuation coefficient due to free-space optical loss is highly dependent on the visibility of the
atmosphere. By using the model described by Kim et al. [69], we can estimate the attenuation
coefficient and corresponding permissible link distance as well. It can be noted from equation 2.8
that path loss exponent depends on visibility only, as a result the model over-estimates the link
distance for higher visibility region. However, from the fitting model described in equation 2.8
we can estimate that compared to 1,550 nm wavelength, signal at 900 nm experiences smaller
attenuation coefficient, and hence, attains higher link distance. We also calculated attenuation
coefficient for different wavelengths. As we can observe from Fig. 2.3, smaller wavelength and

higher visibility lead to smaller attenuation coefficient.

2.2.2  Behavior of SINR

To evaluate SINR in the FSO channel, we considered two nodes, A and B, established communi-
cation in full-duplex manner. For this set of simulations, we set one transmitter and one receiver in

each transceiver module, separated by a distance of [ =5 cm. We presented the model for SINR4
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and SINRp in equations 2.17 and 2.18, respectively. We calculated SI suppression by separation
coefficient, 3, by using the equation 2.16. The value of 8 depends on the separation distance (/)
and positions of the transmitter and the receiver in the same transceiver unit. Whereas, the value
of the SI suppression by passive isolation coefficient, u, represents the level of SI reduction when
passive SI suppression technique is implemented. We set © = 10 dB to constant value for our
simulations [75]. SI suppression by isolation exponent, 0, is varied to determine residual SI power
at the receiver. The average NEP power, Nr, is calculated based on the formulation presented in

the previous section.

Level of SI suppression is calculated while we set § for different visibility ranges. As shown in
Fig. 2.4, SINR for a node changes depending on & values. The SINR value is calculated by using
equation 2.17 for different 0 values. We can see from the figure that as SIC level gets stronger
(larger &), performance of the channel gets better. Again, the value of SINR is strongly dependent
on the atmospheric attenuation, hence with the increase of visibility and by comparing the value of

attenuation level from Fig. 2.2, we clearly see improvement in channel performance as visibility
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Figure 2.3: Attenuation coefficient variation with wavelength.
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range (V) increases.

Figure 2.5(a) shows the SINR behavior for different 6 under different transmit power levels. As

0 increases and level of SIC improves, and SINR performance gets better. For smaller 6 values,

SIC suppression is weak and SINR is mostly dominated by NEP present in the system. We can
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see from Fig. 2.5(a) that SINR becomes constant after a level of SI suppression, because residual
SI signal becomes too weak compared to AWGN signal present in the channel that any further
improvement in active SI suppression does not help improving the performance of the transceiver.
We also calculated 8, Which can be defined as the maximum value of & for which the SINR
of the link gets saturated for different transmit power levels. We can observe the declining trend
of required 6,4, With the increase of transmit power in Fig. 2.5(b). The optimum value of the

exponent 6 can be calculated from the model presented in this work.

Figure 2.6 indicates when both nodes are transmitting at the same power level, SINR improves with
increase of visibility. As the value of 8 depends on transmit power, 8 needs to be recalculated for
each transmit power level. We also showed SINR variation for § = 0.2 and 6 = 1.8, while both
nodes transmitting same power, in Fig. 2.6. For the weak SI suppression (6 = 0.2) case, SINR
decreases with increase of transmission power. Because with weak SI suppression, residual SI
signal increases with the increase of transit power. On the other hand, for strong SI suppression

(0 = 1.8), SINR improves with higher transmission power.
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In summary, we have presented a comprehensive weather dependent channel model for in-band
full-duplex optical transceivers by including atmospheric attenuation under various weather con-
ditions. We developed a mathematical model for passive SIC by isolation technique. This model
can be used to estimate the expected channel performance and provides a guideline for selecting

optical elements for the FSO communication prototype.
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CHAPTER 3: IN-BAND FULL-DUPLEX FSO TRANSCEIVER
PROTOTYPE

In this chapter, we demonstrate a proof-of-concept prototype of a short range in-band full-duplex
FSO transceiver built using off-the-shelf components!. We used the method of isolation to prevent
the receiver of a node from receiving its own transmitted signal. We covered the transmitter and
the receiver on all sides keeping only a small opening at the front. We conducted real test-bed
experiments using our prototype to show its effectiveness in preventing self-interference or optical
feedback. The results demonstrate that, isolating the transmitter and receiver of a node, optical

feedback can be effectively stopped and in-band full-duplex communication can be realized.

3.1 FSO Transceiver Design

In this section, we discuss the issues related to designing in-band full-duplex free-space-optical

(IBFD-FSO) transceivers.

The essential components of an IBFD-FSO transceiver (Figure 3.1) are as follows:

1. Transmitter: It is the source of signal which can be implemented by LEDs or lasers. Lasers
have much narrower spectral width compared to LEDs. However, for short range com-
munication, LED is preferable due to low cost, power efficiency and compact design. For
long-range communication, laser gives better performance due to high directionality, high
intensity, and high bit rate. A transmitter (7}) also includes driver circuit, 7, buffer to store

digital transmit data and an digital-to-analog (DAC) converter to convert digital data into

IThis work was published in IEEE LANMAN 2018[77]
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Figure 3.1: Block diagram of an IBFD-FSO communication system

analog signal.

2. Receiver: Receiver (R,) circuit consists of either photo-diode (PD) or photo-resistor to cap-

ture incoming signal. PD can be fabricated using semiconductor material or charge cou-
pled device (CCD) sensor. For in-band operation, detector bandwidth needs to be narrow
and matched with transmitter signal bandwidth. Receiver also houses an analog-to-digital

(ADC) converter and an R, buffer to store inbound serial signal stream.

. Controller: A central processing unit for controlling the transmitter, receiver and the over-
all operation of the IBFD-FSO communication system. Controller manages transmit and
received data with proper threading and clocking. Two major properties that define an IBFD-
FSO transceiver are to perform data transmission and reception: (i) simultaneously, and (ii)
over the same frequency band. These are two important design issues that need to be ad-

dressed.

The two major properties that define an IBFD-FSO transceiver are to perform data transmission

and reception: (i) simultaneously, and (ii) over the same frequency band. These are two important

design issues that need to be addressed.

34



3.1.1 Simultaneous communication

An IBFD-FSO transceiver must be able to transmit and receive at the same time. So, the controller
unit should be capable of controlling the transmitter and the receiver in parallel. This can be
achieved by using separate threads for transmission and reception. To handle both transmission
and reception simultaneously, two separate data-path and storage needs to be available to avoid SI
in the processing unit. This can be done by availing two ports of the controller and using individual

buffers for transmitter and receiver.

3.1.2 In-band communication

In-band communication refers to the idea of performing transmission and reception using the same
free-space-optical channel (Figure 3.1). And this gives rise to the problem of optical-feedback or
self-interference, where the signal transmitted by a node interferes with the signal at the receiver.
So, another important design issue for developing an IBFD-FSO transceiver is: preventing optical

feedback.

3.1.3  Optical feedback prevention

IBFD-FSO transceivers are designed to transmit in a single direction. But, similar to any elec-
tromagnetic source, the light source of the transmitter has a back-lobe and side-lobes in addi-
tion to the highly directional main-lobe, where the auxiliary lobes are weaker than the main-lobe
[78, 79, 80, 81]. When the transmitter and the receiver are placed close to each other, these aux-
iliary lobes and optical reflections cause a node to receive its own transmitted signal. This is
known as optical feedback or self-interference (SI). Preventing optical feedback is relatively easier

to implement in an FSO transceiver compared to an RF antenna by inserting an optically obscure
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Figure 3.2: IBFD-FSO prototype

separator between transmitter and receiver. This can be accomplished by covering both the trans-
mitter and the receiver individually on all five sides, except the front, where a pinhole opening
allows signal transmission and reception respectively. The advantage of this isolation technique is
two-fold: First, it either reduces or completely blocks the optical feedback, and second, it enhances

the directionality of the transceiver.

3.2 Proof-of-concept prototype

We designed and built a prototype of the IBFD-FSO transceiver by utilizing commercially available
off-the-shelf hardware and electronic components. The prototype is displayed in Figure 3.2. The
main parts of the prototype are: A Raspberry Pi [82] as the controller and two IrDA?2 Clicks [83],
one of which is used as a transmitter and the other as a receiver. The IrDA2 Clicks are controlled

by the Raspberry Pi using two separate threads: 7, thread and R, thread.
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3.2.1 IBFD-FSO controller

We used a Raspberry Pi 3 Model B as the controller, which is a single board computer (Figure 3.2).
It has a Quad Core 1.2 GHz Broadcom BCM2837 64 bit CPU, 1 GB RAM, BCM43438 wireless

LAN and 4 USB-2 ports. The details of these and other specifications are available in [82].

3.2.2 Transceiver

We used a combination of two IrDA2 Clicks [83]: One as the transmitter and another as the
receiver. The IrDA2 Click consists of an infrared transceiver module compliant with the latest
IrDA physical layer standard for fast infrared data communication. It supports IrDA speeds up to
115.2 Kbit/s. Integrated within the transceiver module are a photo pin diode, an infrared emitter
(IRED). This device covers the full IrDA range of ~ 2.75 m using the internal intensity control.
The IRED has peak emission wavelength of 900 nm and its angle of half intensity is +24°. The
IrDA2 Click board also features the MCP2120 which is a low-cost, high performance, fully-static
infrared encoder/decoder. This device sits between a UART (Universal Asynchronous Receiver-

Transmitter) and an infrared (IR) optical transceiver.

3.2.3 In-band full-duplex operation

The Raspberry Pi has one UART, to which we connected one of the IrDA?2 Clicks: this was our
transmitter. We used a USB-to-UART converter to connect the other IrDA2 Click to the Pi: this was
our receiver. The setup is shown in Figure 3.2. Although the IrDA2 Click has both a transmitter
and a receiver, it operates only in half-duplex mode. So, we used two separate [rDA2s, one of them
only for transmission and the other for reception. We prepared two isolating covers, as shown in

Figure 3.2 for the transmitter and the receiver. We used black cardstock papers for building the
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Algorithm 1 IBFD-FSO Communication Threads

1: {Initialize the global variables}

2: R, =TRUE //Start reception?

3: T, = TRUE //Start transmission?
{Receives until an empty packet, writes the received data to a file}
Receive()

1: Local variable r.packet //Buffer of 115.2Kb

2: while R, = TRUE do

3:  r.packet < store received packet

4.  if r.packet # NULL then
5: write r.packet to file

6: else

7: R, =FALSE

8: endif

9: end while

{Reads from a given file until the end and transmits it}
Transmit()

1: Local variable t.packet //Buffer of 115.2Kb
2: while 7, = TRUE do

3:  t.packet < read packet from file

4.  if t.packet # EOF then
5 send t.packet

6: else

7 T, =FALSE

8 end if

9: end while

covers. The cover has only an opening at the front for transmission and reception of signal. All
the other sides are blocked for preventing optical feedback as was described in Section 3.1.3. We
used Python [84] as the programming language for implementing the IBFD controller. The main
program consists of two separate threads: 7, thread for operating data transmission and R, thread
for receiving, processing and storing the incoming stream of data. The pseudocode of the program

is provided in Alg. 1.
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Figure 3.4: Transmitted and reconstructed received image

3.3 Experiments and Results

We performed real test-bed experiments to gain insight about the effectiveness of the IBFD-FSO

transceiver in preventing optical feedback. We used two identical nodes (A and B) with IBFD-FSO
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transceivers for point-to-point communication. Figure 3.4(a) shows the image file transmitted be-
tween the transceivers during the experiments. The size of this file was 20.1 KBytes. We extracted
the RGB pixel intensity values of the image file and created a separate text file of size 755.4
KBytes. On both nodes A and B, this text file was used for transmission. The Raspberry Pis on
both nodes were controlled from a laptop via a secure shell session (SSH) over Wi-Fi. The laptop
and the Pis were all on the same local-area-network (LAN). A simple three-way handshake through
the Wi-Fi helped in synchronizing the simultaneous operation the two nodes. After the synchro-
nization, both nodes started listening through their respective IrDA?2 receiver. A small delay of
(one second for node A and two seconds for node B) was added before starting the transmission
operation on both nodes. This was done to make sure that a node did not start transmitting before
the other one was ready to receive data. The different experiments that we conducted using the

IBFD-FSO transceivers are described below along with the observed results.

3.3.1 Throughput and Packet-Error-Rate

First, we performed experiments without using the covers on the transmitters and receivers on both
node A and node B. The transmitter and the receiver of a node was kept 0.044 m apart 3.2(a). The
experiment was done on a table with black surface to prevent reflection. The nodes were kept facing
each other at a distance of 1 m. The packet error-rates at both nodes were more than 90% because
of optical feedback. The received image file is displayed in Figure 3.4(b) after reconstruction. We
replaced the garbled pixel values with zeros. We conducted the rest of the experiments isolating

the transmitter and the receiver of each node as described in Section 3.2.3.

We performed experiments using the setup shown Figure 3.3. We kept node A at a fixed position
and changed the distance and angle of node B with respect to node A. We ran the experiments for

different combinations of the distance between the nodes,d =0.5m, 1 m, 1.5m, 2 m, 2.5 m, 2.75

40



80 | —e—0=0"
—e—0-12°
—e—0-18’
? 60k —o—e=24:
é’— 6=30
5
_g. 40
:O;’ ¢ | =—a—0=0°
e ——=12°
E 20t o 018
—— 924"
8=30°
0 . . A L | | " N I . . " 1 i
0.5 1.0 15 2.0 2.5 3.0 3.5 0.5 1.0 1.5 20 25 3.0
Distance (m) Distance (m)
(a) Throughput: node-A(solid) and node-B(dashed) (b) PER: node-A(solid) and node-B(dashed))

Figure 3.5: Performance of IBFD-FSO transceiver

m and 3 m, and angle, 6 = 07,12°,18°,24° and 30°. Node A transmitted the text file extracted
from the image file to node B. At the same time, node B transmitted a text file extracted from the
same image file to node A. The size of the text file was 755.4 KBytes and transmission rate was
115.2 Kbps at both nodes. The experiment was repeated 6 times for each combination of d and 6.

A correctly received reconstructed image is shown in Figure 3.4(c).

Figure 3.5(a) demonstrates the throughput achieved at both node A and node B. The solid lines
represent the throughput values at node A, and the dashed lines represent node B’s throughput
values. We can see that, when the nodes were at an angle of 6 = 0° with respect to each other, the
throughput was ~ 84.5 Kbps up to a distance of d = 2.75 m at node A and up to d = 2.5 m at node
B. For d > 3 m, the throughput values dropped significantly. When 6 was increased to 12°, we can
observe that the throughput drops below 84.5 Kbps for shorter distance between the nodes. We
can see that, as 0 is increased, the throughputs drops to values smaller than 84.5 Kbps for lower
distances. The whole files were received at both nodes as long as they were within each other’s

region of coverage, i.e., d & 3 m and 6 = 24°.
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In Figure 3.5(b), the packet-error-rates (PERSs) of the received files are displayed. Again, the solid
lines represent node A’s PER and the dashed lines show node B’s PER. We can observe that, for
both nodes, the BERs are very low (X 0) uptod =2.5 m for 8 =0°, up to d =2 m for 6 = 129,
uptod =2.5m for 6 =0° and up to d = 1.5 m for 6 = 18°. Also, for 6 = 24°, BER= 0 up to
d =0.5 m atnode A and up to d = 1 m at node B. At both nodes, no effect of optical feedback was
observed. The files were received correctly as long as the nodes were within the coverage area of

each other.

We repeated the experiment 3 times for d = 1 m and 6 = 0° by changing the distance between
the transmitter and receiver of a node to 1.9 cm. In this case also, the text files were correctly
received at both nodes with almost 0% PER. Next, we placed the transmitter on top of the receiver
at a height of 3.2 cm and repeated the experiment. We also performed experiments by placing the
receiver on top of the receiver. In all these scenarios, the text files were transferred with almost no

€ITor.

3.3.2  Optical feedback by reflection from surface

As mentioned earlier, the results presented so far were achieved by performing experiments on
a black surface to prevent reflection from the surface. In this section, we demonstrate results
achieved by using a white surface. Figure 3.6 displays the experimental setup. We kept the nodes
at distance of d = 1 m and at angle 6 = 0° with respect to each other. We placed a letter sized
white paper between nodes A and B. We placed the white paper at different distances (I = 6.25 cm,
7.5 cm, 8 cm, 9.375 cm, 12.5 cm, 25 cm, 50 cm) from node A. We repeated the experiment twice
for each value of I. We can see from Figure 3.7(a) that PER was almost 100% up to [ = 7.5 cm.
Figure 3.4(d) shows the received image after reconstruction at node A for / = 7.5 cm. Again, the

garbled pixel values were replaced by zero. For longer distances, the file was correctly received
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Figure 3.6: Experimental setup to evaluate reflection from the surface
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Figure 3.7: Optial feedback caused by reflection from the surface at Node A
every time.

We conducted further experiments by placing the white paper at / = 0 cm from node A. This time,
we varied the height % of the transceiver from the surface. We observed that, for 4 < 1.975 cm, the
BER was almost 100%. For higher values of 4, there was no optical feedback caused by reflection
from the white surface. We can see that, reflection from a non-black surface can cause optical

feedback. But the experimental results show that, this can be prevented by placing the transceiver
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at a proper height from the reflecting surface.

In summary, we presented a proof-of-concept prototype of an in-band full-duplex optical transceiver
by implementing isolation technique to prevent optical feedback and self-interference. We used
commercially available off-the-shelf components to design and build our prototype which limits
the data transfer rate and link range of the communication channel. To increase the performance
parameters, such as bit-rate and link range, custom designed components can be utilized. Fur-
thermore, the overall SINR performance and self-interference suppression can be improved by

implementing smart tiling design and improved active and passive isolation techniques.
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CHAPTER 4: ASYNCHRONOUS LOS DISCOVERY ALGORITHM
USING IBFD FSO TRANSCEIVERS FOR AERIAL NODES

FSO-enabled UAVs are envisioned to play a significant role in future generation mobile wireless
ad hoc networks. Swarms of UAVs connected to each other via FSOC links can help to relay data
from pico-cells to the core network!. UAVs are also used for both civil and military missions,
such as monitoring of an area hit by a natural disaster, broadcasting data at some critical sports
event or even observing behind the enemy lines. Recently, Alphabet Inc. deployed stratospheric
solar-powered balloons to provide Internet service to remote areas of Puerto Rico where cellphone
towers were damaged by Hurricane Maria. All these different applications of UAVs produce large
amounts of data that is required to be delivered to a ground station or other UAVs [17]. Using FSO

transceivers, these large volumes of data can be transferred at extremely high speeds.

In this work, we tackle the problem of LOS link discovery using directional FSOC links between
nodes in 3D space. We assume that the nodes can mechanically steer their respective transceivers
with randomly chosen angular speeds from a randomly selected position on a spiral path and
perform a three-way handshake to discover each other on an LOS link. The nodes change their
angular speeds if the discovery is not successful within an optimal time interval, which is set by
performing a number of test runs by placing each node at random positions. We evaluate the
performance of the proposed approach through real test-bed experiments. The results show that,
using such mechanically steerable highly directional transceivers, two neighbor nodes can discover
each other successfully even without prior location information of each other. Key insights and

contributions of this work include:

* An in-band method for two nodes in 3D to discover each other without prior knowledge of

I'This work was published in ACM CoNEXT Workshop 2019[85].

45



the neighbor’s location using only highly directional transceiver.

* A heuristic protocol that chooses an angular speed randomly, and updates the speed after

threshold times.

* We observed from the experiments that neighbor discovery is possible using in-band full-

duplex directional transceivers.

I IBFD Transceiver

(b)

Figure 4.1: (a) Mounted IBFD-FSO transceiver on DJI M100 Quad Drone, (b) Experimental setup
for asynchronous spiral LOS discovery experiments.

4.1 Asynchronous Spiral Scanning

We explored asynchronous spiral neighbor discovery algorithm to establish a LOS link between
two aerial vehicles. The nodes are positioned randomly in 3D space and each node carries an IBFD
FSO transceiver mounted on servo motors. The transceiver is designed using two commercially
available IrDA2 units to ensure full-duplex configuration [77, 86]. No additional omni-directional
RF channel is used for synchronization or data transmission. The neighbor discovery method is
to scan the surrounding 3D space by rotating the transceivers in randomly chosen spiral paths in
3D [86, 8]. Each node arbitrarily chooses an angular speed () and a start position (P(¢,6)) on

the predefined spiral path to start the discovery process. LOS discovery is completed when they

46



Transmitter
main beam

Figure 4.2: Spiral search space for the transceiver.

are able to perform a 3-way handshake between the two nodes. Figure 4.1(a) shows the path of
the transceiver head for spiral scanning. For asynchronous discovery, initial start point (P(¢, 0)) is

also randomly set, where ¢ and 0 are angles w.r.t. z-axis and x-axis, respectively.

One of the corner cases of asynchronous LOS discovery is the case when angular speeds (®) of the
two nodes are same or very similar, which may result in longer discovery time [87]. By choosing
random initial start point, we can increase the probability of discovery. But it is also important to
reassign a new value to m after a certain reset time (¢4 ), Since the benefit of randomly searching
for the other node diminishes quickly. The algorithm for the LOS discovery phase using asyn-

chronous spiral scan is given in Algorithm 2.

For these experiments, the angular speed, ®, is chosen by a node randomly, where @ € [7/2, 7]
rad/s. The range of available @ is limited by the capabilities of the servo motors. For our prototype,
the servo motors have maximum angular speed of 7 rad/s. To determine the reset time, #,¢5e;, W€

conducted multiple LOS discovery runs and chose #,.5; for a given confidence level () from the
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Algorithm 2 Asynchronous Spiral LOS Discovery

1: Input Parameter ?,.5; // Reset time
2: R, =TRUE // Start reception?

3: T, = TRUE // Start transmission?
4: while T, = TRUE do

5:  set @ randomly // Transceiver head angular speed
6: set P(¢,0) randomly // Transceiver head position
7. start rotation in spiral path
8:  t =timer.start() // Discovery time
9:  while t < t,.5; or R, = TRUE do
10: transmit ‘HELLO’
11: if 3-way handshake protocol completed then
12: t = timer()
13: stop transceiver head rotation
14: R, =FALSE
15: T, = FALSE
16: write ¢ to datafile
17: end if

18: end while
19: end while

empirical distribution.

Figure 4.3 shows the distribution and CDF of the LOS discovery time, repeated for 111 times,
while the drone was hovering. From the experimental data, we can see that average discovery time
is 62.68 sec and discovery is completed within 144.76 sec 90% of the time, whereas it is completed
within 38.34 sec 50% of the time. It should be noted here, the reset time can be different for
different confidence level (&) and divergence angle (). We have listed the calculated reset times
for different o from the empirical distribution in Table 4.1. The average discovery time for a

two-node system can be further improved by optimizing #,.5.s, ®, and Q.

Table 4.1: Reset time for different confidence level

| o JOr[ 03] 05707 ] 09 |
| freser (sec) | 6.31 | 19.56 | 38.39 | 74.26 | 144.76 |
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Figure 4.3: Empirical discovery time distribution.

4.2 Asynchronous Random Circular Scanning

We also explored asynchronous random circle scanning method to establish LOS between two
mobile nodes. Similar to the previous approach, the nodes are positioned randomly in 3D space
and each node carries an IBFD FSO transceiver mounted on servo motors. The neighbor discovery
method is to scan the surrounding 3D space by rotating the transceivers in randomly generated
circular paths in 3D. The Transceiver rotates three (3) times on a specific circle and then hops to
another random circle. The transceiver keeps hopping to random circles until it can discover the
other transceiver and establish LOS. The scanning space generated by the random process is shown
in Fig. 4.4. The initial start point (P(¢, 0)) is also randomly set, where ¢ and 6 are angles w.r.t.

z-axis and x-axis, respectively.

The angular speed (®) is chosen randomly, similar to the asynchronous spiral scanning approach.
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Figure 4.4: Random circles to generate search space for the transceiver.

However, the angular speed randomization for this approach has significantly smaller impact on
discovery time compared to spiral scanning approach. We tested the random circle approach to
establish LOS using real test-bed experimentation. We used the same system as described in Sec-
tion 4.1. The LOS discovery completes when the nodes complete a three-way handshake protocol.
We verified the algorithm by running the discovery process in the indoor settings with nodes at
stationary conditions. We repeated the discovery process for 25 times in the outdoor setting with
mobile nodes. The distribution function of the discovery algorithm for mobile nodes is shown in

Fig. 4.5.

Comparing the indoor and outdoor distribution of the discovery time, we have found that average
discovery time are 90.72 sec and 77.46 sec for indoor and outdoor settings, respectively. The
distribution follows the log-normal distribution and 95% confidence interval time is 30.37 sec for

outdoor settings. Comparing the average discovery time to the spiral scan, random circle approach
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Figure 4.5: Empirical discovery time distribution for random circles.

takes longer time, which is expected as the advantage of random process diminishes as times

passes.

In summary, we present an asynchronous LOS discovery algorithm using spiral scanning without
any synchronization via an RF channel. Line-of-Sight (LOS) link discovery is one of the major
limiting factors for these highly directional bands, and this problem of establishing LOS between
neighbor nodes becomes more challenging when they have no apriori knowledge of the location of
each other. We presented a demonstration of LOS discovery algorithm utilizing our developed in-
band full-duplex FSO transceiver prototype in real-world application. We have presented multiple
neighbor discovery algorithms in 3-D domain which establish LOS communication link between
two mobile nodes. We also demonstrate the effectiveness of the algorithm through test-bed exper-

iments using a prototype of UAVs equipped with in-band full-duplex (IBFD) FSO transceivers.
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CHAPTER 5: MULTI-ELEMENT FSO TRANSCEIVER DESIGN USING
OPTIMUM TILING

In this chapter, we will address the design and tiling of different elements, i.e., transmitters and
receivers, on the transceiver plane to optimize IBFD communication throughput. We explore opti-
mization techniques to find the optimum number of transmitters and tiling those in a fashion that
gives uninterrupted performance even in the presence of vibration. The main contributions are as

follows:

* An analytical model of link performance parameter, SINR, is developed for multi-element
full-duplex FSO transceiver by considering free-space attenuation as well as the vibration

model of the mobile platform, e.g., an unmanned aerial vehicle (UAV).

* An optimized approach of tiling elements within transceiver plane by evaluating randomly

generated sets.

* An optimized approach of tiling elements within transceiver plane by implementing genetic
algorithm and evaluating multiple generations of solutions to reach the most favorable tiling

pattern.

5.1 Optical Channel Fading Model

5.1.1 Channel Model

The transmitter modulates data onto the instantaneous intensity of an optical beam. In this chapter,

we consider intensity modulated direct detection channels using On-Off Keying (OOK), which is
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Figure 5.1: Block diagram of an in-band full-duplex optical wireless link consisting of two nodes.

widely employed in practical systems. The received photocurrent signal is related to the incident
optical power by the detector responsivity R. The received signal y suffers from a fluctuation in
signal intensity due to atmospheric turbulence and misalignment, as well as additive noise, and can
be well modeled as

y=hRx+n+is, (5.1)

where x is the transmitted signal intensity, 4 is the channel state, ig is the SI signal received at the
receiver from its own transmitter, y is the resulting electrical signal, and n is signal-independent
additive white Gaussian noise. The system block diagram consists of two nodes, A and B, as
presented in Fig. 5.1. It also shows the signal flow direction at the presence of atmospheric

attenuation parameters (o, ¥), which will be discussed in details later.

The channel state 4 models the random attenuation of the propagation channel. In our model, &
arises due to three factors: path loss /;, geometric spread and pointing errors 4, and atmospheric

turbulence 4,. The channel state can then be formulated as

h=hihyh,. (5.2)
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Note that /; is deterministic, and &, and h, are random with distributions discussed later. Since
the time scales of these fading processes (= 1073 — 1072 s) are far larger than the bit interval
(~ 1072 s), h is considered to be constant over a large number of transmitted bits. Notice that the
use of interleaving to allow for averaging over a large number of fading states is impractical in this
channel. This block fading channel is often termed as slow fading or nonergodic channel in which
an h is chosen from the random ensemble according to distribution f, () and fixed over a long

block of bits.

5.1.2 Optical Fading Model

Optical fading can be attributed to several components of the channel and communication system
design. Three major components of optical fading in the channel are atmospheric turbulence, free-

space attenuation, and pointing error due to misalignment.

5.1.2.1 Free-Space Attenuation

The attenuation of laser power through the atmosphere is described by the exponential Beers-
Lambert Law as [68]
P(z)

h(z) = 5(0) =exp(—az), (5.3)

where h;(z) is the loss over a propagation path of length z, P(z) is the laser power at distance
z, and o is the attenuation coefficient. The attenuation /; is considered as a fixed scaling factor
during a long period of time, and no randomness exists in its behavior. It depends on the size and
distribution of the scattering particles and the wavelength utilized. It can be expressed in terms of

the visibility, which can be measured directly from the atmosphere.
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Figure 5.2: Path loss calculation for free-space fading model.

By using Friis transmission equation [66], we can calculate the attenuation coefficient as

1 1
S PO S 5.4
¢ d nGTGRTALFS >4

The value of a depends on wavelength of the signal A, visibility range V, and size distribution of
the particle ¢ in the atmosphere. The equation of atmospheric attenuation coefficient is proposed

by Kim et al. [69] in the form of

391/ A \ ¢
a_7<550nm) ’ )
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Figure 5.3: Orientation of the two communicating nodes after alignment.
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Figure 5.4: Position of transmitters within a transceiver plane.
q= [

where ¢ is given by
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Figure 5.5: SINR calculation for different divergence angles of the transmitters, while d = 100 m,
¢ = 3.4 mrad, and Pr = 10 mW.

Using the equations 5.4-5.6, we have calculated the free-space path loss components with respect

to the link distance (d). The loss parameter model (L) is shown in Fig. 5.2.

5.1.2.2 Pointing Error

Loss of LOS or LOS alignment could result in significant channel fading due to pointing error loss.
Wind, gust, and thermal expansion of atmospheric medium results in path delay and/or pointing
error. We discuss a statistical model to incorporate such pointing error in term of detector aperture,

Gaussian beam width, and jitter and vibration variance.

The normalized spatial intensity distribution of the transmitted Gaussian beam is given by [88]

2 2l|pl[?
Ibeam(p;z) - WCXP (_M)’ (57)

2
Z WZ
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Figure 5.6: SINR calculation different positioning of transmitters in the transceiver plane, while
d =100 m, 8 = 10 mrad, and Pr = 10 mW.

where p is the radial vector from the beam center and w;, is the Gaussian beam waist at distance z,

which can be written as 12

2
1+e(’1—12) ] , (5.8)
7TWO

where, wy is the beam waist at z = 0, € = (1+2w3/p3(z)), and coherent length,

W, = Wo

po(z) = (0.55C2k27)73/5.

If the center of the incident beam is misaligned by distance r along detector plane, then the fraction

of the power collected by the detector, /,(.), can be expressed as

hp(r;z) = /dlbeam(p - F;Z)dp, (5.9)

where o7 is the area of the detector and £, is a function of radial misalignment angle when pointing

error r is present, as shown in Fig. 5.3 and 5.4. Due to symmetry in beam shape and detector area,
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Figure 5.7: Effect on SINR at the presence of vibration of the mobile platform for d = 100 m,
¢ = 1.7 mrad, 6 = 5 mrad, and Pr = 10 mW.

the integral can be approximated by

2 2
hy(r;z) = Agexp (—%>7 (5.10)
wZ,
where
Ag = [erf(v))?
2 2 Vrerf(v)
Zeq “2vexp (—v?)
VTa
V= ,
V2w,

and a is the radius of a single receiver.
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Figure 5.8: Variation of SINR when transmitters with 6 = 5 mrad divergence angle are placed
randomly on 10 x 10 transceiver grid, while d = 50 m and Pr = 10 mW.

5.2 IBFD FSOC Link: SINR Formulation

5.2.1 Noise and Self-Interference

The noise components when an optical signal is received by the detector consist of various noise
sources like Johnson (thermal) noise, background radiation, and dark current. The equations for

the noise equivalent power (NEP) of the optical components are given by [74]

+/2qSPyoBon F
V242 bgBenl” (5.11)

Pbg_sn = S ’
\/2qSPsieBonF
Psig_sn = %: (512)
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SGer

Pdark_sn — 5 (513)

where P, is the optical solar background noise, Py;g is the optical power of the signal, Iz, 1s
optical dark current, /;. is the DC dark current, Gy, is the detector current gain, B, is effective
noise bandwidth (= %), S is radiant sensitivity of the detector (amp/watt), F' is excess noise factor

which is equal to 1 for photodiode, and ¢ is the electronic charge. The total NEP is given by

Ne =Py 4 P2y B

sig_sn dark_sn®

(5.14)

To design a short-range FSOC system using laser as transmitter, all the noise contributions need
to be incorporated in calculation. As the bit-rate requirement is increasing day-by-day, receiver
components and circuit are required to be very sensitive and responsive. With the increase of

sensitivity, receiver noise budget is becoming smaller.

By using the residual SI model of [75, 63], residual SI power at nodes A and B are given by I';4 =
1-5 1-5

I;AW and I'jp= I;BW, where f3 represents the coefficient of SI suppression by separation of the

transmitter and the receiver within the same transceiver unit, and g and 0 represent SI suppression

parameters for deployed passive SI cancellation technique. P4 and Pp are the transmitted signal

power at nodes A and B, respectively.
5.2.2 Optimized SINR Formulation

SINR characterizes the quality of a communication system as well as it is the performance param-
eter for a transceiver. Considering an FSO link established using transceivers A and B, each with

a single transmitter having a divergence angle of 6 and a single receiver having a detection area of
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Ager, SINR can be written for node A as [74]

PpL (d,A)Agecos(¢ £9)
(tan 9)24612(]\]]‘ +FSA) ’

SINRy = (5.15)

where Pg is the transmit power at node B, d is the link distance, and L,(d, 1) is the free-space loss
parameter for a link distance of d. The expressions of L,, Ny, and I'g4 are shown in Sections 5.1
and 5.2.1. ¢ is the pointing error angle when the transceivers are perfectly aligned, and 0 is the

‘vibration angle’ which is the additional pointing error due to vibration on the mobile transceivers.

For a multi-element FSO transceiver with N transmitters having 6 divergence angle each and m
receivers with detection area of A,,;, SINR for node A can be expressed as

Pg L. (d A)Adetcos(¢]i5)

SINRy = )
lzi] Jg’ (tan 0)24d? (N7 +Tsa)

(5.16)

where i and j denote the index of transmitter and receiver, respectively. Pg; denotes the transmit
power at transmitter i at node B. Each transmit beam projects a beam footprint on the transceiver
plane and only covers a subset of the available receivers in a transceiver. .%; represents the set of
receivers that falls within the beam footprint of transmitter i. ¢; and J; are the pointing error and

the vibration angles on the beam arriving at receiver j € .%;.

To maximize SINR, we need to find the optimum number of transmitters N and receivers m, as
well as the positions, p;(x;,y;), of the transmitters onthe transceiver plane. By choosing the best
transmitter positions we can find the best tiling patterns of the transceivers. For the sake of unifor-
mity, we will consider identical tiling at both transceiver nodes A and B, same divergence angle 6

for all transmitters, and same transmit power Pp for all transmitters. So, the optimization problem
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becomes

max SINRy
N, pi
s.t. N <Ny, (5.17)

A1 = NAtrans +mAger,

where A;,4s 1s the area of each transmitter occupied in the transceiver plane and N, is the maxi-
mum number of transmitters that can be placed on the transceiver plane. We do not include m as a
parameter of the optimization since we assume that for all the positions where a transmitter is not

placed, a receiver is placed, i.e., N, = N +m.

Each transmitter i projects a Gaussian beam footprint on the receiver plane centered at the corre-
sponding location of transmitter i with a diameter of dtan 6. .%; consists of m, receivers that falls
within the beam footprint. So, the SINR of the IBFD FSO link at node B under no vibration can

be written as

N
i=1
where
PsL.(d, A)A )1?
- B z(2= )2 det €08(9;) (5.19)
Py (tan 0)?4d*(Np +T'sa)

We find the optimum transmitter count, N*, maximizing SINR4 by calculating %(SINRA) =0.

Using Eq. 5.18 we get

N

d d
—(SINRy) === ) TI;
N = (5.20)

d

Each term of II; on the right hand side of Eq. 5.20 largely depends on the relative location of

the transmitter 7, as that determines how many receivers (m;) are covered by the beam footprint.
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Increase of transmitters also means reduction of receivers, essentially resulting in reduced receiver
area to capture the beam signal. So, the ratio of the total receiver area to the total transceiver area
is another parameter that can be used to optimize SINR. In order to attain an analytical solution
to N*, we consider the case when this ratio is fixed, i.e., m: is constant regardless of i. This case
happens when the link distance (d) is long and/or the divergence angle (0) of the transmitters is
large. In particular, this case would happen when the radius of the beam footprint is greater than
or equal to the diagonal of the transceiver plane. Assuming that both transmitters and receivers are
square-shaped and are the same in size (i.e., the receiver and the transmitter areas are both equal
to Ager), this case would happen when dtan 0 > \/2N,,A,,;. Then, .Z; consists of all the available

receivers on the transceiver which yields m} = N,, — N, and Eq. 5.19 becomes

Np—N 02 2
=) % (1-%) : (5.21)

J=1

PpL, (d:l)Adet
tan 9)24d2 (NT+FSA)

2
where y; = [ ( } , and cos(¢;) is approximated with the first two terms of Taylor
expansion. Now, each receiver has pointing error angle with respect to each transmitter. If the
transmitters and receivers are uniformly distributed, the pointing error angle can be approximated

by ¢; = j¢, where ¢ is the minimum pointing error angle. Then, Eq. 5.21 can be written as

> (N = N) (N — N+ 1) (2N,, — 2N + 1)
6

I = 2| (N —N) = ¢ (5.22)

As we assumed every transmitter’s beam footprint is covering the whole transceiver area, each I1;
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becomes identical. By using the expression from Eq. 5.22, Eq. 5.18 can be written as

2
SINRy = XN | (Nyy —N) — %N,i + ¢>N2N

2 2
— ¢>N,,N* + ?N3 — %Ni + ¢>N,,N
¢ A2 ¢ ¢ ]
L NI N,—2N 5.23
N "% 6 (5:23)

By differentiating the term from Eq. 5.23, we get

d
——(SINRy) = X | Ny — 4N +2¢*N2N — 39N, N*

ON

4 2 2

+—¢2N3 +2¢°N,,N — 3¢ N> — ¢3

3 920 97

——N N2 ——N] 5.24

3 2 6 (5-24)
By simplifying the equation and setting %(SINRA) =0, we get
aN?* +bN? 4+ cN+d =0, (5.25)

where

4 2
a_§¢7
2
b:—%—3¢2Nm,
¢2
c=20>N2 +2¢>N,, —4 — 3
d =N, ¢2N ——2N2——N3.
6 2 3

Now, the value of N, can range from few tens to few hundreds and ¢ is in the order of mrad for

66



practical cases. In that case, the coefficients approximated as a =~ 0, b = 0, ¢ = —4, and d = N,,.
The optimum number of transmitter reduces to Nﬂm ~ 0.25. This solution represents the case when
pointing error angles are negligible. However for practical cases, due to finite pointing error angles

the optimum solution for N* is smaller than 0.25N,,.

In the following section, we implemented a numerical solution of the optimization problem by
using randomly generated sets. First we calculated the optimum number of transmitters (N) and
then the optimum positions (p;) of the transmitters on the transceiver plane. We also implemented

a genetic evolution algorithm technique to find the optimum positions of the transmitters.

5.3 Approach One: Randomly Generated Sets

To determine the optimum tiling positions of the transceiver elements, we developed a MATLAB
tool to simulate the communication link and calculate SINR for each node. For this simulation,
we used 50 m long FSO channel between two UAVs communicating in IBFD mode using wave-
length A = 900 nm. The transceiver size is set to 10 cm x 10 cm. We assume that direct LOS is
already established, however the vibrational effects from the UAVs is still present which can lead

to pointing error of the link.

As the position of each transmitter is varied on the transceiver plane, a pointing error with the
other node takes place. This pointing error is calculated in terms of pointing angle, ¢. On top
of this angular pointing error ¢, vibration of the mobile platform incorporates additional error,
which is also calculated in terms of angular error (+06). These pointing angle errors are shown
in Fig. 5.3. Figure 5.4 shows two categories of possible tiling schemes. In one scheme, all the
transmitters are positioned equidistant from the center of the transceiver plane. On the other hand,

all transmitters are positioned randomly in the second scheme. In this case, we randomly selected
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N transmitter slots and the rest are considered to be receiver area. Free-space path loss is calculated

for determining SINR for our channel, which is shown in Fig. 5.2.

To determine the number of the transmitters required to obtain the best performance, we simu-
lated the FSO link by varying the transmitter count from 1 to 99, out of possible 100 positions,
and calculated SINR for different divergence angles (6). We can observe from Fig. 5.5 that best
performance of the link occurs when number of transmitters (N) is 22, irrespective of divergence
angles. With the increase of the transmitter count, receiver area reduces and that results into de-
graded link performance. Also, by increasing divergence angle, most of the power collected at the

receiver end also reduces, and we can observe the reduction of SINR.

We investigated further by varying the position of the transmitters on the transceiver plane and
hence changing the pointing error angle (¢) by using equidistant scheme from Fig. 5.4. Fig. 5.6
shows the results for different ¢ values and calculated by varying N. We can again observe that
the best case performance can be achieved for N = 22. Fig. 5.7 shows the effect of vibration on
the link performance of the FSO channel. Fig. 5.8 shows the average and standard deviation of the
calculated SINR for different N values. We also randomly generated vibrations and repeated the
simulation for 1000 times to incorporate the effects of vibration into the simulation. Even though
the overall SINR obtained is reduced by introducing vibration, best case scenario still occurs at
N =22, or we can say 22% area of the transceiver plane needs to covered with transmitters. Even
when the link distance is varied over a large range, the optimum number of transmitters remains
close to 22%, whereas average SINR drops exponentially with distance as shown in Fig. 5.9. By
using the simulation parameters and solving the equation derived in Eq. 5.25, we get N = 25. The
analytical solution was an approximation of the real-world scenario, however we got fairly close

solutions.

We incorporated all the findings we gathered from the simulations of equidistant scheme into the
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Figure 5.10: (a) Heatmap of transmitter locations on a 100 x 100 transceiver grid for best perfor-
mances out of randomly generated set, (b) Transmitter locations based on the heatmap generated
from best performing sets.

random position scheme as shown in Fig. 5.4. We increased the grid size of the transceiver plane
to 100 x 100 array. We generated 100,000 sets of transceiver planes with randomly positioned
transmitters for each N, in this case, to cover 22% area of the plane, we set N = 2,200. To
determine the optimum positions of the transmitters for N = 2,200, we selected best 1,000 sets
out of randomly generated 100,000 sets based on SINR performance. We repeated the process for
3 times with seed values. Finally, we constructed a heatmap of the transceiver plane by overlapping
the best tiling sets (more dark means more transmitters were placed at that position in these tiling
sets) in Fig. 5.10(a) at the presence of vibrational effects. We can observe from the figure that
the best performance can be achieved when majority of the transmitters are positioned around the
center of the plane, with receiving areas at the center. The reason for the disperse positioning due
to the presence vibrational effects of the mounting platform is the Gaussian beam profile of the

transmit signal and the beam centers carry most of the energy. If the transmitters are positioned
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around the edges, the center of the beams might fall outside of the transceiver plane and most
of the energy goes undetected at the presence of vibration. To accommodate for such cases, the
optimum transmitter positions are clustered in four separate areas located midway from the center
to the corners of the transceiver plane so that at least the center of the beams from those ‘edge

transmitters’ could fall on the receiving plane.

It is notable that the center of the transceiver plane does include only few receivers instead of being
entirely covered with transmitters. The intuition behind this is that the center of the optical beam
carries most of the energy. If the center of the plane is covered entirely by transmitters, the center
of the beams coming from the other plane would not be received and only the outer part of those
beams would be received, resulting in a small aggregate received intensity. With the presence of
vibration, however, the best transmitter positions are more dispersed to increase the likelihood of

receiving the center of the beams coming from the other side.

This random set based technique of obtaining the optimum solution is computationally heavy and
as we checked only a fraction of the available solutions due to limitation of computational capacity
and time, hence a more efficient method is required. To overcome this computational complexity,

we next devise a heuristic optimization method based on genetic algorithms.

5.4 Approach Two: Genetic Algorithm

In order to tackle the computational complexity of the randomized set selection and to find so-
lutions closer to the optimum, we devise a genetic algorithm approach to the problem of tiling
positions of the transmitters on the transceiver plane. As the transceiver plane is divided into a
100 x 100 grid, it gives us in total 10,000 different position to consider for transmitters. Essen-

tially the size of the search space for the optimization problem becomes 2'%°% — 1. Using the
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Generation-150

Figure 5.11: Heatmap of transmitter locations on a 100 x 100 transceiver grid for best perfor-
mances for different generations of genetic evolution, Top Row: 20% fit population, Bottom Row:
10% fit population.

randomly generated sets to determine the optimum tiling will require huge computational time.
Even in the optimization approach presented in the previous section, we only explored a fraction
of the every possible tiling combination. Genetic algorithm gives a faster way to approach the

optimum and it also requires smaller computational capacity.

To implement the genetic algorithm, we start with fewer number of randomly generated sets of the
transceiver plane. To reduce the complexity of the problem, we consider 22% of the area is covered
with transmitters, as we determined in the previous section. To start the process, we randomly
generate 5,000 different sets and calculate SINR for each set. We determine the best 10% sets out
of the total population based on SINR calculation, which we can call the ‘fit population’. We use
the ‘fit population’ to generate the next generation by applying crossover technique. We randomly
select two members from the current fit population to obtain a member of the next generation.
The crossover is done over two steps: first, we identify the common positions of the two selected
parents and we retain the common positions in the child. Second, we select rest of the transmitter

positions from each parent in 1 : 1 ratio. We repeat the process to obtain the entire population for
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Figure 5.12: Optimized transmitter locations on a 100 x 100 transceiver grid (a) using genetic
evolution after generation 150 with 10% fit population with vibrational effect, (b) using genetic
evolution after generation 150 with 20% fit population with vibrational effect.

the next generation and calculate SINR for each set. The process is repeated until we do not see any
significant improvement in the average SINR value of the fit population for three (3) consecutive
generations or a certain number of generations are obtained. A pseudo-code of the algorithm is

presented in Algorithm 3.

We presented the evolution of the optimized tiling solutions over different generations in Fig. 5.11.
The heatmaps are generated by overlapping the transmitter tiling positions of the members of the
fit populations of each generation. We can observe from the figures that transmitters around the
center with receiving area at the center gives best performance, as we observed from the randomly
generated sets in the previous section. Hence, the convergence over the generations are observed as
the transmitter locations are more clustered in four lobes located midway towards the corners of the
transceiver plane from the center. We also changed the fit population size to 10% and observed the

similar convergence pattern as well. After about 50 generations, both 20% and 10% fit population
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Algorithm 3 Genetic Algorithm for Optimized Tiling

Initialize Transmitter count, N
Initialize Transceiver plane
Initialize Population Set count, P
Set € as SINR tolerance
flag=TRUE
Generate Population Set by random selection for Generation 1
Calculate SINR for each set
while flag is TRUE do
Identify Best f% as fit population seed for Generation i + 1
Generate Population Set by crossover() for Generation i + 1
Calculate SINR for each set
Compare SINR with Generation i
if SINR(i+1)—SINR(i)< € for 3 consecutive generations then
flag=FALSE
else
repeat next generation
end if
18: end while

crossover()
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: Choose two (2) parents randomly from the fit population

2: Determine common transmitter positions for the parents

3: Keep common transmitter positions for the child

4: Choose rest of the transmitter positions from both parents randomly at 1:1 ratio

cases indicates most of the transmitters should be positioned around the center of the panel, as we
have observed from the randomly generated sets. As vibrational effect tends to introduce higher
combined pointing error angle, transmitters being around the center makes it more convenient for
the receiving end to capture most of the energy even at the presence of vibrations using this tiling
pattern. Later, we determine the best positions of the transmitter positions after 150 generations
and shown in Fig. 5.12(a) and 5.12(b). Both of these tiling solutions indicates optimum transmitter
positions to obtain best SINR performance under vibrational effects. Comparing the solutions of
the genetic algorithm with the solution from randomly generated cases shown in Fig. 5.10(b), we
establish that we can obtain the optimized tiling solution using the genetic algorithm approach

utilizing much smaller computational capability.
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Table 5.1: Summary of Genetic Algorithm Simulations

| Fit Population size | # of Generations to Converge | Peak SINR (dB) |

20% 190 24.09
10% 145 24.06
5% 100 24.03
1% 80 23.96
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Figure 5.13: Peak SINR of the fit population over 150 generations of evolution.

To understand the effect of the genetic algorithm parameters on the results, we varied the fit popu-
lation size and observed SINR over generations. To determine how many generations it requires to
achieve the SINR saturation, we vary the fit population size for different values from 20% to 1%.
All every cases, total population size of a generation was fixed at 5,000 and number of transmitters,
N =2200. Figure 5.13 shows variation of the peak SINR of the fit populations over generations. As

shown in Fig. 5.13, smaller fit population yields better solutions in early generations but converges
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to a more sub-optimal solution eventually. However, we can achieve best SINR performance when
the fit population is increased. Essentially this requires generating more generations and compu-
tational time. We summarized the results from the genetic algorithm simulations in Table 5.1. In
both Fig. 5.13, we inserted a grey solid line that indicated the value from randomly generated sets.
We can clearly observe genetic algorithm approach consistently outperforms the randomized set

selection after about 20 generations.

In summary, we have outlined a model for optimizing the tiling positions for multi-element transceiver
design. We developed a simulation tool in MATLAB to determine the best performance for op-
timizing communication throughput even under the presence of vibrational effect of the mobile
platform. We explored randomly generated sets and Genetic Algorithm approach to optimize the
tiling of optical elements within the square transceiver plane. Furthermore, the optimum solu-
tion achieved through the developed algorithm can be extended for dynamic solutions and various

shapes and sizes of the transceiver.
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CHAPTER 6: DEFOCUSED LENS ASSEMBLY DESIGN FOR
MULTI-ELEMENT FULL-DUPLEX FSO TRANSCEIVER

In this chapter, we address the issues of establishing a LOS optical link between mobile platforms
such as UAVs, autonomous vehicle, floating base-stations, and stationary building top transceivers,
as shown in Fig. 6.1. We propose a near-afocal lens assembly design for multi-element FSO
transceiver to optimize the received power based on link distance and transceiver layout design.

The main contributions in this chapter are as follows:

* An optimized design of multi-element FSO transceiver layout that includes selecting number

of transmitters and receivers and placement of the elements within the transceiver plane.

* An overview of the circuit design considerations taken into account to implement the FSO

transceiver for deployment.

* A defocal lens assembly design for the transmitters to control the beam width and beam
footprint at the receiver end to optimize the received power and tolerance to vibration, sway,

and tilt of the mobile platform.

6.1 Multi-Element Full-Duplex FSO Transceiver: Theoretical Background

In this section, we will present the design methodology and tiling of the elements on the transceiver
plane to optimize performance, such as IBFD communication throughput. We used optimization
technique to find the optimum number of transmitters and utilized genetic algorithm to tile those

in a fashion that gives uninterrupted performance even in the presence of vibration.
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Figure 6.1: Full-duplex FSO communication between mobile nodes.

6.1.1 Layout Optimization by Tiling

To determine the optimum transceiver layout, we developed a MATLAB simulation tool to char-
acterize the optical link by incorporating beam characteristics and propagation losses, such as
atmospheric turbulence and self-interference. For this simulation, we used 50 m long FSO channel
between two UAVs communicating in IBFD mode using wavelength A = 900 nm. The transceiver

size is set to 10 cm x 10 cm.

SINR characterizes the quality of a communication system as well as it is the performance param-
eter for a transceiver. Considering an FSO link established using transceivers A and B, each with
a single transmitter having a divergence angle of 6 and a single receiver having a detection area of

Ager, SINR can be written for node A as [74]

PsL.(d,A)Age cos(¢ £ 8) 77

SINR, =
4 (tan 0)24d2(Ny + Ly

6.1)

where Pp is the transmit power at node B, d is the link distance, and L,(d, 1) is the free-space loss

parameter for a link distance of d. ¢ is the pointing error angle when the transceivers are perfectly
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aligned, and 0 is the ‘vibration angle’ which is the additional pointing error due to vibration on the

mobile transceivers.

For a multi-element FSO transceiver with N transmitters having 6 divergence angle each and m

receivers with detection area of A,,;, SINR for node A can be expressed as

P L (d,A)Agecos(9; £ 6; )
tan@ 24d2(NT +FSA) ’

SINR, = Z )

i=1j:je7;

(6.2)

where i and j denote the index of transmitter and receiver, respectively. Pg; denotes the transmit
power at transmitter i at node B. Each transmit beam projects a beam footprint on the transceiver
plane and only covers a subset of the available receivers in a transceiver. .#; represents the set of
receivers that falls within the beam footprint of transmitter i. ¢; and J; are the pointing error and

the vibration angles on the beam arriving at receiver j € .%;.

To determine the number of the transmitters required to optimize the layout design, we simulated
the FSO link by varying the transmitter count. As the position and count of the transmitter are
varied, a pointing loss add to the overall loss parameters. This additional loss degrades the perfor-
mance of the optical link. We further investigated the link performance based on transmit power
and divergence angle of the transmitter to observe the variation on link performance parameter, eg.
signal to interference and noise ratio (SINR). Based on the simulation, we observe that the SINR
of the optical link is highest when 22% of the transceiver area is used as transmitter and 78% area

is dedicated for receivers [52].

To determined the optimum position of the transmitters, we devised a genetic algorithm approach
with smaller segment area. We divided the transceiver plane into 100x 100 smaller segments and
assigned 22% of the segments as transmitter. In our developed algorithm, we have randomly

generated 5,000 different sets by placing the transmitters in different segments to start the process.
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Figure 6.2: (a) Heatmap of transmitter locations, and (b) optimized transmitter locations on a
100 x 100 transceiver grid using genetic evolution after generation 150 with 20% fit population
with vibrational effect.

After calculating the SINR for each sets, we selected best 10% of the sets, which we named ‘fit
population’. We used these fit population sets to generate the population of 5,000 sets for the next
generation by crossover technique. This process of generating population set and calculating SINR
to determine fit population for the next generation is iterated until we achieve the best optical link
performance. Once we converge to a solution, we can generate a heatmap of the optimized ‘fit
population’ to determine the locations where we place the transmitters, as shown in Fig. 6.2. The
converged heatmap shows that the transmitter locations are more clustered in four lobes located

midway towards the corners of the transceiver plane from the center.

6.1.2  Circuit Design for Transmitter and Receiver Threads

We discuss about the circuit design considerations for the 10x 10 transceiver prototype for multi-

element FSO link by incorporating SWaP constraints [52]. The electrical circuit associated with
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Description Value
EFL 49.5 mm
F-number (F#) fi2.0

Dimension (H X V) 29 mm X 12.5 mm

FOV 28°

—————10 mm

SPale: 24.0000 Millimeters

V6T 73 0000 M TTiReters

Figure 6.3: Fixed effective focal length lens for FSO system.

the transmitter and receiver thread are designed separately. However, both of the circuits interact
with the controller and laid out on the same printed circuit board (PCB) in accordance to the layout

simulated in the previous section.

As shown in previous section, the optical simulation provides best link performance if there are 22
transmitters in the 10x 10 transceiver array. However, to distribute the transmitter along multiple
routes and balance the current supplied to each transmitter, we choose to use 24 transmitters. The
transmitters are clustered in 4 areas as shown in Fig. 6.2, having 6 transmitters in each cluster.
In our circuit, we distributed 3 transmitters per path and defined 8 paths for transmit thread. The
combination of all the transmitting elements’ aggregate power will give a better SNR for the re-
ceiving end. The second reason why the 8 x 3 layout was chosen due to voltage and current driving

requirements of the transmitter circuit elements (narrow band LEDs).
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For the receiver circuit design, the baseline layout was chosen roughly 10x10. This routing path
is chosen for three reasons: First, it is easier for routing to one path per column, with more or less
elements per path as needed to match the array. Second, the RC delay the elements may deteriorate
the received signal. However, allowing multiple path to dissipate the accumulated charges for the
receiver elements ensures each bit is received without any residual charges in the circuit. Third, the
overall capacitance of the circuit remains relatively low if we combine the components in series and
parallel combination and we can control the effective capacitance of the receiver circuit. The detail
design, circuit diagram, and performance analysis by considering SWaP constraints are presented

in our previous work [52].

6.2 Defocal Lens Assembly for Transmitters

When parallel (or collimated) light rays from an infinitely distant source falls on a lens system,
there are three possible outcomes: first, the parallel rays converge to a real-point outside the lens
system, second, the light rays appears to diverge from a point within the lens system, and third, they
emerge as parallel (or collimated) rays after the lens system with a little different characteristics
compared to the incident rays. In the first two cases, the lens system has a finite focal length and
field-of-view (FOV). These systems are called focal systems. On the other hand, the system in the
third case does not have finite focal length, or one can say the light rays converge or diverge at a
infinite length. This system is called afocal lens system. The direction of the ray path is reversible.
Hence, for the first case scenario, if a diverging point source is place at a focal length of a lens
system, the output light rays appears to be parallel (or collimated), as shown in Fig. 6.3. We utilize

this characteristics to design a lens assembly for the transmitters for medium range FSOC.

To improve the performance of the overall optical system, one of the major parameter that requires

improvement is optical coupling efficiency (noc). The expression for npc can be given as follows
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Figure 6.4: Optical beam footprint for (a) single transmitter collimated beam (A{ = 0), (b) single
transmitter defocused beam (A{ = 0.8 mm), (c) four transmitters collimated beam (A{ = 0), and
(d) four transmitters defocused beam (A{ = 0.8 mm).

Noc = N1 NehMR;s (6.3)

where nMg is the transmitter outcoupling efficiency, 7y is the channel coupling efficiency tht in-
cludes atmospheric attenuation losses and purtubations, and Ny is the receiver efficiency that in-
cludes power collected by the receiver area and coupling optical power into electrical circuits.
Losses incurred during the beam propagation through free-space are accounted for in the coupling

term 7).,. Atmospheric absorption, scattering, and turbulence are the major factors to deteriorate
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beam quality and directionality. However, these effects are minimum when we consider clear
weather, higher visibility, and temperature gradient is small. These effects may become prominent

for long-range FSOC [89].

In paraxial analysis, the transmitter is placed at the focal point of the lens system on the opti-
cal axis. If the emission distribution is described by Jr(f), where Jr is normalized to emission
into 27 steradians of a hemisphere and f3 is the angle from zenith. The transmitter then can be

approximated by [90]
Brnax 27
nr= [ [ ar(Brapas. (6.4

where B = tan~!(1/2Fr) is the angle of the marginal rays to the edge of the lens and Fr is the
F-number of the lens. The coupling efficiency of the receiver (1)g) can be described as the fraction
of power collected by the receiver that arrive to the receiver plane. If the intensity distribution of

the beam at the receiver plane is defined as Jg(d), Ng can be given by

J [ (Jra) @ 4¢)
Nr = )
ff(JR(d)®ABF>

(6.5)

where d is the optical link distance, Ag is the effective receiver area, and Apr = is the beam
footprint at the transceiver plane. This coupling efficiency cannot be represented by the ratio of the
receiver area and beam footprint, as the intensity of a Gaussian beam varies within the beam cross

section.

To observe the relation between the optical link distance, coupling efficiency, defocused beam foot-
print, and vibration tolerance, we developed a lens assembly in Zemax OpticStudio with paraxial
approximation. The lens assembly was designed in a fashion so that the light rays coming out of
the lens are collimated and hence can be useful for longer optical range. The lens prescription was

optimized using sequential mode in Zemax. The spot size of the beam on the receiver plane is 11
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mm and most of the power is contained within the beam width, as shown in Fig. 6.4(a). But if we
consider transceiver design, this beam will fall only on the transmitter on the other side and none
of the power arriving at the receiver plane will be converted into signal. Hence, we deliberatley de-
focus the beam by changing the distance ({) between transmitter and lens assembly. A very small
offset of Al = 0.8 mm can lead to a much bigger beam footprint at the receiver plane, as shown in
6.4(b). Now, as outlined in previous section, we have four cluster of transmitters on the transceiver
plane. We simulated the transceiver plane power coupling by using non-sequential environment in
Zemax. For both collimated (Fig. 6.4(c)) and defocused (Fig. 6.4(d)) cases, beam footprint shows

how much power would be coupled into the receiver.

6.3 Results and Discussion

We present a defocused lens system for the transmitter of the laser-based FSOC link. We designed
a fixed focal length lens system with adjustable distance between transmitter and lens assembly
(£). The adjustable { can be effective and advantageous for three reasons: First, the controller
can optimize the beam footprint radius by implementing feedback algorithm so that it can cover
maximum receiving area and couple maximum power to the receiving end. Second, with the
variation of optical link range, defocusing distance (A() is different. The adjustability of the
AC gives a optimum operating condition over a wide window of optical range. Third, mobile
platforms tend to experience loss of communication due to vibration, sway, and tilt. Use of lasers
as transmitters makes it even harder to maintain the optical link. By using adjustable A, we can
provide robustness and tolerance to vibration and sway. However, this robustness to vibrations
comes with a trade-off. We can increase tolerance by increased defocus and larger beam footprint,
which leads to distributed intensity and lower coupling efficiency. We define a term (&) to measure

the trade-off between beam footprint radius (R) and coupling efficiency (noc), where & = R X noc.

84



oc

AC (mm)

Figure 6.5: Beam width radius, R, (blue line) and optical coupling efficiency, noc, (red line) for
optical link range, d = 20 m.

We start our design by optimizing the lens assembly, defined in Fig. 6.3, in the sequential envi-
ronment in Zemax. We determine the beam footprint radius (R) of the beam spot on the receiver
plane. As we can see from Fig. 6.5, the radius increases with the defocusing distance (A{) for
a link distance of d = 20 m and corresponding ray trace diagram is also shown in Fig. 6.3. The
corresponding vibration tolerance margin is also calculated and shown in Fig. 6.6. The tolerance
of the system in terms of the defocusing distance corresponds to the beam footprint diagram. If we
track the area covered by the beam footprint (area enclosed by dotted green box in Fig. 6.6 inset),

the additional length in either horizontal or vertical direction represents the tolerance length.
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Figure 6.6: Vibration tolerance for defocused lens system for d =20 m and d = 50 m.

After we finalize the lens system design based on the collimation of light rays, we convert our
lens design into non-sequential environment. Based on the our simulation results presented in
previous section, we position four (4) transmitters on the transceiver plane and rest of the area
is defined as receiver. The distance between two transceiver planes is varied from 20 m to 75
m. The coupling efficiency is calculated based on the received power by the receiver. Figure
6.5(red line) shows the coupling efficiency with respect to defocusing distance (A{). As expected
when, A{ = 0 or the incoming beam to the receiver plane is collimated, least amount of power is
coupled into receiver, as most the power is perfectly aligned with the transmitter on the transceiver
plane. But as the defocusing starts to kick in, coupled received power also increases as long as
the beam radius falls within the transceiver plane. When the beam radius at the receiver plane

becomes significantly larger than transceiver area, coupling efficiency goes down again. Even
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Figure 6.7: Optical coupling efficiency, ngc, for different link range, d. Inset: Defocused length
(A&ax) corresponding to the maximum coupling effieicny for different link range, d.

though Gaussian beam concentrates more power at the center of the beam cross-section, as the
beam radius increases, power starts to distribute over larger area and effective coupling goes down.
We further investigate the effect of optical link range (d) on the coupling efficiency. The maximum
coupling efficiency (7,,4y) remains relatively constant over wide window of optical range (from 20
m to 75 m). However, 1,4, occurs at different defocusing distance (A,,,,,) for different d values.
Figure 6.7 shows the coupling efficiency for different d values at different A{ positions. We have

also shown how the position of A, varies for over a window of optical link range.

Finally we calculate the value of & to determine the optimum operating defocusing distance, AL.
Figure 6.8 shows the trade=off parameter, &, with respect to A{ for different optical link range,

d. We can determine the value of optimum value of A{,,, from these plots. We can observe that
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Figure 6.8: Variation of trade-off parameter, &, corresponding to defocused length, A{ for different
optical link range, d.

AL,p; is smaller for higher d values, as non-collimated beam has larger beam footprint for longer
link range. As a result, coupling efficiency drops much faster compared to smaller link range, as
can be observed from Fig. 6.7 as well. These simulation results provide a guideline for designing
fixed effective focal length lens system and how defocusing can be utilized to optimize coupling

efficiency and vibration tolerance for a mobile FSOC link.

In summary, we presented a complete design guideline for full-duplex FSO transceiver for short
to medium range mobile FSOC link. We incorporated atmospheric attenuation and turbulence
effect in designing a multi-element FSO transceiver, which shows maximum SINR performance
with 22% of the transceiver area is used for transmitters when transmitters are placed in an equi-

distance circular pattern from the center. We generated a layout for optimum performance by
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using genetic algorithm. We outlined how these multiple optical elements, namely transmitters
and receivers, are connected in the electrical circuit by considering SWaP constraints. And finally,
we developed a transmitter lens assembly with fixed effective focal length to maximize the optical
coupling efficiency and vibration tolerance for a mobile FSOC link by adjusting defocusing length.
We proposed a lens system with 49.5 mm EFL, F/2, and FOV of 28° for each transmitter cluster
which gives a coupling efficiency of upto 57% and vibration tolerance of 11.5 cm when the link

range is d = 50 m.
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CHAPTER 7: CONCLUSION

In conclusion, we modeled the effect of atmospheric attenuation and corresponding link length
for an in-band full-duplex optical transceiver design in various cases. We considered the effects
of passive and active SI suppression, and also how performance of the optical channel can be
improved or made immune to SI by taking into account the design parameters, such as transmit
power and receiver positioning. We proposed a mathematical model for passive SIC by isolation
technique. We calculated background noise and residual SI power to measure the performance
of the channel by calculating SINR of the communication link. We observed that even with high
visibility (V > 1 km), link length of the free-space optical channel is limited to ~ 120 m when the
distance between the transmitter and the receiver of the full-duplex transceiver is 5 cm. We also

presented the performance of the channel based on the SI suppression level (9).

We also presented a proof-of-concept prototype of an IBFD-FSO transceiver. We isolated the
transmitter and receiver of a node using a cover to prevent optical feedback. Through real test-bed
experiments, we demonstrated that, using the IBFD-FSO transceiver, in-band full-duplex opera-
tion can be successfully performed. We observed that, when the surface where the transceiver is
placed is not black, reflection causes optical feedback. This can be prevented by either using a
black surface or placing the transceiver at a suitable height from a reflecting surface. Also, the
current prototype was built using off-the-shelf components. We were limited by the IrDA2 Click’s
maximum range of 2.75 m, divergence angle of 24° and maximum UART speed of 115.2 Kbps.
Moreover, the distance between the transmitter and the receiver of a node was 1.9 cm when they

were placed next to each other, and 3.2 cm when they were placed on top of each other.

We demonstrated that two UAVs can discover each other by mechanically steering their IBFD

directional transceivers using an asynchronous discovery protocol by performing real test-bed ex-
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periments. We demonstrated that by randomly selecting angular speed and initial scan position, the
LOS link can be established between two UAVs within a limited time period. The experiments for
improving the discovery time by resetting angular scan speed after a threshold time (#¢g;) 1S still
in progress. Another promising line of future work is to extend the capabilities of the algorithm
beyond discovery phase into the maintenance phase, where the established LOS can be maintained

even the aerial nodes are in motion and within communication range.

We have outlined a model for optimizing the tiling position for multi-element transceiver design.
We have incorporated weather effect and SI that arise within a transceiver unit to obtain a design
model for simulating in-band full-duplex FSO channel. A simulation tool is developed in MAT-
LAB to determine the best performance for optimizing communication throughput even under the
presence of vibrational effect of the mobile platform. We presented that for a transceiver plane con-
sisting 10 x 10 grid size, the best performance can be achieved for N = 22. Later, we extended that
tiling technique to 100 x 100 grid with 22% area covered by transmitters. We explored randomly
generated sets to explore the optimum solution, however, complexity of the problem makes it dif-
ficult to reach optimum solution. We also implemented a Genetic Algorithm technique to optimize
the tiling positions. We presented a guideline for positioning the transmitters within transceiver
plane using both approaches. The model can be further improved by including sway and tilt of
the transceiver platform and by considering multi-channel link design where inter-symbol interfer-
ence plays additional role on the performance of the aggregated link. Also, optimizing transmit
power (P;) for each transmitter and dynamic optimization of transmitter count (N*) during genetic

algorithm can be investigated as future study.

We explored the design and analysis of a fixed effective focal length lens system and the optical
coupling efficiency can be maximized by defocusing the beam footprint on the receiver side for
a full-duplex free-space optical communication link. We proposed a lens system with effective

focal length of 49.5 mm, F/2, and FOV of 28° to collimate transmit beam on to the receiver plane.
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We further presented how to maximize the optical coupling efficiency and vibration tolerance by
introducing small defocusing length between transmitter and lens assembly. Our proposed lens
system gives a coupling efficiency of upto 57% and vibration tolerance of 11.5 cm when the link

range is d = 50 m.

Some of the future work directions for this research includes:

* A multi-element transceiver design by tiling optical elements, such as transmitters and re-
ceiver, on the transceiver plane. An analytical model of link performance parameter, SINR,
is to be developed for multi-element full-duplex FSO transceiver by considering free-space
attenuation as well as the vibration model of the mobile platform, e.g., an unmanned aerial
vehicle (UAV). We will explore an optimized approach of tiling elements within transceiver
plane by implementing genetic algorithm and evaluating multiple generations of solutions to

reach the most favorable tiling pattern.

* We plan to improve the performance of the prototype in terms of data rate and link range by

using VCSEL-based transmitter and high-speed photodiodes as receiver.

* A 2D maintenance algorithm will be implemented to keep the link up by changing the direc-
tion and angular velocity of the two mounted transceivers based on the speed and direction
of our vehicles. We will show that maintenance of FSOC links can be achieved between two

autonomous mobile vehicles using laser-based full-duplex transceivers.

* We plan to extend the maintenance algorithm to 3D space and integrate to the discovery

algorithm to realise mobile FSO communication between two aerial nodes.
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