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Summary

Free-Space Transmission with Passive Two-Dimensional Beam
Steering for Indoor Optical Wireless Networks

This work is part of the Beam-steered Reconfigurable Optical-Wireless Sys-
tem for Energy-efficient communication (BROWSE) project, funded by the Eu-
ropean Research Council within the Seventh Framework Program. The main
focus of the BROWSE project is to implement an indoor communication net-
work employing short range Optical Wireless Communication (OWC) using
pencil beams.

Recently, OWC has become increasingly important due to the shortage of
available radio spectrum. Presently, new wireless services must share the same
spectrum with existing services, thus, overcrowding the radio spectrum. This
leads to interference among wireless devices, poor wireless link performances
and unnecessary high wireless power consumption. In order to counter this
problem, BROWSE is taking a radical new approach by performing wireless
communication using optical rather than radio techniques by deploying optical
pencil beam technologies to provide wireless users with access to an indoor
optical fiber infrastructure. An architecture based on free-space optics has
been adopted. The narrow infrared beam is seen as a high-potential solution
because of its ability to optimally carry all the information which the optical
fiber can transport, in an energy-efficient way.

The key to practical implementation of such high bandwidth optical beam
links is in the technique to be used to direct these high capacity links in provid-
ing wireless channels to many users individually, simultaneously and dynami-
cally. Beam-steering modules, termed as Pencil Radiating Antenna (PRA), are
required to direct the beams to multiple users for the “last meters”, bridging
the gap between end-users and the fiber infrastructure. In this thesis, PRAs
which are constructed using passive diffractive optics in conjunction with re-
motely controlled wavelength tuning at the central communication controller
for beam steering are proposed. This results in solutions that not only fit the
requirements mentioned but also enable easy plug-and-play without the need
for local powering, thus, reducing installation complexities and promoting a
remote software-controlled dynamic backbone network. The systems proposed
are also easily scalable; additional beams can be created by just adding wave-

vii



lengths, and thus, more users can be accommodated independently without
affecting the channel capacity of other users.

In this thesis, early analysis has indicated the suitability of employing
echelle gratings for beam steering purposes. Following this, a basic 1D-steered
free-space transmission system is designed. The characteristics of the diffracted
beams and the limits are theoretically analyzed. Then, the characteristics and
the channel performances of the steered beams of different wavelengths are
thoroughly evaluated on a bandwidth-limited testbed system deploying tele-
com transceivers with 10 Gigahertz (GHz) bandwidth. The results show a
good correlation between theory and practice, achieving an angular coverage
of 17.16° with a tuning range between 1500 nm and 1630 nm. The channel per-
formances demonstrate a record high aggregate data rate of 36.7 Gigabit per
second (Gbps) per channel, at the Forward Error Correction (FEC)-limit (BER
< 2 x 1073), over 2.5 m free-space distance using Discrete Multitone (DMT)
modulation.

Following these positive results, a 2D PRA is designed and constructed.
In order to have 2D area coverage with scanning functionality, two gratings
are orthogonally cascaded to each other. The idea is that the first grating has
multiple times smaller Free Spectral Range (FSR) than the second grating.
An initial two-line scan is implemented using two reflective echelle gratings. A
record high data rate is achieved with DMT signaling, with an aggregate data
rate of 42.8 Gbps per channel at the FEC-limit, over 2 m reach. An angular
coverage of 5.61° x 12.66° is achieved with a wavelength tuning range between
1529 nm and 1611 nm. From the characterization study, two major drawbacks
are identified. Firstly, there is considerable power loss, measured to be between
-13.5 dB and -16 dB, for wavelengths between 1530 nm and 1600 nm. Secondly,
the steering is only limited to a two-line scan.

With further analysis on the steering limits achievable, the 2D PRA design
is further improved by using a reflective echelle grating cross-mounted with
a transmission grating. Distinct improvements are obtained by having a loss
of only between -4.79 dB and -6.15 dB for wavelengths between 1518 nm and
1600 nm. Also, an improvement from a two-line to seven-line scan is achieved,
within an angular coverage of 5.62° x 12.15° with wavelength tuning between
1511 nm and 1627 nm. At a free-space transmission distance of 2 m, the
system demonstrates aggregate data rates of up to 41.4 Gbps per channel at
the FEC-limit with DMT signaling and up to 15 Gbps at error-free (BER
< 2x107?) with On-Off-Keying (OOK)-Non-Return-to-Zero (NRZ) signaling.
With 4-PAM signaling, up to 32 Gbps at FEC-limit is achieved at a distance
of 3 m. The concept of the passive steering systems, the static and dynamic
characterization, and the transmission performances will be detailed in the
dissertation.

In consideration for practical implementation, several other related tech-
niques are proposed and demonstrated. Firstly, a wide angle lens is employed
to enlarge the Field of View (FoV) of the receiver. Then, beam expansion
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and angular magnification techniques are explored to manipulate the pencil
beams for wider angular coverage and variable size beams. Further, in a more
advanced outlook, an all-optical full-duplex communication system has been
demonstrated using the carrier recovery technique. A novel full-duplex all-
optical wireless system supporting symmetric 10 Gbps channels over a free-
space distance of 3 m with OOK-NRZ signaling is demonstrated. In a measure
to fully utilize the laser source and lower the system cost, a time-slotted laser
sharing system is demonstrated.

In conclusion, this thesis aims to provide high performance and large band-
width wireless connectivity to indoor users by creating a synergy in technology
between wired (optical fiber) and wireless (free space) communication. This
dissertation reports the promising potential of the proposed 2D-steered pencil-
beam infrared optical wireless solution for the realization of future ultra-high
capacity energy-efficient wireless indoor networks.
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The arrival of a wide variety of connected devices in relation to the Internet
of Things (IoT) phenomena has been received with enthusiasm as technology
evolves into more sophisticated forms and functions. With the advancement in
technology towards enabling smart devices, smart buildings and smart cities,
people, devices and information are becoming more interconnected than ever.
In order to keep up with the demands for ubiquitous on-demand connection
anytime and anywhere, the proliferation of mobile yet connected devices and
high bandwidth demand applications is starting to revolutionize wireless com-
munication, from simple gadgets such as a connected watch, alarm clock or
coffee maker to complex devices and environments. As can be seen in Figure
1.1, in the year 2008, there were already more devices connecting to the inter-
net than there are people on earth [1]. However, according to Cisco®, the IoT
phenomena will be driving an exponential increase in the number of connected
devices, up to a figure of 50 billion, by the year 2020. The impact of such
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a huge scale of increase in connected devices is not subtle. Huge transfers of
information are happening at a tremendous capacity every day.
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Figure 1.1: Exponentially increasing number of connected devices, compared
to population increase between year 2003 and 2020 [1].

In 2004, Phil Edholm, who was then Nortel’s chief technology officer and
vice president of network architecture, noted that we may someday see the end
of wireline for the last few meters connection to the users (people/machine) [2].
According to Edholm’s law, cellular and Wireless Fidelity (WiFi) data rates
would converge around year 2030. In addition, with the increasing amount of
consumer products, about 80 % of mobile data is generated indoors [3]. High-
speed and on-the-spot communication has been a persistent demand since the
data over wireless technology was introduced. As a consequence, this has
resulted in today’s heavy congestion of the Industrial Scientific and Medi-
cal (ISM) bands, as shown in Figure 1.2, which are allocated for unlicensed
operation.
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Figure 1.2: Spectrum allocation within the FCC unregulated ISM bands cen-
tered at 2.45 GHz and 5.8 GHz. Cropped from [4].
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Since 2009, data over wireless has been supported by WiFi, which offers a
maximum bitrate of up to 600 Megabit per second (Mbps) with the Institute of
Electrical and Electronics Engineers (IEEE) 802.11n standard which uses the
2.4 Gigahertz (GHz) and the 5 GHz band. At the end of 2013, IEEE 802.11ac
has been released at the 5 GHz band (which has less congestion) which supports
a bitrate of up to 6.93 Gigabit per second (Gbps). However, these speeds
are hardly seen in practice as these speeds are offered on a medium shared
by multiple users. The Medium Access Control (MAC) protocols partition
the speed among multiple users and this requires some overhead to do that
properly. Additionally, the IEEE 802.11ad protocol was released in 2012 based
on the 60 GHz band and supports a bitrate of up to 7 Gbps (57 to 64 GHz) for
ultra-high-speed operation within a room. The unregulated 60 GHz ISM band
provided by the Federal Communications Commission (FCC) is limited to only
7 GHz of the spectrum [5, 6]. Continuous growth of traffic led by the increase
in high bandwidth applications such as High-Definition Television (HDTV),
high quality video conferencing, 3D videos, online video gaming, peer-to-peer
networking, etc. will demand ever more bandwidth. According to Cisco, mobile
data traffic will increase to a whopping ten-fold between 2014 and 2019 [7]. It
is becoming clear that the available radio spectrum is getting exhausted due to
bandwidth limitations [8]. Consequently, interference among devices decreases
channel throughput, degrades the Quality of Service (QoS), increases wireless
power consumption and inevitably results in costly services due to the inability
of wireless service providers to provide more capacity.

Counter measures such as the acquisition of underused licensed sub-bands
are very costly [9]. Efforts are seen in advocating small cells architectures
such as femtocells and picocells in order to support the increase in network
capacity for indoor networks [10, 11]. Cellular network operators implement
data-offloading from cellular traffic to fixed wireless Local Area Network (LAN)
or femtocell networks [12, 13, 14] wherever possible. In 2015, mobile offload
exceeded cellular traffic for the first time with 51% of total being mobile data
traffic offloaded. This is a cost-effective way for mobile operators while at the
same time, mobile users also enjoy the higher speed in LAN networks. At the
moment, there are still many efforts in trying to squeeze more and more data
into the available radio bandwidths at the ISM bands centered at 2.4 GHz,
5 GHz and 60 GHz, to improve spectral efficiency in order to support larger
capacity. Inevitably, complex digital signal processing and advanced modula-
tion formats are needed, which will take a toll on the energy consumption of
radio communication and result in higher operating cost. However, the inher-
ent spectrum limit prevents radio wireless bandwidth from approaching the
capacity achievable in the optical spectrum.

In an unlicensed approach, Optical Wireless Communication (OWC) is an
area which offers a promising technology in combating the radio spectrum
crisis. The optical spectrum offers bandwidths orders of magnitude higher
than that available in the Radio Frequency (RF) spectrum. OWC solutions
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are usually proposed in the visible and Infrared (IR) spectrum. The radio
spectrum ranges between 3 kHz and 300 GHz while the visible and infrared
optical region covers the spectrum from the 200 Terahertz (THz) up to 750
THz. This very high frequency optical spectrum region literally brings with it
a huge amount of bandwidth. In other words, the optical spectrum can easily
support high bandwidth channels that can carry ultra-high data rates.

Corresponding to the hundreds of Terahertz frequency band, the wave-
lengths of the optical spectrum is in the micrometer range. This very short
wavelengths result in a distinct wave behavior. Optical waves do not penetrate
walls, and therefore, have high physical security and their spectrum is unreg-
ulated. However, the inability to propagate through opaque surfaces could
be a disadvantage due to possible blockage of communication links leading
to the risk of a connection drop, which on the other hand, can also be per-
ceived as more secure or sensitive to eavesdropping. Optical waves are also
insensitive to Electromagnetic Interference (EMI) thereby making it ideal for
electromagnetic sensitive places such as hospitals and air planes. In addition,
it can offer spatial diversity that prevents multipath fading due to short car-
rier wavelength and large-area square-law detector [15]. In a direct-detection
receiver, the square law nature doubles the effective path loss (in dB) when
compared to a linear detector [16]. Additionally, a diverging optical wave will
be affected by the inverse square loss law, whereby power loss is proportional
to distance-squared. Also, background noise due to lamps and sunlight con-
tributes additional noise. In diffuse systems, multipath distortion causes Inter-
Symbol Interference (ISI). Another limitation is imposed by regulations that
for all intents and purposes, the transmitted power of the optical beams has to
be compliant to skin- and eye-safety regulations enforced by the American Na-
tional Standards Institute (ANSI) Z136 [17] and International Electrotechnical
Commission (IEC) 60825 [18] standards for indoor use.

1.1 Optical wireless communication for indoors

OWC is a form of optical communication in which Ultraviolet (UV), visible
and IR light can be used to carry a communication signal [19]. It is the earliest
form of communication. In ancient times, the need for communication has
been fulfilled by beacon fires and smoke to signal messages from one location
to another. Sunlight has been used to signal messages by reflecting the sun
using reflective objects. Centuries later, in 1888, Alexander Graham Bell and
his assistant, Charles Sumner Tainter, came up with an ingenious invention
which is known as the “photophone”. It is an apparatus for the production
and reproduction of sound by means of light [20, 21]. With the advantage of its
inability to be intercepted by war enemies, the application of the photophone
was limited to military and space communication.

The idea of optical wireless communication became interesting again with
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the invention of the laser [22], IR Light Emitting Diode (LED) [23, 24], and
fiber optics in 1960’s. In the 90’s, the idea of using ground-to-satellite and
satellite-to-ground communication using red and green laser became popular
[25]. After year 2000, Free-Space Optics (FSO) technologies gained interests
in civil and military applications ranging from standard telecommunication
[26, 27] to undersea [28] and inter-satellite or space [29] communication em-
ploying wavelengths from 1 up to 10 pum [25, 30]. Besides communication, FSO
technologies are also popular in optical metrology for “no-contact” measure-
ment systems [31]. More recently, due to its prominent bandwidth advantage,
OWC is seen as an access technology, complementary to radio for high-speed
short-range communication links in the Fourth Generation (4G) and Fifth Gen-
eration (5G) networks [3, 32, 33].
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Figure 1.3: Types of indoor optical wireless architecture [15, 34].

Figure 1.3 shows an overview of the basic types of architectures for indoor
optical wireless systems [15, 34]. Each type of architecture, i.e. the direct, the
non-direct and the hybrid types, can be implemented using Line-of-Sight (LoS)
or Non-Line-Of-Sight (NLoS) methods. In general, the direct architecture pro-
vides a point-to-point configuration and requires good alignment while the
non-direct architecture enables point-to-multipoint configuration and a less
critical alignment is needed. In fact, the direct architecture is able to pro-
vide a higher link power budget in a particular direction, which could mean
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that mobility could be limited unless a dense tabulation of location points is
carefully designed. Besides this, localization and continuous tracking function-
alities could help to maintain connections in order to provide mobility to users
[35, 36, 37, 38]. On the other hand, LoS links are susceptible to severe shadow-
ing or blockage. In hybrid systems, a combination of transmitters and receivers
of varying degrees of directionality can be employed.

In 1979, F.R. Gfeller and U. Bapst proposed in-house infrared communica-
tion via a diffuse beam operating at 950 nm and achieved 1 Mbps [39]. The
concept was further explored for in-building [40] applications, for e.g., in-office
systems [41, 42, 43], local wireless networks [44], and short-range intercom sys-
tems [45]. Several early works in the late 80’s and early 90’s have achieved data
rates in the order of Mbps [46]. In 1994, 1 Gbps was successfully demonstrated
in the lab by BT Labs using a wide angle LoS cellular scheme [36, 47]. The cel-
lular architecture was to combine the mobility advantage in diffuse beam with
the low power and high speed LoS architecture. These pioneering works largely
employed infrared lasers as the source of transmission [15, 34, 46, 48]. Besides
the higher bandwidth of a laser diode, it has the advantage of large market
applications. For example, the compact disc players contributed to the avail-
ability of infrared laser diodes in the 800 nm - 950 nm wavelengths, which are
both robust and inexpensive [44]. The Infrared Data Association (IrDA) stan-
dard was formed in 1993, thereafter the standard was widely adopted for short
range communication. In 2010, the European Community project OMEGA
demonstrated a bi-directional OWC one-dimensional (1D) system operated at
1.25 Gbps at (Bit Error Rate (BER) < 1 x 107?) Non-Return-to-Zero (NRZ)
On-Off-Keying (OOK) format [49]. The access point terminal had three trans-
mitter sections forming a Field of View (FoV) of 25° x 8° over 3 m. Angular
diversity receivers of similar FoV were used.

Unlike infrared free-space communication, the Visible Light Communica-
tion (VLC) technology combines both communication and illumination by
piggy-backing communication on the existing lighting infrastructure which is
based on LED. VLC was driven by the progress of white LED for solid state
lighting [50, 51]. An early experiment was reported in 1999 by G. Pang et
al. in which they have modulated visible LEDs for audio broadcast from an
LED traffic signal head constructed using 441 high brightness LEDs [52]. Also,
Y. Tanaka and T. Komine proposed VLC using white LED in 2001 and 2004,
respectively [53, 54].

A data rate of 3.22 Gbps over more than 25 cm distance in a VLC sys-
tem was demonstrated by F.-M. Wu et al. in 2013 [55]. The technique of
Wavelength Division Multiplexing (WDM) using Red+Blue+Green (RGB)
LEDs and transmission using Carrier-less Amplitude and Phase (CAP) sig-
naling were employed. In 2014, a 3 Gbps Orthogonal Frequency Division Mul-
tiplexing (OFDM) VLC transmission at Forward Error Correction (FEC) limit
[56] was reported by D. Tsonev et al [57]. This was achieved using a Gallium Ni-
tride pLED of at least a -3 dB modulation bandwidth of 60 Megahertz (MHz),
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with a transmission distance set to 5 c¢m, limited by the optical power of the
pLED. In 2015, G. Cossu et al. demonstrated a duplex system with data
rates of up to 5.6 Gbps for downlink and 1.5 Gbps uplink at 1.5 m. They
used a WDM of 4 wavelengths and employed the Discrete Multitone (DMT)
modulation format [58]. Recently, in 2016, by using a combination of red
Resonant-Cavity (RC)-LED, blue uLED and green pLED, H. Chun et al. [59]
achieved an aggregate data rate of 11.2 Gbps with an average BER of 3.3 x 1073
at 984 lux over 1.5 m reach. The -3 dB bandwidth for each LED is approx-
imately 100 MHz. Also in 2016, a record transmission data rate of 5 Gbps
with OFDM modulation format and by employing a single pLED has been
reported by R.X.G. Ferreira [60]. The uLED and photodetector were kept at
approximately 75 cm apart.

Further developments on FSO communication systems, which are based on
narrow-beam OWC systems with beam steering requirements, will be elabo-
rated in Chapter 2 (Related work).

1.2 Visible light communication versus infrared op-
tical wireless communication

1.2.1 Visible light communication

OWC in the visible light spectrum spans over a range between 400 nm (750
THz) and 700 nm (430 THz). It is also known as VLC. Typically LEDs are
used as the transmission source. Laser diodes can also be used but they are
normally deployed with a diffuser for eye-safety reasons. White LEDs are now
a popular source of lighting as an alternative to tungsten and fluorescent lamps
due to their long lifetime and low power consumption. LEDs nowadays have
competitive efficacy (lumen/Watt), cost (lumen/dollar) and lifetime. Thus,
LED lighting platforms are considered interesting for communication purposes
[61, 62, 63].

White LEDs are commonly constructed using two combinations. The first
is a combination of a blue LED with phosphor and the other is a combination of
red, blue and green LEDs. The blue LED chip typically has a -3 dB frequency
response of approximately 15-20 MHz while its performance can be limited by
the phosphor layer which has a -3 dB bandwidth of approximately 2 MHz. The
tricolor RGB white LED has a frequency response of approximately 10-20 MHz
for each LED chip. The limited bandwidth is due to the carrier recombination
lifetime in the semiconductor material of the LED. These LEDs can only
support communication with speeds of Mbps. However, the current uLED and
RC-LED, have a bandwidth of approximately 100 MHz.

In terms of backbone network infrastructure, LED lighting can be inte-
grated with the Universal Serial Bus (USB), Power over Ethernet (PoE) or
Power Line Carrier (PLC) technologies depending on the distances needed.

1.2. VISIBLE LIGHT COMMUNICATION VERSUS INFRARED OPTICAL WIRELESS COMMUNICATION I
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They can provide power and data on the same medium and transport them to
the lamps. In 2015, Y. Wang et al. have proposed a Single Mode Fiber (SMF)
based network architecture for VLC using OFDM modulation format with a
total bi-directional throughput of 8 Gbps at a BER of < 3.8 x 1073, over 65
cm free space propagation distance [64].

Recently, the term Light Fidelity (LiFi) is introduced to describe a com-
plete VLC networking system [65, 66]. Early VLC standardization in the IEEE
802.15.7, which focused on point-to-point communication and dimming sup-
port, is being revised to include LiFi, which supports bi-directional multiuser
communication and user mobility [67, 68].

1.2.2 Infrared optical wireless communication

OWC operating in the infrared spectrum commonly centered at 850 nm (353
THz), 1310 nm (229 THz) and 1550 nm (193 THz), in a Point-to-Point (PtP)
configuration, is widely known as IR FSO communication. As typically IR
lasers are employed, the source has a narrow beam compared to an LED. Cor-
respondingly, a very high bandwidth transmission can be achieved which in
most cases, the bandwidth of the system is only limited by practical implemen-
tation constraints such as eye-safety compliant power, transceiver bandwidth,
filter and photoreceiver bandwidths, and switching and modulation speeds.
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Figure 1.4: Absorption of infrared radiation by various ocular structures as a
function of wavelength [69]. An eye model is provided at the top right as a
reference to the corresponding absorption layers of the eye.

Since IR radiation is non-visible, it is subjected to eye-safety regulations
by the IEC 60825 [18] and ANSI Z136 [17]. In fact, the eye-safety limits are
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related to the absorption of light at different wavelengths in the eye (see Figure
1.4). The cornea and the lens absorb a small but significant amount of near-
IR wavelengths of 780 nm to 1400 nm [69]. A small amount is absorbed by
the aqueous and vitreous humours, while the remaining goes to the retina.
Wavelengths > 1400 nm are largely absorbed in the cornea, followed by the
aqueous and a small amount in the vitreous humours, thus, preventing its reach
to the retina. As a result, the threshold damage is higher in the IR regime for
A > 1400 nm compared to visible light regime. This leads to a more relaxed
constraint on the permissible transmission power and beam width from the
visible to IR wavelengths > 1400 nm [44, 48, 70, 71]. Please refer to Section
4.5 for eye-safety calculations.

In practical system implementation, IR systems operating in the O-to-L
bands (1260 nm to 1625 nm) could benefit from the existing telecom facilities
[72]. The low-loss optical fiber technology in the telecoms bands, as shown in
Figure 1.5, facilitates an infrastructure that carries a huge bandwidth covering
not only over intercontinental distances but also within our homes. This is
exemplified in the quickly expanding Fiber-To-The-Home (FTTH) and Fiber-
To-The-Building (FTTB) network with Europe reaching more than 35.9 million
subscribers in 2015 while the total FTTH subscribers in the United States (US)
has surpassed 100 million in 2014 [73, 74]. In fact, this huge bandwidth can
be harvested also for wireless short reach by tapping off the light signal prop-
agating in the fiber, and redirecting it to free space for communication. The
system implementation can be potentially low-cost by reusing fiber commu-
nication devices which are available commercially. Also, it can benefit from
the possibility of direct-feeding of high-speed signal from the access networks.
Besides, the backbone indoor network can be implement by an optical fiber
(e.g. SMF, Multimode Fiber (MMF)) distribution network for high-speed in-
formation transfer.

1.2.3 Ambient light effect on visible light communication and
infrared free-space optical communication

VLC and IR FSO systems are prone to ambient lighting which contributes shot
noise in the photoreceivers. The effects are more severe in a VLC system since it
shares the same spectrum as lighting sources such as LED, sunlight, fluorescent
lamps and to some extent, the incandescent lamp [44]. An incandescent lamp,
which has a high spectral content in the IR spectrum does more harm to the IR
system but incandescent lamps are now being gradually replaced by fluorescent
and LED lamps.

1.3 The proposed system in the BROWSE project

The work reported in this dissertation is part of the Beam-steered Reconfig-
urable Optical-Wireless System for Energy-efficient communication (BROWSE)

Ne)

1.3. THE PROPOSED SYSTEM IN THE BROWSE PROJECT
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Figure 1.5: Fiber attenuation versus wavelength and the transmission windows
with different telecom bands indicated. Modified from [72].

Advanced Grant project, funded by the European Research Council within the
Seventh Framework Program (FP7). Motivated by the shortage of available
radio spectrum, the BROWSE project’s mission is to take a radical approach
by performing wireless communication using the optical rather than the radio
spectrum. There are two main objectives in the BROWSE project. The first
objective is to deploy the mature technologies of optical communication in the
wireless communication arena, in order to make a significant improvement in
available wireless capacity. The second objective is to disclose and allocate this
giant wireless capacity in a well-structured, energy-efficient and dynamic (on-
demand) way to the users, while this capacity has to be dynamically tailored
to their service requirements and varying locations.

The main challenge of the project is in combining novel free-space opti-
cal communication techniques with techniques for intelligent autonomic signal
routing through an optical fiber indoor backbone network and for advanced ra-
dio communication, in a powerful blend which can realize a giant step forward
in wireless communications. In facing this challenge, the BROWSE project
proposes to deploy narrowly confined optical pencil beams aided by fast beam
steering for ultra-high capacity interference-free communication, intelligent sig-
nal routing through an optical fiber backbone network, advanced radio tech-
niques for accurate device localization, and an autonomic network management
and control system for the tracking of users, for overall routing of services and
for service delivery tailoring. The BROWSE project has been divided into five

subprojects:
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1. Free-space optical communication with optically controlled beam

steering.

This subproject concerns the implementation of passive 2D beam-steered
optical pencil beams for downstream communication. The system should
be scalable to large amounts of beams per room, each providing an ultra-
high data capacity, and should use steering techniques which enable user-
tracking by means of remote control from the central unit which houses
the network management intelligence.

2. Format-transparent dynamical optical signal routing in fiber
backbone network.
This subproject concerns the implementation of a dynamic routing indoor
fiber backbone network using radio over fiber techniques which supports
optical downstream and 60 GHz radio upstream communication.

3. Advanced radio communication techniques including device lo-
cation discovery and tracking.
This subproject manages the radio antennas based on phased array tech-
niques and investigates device localization techniques. Location informa-
tion from the upstream radio link could be obtained from the multiple
antenna elements located at the respective multiple Access Points (APs).

4. Autonomic network management and control.
This subprojects concerns the implementation of network intelligence by
implementing suitable protocols, routing logics and autonomous resource
management to localize and track users, to control signal routing to dif-
ferent rooms and steering coordination inside a room.

5. System integration, performance analysis and validation.
The objective of this subproject is to integrate, evaluate and validate the
complete system which consists of the subsystems from the four subpro-
jects mentioned above.

The five subprojects are founded as five different work packages. Corre-
spondingly, this dissertation addresses the first subproject, which is to real-
ize a free-space optical communication system with optically controlled beam
steering. The main objective of this dissertation is to analyze and to im-
plement narrowly-confined optical pencil beams using wavelength-controlled
beam steering to provide orders of magnitude higher data capacity per user at
ultra-high optical carrier frequencies.

The proposed architecture of the in-building hybrid optical-radio wireless-
equipped home with optical beams is shown in Figure 1.6. The model can be
divided into three major sections, being the Central Communication Controller
(CCC), the wireless communication medium and the receiving end. The fiber
backbone network routes data signals in a point-to-point manner from the CCC

1.3. THE PROPOSED SYSTEM IN THE BROWSE PROJECT H
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LOCAL
EXCHANGE

FTTH S

Figure 1.6: Architecture of BROWSE project’s hybrid optical-radio wireless
smart building. AP: Access Point, OXC: Optical Cross-Connect, CCC: Cen-
tral Communication Controller.

to each AP. Multiple APs, with each containing a 2D optical beam-steering
device, can be employed to increase the coverage area, to act as a backup link
in the case where the beam from a certain direction is blocked, and to aid in
user localization and tracking.

1.3.1 Central communication controller

At the transmitter side, the CCC manages the interfacing between the in-
door and outdoor networks. The indoor network is totally independent of the
access network. In the case in Figure 1.6, data signals from the access net-
work are transported to the smart home using the FTTH technology while
the in-building network uses Fiber-In-The-Home (FITH) technologies. Net-
work interfacing protocols, routing logics and autonomous resource manage-
ment are installed at the CCC. Data signals are routed by the Optical Cross-
Connect (OXC) to the corresponding APs through the optical fiber distribu-
tion network. SMF or MMF fibers, which typically have a huge bandwidth,
can transport a large amount of data to the APs. These fibers can be, for e.g.,
embedded within the walls of the building.

The fundamental intention of the system is to provide a single beam to each
individual device. In order to provide multiple beams simultaneously, multiple
tunable lasers will be required in the CCC. This can be realized by putting
multiple tunable laser devices in parallel and combine their outputs onto the
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fiber feeding the AP, or by an on-chip integrated array of tunable lasers. In
such scenarios, several wavelengths can be provided simultaneously depending
on the number of devices in the room [75]. On-chip widely tunable sample-
grating distributed Bragg reflector laser and Distributed Feedback Laser (DFB)
diode array have been reported in [76] and [77], respectively, with each enabling
30 nm tuning range. The selection of the source to be installed will depend
on the timely progress and costs of these sources. Alternatively, to reduce
the number of lasers needed and to benefit from the fast laser tuning times
available, one may opt for a time-slotted system in which each user is served
by a specific wavelength during a specific time slot and where the tunable laser
changes its wavelength in the guard time between these time slots. This will
obviously reduce the capacity attainable per device, but also reduce the CCC’s
costs.

1.3.2 Wireless communication medium

In the wireless communication medium, we use free-space LoS pencil beam
techniques for the downlink, and 60 GHz radio and Radio-over-Fiber (RoF)
technique for the uplink. In each individual room one or more APs, each
equipped with a beam-steering module termed as Pencil Radiating Antenna
(PRA) and a Radio Access Point (RAP), shall be implemented depending on
the size of the coverage area. As we are working with LoS optical pencil beams,
beam steering is necessary in order to direct the LoS beams from the AP toward
multiple users. Practical considerations for selecting a steering method include
the ease of installation, enabling plug-and-play, without any local processing
and without local powering. In order to maintain data integrity and speedy
service provision for a group of users simultaneously, with as low as possible
transmission power, the beam-steering module has to be optimized for low-loss
in the wavelength range of operation, has to be accurate, has to be reliable, has
to support scalability, has to require little or no maintenance, has to have high
response speed and a good coverage area, and its beam steering should be easily
controllable from a remote location (i.e. the CCC). Taking into account these
key requirements, we propose the use of passive diffraction gratings for beam
steering in cooperation with remote wavelength-tuned source in the CCC. The
passive nature of the beam-steering module renders it independent from moving
parts or electronically-controlled elements, which may be prone to failure.

Regarding eye-safety, the Maximum Permissible Exposure (MPE) is ex-
pressed in W/m? and is typically defined for full human pupil opening of 0.39
cm? [78]. Infrared light with a wavelength longer than about 1400 nm is ab-
sorbed by the transparent parts of the eye before it reaches the retina, which
means the MPE is higher than for visible light [78]. This is a major reason
BROWSE opted for 1.5 pum wavelength region.

Since typically the upstream speed is lower than the downstream speed
(asymmetric network), a radio technique for upstream can suffice. Preliminary

1.3. THE PROPOSED SYSTEM IN THE BROWSE PROJECT H
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work in the 60 GHz domain which reported a reconfigurable indoor network
using a photonic integrated chip was recently reported in [79]. Bi-directional
transmission rates of > 35 Gbps have been achieved using DMT signaling.
The 60 GHz signals are carried via an RoF technique back to the CCC.
This configuration can be implemented with a Reflective Semiconductor Opti-
cal Amplifier (RSOA) or a Reflective Electro-absorption Modulator (REAM)-
Semiconductor Optical Amplifier (SOA) to modulate the upstream data.

In support for mobility, it is important that users are quickly localized
and also tracked in order to minimize connection latency or failure. For this
purpose, radio and optical localization techniques can be employed to locate
and track the positions of the mobile devices. Radio techniques can be used
to implement coarse localization. In [80], Winkler et al. have presented the
capability of achieving accuracies of up to 50 cm using 60 GHz for localiza-
tion. To complement the radio localization, fine-tuning shall be implemented
optically by means of wavelength tuning and beam-manipulation. In 2011,
G. Cossu et al. introduced a visible light localization technique with receiver
tracking. The transmission distance was 90 cm and the angular resolution
achieved was < 1° [81]. In [82], Wang et al. have demonstrated an average
accuracy within 2.41 cm using background light power estimation in a 2 m
transmission. In [83], Gomez et al. have demonstrated localization and track-
ing with an accuracy of 0.05° (pointing accuracy of 2.5 mm at 3 m distance)
using a Complementary Metal-Oxide-Semiconductor (CMOS) camera at the
base station observing LED IR tags at the nomadic user terminal.

1.3.3 Receiving end

At the receiver side, the mobile device is equipped with a simple optical receiver
and a radio transmitter in order to receive the downlink optical signal and to
transmit a radio signal for the uplink. For fallback scenarios, the system can be
backed up at the WiFi bands for bi-directional communication in case the op-
tical link fails due to shadowing loss of the LoS condition or due to system error.

Finally, to benefit from the already existing facilities used in the core, metro
and access networks, the system is proposed to operate in the 1500 to 1600
nm telecom band. The advantages from the above wired-wireless indoor model
are expected to emerge from its huge unlicensed bandwidth, high power effi-
ciency and effective highly confined data beams, support of mobility, scalability
in terms of data rate as well as its capability to accommodate the increasing
number of devices, provisioning of secure channels, high privacy levels, mass
availability of telecom band devices for ensuring cost effectiveness, ease of in-
stallation or integration, and higher link power budget compared to VLC sys-
tems. In the case of LoS blocking, with the use of multiple APs, another AP
can establish an LoS path. Key performance indices of the hybrid wireless sys-
tem include reliability, throughput, ubiquity, scalability, interoperability with
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prior technologies, integrability with other systems, cost, easy plug-and play,
quality-of-service, quality-of-experience and finally, adherence to regulations
and standards.

1.4 Organization and contributions of dissertation

This thesis investigates and demonstrates the feasibility of narrowly confined
optical pencil beams and beam-steering techniques in order to provide ultra-
high speed FSO communication for indoors together with passive 2D beam-
steering techniques. The main aim of this dissertation is to analyze and to
implement narrowly-confined optical pencil beams using wavelength controlled
beam steering by a passive diffractive module, in order to provide orders of
magnitude higher data capacity per user at ultra-high optical carrier frequen-
cies.

In general, a main challenge in the implementation of such a system is in
the design and construction of the beam-steering module. This thesis addresses
this by demonstrating that diffractive optics are a viable choice to construct a
passive 2D beam-steering module, and by means of characterization and trans-
mission performance evaluations, showing the excellent performance thereof.
Moreover, this thesis addresses limitations on the receiver side. These include
the receiver collimation, the bandwidth of photoreceivers, and the adherence to
eye- and skin-safety regulations. It is shown that even within such limits, ultra-
high speed communication can be achieved over adequate indoor distances.

The main contributions of this thesis are categorized in the coming chap-
ters and sections, according to the challenges each contribution addresses, as
follows:

Chapter 2 presents an overview of related work regarding optical beam de-
flection. Further discussions are provided for active and passive beam-steering
elements. The state-of-the-art of optical wireless beam steering in optical wire-
less communication systems, demonstrated in recent publications, are intro-
duced.

Chapter 3 discusses the proposed beam-steering techniques in BROWSE.
The theory and derivations required in designing the passive beam-steering
modules using diffraction gratings are presented.

Chapter 4 introduces and discusses several design aspects of the systems
implemented in the experimental demonstrations of this thesis. This chapter
also serves as a transition for readers from the theoretical work into practical
system-level experiments. The main components are first mentioned, followed
by several technical details on the optics used. The design aspects that will be
mentioned include the beam diameter, eye-safety, theoretical formulas for the
arrangement of cascaded gratings, angular magnification, lateral beam expan-
sion, beam-steering control and localization.

Chapter 5 starts with proof-of-principle evaluation of a 1D beam-steering

1.4. ORGANIZATION AND CONTRIBUTIONS OF DISSERTATION H
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system which employs a reflective echelle grating with 79 grooves/mm blazed
at 75°. Inmitial characterization, such as the tabulation of diffracted spots at
different orders and different wavelengths, will be presented. In the first 1D
steering system demonstration, this thesis proposes the use of the single grating
for a multi-beam system due to the availability of several diffraction orders.
The second experiment uses a tunable laser to demonstrate 1D steering us-
ing wavelength tuning. Promising results are obtained for the deployment of
gratings as the beam-steering element for an indoor optical wireless system.

Chapter 6 presents the experimental demonstration of two-dimensional
(2D) beam-steering based on two steering module designs. The first is an
initial 2D steering setup based on the use of orthogonally cascaded reflection
gratings. This first module provides a 2-line scan within an angular coverage
of 12.66° x 5.61° with wavelength tuning between 1529 nm and 1611 nm. The
second is an improved pair of cascaded gratings, by employing two orthogonally
cascaded reflection and transmission gratings. The new module provides a 7-
line scan in an angular coverage of 12.15° x 5.62° between wavelengths of 1511
nm and 1627 nm. This chapter will present a detailed characterization and the
transmission performances, and their corresponding trade offs.

Chapter 7 presents a novel full-duplex all-optical wireless system sup-
porting symmetric 10 Gbps channels over a free-space distance of 3 m with
OOK-NRYZ signaling by employing a carrier recovery method.

Chapter 8 will demonstrate strategies to improve on the passive 2D-
steered system. This chapter will discuss wide angle lens receiver and angular
magnification to increase the receiving angle and the angular coverage of the
steering module. Then, the chapter will present the demonstration of a time-
slotted transmission concept, which is considered feasible since most services
require less bandwidth than can be delivered. In addition, this method also
promotes the use of resource sharing. Depending on the number of lasers used,
three different supported modes of operation, i.e. unicasting, multicasting and
broadcasting, can be implemented.

Chapter 9 presents an alternative method for 2D beam steering, i.e. by
using a 2D array of fibers connected to a high port count arrayed waveguide
grating, to construct a passive 2D steering module.

Finally, Chapter 10 summarizes the findings of this thesis and a section
that discusses the possible areas for improvements, which could be further
pursued in future work on narrow beam optical wireless communication.
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Before presenting the core work of this thesis, an overview of related work in
optical beam deflection or steering techniques is discussed in this chapter. The
first part of this chapter gives a brief introduction to these techniques, their
principle of operation, and the related work from former and recent years,
which employed such techniques. In the second part of this chapter, the state-
of-the-art free-space communication systems for indoors which employ optical
beam steering techniques are detailed. As we will show, there are various types
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of optical beam steering methods each with its specific benefits and drawbacks
in terms of power consumption, mechanical motion, steering angle, speed of
response, fabrication complexities, maintenance and control requirements, etc.

Refractive and diffractive optical elements and optical phased arrays are
popular techniques to implement devices of which the fundamental function-
ality is to direct or sense optical beams to/from a particular target(s) or
position(s). As such, it is not uncommon that many areas of work share the
same techniques for different applications. These techniques can be used for
sensing, scanning, pointing, tracking, switching and steering. They are used
in various applications such as bar code scanning, Light Detection and Rang-
ing (LIDAR), spectroscopy, projectors, 3D imaging, and confocal microscopy.

In general, steering elements can be divided into two large categories, i.e.
active and passive elements.

2.1 Active beam steering techniques

Active beam steering modules require electrical powering to provide the en-
ergy to create heat, electro-magnetic fields or mechanical movements to enable
a change of state, as required by the particular steering element, in order to
be able to direct beams accordingly. Here, we explore discrete element tech-
niques and optical phased array techniques for optical beam steering. Optical
Phased Arrays (OPAs) enable optical beam steering without moving parts and
are capable of creating phase profiles which steer, focus, fan out or correct
phase aberrations on a beam [84]. OPAs are commonly used in laser communi-
cation applications ranging from data modulators, optical switches, add-drop
multiplexers, optical cross-connects [85], to scanning [86] and steering. They
are also used in applications such as gas sensing, imaging and LIDAR. On the
other hand, passive techniques without mechanical movements are sought after
due to their ability for higher response speed, stability, accuracy, efficiency and
reliability, and lack of maintenance and local powering requirements.

2.1.1 Steering mirror

An effective and simple choice of steering is by simply reflecting a beam using
a moving reflective surface, e.g. a mirror, in combination with rotation plat-
forms. The movements of these mounts can be controlled using motors and
galvanometers [87] or actuators, such as piezo actuators or voice coils. Scanning
mirrors are commonly used for laser scanning. Light weight and fast tuning
mechanical mirror-based gimbals are commonly used in space-based (satellite
communication) applications for scanning and tracking [88]. Although mechan-
ical beam-steering could achieve a wide angle steering, it requires mechanical
moving parts which are prone to mechanical wear, vibrations, and thermal
expansion. Therefore, it does not support random pointing, but only contin-
uously addressable scanning due to the change in the movement of the mirror
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until it achieves the desired position. Also, due to inertia, they are limited in
steering speed [89]. Devices which support random pointing could save latency
time needed for the mechanical tuning of the mirror.

2.1.2 Micro-electro-mechanical system optical phased arrays

One variant of OPA implementation is by using Micro-Electro-Mechanical Sys-
tem (MEMS) mirrors. Such mirrors are small and they are lightweight, and
therefore, are more power-efficient and have faster response time (up to kHz
range) compared to a single macroscopic mirror. However, as an example,
the well-known microscopic gimbaled mirrors, which are mounted by only at
a few micro meters off a substrate, are inhibited from pivoting at large angles
[90]. Also, as the size of the mirrors is typically in the 100’s of micrometers
to millimeters range, the aperture sizes are limited to a few millimeters [91].
In terms of speed, in comparison to electromagnetic and electro thermal ac-
tuation, electrostatic actuation has negligible power consumption and could
operate at a higher speeds of up to ~ 10 kHz [92]. Gimbal-less wavelength
selective switches with less than 2 ms at scan angles £4.4° at 90 V and +3.4°
at 91.5 V are reported by J. Tsai et. and M. C. Wu in [93].

MEMS phased arrays can also be achieved using Variable Blaze Grat-
ings (VBGs) [94]. VBG enables an adjustable blaze angle to direct the re-
flected light into a selectable diffraction order. VBGs have high fill factors and
can handle large apertures (> 3 mm). The slat’s tilt angle is the VBG blaze
angle. A voltage between the slats and substrate is used to control the tilt with
electrostatic force. The device has a low power consumption as electrostatic
actuation requires almost no current. The actuated VBG supports up to 5
steered beam positions. At 0° direction with 0 V applied, the diffraction effi-
ciency was 48.9%, and at 1.81° direction with 29.4 V, a diffraction efficiency of
53.1% was reported. As the direction of each diffraction order depends on the
wavelength of the incident light, VBGs are used to steer only monochromatic
(or nearly monochromatic) light. The direction of the mth diffraction order
as a function of incident wavelength, A\, and grating period, d, for a normally
incident light:

O = arcsin(%A) (2.1)

In 2013, a MEMS OPA, with an 8 x 8 array of high-index-contrast subwave-
length grating (HCG) mirrors (designed to have 99.9% reflectivity at A = 1550
nm) that are electrostatically actuated, was reported [95]. The device was re-
ported to have a steering range of +1.26° x 1.26° with a time response in the
order of microseconds. The beam-steering angle for a normally incident beam

is expected to be:

A
i = +— 2.2
sin 0 oA (2.2)
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where A is the design wavelength for the phased array, 1550 nm, and A is the
mirror pitch, 35 pum.

Another variant of MEMS OPA is the microlens phased array. In 2001, A.
Tuantranont et al. [96] reported a two-dimensional (2D) MEMS-controllable

microlens array integrated with a Vertical Cavity Surface Emitting Laser (VCSEL)

array, fabricated on a MEMS X-Y translation plate, as shown in Figure 2.1.
The target application was board-to-board or chip-to-chip optical intercon-
nects. By employing electro-thermal actuators, a beam-steering of 70 mrad
(4°) was achieved. The VCSEL beam is steered by laterally translating indi-
vidually controllable microlenses which directs the beams to a hologram array.

VCSEL Microlens P Hologram Detector
Array Arra Array
I
o o
o (4
e )
@ Cr
o )
o

Figure 2.1: MEMS-controllable microlens array in operation with a VCSEL
array, hologram array and detector array [96].

The steering angle can be calculated using:

0 = arctan (Afd> (2.3)

where 6 is the steering angle, Ad is the lateral displacement of the lens from
the optical axis and f is the back focal length.

Lens axis

Optical axis

Figure 2.2: Steering angle due to decentered microlens [96].

Recently, J. Morrison et al. has reported an electrothermally actuated tip-
tilt-piston micromirror with varifocal capability which demonstrated deflection
angles of £ 40° along two axis [97]. The device supports beam steering along
two axes, piston mode deflections and dynamic focusing, which sums up to four



CHAPTER 2. RELATED WORK AND STATE-OF-THE-ART 25

separately controllable degrees of freedom in a single device. The focal length
was reported to be able to dynamically change from -0.48 mm to +20.5 mm
with 27 mW of power. A mechanical response time of approximately 5 ms can
be achieved. For further detail, see Reference [97].

2.1.3 Liquid crystal optical phased arrays

Liquid Crystal (LC) based phased arrays require very low power consumption
(low electrical drive voltages) and can support large apertures (10 - 50 cm) [84,
98, 99]. For example, a 10 cm device has a typical dissipation of approximately
1 W [98]. LC devices can achieve up to 20° deflection with a large number of
precisely controlled beams (10* — 10°). Pointing accuracy is improved by non-
mechanical motion and could achieve greater than 1/4 beamwidth [98]. LC
devices are generally known to be insensitive to accelerations. For example, an
array of optical phase shifters can be realized through lithographic patterning
of an electrical addressing network on the superstrate of an LC waveplate [84].
With only < 10 V applied on the electrodes, sufficient refractive index change
can be achieved to enable full-wave differential phase shifts. LC techniques,
however, are limited in speeds to < 10 kHz [100].

Deflection through LC can be achieved using voltage-controlled phase mod-
ulation for both reflective [98] and transmissive [101] operations. When a
voltage is applied, the LC molecules rotate. Consequently, an incident beam
will see a refractive index change due to the birefringent behavior of the LC
molecules (see Figure 2.3). This effectively causes a changed optical path length
or phase shift. By applying appropriate voltages to the electrodes, the beam
can be steered to a particular direction in one-dimensional (1D). In order to
construct a blazed phase profile, the voltages at each electrode are chosen such
that the phase gradient matches the linear phase gradient. The thickness, t,
of the LC layer required for a 2w phase shift at a design wavelength, A is given
by [84]:

P> A (2.4)
— An
where An = n. — n, is the birefringence of the material.

The blazed grating has a modulo-27w sawtooth phase profile, as shown in
Figure 2.4. When phase shift of 27 is introduced in a wavelength, the periodic
subtraction from the phase front does not affect the far field pattern. By
using stair-step approximation of the blazed profile, a theoretical beam steering
efficiency, 71, can be calculated using [84]:

sin(7/Netep)

N )2 (2.5)

n=(

where Ngiep is the number of steps in the blaze profile.
For structures without the use of ‘resets’, defined as in Figure 2.4, only a
small angle or small aperture size can be achieved [84]. Larger steering angles

2.1. ACTIVE BEAM STEERING TECHNIQUES H
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Figure 2.3: LC phase shifters. As voltage is applied to the electrodes, the LC
layer will experience a refractive index change. Periodic electrodes are used for
inducing a periodic behavior such as a blazed grating. d: period of the grating,
t: thickness of the LC layer.

Figure 2.4: Unfolded phase profile with linear phase ramp and modulo-27
sawtooth profile. Stair-step approximation method is overlaid on the sawtooth
profile. It shows the corresponding phase shifter at each electrode segment.
The sawtooth profile ‘resets’ after a 27 phase shift. Subset: “Flyback” due
to the minimum finite spatial extent needed for LC molecular orientation. d:
Period of the sawtooth profile, dr is the “Flyback” spatial extent.
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are supported by structures with 27 ‘resets’. However, the ‘resets’ are only
for the design-wavelength and the linear phase ramp deviates when another
wavelength is used. This results in a variation of the phase ‘resets’ which
causes dispersion due to an incorrect phase shift [84]. Wavelengths other than
the design wavelength is steered to a different angle.

The efficiency of LC steering device can be affected by the spatial “Flyback”
(see Figure 2.4). Wavelengths falling on the “Flyback” region will be deviated
from the intended steering angle. The resulting diffraction efficiency, 7, in the
desired order can be approximated using [84]:

n=(1-—) (2.6)
where dp is the “Flyback” spatial extent and d is the period of the grating.

The steering angle for a normally incident beam is given by [84]:

A
0 =sin 1 (Z2) (2.7)
d
where A, is the design wavelength and d is the period of the staircase ramp. d
can be obtained by multiplying the period of the staircase ramp and the center-
to-center spacing between phase shifters or the width of the phase shifter.

A V.

N V4 <— AR coating

“€— Substrate

. Counter electrode coating
<— LC layer

| _—— Transparent resistive stripe

<— Optional dielectric mirror
, “— Substrate

Modulator
period : Electrodes

Figure 2.5: Blazed phase liquid crystal beam steering device by R.M. Matic et
al. [98].

In 1994, R.M. Matic et al. proposed a novel LC device for steering laser
beams [98]. The device was constructed using an array of optical phase mod-
ulators which contain a thin and active LC layer sandwiched between two
substrates, as shown in Figure 2.5. Each of the phase modulators can produce
a linear (blazed) phase gradient profile unlike the constant phase profile which
is typical in other liquid crystal devices. The benefits of the device include
high diffraction efficiency with large diffraction angles, supports operations be-
tween long Infrared (IR) to Ultraviolet (UV), simpler fabrication and simpler

2.1. ACTIVE BEAM STEERING TECHNIQUES H
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electronic control as the size of the phase modulator is independent of and can
be larger than the operating wavelength. A challenge in this approach is the
requirement to operate the LC in the linear region. Power limitations arise
from nonlinearities which are caused by heat due to absorption or changes in
the orientation of the LC. The LC device was demonstrated for a blazed de-
flection at 1.064 pm laser beam and achieved over +5° angles although at a low
diffraction efficiency of 9% and at a response time of 61 millisecond. In 2004,
using LC OPA, S.A. Khan and N.A. Riza have demonstrated a continuous scan
for one, two and three dimensions with a continuous scan, all at A = 1550 nm,
up to a maximum of 40.92° with a scanner aperture of 1 cm.

2.1.4 Photonic integrated circuits optical phased arrays

OPAs based on waveguide phased array allow independent control in the array
of uncoupled channel waveguides to achieve the wanted steering characteris-
tics. The working principle of such an OPA is based on the interference of
individual radiating optical waves with their neighboring waves forming the
desired wavefront in a particular direction.

In 1993, F. Vasey et al. [102] presented a 1D steering by using electro-
optic tuning for waveguide phased array. Electron-beam lithography-patterned
diffraction gratings were used to couple beams to and from free space. A 43-
element rib waveguide array for discrete beam steering was demonstrated at 850
nm for ~ 2 mm beam diameter. This was followed by a continuous deflection
over £ 7.2 mrad (~ 0.41°) at 900 nm. The beam has a width of 1.5 mrad
(0.086°) and the maximum modulation voltage is -8.5 V. The extension to the
second dimension (in the longitudinal direction) is possible by either varying
the refractive index at the grating output coupler or by tuning the wavelength
of operation.

With reference to Figure 2.6, the in-coupled beam from section (1), into
each waveguide mode from g; to gy is phase-shifted according to the electrode
length and thereby, the electro-optically induced refractive index change in
section (3). Each mode, g;, remains uncoupled to the neighboring channels
(9j—1,9j+1) and preserves its phase shift properties until being out-coupled.
The independent modes diverge at out-coupling perpendicularly to the waveg-
uide propagating direction, p. The beam radiation subsequently interferes
with neighboring elements and forms a beam, d, and the beam is steered in
s-direction, which is perpendicular to the channel waveguides.

The angular separation of the diffraction orders can be calculated using the
grating equation:

Oos = arcsin[m(/li) + sin(6;s)] (2.8)
S
where m is the order of diffraction, A is the wavelength of the beam, A, is the
array periodicity, 6;s is the incidence angle in the s-direction and 6,5 is the
diffracted angle in the s-direction.
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Figure 2.6: Optical phased-array implementation by F. Vasey et al. [102]. (1)
In-coupling of a coherent beam into waveguide structure using a diffraction
grating input coupler, g. (2) Out-coupling to free space using a grating output
coupler (3) Phasing section with different electrode lengths. The lateral, s, and
longitudinal, p, dimensions are not at the same scale.

In a 2D diffraction at the output coupler of periodicity A, in the longitudinal
direction, p, and the rib wavequide array of periodicity A; in lateral direction,
s, the positions can be estimated using [102]:

A
0,5 = arcsin[ms(/l—)], me = 0,41, +2, ... (2.9)
S
. A
Oop = arcsin(ness — mp(A—)],mp =1,2,.. (2.10)
P

where n.ys is the rib waveguide effective index.

Although the electro-optic steering is inherently fast (in nanoseconds), chal-
lenges are foreseen in achieving larger steering angles, higher efficiencies, larger
apertures and in the extension to two-dimension [84].

Work in recent years has shown tremendous progress in Photonic Integrated
Circuit (PIC) OPAs. In 2011, J.K. Doylend et al. demonstrated a 16-channel,
independently tuned waveguide surface grating OPA in silicon-on-insulator for
2D beam-steering, which has a total Field of View (FoV) of 20° x 14°, beam
width of 0.6° x 1.6° and a resolution of < 1° [103].

J.C. Hulme et al. has further developed an integrated 2D beam scanner chip
using the hybrid silicon platform [104]. The PIC consists of 164 components
and is shown in Figure 2.7. A steering over 23° x 3.6° with beam widths of
1° x 0.6° was demonstrated.

Although the common approaches need active steering of all elements of
which the phase can be controlled, Karel van Acoleyen et al. [105] demon-
strated a compact yet simple design which is Complementary Metal-Oxide-
Semiconductor (CMOS)-compatible and passive, relying on wavelength tuning

2.1. ACTIVE BEAM STEERING TECHNIQUES H
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Figure 2.7: 32-channel fully-integrated PIC beam scanner [104].

for steering. As the technique is based on a fully passive PIC device, this work
will be described in detail in Subsection 2.2.4.

2.1.5 Electro-optic deflectors

In electro-optic deflectors, the refraction index of a material is induced by an
applied electric field, which subsequently results in a change in the direction
of propagation. Electro-optic materials, such as Lithium Niobate, exhibit a
refractive index change when an external electric field is applied. Such a beam
deflector was reported in [106]. A deflection angle of 14.3° was observed by
applying +250 V with approximately 5 uA current to the Potassium Tantalate
Niobate crystal. The voltages needed to induce phase changes are normally
high at a few hundred of Volts.

An early work on using the electro-optical properties of crystals for OPAs
was pursued by R.A. Meyer [107] in which he employed bulk Lithium Tantalate
to achieve phase modulation in 1D. The phase modulator can be considered
as an OPA antenna. In the antenna, 46 phase shifters were used and the
results from the work correspond appropriately to a microwave phased array.
Measurements on the masked modulator indicated approximately 32 V for 27
phase modulation with a linear voltage law.

In 1973, Ninomiya [108] realized an electro-optic phased array light deflector
in 1D using electro-optic Lithium Niobate prisms. By applying equal voltages
on the prisms, discontinuous deflected angles were obtained while continuous
deflection can be obtained by varying the voltages applied on each crystal. It
was experimentally shown that 50 resolved spots were achieved at +600 V.
The electro-optic prism array is shown in Figure 2.9 together with the optical
setup. The electrodes are placed on both surfaces of a z-plate of the Lithium
Niobate prism.

In a refractive steering approach, with the combination of an electro-optic
beam-steerer utilizing liquid crystal clad optical waveguides together with a po-
larization grating coarse steerer, a continuous steering of 50° x 15° at a speed
of 60 kHz was achieved [109]. The device had a large aperture of 1.2 c¢m, in a
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Figure 2.8: Multichannel Lithium Tantalate crystal for optical beam steering
[107].

L: Lens
CL: Cylindrical Lens

Figure 2.9: Optical setup with electro-optic prism array [108].
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compact ~ 6 cm? size, with three electrodes of only a few mW power and oper-
ates at 1550 nm. As this method is not diffractive, the efficiency is independent
of the angular steer range. Also, unlike diffractive OPAs which have 27 resets
limiting their pointing precision, this approach provides a continuous angular
coverage with high pointing accuracy with > 10 Gigahertz (GHz) bandwidths.

Out-of-plane electrode
Out-of-plane electrode

Light from
hOrlZOntal gLt /Z”.n)ll DI G0 20500
scanner ; % id crystal cladd

SN
3522505

Substrate, P-doped Si n=3.5

Figure 2.10: Voltage tunable refractive prisms for continuous 50° x 15° 2D beam
steering [109]. The light is steered via a voltage tunable Snell’s law refraction,
with prism electrodes for horizontal direction or an out-coupling prism for the
vertical direction.

2.1.6 Acousto optic deflectors

Acousto-optics is based on the interaction between sound and light which was
predicted by Brillouin in 1922. Acousto-optic devices have been made possible
from the discovery of materials having excellent acoustical and optical proper-
ties with large photoelastic constants. Materials having a large refractive index
give an added advantage [110, 111, 112].

The principle of acousto-optic deflector is to deflect a beam to different
angular positions by an accompanying acoustic wave, by varying the acoustic
frequency. By applying an Radio Frequency (RF) signal on an acoustic trans-
ducer to generate an acoustic wave through a crystal, a periodic modulation
on the refractive index is induced via the elasto-optical effect [113], thus, the
device behaves like a grating. Subsequently, an incident coherent optical beam
will be diffracted. This is also known as the acousto-optic diffraction. There
are two regimes of diffraction. The interaction regime is determined by the

quality factor, Q [114].
27w AL

where A is the wavelength of the coherent beam, L is the transducer size or
width of the acoustic wave, n is the refractive index of the crystal and A is the
acoustic wavelength.

When @ >> 1, the interaction is in the Bragg regime, as shown in Figure
2.11(a). At the particular Bragg incident angle, only one diffraction order is
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possible due to constructive interference. The Bragg angle is given by [114]:

sinfp = % (2.12)

where A is the wavelength of the coherent beam in the acoustic medium and A
is the acoustic wavelength.

Absorber Absorber
[ anaeaananeea | ==

T
Transducer Transducer

(a) (b)

Figure 2.11: Acousto optic diffraction: (a) Diffraction in the Bragg regime.
Upshifted Bragg diffraction due to positive Doppler shift [114]. (b) Diffraction
in the Raman-Nath regime.

When @@ << 1, the interaction is in the Debye-Sears, Lucas-Biquard or
Raman-Nath regime, as shown in Figure 2.11(b). When the transducer size,
L, is shortened, the sound waves will become less like a plane wave but with a
broadened radiation pattern. The shorter L is, the more orders of diffraction
will be observed. The n'* order is shifted in frequency by nw, which is the
sound frequency.

Naturally, an application of Bragg diffraction is beam deflection. The de-
flection angle has a linear relationship with the frequency sweep [114]. The
change in deflection angle, Af,, as a function of change in frequency, Af, is
given as:

Afy = (%)Af (2.13)

where Af; is the change in angle, X is the optical wavelength in vacuum, v is
the velocity of the acoustic wave in the acoustic device medium, and A f is the
change in frequency.

The speed of these devices can be in a few microseconds range [87]. How-
ever, acousto-optic deflectors are limited in their total angular range and may
suffer from shift in optical frequency as sound waves spread as they propagate.

2.1. ACTIVE BEAM STEERING TECHNIQUES H
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2.1.7 Electrowetting

Electrowetting Microprisms (EMPs) use the electrowetting modulation of lig-
uid contact angle to realize the refraction characteristics of prisms [115]. Con-
tact angle of several tens of degrees are achievable while switching speeds are
limited to several milliseconds due to hydrodynamic response of the droplet.
In 2006, N.R. Smith et al. demonstrated continuous beam steering of 14° with
a liquid index of 1.359. Switching speeds of milliseconds and a high efficiency
that is independent of deflection angle is possible [116]. Figure 2.12 illustrates
the EMP device.

(a) < MM o () ()

fluoropolymer

(~1um>L

liquid ¢

Figure 2.12: EMP structure [116]: (a) Angle view of the channel geometry, (b)
and (¢) EMP materials, voltage connections, prism apex angle (¢), deflection
angle (9), and liquid-fluoropolymer contact (6,).

2.2 Passive beam steering techniques

This section gives an overview of the available passive beam-steering tech-
niques which do not require any powering or movement. These passive devices
are usually wavelength or frequency dependent and are coupled with tunable
sources such as electro-optic tuning of broadband laser [117], Wavelength Divi-
sion Multiplexing (WDM) source [118], and frequency combs [119, 120]. These
methods are widely used in spectrometry and interferometry. A pioneering
work was carried out by I. Filinski and T. Skettrup in 1982. They proposed
one-dimensional light scanning by employing passive dispersive optical compo-
nents such as prisms, gratings, etc., while tuning the output wavelength of a
broadband laser [117].

2.2.1 Holographic deflectors

Holography is also known as wavefront reconstruction photography [121] and
was first demonstrated by Dennis Gabor [122]. It is a technique that enables the
reproduction of three-dimensional (3D) images by using coherent radiation of a
monochromatic beam or laser which has both temporal and spatial coherence.
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Holographic diffractive optical elements refer to diffractive medias, such as
gratings, which are made by holographic recording. Photopolymer films have
been used for hologram recording since the late 1960’s [123]. Photosensitive
films or emulsions are used in recording volume phase or absorption holograms,
and transmission or reflection holograms. Volume holograms are also known
as thick holograms or Bragg holograms due to the thickness of the recording
material which is larger than the wavelength used for recording.

mirror

Beam splitter
Reference beam

(e F—Py—>

Phatosensitive film

(-

<

Plate holder

Object beam

Object

3))

Figure 2.13: A holographic recording setup. Object image is captured by the
interference of the reference beam and the object beam. The 3D image is
recorded on a photosensitive film placed on the plate holder.

mirror

X

Holograms can be constructed, as shown in Figure 2.13, by illuminating
part of a coherent monochromatic wave, known as the reference beam, on a
photosensitive material or photographic plate. The other part of the beam,
known as the object beam, is then illuminated on the object to be recorded.
The beam that reflects from the object has amplitude and phase variations

Source A
ge?s

Beam 2

Figure 2.14: The use of holographic gratings, each for the deflection of one
wavelength, in the invention of electro-optical deflection apparatus by J.P.
Huignard et al. [124].
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which represent the surface of the object. This reflected beam then interferes
with the reference beam forming a complex interference pattern with magni-
tude and phase information at the photographic plate. The interference pattern
is recorded on a fine grain holographic or photographic film. The developed
piece of film is known as a hologram.

In 1976, J.P. Huignard et al. patented an electro-optical deflection ap-
paratus invention using holographic gratings together with a primary beam
deflector capable of deviating the incident beams into a multiple directions at
the source [124], see Figure 2.14. The invention provides a deflection system
which was attained by providing N holographic diffraction gratings, in which
each of the gratings diffracts into only one of the N-directions. The gratings
are positioned consecutively next to each other in an arrangement which can
be made parallel or with a finite angle with each grating diffracting at least
one incident beam. Each of the incident beams arrive at a slightly different
incident angle. The output beams are then diffracted at an angle substantially
larger than the incident angle. Factors which constitute a holographic grating
are the refractive index, thickness and grating period.

In 1971, R. L. Forward patented his invention on using an adjustable fre-
quency beam generator to generate a collimated monochromatic beam which
was used together with a Bragg scanning volume to deflect the beam into the
desired frequency-dependent direction [125]. By employing this technique, in
2003, Z. Yaqoob et al. demonstrated a 2D laser scanner which is constructed
using multiple Photo-Thermo-Refractive (PTR) glass volumes (N), with each
having multiple tilted Bragg-grating structures (M) with optimal diffraction
efficiency, were stacked together to achieve M x N equivalent number of out-
put beams for 2D scanning [126], as the wavelength of the laser source is tuned
over the available tunable bandwidth. By using four PTR glass (one grating
per PTR glass), with Bragg gratings of 816 lines/mm , a total scan of 5° with
4 points, were measured at wavelengths of 1520 nm, 1545 nm, 1570 nm and
1600 nm.

In year 2004, Z. Yaqoob and N. A. Riza demonstrated 1D scanners using
a 940 lines/mm volume Bragg gratings stored in dichromated gelatin coupled
with wavelength selection [127]. The scanner was operated at a center wave-
length of 1560 nm. By continuous tuning over 80 nm (1520 nm to 1600 nm),
an angular scan of 6.25° was achieved in 1D. By using an in-line scanner (see
Figure 2.15) design constructed using two similar volume Bragg gratings, up
to 13.42° was achieved with continuous tuning of wavelengths between 1520
nm and 1600 nm. A single grating has < 0.15 dB polarization dependent loss
and an average scanner loss of only 0.4 dB over 70 nm around 1550 nm.

2.2.2 Arrayed Waveguide Grating

An Arrayed Waveguide Grating (AWGr) consists of an input waveguide, a free
propagation zone where the beam diverges, a zone with many waveguides hav-
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Figure 2.15: In-line wide angle free-space scanner known as W-MOS using two
volume Bragg gratings [127].

ing slight length difference, a second free propagation region where the beam
converges with equal amplitude and phase distribution [128], and an array of
output waveguides. It is designed such that the field of an incoming beam is
split into an array of output beams such that the different wavelengths which
enter the input waveguide are directed to different output waveguides [129].
Physically, the linearly increasing length of the array waveguides which will
cause the phase change, due to a change in the wavelength, to vary linearly
along the output aperture [128]. AWGrs are also known as phased arrays
(PHASARs) or Waveguide Grating Router (WGR). AWGr was first reported
by M.K. Smit in 1988 [129, 130] and later by Takahashi in 1990 [131] and
Dragone in 1991 [132]. The acronym AWG was introduced by Takahashi [131]
and is commonly used nowadays. In this thesis, the acronym AWGr is used
instead of AWG in order to avoid confusion with the acronym AWG to abbre-
viate arbitrary waveform generator, which will be used in subsequent chapters
on experimental evaluations.

« L+AL

A A ! :
172 _/_L A,

—/ \ / A,
L :E

Y

Figure 2.16: MZI structure illustrating the path length change to induce a
phase change in one path.

The principle of operation can be explained by a simple Mach-Zehnder
Interferometer (MZI) with unequal path lengths, as shown in Figure 2.16. An
MZI is a device which splits a beam into two paths by which one path introduces
a relative phase shift which can be varied by changing the length of one path

2.2. PASSIVE BEAM STEERING TECHNIQUES H
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or by introducing a change of refractive index in one path. Passive couplers,
which are made by changing the length of one arm, are commonly used in fiber
optic communication. With a change of path length difference, AL, in one
path, the phase difference, A¢, is given by:

A¢ = knesfAL (2.14)

where k& is the wave vector 27/\ and n.ys is the effective refractive index of
the waveguide.

Arrayed waveguide zone

Input aperture Output aperture

Object plane Image plane Receiver

waveguide

Transmitter
waveguide

Figure 2.17: AWGTr layout with linearly increasing length in the arrayed waveg-
uides. FPR: Free Propagation Region [129].

AWGr can be seen as an extension to the MZI principle, in which it consists
of multiple waveguides of linearly increasing constant path lengths thereby
creating a linear phase shift in each waveguide, see Figure 2.17. The length
difference can be calculated using [129]:

Ac
Neff

AL=m

(2.15)

where m is the order of the array, . is the central wavelength and n.ys is the
effective refractive index of the guided mode.

An interleaved multiplexer can be constructed using a higher order AWGr
at the first stage, where each output waveguide directs an output with a spe-
cific Free Spectral Range (FSR). By cascading a second stage AWGr, the
output corresponding to one diffraction order is further separated into individ-
ual channels. In 2002, Takada et al. presented a two-stage cascade of AWGrs,
where the first-stage consisted of a single AWGTr to create 25 channels spaced
by 1 Terahertz (THz) (8 nm) [119, 134]. At the second-stage, each channel was
further divided into 168 channels spaced at 5 GHz, with a total of 26 AWGrs.
The fabricated AWGr had a loss of 3 dB in the 1.46 to 1.62 pum range.
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Figure 2.18: Beam scanning system using demultiplexed channels from AWGr,
transmitted to free space using a V-groove array. The free space grating de-
multiplexer separated the multiple orders from the AWGr [133].

By adopting this concept, in 2007, a 2D demultiplexer was constructed us-
ing an AWGr and a free-space grating, and 1092 channels over 600 nm spectral
band were demonstrated to support 10 Gbps error-free channels [119]. The
AWGr was reported to have insertion losses of 4 dB at A = 1533.75 nm, 5 dB
near A = 1730 nm and 7 dB at A = 1135 nm. Further in 2008, T. Chan et al.
used a highly dispersive (high diffraction order) AWGr in combination with a
reflection grating to demonstrate a 2D beam steering. The setup employed a
cyclic AWGr, where the number of scan lines is equal to the number of usable
cycles. By tuning the wavelengths between 1545 nm and 1588.3 nm, an an-
gular coverage of 10.3° x 11° was achieved [133], see Figure 2.18. The paper
suggested an insertion loss of approximately 8 dB within the scanning range.

2.2.3 Prisms

Dispersive optical prisms usually have a triangular geometry. Triangular prisms
are used to disperse light by changing the angle of refraction which is depen-
dent on the prism’s refractive index, the geometry (the apex angle), the outer
refractive index, and the optical incidence angle at the interface. The refractive
index which an optical ray wavelength sees, is also dependent on its wavelength
or frequency. Therefore, each different wavelength is refracted to a different
angle, as can be calculated using Snell’s Law. Consequently, light is dispersed
into its spectral components. This is known as angular dispersion. The effec-
tive refractive index increases as wavelength decreases. However, the angular
dispersion of a prism is typically smaller than diffraction gratings.

The light path deviation, 0 (see Figure 2.20), from its original path, can be

2.2. PASSIVE BEAM STEERING TECHNIQUES H
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Spectral components

Figure 2.19: Prism and the spectral components of white light.

White light

Figure 2.20: Refraction through a prism.
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derived using the Snell’s law of diffraction and trigonometry, with the following
basic equations:

n(A)ambience'Sin(el) = n(/\)prism-Sin(QZ) (2.16)
n(A)PTism'Sin(HB) = n()‘)ambience-Sin(94) (2.17)
0o + 03 = « (2.18)

where 6 is the incidence angle on the first surface, 62 is the refracted angle
of the first surface, #3 is the incidence angle on the second surface, 64 is the
refracted angle at the second surface, n(\)ampience i the refractive index outside
the prism, n(\)prism is the wavelength-dependent refractive index of the prism,
and « is the apex angle of the prism.

Finally, the wavelength-dependent deviation angle, (), is derived to be the
following;:

5()\) = 01 —0y+04— 05 (2.19)
)]} (2:20)

sin 91

d(A) = 01— a+arcsin{n(X)prism.sinjo — arcsin(
n( )pm’sm

where the third term in Equation 2.20 represents the wavelength-dependent
deviation angle. The change in the refractive index with wavelength is known
as dispersion and it varies according to material.

2.2.4 Diffraction gratings

Planar /
Spherical

Transmission or

Reflection
I L | L | L l
Volume Phase
Rectangular Blazed / Echelle Holographic Gra?gg. p,—,)sms
i i rism
Gratings Gratings Gratings

Figure 2.21: Overview of types of gratings.

Beam steering employing diffractive optics is studied in detail as this is the
core technique of this dissertation. Diffraction gratings, like prisms, are one of
the earliest forms of passive dispersive media used for beam steering. Figure
2.21 shows the different types of gratings. The first grating was invented in

2.2. PASSIVE BEAM STEERING TECHNIQUES I



JLHV-HHL-AO-HLVLS ANV MHOM dHLVTIY ¢ H4HLdVHD H

42 2.2. PASSIVE BEAM STEERING TECHNIQUES

1785 to observe light spectra. Gratings are wavelength-dependent and operates
by diffracting light beams.

The principle of diffraction stems from the ability of waves to bend, leading
to a divergent profile as it propagates away from its source. At the same
time, waves coincide constructively and destructively with neighboring waves
to give rise to interference. This phenomenon can be seen in the propagation of
light through a single slit, thus, forming an array of bright and dark intensity
patterns on the resulting screen. These bright patterns are the spots where
diffracted light beams are constructively interfering.

Physically speaking, according to the Huygens-Fresnel’s principle, any un-
obstructed point of a wavefront, at a given instant of time, serves as a source
of spherical secondary waves (wavelets), with the same frequency as that of
the primary wave. The amplitude of the optical field at any point beyond the
new source plane is the superposition of all these wavelets. This leads to the
forming of a new wavefront which envelopes the wavefronts of the secondary
waves [135].

l«—— Grating normal ——»
TR :

v
Reflection grating /Transmission grating

Figure 2.22: Diffraction spectra at different orders for transmission and reflec-
tion gratings.

The corresponding positions of the bright spots can be calculated using
the famous grating equation for both transmission and reflection gratings, as
shown in Figure 2.22:

mA = d(nq sin 6; + ng sin b,,) (2.21)

where m is the diffraction order, X is the wavelength of interest, d is the period
of the grating or distance between two neighboring grooves, 8; is the incidence
angle measured from the grating normal, 6,, is the diffraction angle measured
from the grating normal, and n; and no are the refractive index of the medium
of incident beam and diffracted beam, respectively. The + operation is depen-
dent on the angle with reference to the optical axis.

The zero-th order mode always exists giving rise to a non diffracted trans-
mission or specular reflection beam. The zeroth order mode occurs when
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0; = 0,,, where most of the optical power is confined in. In order to op-
timize for maximum optical power in a desired diffraction order or angle, a
blazed grating is used. Blazed gratings are designed for maximum efficiency
at an order other than the zero-th order, with minimized residual power in
all other orders. Blazed gratings which have a large blaze angle are known
as echelle gratings. Notice from the grating equation also that only spectral
orders where |mA/d| < 2 can exist.

The angular dispersion can be derived from the derivative (where 6; is kept

constant):
do m

d\ - dcos 6,

(2.22)

By substituting m/d from 2.21 into Equation 2.22, we obtain the general dis-

persion equation:
df  sinf; +sinbp,

d\~ \cosO, (2.23)

In a retroreflective or Littrow configuration, the incidence angle, 6;, is equal to
the diffracted angle, 6,,, reducing the grating equation 2.21 to:

mA = 2dsin 0,, (2.24)

and the angular dispersion in Littrow configuration can be further reduced to:

df  2tan6,,

5= (2.25)

which is only valid when the angle of incidence is fixed [136]. In addition, when
the angle of incidence is changing (for e.g. for the consecutive grating placed
after the first), by differentiating the grating equation 2.21, we have [136]:

mdA = d(cos 0;d0; + cos 0,,db,,) (2.26)

Since in Littrow configuration, 6; = 0,,, and df; = df,,:

dbp, m
d\  2dcosb,,

(2.27)

Interestingly, by substituting m/d from Equation 2.25, we see that the angular
dispersion is only half that of the angle obtained using fixed angle of incidence
[136]:
dby,  tanb,,
dax A
As shown in Figure 2.23, the wavelengths are repeated in different orders.
Also, at order m > 1, several ranges of wavelengths from different orders exists.

(2.28)
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Grating
normal

Incident beam

Figure 2.23: A comprehensive description of the basic diffraction orders with
the overlapping spectra, which is valid for both transmission and reflection
gratings operation. The basics of this illustration can be found in [137, 138].

This leads to overlapping wavelengths when they are diffracted into the same
direction. When \/d << 1, a large number of diffraction orders exists. High
order gratings have a design wavelength which is much longer as can be seen
in the following relation:

From Equation 2.25,

mA = 2dsin6,,

%(2)\) = 2dsinb,,
%(n/\) = 2dsinb,, (2.29)

where n is an integer and n # 0.

The resolution of gratings is taken from the minimum wavelength difference
which the grating is able to resolve between two wavelengths. Generally, the
higher the number of grooves, so the smaller d, the higher the resolution will
be.

Another important parameter, especially in bandwidth sensitive applica-
tions, is the spectral bandpass of a grating [140] in an optical system. The
spectral bandwidth consists of the range of wavelengths that successfully falls
onto the detector area or exit slit. For example, in dispersive spectrometer con-
figurations as shown in Figure 2.24, the spectral bandpass is used to describe
which portion of the spectrum can actually be isolated by the spectrometer.
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Figure 2.24: Dispersive optical configuration for spectrometers [139]: (a) Sin-
gle monochromator system with EnS and ExS as the entrance slit and exit
slit, respectively. (b) Double monochromator system with EnS, SS, and ExS
as entrance slit, second slit and exit slit, respectively. (c¢) Diode array spec-
trophotometer with EnS as the entrance slit. (d) Spectral bandpass.
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The spectrometer bandpass is dependent on the dispersion of the grating, the
entrance and exit slit width. In a conventional spectrometer, the spectrum
assumes a Gaussian-like curve as shown in Figure 2.24(d). The bandpass is de-
termined at the Full Width Half Maximum (FWHM) of the normalized power
or intensity curve. The spectral bandpass, B, is a product of the effective
opening aperture of width, w and the reciprocal linear dispersion, P [138]:

B ~wP (2.30)
where P is simply the reciprocal linear dispersion of the effective distance, r,
d the di ion, —":
and the dispersion, —
1 dcos 6, 1
P = = = 2.31
, b, mr Gmrsecb,, ( )
d\

Diffraction gratings may be replicated onto the surface of prisms to form
grating prisms, called “Carpenter prism” or “grisms”. A reflection grating
replicated onto a prism allows light to diffract inside the prism to increase the
dispersion.

In 2011, using a sophisticated approach, Karel van Acoleyen et al. [105]
presented a 2D beam-steerer fabricated using silicon-on-insulator technology
which has a steering range of 15° x 50° over 100 nm wavelength shift with a
beam width of 4° (or 50 resolvable spots in 2D space) in 6 and ¢-direction. In ¢-
direction the maximum dispersion was 10.7°/nm with a minimum of 1.85°/nm
resulting in a maximum wavelength resolution of 2 nm due to the beam width
limitations. For improvement, more grating couplers or waveguides can be
added. However, in longer delay lines, phase errors due to sidewall roughness
will broaden the beam. The beam-width in #-direction depends on the strength
of the gratings. By etching less than 70 nm, a weaker grating with a longer
out-coupling length would narrow the beam.

2.2.5 Virtually imaged phased array

A Virtually Imaged Phased Array (VIPA) has a simple structure, has low
cost, has low polarization dependence, and is a wavelength-dependent device
capable of providing large angular dispersion [141]. The structure of a VIPA,
as shown in Figure 2.25, is made of a thin plate of glass with a high-reflection
film coating on one side and a 100% reflection film on the other side. There is
an antireflection-coated window for the input beam.

In the first pass, for e.g., 5% of the input light passes through and diverges
after the beam waist. 95% of the light is reflected. This 95% of light hits the
second surface but at a point which is displaced by an amount, d, from the first
point. Another 5% of the 95% beam passes through. In consecutive reflections,
there will be many beams each separated by a distance of d. A virtual image of
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Figure 2.25: VIPA structure with a glass plate of approximately 100 um thick
[141]. ¢: Thickness of the plate, R: Reflectivity, C: Cylindrical, d: spacing of
light paths, #: incident angle in side the glass plate.

the beam waist is formed with constant spacing of 2t along the normal of the
input side of the plate. Similar to a grating, the output light waves interfere
and form a beam which propagates in a direction similar to the Bragg angle
of diffraction. On the contrary, as the reflectivity has no phase difference nor
angle difference, the beam profiles in all light paths are the same. When the
field magnitude in a beam is constant at the output peak direction, the far
field of the output beam is Lorentzian.

The spacing between the light paths can de determined using:
d =2tsinf (2.32)
The difference in path lengths, P, between adjacent beams:
Pp, = 2tcosf (2.33)

The angular dispersion can then be determined approximately using n cot 6
factor. The corresponding factor for a diffraction grating is 2 tan 6, [142].
The VIPA equation is given in [143] as:

mA = 2n,t cos(6 — 0,) (2.34)

where 0, is the output angle and n,, is the refractive index of the plate material.
The angular tuning range, Af,, when tuning over one FSR from A to A+ AApggr
is [143]:

m2

Ab, =052 — 0,1 = arccos(

m) — arccos(

) (2.35)

2n,t 2n,tm —1

Koonen et al. also showed that the maximum A6, is achieved when m2\ =
2nyt(m — 1), i.e. when, 0,2 = 6, and is Ab,,4, = arccos(l — 1/m).

2.2. PASSIVE BEAM STEERING TECHNIQUES I
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2.2.6 Photonic crystals
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Figure 2.26: Photonic crystal [144]: (a) Schematic structure of the photonic
crystal, which is a self-formed on a patterned Si substrate, having a graphite-
like structure. (b) A photographed image of two light paths with an angular
separation of 50° for incident wavelengths of 0.99 pym and 1 pm.

Photonic crystal operated with 1D wavelength-dependent angular beam-
steering was presented by H. Kosaka et al. [144]. The high angular dispersion
originates from the anisotropic dispersion in a photonic crystal. An angular
separation of up to 50° was achieved at a wavelength of around 1 pum with
only a deviation of 0.01 um, as shown in Figure 2.26. The incoming beams are
Transverse-Magnetic (TM) polarized laser beams incident at an angle of 15°
from the normal.

2.3 State-of-the-art beam-steering for indoor free-
space optical communication

In this section, the beam-steered optical wireless systems proposed in the recent
past will be presented.

In year 2010, Ke Wang et al. from the University of Melbourne proposed
a new hybrid optical-radio wireless system incorporating a high bandwidth
Line-of-Sight (LoS) Free-Space Optics (FSO) system and radio frequency lo-
calization [145] as shown in Figure 2.27. This first demonstration in an indoor
environment showed a feasibility of the system in achieving 2.5 Gigabit per
second (Gbps) at error free, i.e. Bit Error Rate (BER) < 1 x 107%, over 1 m
distance with a Compound Parabolic Concentrator (CPC) receiver FoV of 45°.
The system employed mirror-steering and demonstrated at the wavelength of
1550 nm with On-Off-Keying (OOK) modulation format.

In 2011, Ke Wang et. al further demonstrated a WDM-based system with
4 x 12.5 Gbps system using mirror steering [146]. The system was demon-
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strated with OOK modulation format at wavelengths 1550.12 nm, 1550.92 nm,
1551.72 nm and 1552.52 nm. In 2012, the system was improved to support
full-duplex communication over 2.56 m and a beam footprint of 88 cm [147].
Bitrates of up to 10 Gbps downlink at 7 mW transmission (A = 1550.12 nm)
and 500 Mbps uplink (A = 1551.72 nm) at 5 mW transmission were achieved
with OOK modulation format. In 2015, Ke Wang et al. have demonstrated
a system with a transmission of 16-CAP (Carrierless-Amplitude-Phase) mod-
ulated signal achieving up to 10 Gbps downlink (A = 1550.92 nm) at BER
< 1x 107 and 2 Gbps uplink (A = 850 nm) at BER < 1 x 1073 [82].
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1| Control systems E a E Fiber (connected to CO) Fiber

Transmitters Transceiver
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; Fixed
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Figure 2.27: System configuration proposed by Ke Wang et al. [145]. Top
subset: LoS optical wireless transmission with steering mirror and transceiver.
Bottom subset: A similar structure is seen on the device side.

In 2013, Paul Brandl et al. proposed MEMS-based beam steering together
with adaptive focus in order to be able to steer and to control the divergence
of the beam [148]. The operational wavelengths are detectable using silicon
Optoelectronic Integrated Circuit (OEIC). By using a directly-modulated
VCSEL laser and a receiver chip in Bipolar Complementary Metal-Oxide-
Semiconductor (BiCMOS) technology, they demonstrated an error-free 3 Gbps
wireless transmission over 7 m with Pseudo Random Binary Sequence (PRBS)
231 — 1. As shown in Figure 2.28, the transmitter consist of a VCSEL and they
had cleverly mounted a pickup from a commercial optical disc drive in the op-
tical axis of the VCSEL beam. The steering is implemented using a gimbal-less
two-axis scanning MEMS mirror which has a steering angle of £6°. They also
developed a novel receiver which has a low capacitance and is insensitive to
common-mode noise.

As with the system of Ke Wang et al., Paul Brandl et al. employed mechan-
ical mirror steering in which each channel will require an individual mirror. As
the steering system is dependent on mechanical moving parts, the steering-
system does not support random pointing, but only continuous scanning in
which the positions depend on the movement of the mirror until it achieves
the final position. Additionally, the steering speed is limited to the kHz range

2.3. STATE-OF-THE-ART BEAM-STEERING FOR INDOOR FREE-SPACE OPTICAL COMMUNICATION H
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by inertia.

A further improvement can be made by using MEMS OPA to

diffract beams of different wavelengths simultaneously to different directions,
thus, improving latency time by avoiding mechanical motion for re-positioning.

VCSEL Focussing
l unitl

+

MEMS
mirror

"

Transmitter

OEIC receiver

Figure 2.28: System configuration proposed by Paul Brandl et al. [148]. The
transmitter consists of a 680 nm VCSEL and the adaptive beam is received by

an OEIC receiver.
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Figure 2.29: System configuration proposed by Ariel Gomez et al. [149]. A
holographic beam-steering module is used together with an angle magnification
module at the wireless module (WM) to increase the steering angles. The same
configuration is seen on the user/nomadic terminal.

Ariel Gomez et al. have recently, in 2015, proposed a 2D bi-directional
beam-steered system using Spatial Light Modulators (SLMs) and by using
wavelength division multiplexing (WDM) of seven wavelengths from a seven
channel Nyquist WDM transceiver together with coherent detection [149]. The
output beam to free space has a maximum power of 10 dBm. The SLM (op-
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timized for 1550 nm) used has a steering angle of ~ 3° and used together
with an angle magnifier to achieve £30°. Software control is used to adapt
the blaze profile of the SLM. Unlike the systems already mentioned, digital
coherent WDM transmission instead of Intensity Modulation - Direct Detec-
tion (IM-DD) was used. Each channel was measured to be 37.38 Gbps. With
Full-Field of Views (FFoVs) of 60° and 36°, up to 112 Gbps and 224 Gbps,
respectively, were achieved. The large angle coverage with high bitrates are
commendable. The transmission distance was ~3 m. The system configura-
tion is shown in Figure 2.29. In 2016, Ariel Gomez et al. further equipped
the system with an integrated localization and tracking system which has an
accuracy of up to 2.5 mm at 3 m using a CMOS camera at the base station
observing Light Emitting Diode (LED) IR tags at the nomadic terminal [83].
Although this system is fascinating, it also has some drawbacks. As the SLM
beam-steering module is based on active tuning, local powering will be re-
quired at each access point. In addition, software control is needed to adapt
the blaze profile of the SLM. Regarding scalability, an SLM-based steering
module needs a specific carefully controlled setting per beam, necessitating
accurate local control per beam generated from the remote central site, and
handling multiple beams would imply a complex segmented SLM or multiple
SLMs with associated comprehensive remote control issues.

The pioneers, who proposed light scanning by employing passive disper-
sive optical components such as prisms, gratings, etc., while tuning the output
wavelength of a broadband laser, were I. Filinski and T. Skettrup. The idea
was published in 1982 [117]. However, they did not further implement the
steering for communication purposes. In a not so recent work but related to
the Beam-steered Reconfigurable Optical-Wireless System for Energy-efficient
communication (BROWSE)’s steering technique, hereby we note the work of
Nabeel Riza (1999) in which, he proposed the use of inertia-less optical scanners
as agile free space light routing method within a multi-user free-space optical
wireless network to realize all-optical advanced wireless networking [150]. A
system demonstration of 2D and 3D scanner using a 1-to-4 demultiplexer in-
corporation with Graded Index (GRIN) lens for the third dimension and a
mechanically tuned laser with 170 ms/nm was configured as shown in Figure
2.30 [151]. However, no data transmission was demonstrated.

In 2004, Kefei Liang et al. proposed a novel scheme which employed wave-
length space division multiplexing in an LoS approach [152]. In their approach,
a dispersive grating was proposed for 1D passive beam steering. Light is steered
depending on the wavelength that illuminates the dispersive element. In the
demonstration, a first order plane diffraction grating with a period of 1.1 um
was used to provide a 1D beam steering. It was successfully shown that a dis-
persive angle of ~ 10° over a range of 30 nm C-band (1530 nm - 1560 nm) was
obtained. A transmission of 1 Gbps using OOK signaling over 4.5 m with a
receiver FoV of 12° was achieved. The system configuration is shown in Figure
2.31. Further simulation showed that by using two concave singlet lenses, up
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Figure 2.30: Experimental setup to demonstrated a 2D and 3D A-scanner
[151].

to 90° receiving angle is possible [152]. In an approach to achieve 2D steering,
a secondary optical system with an array of fixed mirrors was proposed. This
work has shown promising results in using diffractive optics for beam steering.

External

P— modulator |EDFA SMF
unable —
LASER L — L

Receiver plane A

Computer

Oscilloscope [«

Figure 2.31: Experimental setup of a 1D downlink system demonstration with
2 m transmission between the grating and receiver [152].

The work of Kefei Liang was further developed into a 2D steering system.
The steering module was constructed using a reflective diffraction grating and
an array of 16 mirrors, together with a WDM source. An operational demon-
stration of 1 Gbps data transmission at a distance of 1.5 m was successfully
demonstrated and reported in H. Shi et al in 2005 [153].

In 2013, similar to Kefei Liang et al.’s work, we reported in C.W. Oh et al.
[154], a similar 1D steering system based on diffraction grating used together
with a tunable laser source, a blazed grating with a period of 12.66 pum and a
blaze angle of 75°. The data rate measured up to 10 Gbps using OOK-Non-
Return-to-Zero (NRZ) format over a distance of 2.5 m. A steering angle of
17.16° was achieved over a wavelength range of 130 nm.

This thesis will elaborate my research work on narrow beam Optical Wire-
less Communication (OWC) with passive beam steering since 2013. Further,
in developing a 2D beam-steered system, a steering module designed using 2D
cascaded gratings is proposed. By using Discrete Multitone (DMT) modula-
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tion format, up to 42.8 Gbps per-channel at Forward Error Correction (FEC)-
limit (BER < 2 x 1073) is achieved over 2.5 m distance. A steering angle of
5.61° x 12.66° with a 2-line scan between 1529 nm and 1611 nm was achieved.
With an improved cascaded gratings steering module, 7-line scan over 1511
nm and 1627 nm in an angular scan of 5.62° x 12.15° with an improvement of
at least 10.5 dB in power budget was achieved recently and reported in [155].
Using DMT modulation format, up to 41.4 Gbps per-channel is achieved at
FEC-limit (BER < 2 x 1073) over 2 m distance. In an effort to evolve indoor
OWC to all-optical bi-directional approach, an all-optical 2D-steered system
using optical carrier recovery technique has achieved 10 Gbps in both direc-
tions. Other progressive research activities will be further described in Chapter
8 and Chapter 9.

2.4 Chapter conclusion

The first section of this chapter has described many scanning techniques for
active and passive beam-steering in order to give a general overview of the vast
variety of techniques for steering, especially in terms of steering capabilities
and complexities. Active steering techniques featured devices which require
mechanical control or power for activating tuning mechanisms such as electro-
optic heaters and micro-mechanical actuators. These methods also typically
provide steering response in the order of milliseconds. In contrary, the pas-
sive steering mechanisms do not require any mechanical movement or power,
but are wavelength-dependent in diffractive and refractive propagation. By
using electro-optically tuned sources or with current-tunable lasers, a steering
response of up to nanoseconds can be achieved.

In the second section of this chapter, the recent approaches in tackling
optical wireless communication in an indoor environment were provided. Brief
mentions were given on the capability of the systems and the beneficial features
of each system in terms of simplicity, large FoV, adaptive beam control and
transmission speed, as well as the corresponding drawbacks of the systems. In
summary, the drawbacks of the given works include mechanical beam steering
where its speed is limited due to inertia, single channel steering which means
more elements such as mirrors or SLM segments are needed to steer more
channels, and the need for local powering to activate control functions at the
beam-steerer module.

The approach by Kefei Liang et al. is very interesting for the work in this
thesis as it proposed a passive, non-mechanical steering based on diffractive
optics, which is akin to the objective of this work. In Chapter 5, the evaluation
of a passive 1D steering system using diffractive optics will be elaborated.
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In a narrow beam Line-of-Sight (LoS) architecture, one of the biggest chal-
lenges in the free-space transmission is in directing these high capacity links to
serve multiple users for the “last meters”, bridging the gap between end-users
and the fiber infrastructure. A multi-beam steering method is necessary in or-
der to route the beams to different receiving devices simultaneously. The main
considerations of a beam-steering method must take into account the steering
efficiency and preservation of data integrity, which is of utmost importance in
a communication system. The ideal beam-steering module is considered to be
passive with no mechanical motions and low or no local powering needed, has
high power efficiency, provides a large steering angle, supports bi-directionality,
supports simultaneous steering of multiple beams, has short response time, is
reliable, easy to configure, simple to manufacture and low-cost. User terminals
with limited or full mobility naturally require real-time alignment, tracking
and fast beam steering with large angular tuning range.

In Beam-steered Reconfigurable Optical-Wireless System for Energy-efficient
communication (BROWSE), the main functionality of the beam-steerer is to
flexibly direct the confined beams towards wireless devices using a combination
of fully-passive optical elements at the remote access points and spectral tuning
elements at the central controller. With reference to Figure 1.6 in Subsection
1.3, the beam-steerer is contained in a structure known as Pencil Radiating
Antenna (PRA), which is to be positioned at the Access Point (AP). We shall
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introduce the beam steering concept in Section 3.1 which was proposed by Ton
Koonen in [156, 157].

My contribution on this work starts in Section 3.2 where I started by ana-
lyzing the grating equation (see also Subsection 2.2.4 for related grating equa-
tions) which is used to determine the parameters needed for constructing the
steering module. Having chosen the suitable gratings, I continued by designing
free-space transmission systems based on 2D beam steering. These proof-of-
principle systems were then evaluated thoroughly with static and dynamic
characterization, as will be reported in the next chapters.

3.1 Pencil radiating antenna beam steering concept

The PRA construction which was proposed is shown in Figure 3.1 [156, 157,
158, 159, 160]. It is constructed using two gratings to provide two-dimensional
(2D) angular beam steering depending on the wavelength of the beam arriving
at the PRA via the installed fiber. The beam out of the feeder fiber is collimated
into a narrow beam. The first grating steers the beam in ¢ direction and the
second grating steers it in 1 direction. The first grating has a small Free
Spectral Range (FSR). The wavelengths are scanned a multiple times over ¢
direction in the range of the FSR. The second grating has a large FSR and
the beam will be scanned across the orthogonal v direction. In this way, the
(¢ 1) plane can be covered by spots of different wavelengths.

grating 1
(small FSR,
fber lens diffraction ¢)
JaY
T
~4J
? )
2-dimensionally ¢
diffracted ;
light beams ~
grating 2
(large FSR,
diffraction )

Figure 3.1: Crossed gratings for 2D beam steering by Ton Koonen et al. [143,
156].

In order to increase the dispersive power of the first grating, an integrated
waveguide grating structure as shown in Figure 3.2 was proposed. The idea is
to introduce a constant waveguide path difference, AL so that the FSR can
be made small with the benefit of a higher angular dispersion. Neighboring
waveguides have an optical path length difference AL,, and are spaced at the
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fiber

path length difference AL,
between neigbouring waveguides

Figure 3.2: Integrated waveguide grating structure with small FSR [143].
end facet by d, [143]. Multi-beam interference maxima occur in direction ¢
for dysin p + AL; = mA. The FSR is then given as [143]:

A A2
—1 AL, +d,sinp — A

AMNpsp = (3.1)
m
With a large internal optical path length difference, AL,, a small FSR
and a high order m can be achieved. The angular tuning range A¢ which is
achieved when tuning over one FSR from A to A + AXpgp is [143]:

1 1
Ap = po—p1 = arcsin(—(m/\i —AL,))—arcsin(—(mA—AL,)) (3.2)
dw m—1 da:
As Ay is largest when ¢y = 7/2, the maximum angular tuning range,
A@Ymaz, can be obtained using [143]:

1 AL,
COSASOmax =1- (E)(l + d

) (3-3)

An alternative solution in obtaining small FSR and a high order, m, is
by employing the Virtually Imaged Phased Array (VIPA) [143], which was
introduced in 2.2.5.

3.2 Pencil radiating antenna beam steering design

The PRA, which functions as an area scanner, needs to be able to scan an area
by scanning with beams of different wavelengths line-by-line. The range of the
total angular scan and the density of scan lines are important parameters.

In order to realize the scanning using cascaded blazed diffraction gratings,
a basic requirement is that the first grating have a small FSR whereby a range
of wavelengths of different orders are overlapped in a 1D angular direction. A

3.2. PENCIL RADIATING ANTENNA BEAM STEERING DESIGN H
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second grating, placed orthogonally to the first grating will further diffract the
wavelengths in an orthogonal direction to the first, hence, creating a 2D raster
scan. In order to avoid overlapping beams, the large FSR of the second grating
should accommodate at least the full range of wavelengths accommodated by
the first grating. The range of spectrum in which it does not overlap the same
spectrum in another order, m, is known as the FSR.

Let us consider a spectrum between A\;, and A\yy. We denote the lower wave-
length as A;, and the upper wavelength as Ay. We can derive the appropriate
FSR by using the lower or the higher wavelength as below:

m(AL +FSR) = (m+1)AL
FSR = L (3.4)
m

or as below:

miy = (m+1)(Av — FSR)
Au

m+1

The FSR equation can also be derived by considering that A; of order m and

Ao of order m + 1 are diffracted to the same angle, ,,. Therefore, the FSR can
also be derived as:

FSR

(3.5)

mA; = d(sinf; 4 sinb,,)

(m+ 1A = A — Ao = d(sinf; + sin ) (——

m) (3.6)

where 6; is the incidence angle and 6, is the diffraction angle.

By using equation 3.5, assuming a wavelength range between 1500 nm to
1600 nm, for the first, small FSR grating, an FSR of 10 nm will give an order
of m = (1600/10) — 1 = 159. For the second grating, an FSR with a minimum
of 100 nm, will give the order, m < (1600/100) — 1 = 15. Note that for grating
1, many orders m are passed when tuning from Az to Ay (1500 nm to 1600
nm), and that the FSRs of these orders will be slightly different [143].

After determining the order of operation, in order to have a large angular
dispersion, the blaze angle of the grating should be as high as possible or the
period should be as small as possible as can be deduced from the dispersion
equation shown in Equation 2.22. The required groove spacing and blaze angle
can be determined using the Littrow configuration equation, i.e. Equation

2.24 (mA = 2dsinb,,). Note that Equation 2.24 only hold for a A where

2d
theta; = theta,,, so, in Littrow mount where A\ = Ao, = — Sin6,,.
m

Correspondingly, the diffraction angle can be derived from the grating equation
in Equation 2.21 for a constant incidence angle as:
mA

0,, = arcsin(sin §; — 7) (3.7)
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By using Equation 3.2 and Equation 3.7 we can determine the largest scan
range in a particular order. Figure 3.3 illustrates this relation in which the
scanning range (delta diffraction angle between the largest and smallest wave-
lengths) increases as the blaze angle increases and groove spacing decreases. As
the blaze angle increases, the scanning angle range also increases. The figure
is computed for an FSR of 10 nm with A = 1600 nm, therefore, m = 159 with
steered wavelengths between 1590 nm and 1599 nm. The computed maximum
angle that can be achieved at a blaze angle of 89° (7.86 grooves/mm) with wave-
length tuning between 1590 nm and 1599 nm is approximately 0., maz = 6°.

7 + + Gmove‘ Spacing 7
O Delta Diffracted Angle | T
9]
o 2
T 6 S 6 >

©

ke
é 5 (5] 5 B’
o % =
£ o] 4 2
& + S <
Q. o] el
0 3 3 %
g + ®
82 i 2E
5 + o
1 & s 18
| [0}

0 T PREHHRER. g 0

0 10 20 30 40 50 60 70 80 90 100
Blaze Angle (degree)

Figure 3.3: Dependency of scanning angle on groove spacing and blaze angle
in a theoretical design using Ay = 1600 nm.

Using the same method to determine the limit of steering on the low dis-
persive grating, using an FSR = 100 nm, with A = 1600 nm, therefore, m
= 15 with steered wavelengths between 1500 nm and 1599 nm. The com-
puted maximum angle that can be achieved at a blaze angle of 89° (83.33
grooves/mm) with wavelength tuning between 1500 nm and 1599 nm is ap-
proximately 0., _mar = 26°.

If we do a sweep across the gratings using a wavelength range between 1499
nm to 1631 nm, we see that for the highly dispersive grating, the wavelengths
will sweep across orders 155 to 169, and for the low dispersive grating from
orders 14 to 16. The corresponding tabulation of diffracted spots is shown in
Figure 3.4 and Figure 3.5, respectively. Do note that as the wavelengths are
swept across different orders, the angular tuning range differs slightly.

Blazed gratings which have a large blaze angle are known as echelle gratings.
In practice, echelle gratings provide more than one diffraction order for each
wavelength. For beam steering purpose, in order to avoid interference from the
next diffraction order of the same wavelength, only one diffraction order of the
second grating is used.

3.2. PENCIL RADIATING ANTENNA BEAM STEERING DESIGN H
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3.3 Grating selection

In early 1D proof-of-principle experiments, a blaze grating from Thorlabs is
selected due to the low cost. The parameters of the grating as specified by
Thorlabs are:

Product number: GE2550-0875

Size: 25.0 mm x 50.0 mm x 9.5 mm

Number of grooves: 79

Grating period: 12.658 um

Blaze angle: 75°

Blaze wavelength: 25 pum

Dispersion: 3.28 nm/mrad

In 2D beam-steering module which will be presented in Chapter 6, two diffrac-
tion gratings from Thorlabs were selected for the first 2D steering proof-of-
principle experiments. The specification of the first grating (high dispersion)
is as follows:

Product number: GE2550-0363

Size: 25.0 mm X 50.0 mm X 9.5 mm

Number of grooves per mm: 31.6

Grating period: 31.65 um

Blaze angle: 63°

Blaze wavelength: 57 um

Dispersion: 14.37 nm/mrad

The same grating as mentioned above (Thorlabs GE2550-0875) is employed
as the second grating (low dispersion). The reason the gratings are used in
this order is because the second grating has twice the FSR of the first grating.
Unfortunately, efficiency curves are not specified for gratings from Thorlabs.

Due to the high loss and limited scanning lines of the first steering module,
which was constructed using two reflection gratings, a new combination of
gratings were sought after and carefully selected to construct an improved
steering module which has a low loss, more scanning lines and a large angular
dispersion. Thorough evaluation and comparison between the modules are
elaborated in Chapter 6. From the calculation in Section 3.2, we would need a
grating of order m = 159 and a grating of order m < 15. Finally, a commercially
available high dispersion grating with a spectral order m = 100 at center
wavelength 1480 nm is selected from a list of gratings provided by Newport
[161]. It is not the ideal grating (according to the calculation) but it provides
the closest available orders that are needed.

Information of this grating is as follows, and the efficiency curve is given in

3.3. GRATING SELECTION H
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Figure 3.6:
Product number: 53004BK06-182E [162]
Size: 30.0 mm x 30.0 mm x 10 mm
Number of grooves per mm: 13.33
Grating period: 75.02 um
Blaze angle: 80.7°
Blaze wavelength: 148 pum
Coating: Aluminium
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Figure 3.6: Efficiency curve for Newport’s echelle grating blazed at 80.7°, with
13.33 grooves/mm at order m = 100 [163].
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Figure 3.7: Efficiency curve for Ibsen Photonic’s transmission grating of 1000
grooves/mm at order m = 1 [164].

As for the second grating (low dispersion), a transmission grating is selected
from Ibsen Photonics [164]. Information of this grating is as follows, and the
efficiency curve is given in Figure 3.7:

Product number: PING-sample-083 [164]

Size: 19.0 mm x 13.5 mm
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Number of grooves per mm: 1000

Grating period: 1 um

Angle of incidence: 49.9°

Materials: 100% dielectric

Grating technology: Surface relief, etched transmission grating

3.4 Verification of grating diffraction

In understanding the function of the grating from the equation to practical
realization we shall first use the appropriate equations and present an actual
verification setup implemented on a free-space testbed. The 79 grooves/mm,
75° blazed, echelle grating (Product number GE2550-0875) from Thorlabs,
which is designed for use in high orders, was employed.

A testbed measurement was carried out to verify the diffraction spots and
their locations as shown in the photo in Figure 3.8 and the schematic in Figure
3.9. The measurement was carried out using a red laser of wavelength, A =
657 nm, at a free-space distance of 64 cm.

Figure 3.8: Testbed for 1D diffracted spots verification.
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AR Echelle grating from Thorlabs
Teeall which has 79 grooves/mm and
R o
Spacing <o ‘~‘§‘~ a blaze angle of 75°.
between J|| TTTTe--o____ -
orders Dk T

Laser Source

64 cm

Figure 3.9: Experimental setup schematic for the verification of diffracted
spots’ positions. The grating is an echelle grating (Product number GE2550-
0875) from Thorlabs, which has 79 grooves/mm and a blaze angle of 75°.
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Figure 3.10 shows the corresponding theoretically calculated spots using the
equations given and experimentally verified spots. We see that the measured
spots correspond well to the theoretical positions.

3.5 Chapter conclusion

The chapter gave an introduction on the beam-steering techniques proposed in
BROWSE such as various types of gratings in realizing passive beam steering.
The corresponding important equations, which are sufficient for the design of
the cascaded grating approach, were presented. We further implemented a
setup for the verification of the theoretical calculation of the positions on the
diffracted spots, which is based on the formulas given. A brief theoretical cal-
culation will also be given in each experimental demonstration in the following
chapters.

3.5. CHAPTER CONCLUSION H






Chapter 4

System design aspects

Contents
4.1 Essential components for free-space transmission
testbed . . . .. ..o Lo e 68
4.2 Modulation formats . . . ... ... ..., 71
4.3 Collimator full-field of view . ... ... ... .... 72
4.4 Beam diameter . . . ... .... .. ... .00, 73
4.5 Eye-safety . ... ... ... e, 74
4.6 Cascaded gratings for beam steering . . . . . . ... 75
4.7 Angular magnification. . . . . ... ..o 0 0oL 76
4.8 Beamexpansion .. .. ........ . .00 ... 76
4.9 Beam steering control and localization. . . . . . .. 77
4.10 Automatic receiver alignment robot . . . ... ... 78
4.11 Chapter conclusion . . ... ... ... ........ 85

In this chapter, we shall first discuss the various design aspects of the free-
space optical transmission system. In general, the construction of a free-space
optical system is similar to the construction of an optical fiber communication
system, except that the medium of transmission is in free space.

Figure 4.1(a) shows a basic optical fiber communication system and Figure
4.1(b) shows the basic optical free-space communication system. The main
difference between the two is the medium of transmission, i.e. a fiber channel
or a free-space channel. Therefore, in essence, a system that can be imple-
mented in fiber channels can in principle be implemented in free space with
the help of optical components. The fiber channel is affected by attenuation
loss and dispersion effects in the fiber. On the other hand, indoor free-space
channels also have losses but dispersion is negligible. The active components
that make up the transmitter and receiver are essentially the same. The main
components that are employed in the experimental testbed for this dissertation
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Figure 4.1: Optical fiber communication system versus free-space communica-
tion system.

include light sources, modulators, electrical and optical amplifiers and photode-
tectors. Data generation and data processing are carried out by instruments
such as Arbitrary Waveform Generator (AWG), Pseudo Random Binary Se-
quence (PRBS) generator, Digital Phosphor Oscilloscope (DPO) and Bit Error
Rate Tester (BERT).

4.1 Essential components for free-space transmis-
sion testbed

The components which are employed in the work of this dissertation are as
follows:

Collimators

In this dissertation, a pigtailed triplet collimator lens from Thorlabs of type
TC18FC-1550 with design wavelength at 1550 nm, is used. The collimator (of
high beam quality (M? ~ 1) [165]) has a wavelength-adjusted focal length of
18.36 mm at wavelength of 1550 nm. The waist diameter (see Section 4.4) at
12.91 mm in front of the collimator housing, where the focal plane is at, is 3.33
mm. The diameter of the opening aperture of the lens is 10 mm. The spread of
the beam can be analyzed using the Gaussian beam by taking the beam waist
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where the focal plane is. For example, the diameter of the beams at 2 m, 2.5
m and 3 m are 3.53 mm, 3.64 mm and 3.78 mm, respectively. This type of ﬂ

collimator was chosen as it has a narrow beam with small divergence, as can
be seen in Figure 4.2.
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Figure 4.2: Beam diameter due to the divergence of Gaussian beam at distances
up to 5 m, at alignment wavelength of 1550 nm. The types of collimators
presented by Thorlabs in this figure are TC06, TC12, TC18 and TC25 [163].
The corresponding full-angle divergences based on the SMF-28e+ fiber are
0.101°, 0.047°, 0.034° and 0.024°, respectively.
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Figure 4.3: Thorlabs specified coupling loss and transmission efficiency for
Thorlabs’ triplet collimators. TC 18x-1550 represents both the ‘Physical Con-
tact FC/PC’ and ‘Angled Physical Contact (FC/APC)’ connectorized type of

collimators.

The collimator is also equipped with an anti-reflection coating which range
between wavelengths of 1050 nm and 1648 nm. These anti-reflection coatings
provide less than 1% maximum reflectance over the specified range. The oper-
ating wavelength range is specified to be between 1465 nm - 1648 nm, where



SLOHASY NDISHA NHLSAS ¥ HHLJAVHD n

4.1. ESSENTIAL COMPONENTS FOR FREE-SPACE TRANSMISSION
70 TESTBED

the coupling efficiency is decreased by approximately 1 dB due to focal shift
which was measured by Thorlabs using two collimators at a separation distance
of 200 mm.

Figure 4.3 shows the specification of the coupling loss of different triplet
collimators designed at various wavelengths and their corresponding transmis-
sion efficiencies. For the collimators used in this thesis, i.e. TC18FC-1550,
we refer to the curve for TC 18x-1550. ‘x’ represents the ‘Physical Contact
FC/PC’ and ‘Angled Physical Contact (FC/APC)’ connectorized collimators.
We observe that the insertion loss measured by the pair of triplet collimators
is up to approximately 0.41 dB at a distance of 2.5 m. Correspondingly, it has
a transmission efficiency of 91% [163].

Light sources

In this thesis, two types of lasers are used in the experimental setups. The
first is a 10 Gigahertz (GHz) 1550 nm Distributed Feedback Laser (DFB)
laser from Gooch & Housego model AA0701 which has a built in isolator,
thermoelectric-cooler and thermistor. A DFB laser uses periodic Distributed
Bragg Reflector (DBR) structures to form mirrors of the optical cavity. Tem-
perature change induces changes in the refractive index of the material com-
position of the Bragg reflectors and inner cavity, and can result in wavelength
change of a few nanometers. Therefore, in the earlier experiments, wavelength
change has been induced using temperature control of the DFB laser. The
second laser is a compact tunable laser source model 81960A from Keysight
Technologies. It is an external cavity laser which has a wavelength tuning
range from 1505 nm to 1630 nm and a capability to tune up to 200 nm/s.

Mach-Zehnder Modulators

Besides using direct modulation on the Gooch & Housego DFB laser, 10 Gbps
amplitude modulators are employed for external data modulation. These mod-
ulators are from SDL Integrated Optics Limited (Product name: 10 Gb/s Am-
plitude Modulator. Model number: 10AP MOD9140).

Electrical and Optical Amplifiers

Electrical amplifiers which are used are from SHF Radio Frequency (RF') broad-
band amplifier 100APP (30 kHz to 12 GHz bandwidth) or 100BP (40 kHz to
25 GHz bandwidth) for a gain of 19 dB and 17 dB, respectively. As for optical
amplifiers, there are two types, the first is an Erbium-Doped Fiber Ampli-
fier (EDFA) and the other is a Semiconductor Optical Amplifier (SOA).

Photodetectors

A 2.5 GHz with unknown brand is used. Another is a 10 GHz Discovery
Semiconductor PIN photodetector were employed (Part number DSC-R402AC-
39-FC/UPC-K-2). PIN photodetectors are popular for indoor applications, in
which economy is priority, due to the lower cost. There is also the option to
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use the high performance Avalanche Photodetectors (APDs) which can have
10 dB advantage for an APD with a multiplication factor of 10 [166], however,
at a higher cost in terms of price and high operating voltage.

Gratings
Please see Section 3.3 for information.

4.2 Modulation formats

In this section, we discuss briefly about the modulation formats employed
in this dissertation. We shall first discuss the On-Off-Keying (OOK)-Non-
Return-to-Zero (NRZ) modulation format, which is a binary non-return-to-zero
modulation. NRZ differs from Return-to-Zero (RZ) which transitions to the ‘0’
level for each bit by which it provides self-clocking but at the expense of double
the bandwidth. An on-off signal or unipolar signal in optical transmission is
known as on-off-keying. We see that there are two levels, that is the ‘on’ (when
there is light) and the ‘off” (when there is no light) levels.

When we transmit more than 1 bit/symbol, say ‘n’ bits, using amplitude
modulation, we shall have 2"-level modulation. N-PAM modulation is a multi-
level signal, for e.g., a 4-level Pulse Amplitude Modulation (PAM) would mean
a transmission of 2 bits/symbol. In fact, OOK is a 2-PAM system. OOK and
PAM systems do not carry phase information, only amplitude information.

Another coding method is the Quadrature Amplitude Modulation (QAM)
modulation format which has two dimensional modulation. The optical carriers
of the same frequency have a phase difference of 90° with each other (see Figure
4.4).

(@) (b) (c)

Figure 4.4: Example of constellation diagrams with I (in-phase or real) axis
and Q (quadrature or imaginary) axis for (a) OOK, (b) 4-PAM and (c) 4-QAM.

The next modulation format is the Discrete Multitone (DMT) modulation,
which is a variant of the Orthogonal Frequency Division Multiplexing (OFDM)
technique and is widely used, for e.g., in copper-based Digital Subscriber

4.2. MODULATION FORMATS !
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Line (DSL) user access networks for high speed transmission. DMT is a base-
band multicarrier and multiplexing modulation technique that by its so-called
bit-loading function can allocate the number of bits per subcarrier while adapt-
ing to the Signal-to-Noise Ratio (SNR) in order to optimize channel capacity in
a transmission link. A rate-adaptive bit-loading algorithm is utilized to max-
imize the data rate over the available system bandwidth while staying below
the threshold of Forward Error Correction (FEC) at a Bit Error Rate (BER)
< 2 x 1073. The operation of DMT transmit (modulation) and receive (de-
modulation) blocks in the digital domain is shown in Figure 4.5. From the
transmitting end, a stream of serial input data is subdivided into parallel
streams and modulated with QAM mapping. The complex signal is then mul-
tiplied with its conjugate satisfying the Hermitian symmetry for real-valued
Inverse Fast Fourier Transform (IFFT) output. IFFT is performed to place
the complex values and their conjugates on different sub-carrier frequencies.
The signal is then converted from parallel streams to a single serial high-speed
stream for transmission. At the receiving end, Fast Fourier Transform (FFT)
is performed to demodulate the signal and the BER is calculated. For a more
extensive treatment on DMT modulation techniques, please refer to [167, 168].
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Figure 4.5: Discrete multitone modulation (DMT) operation blocks for trans-
mitting and receiving DMT signals. Quadrature Amplitude Modulation
(QAM), Cyclic Prefix (CP) [167].

4.3 Collimator full-field of view

The collimators employed in this dissertation have a Full-Field of View (FFoV),
which is related to the full-angle divergence, 64,. The theoretical maximum
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specified is 0.034° at 1/e2, which can be calculated using:

MFD 180
FFoV =04 = ——— X — (4.1)
f T
where M F'D is the mode field diameter of SMF-28e+ which is 10.4 £ 0.5 gm
at 1550 nm [169].

4.4 Beam diameter

Since laser sources are used in this thesis we shall analyze the free-space beam
using the well known Gaussian beam equations with the important parameters
as shown in Figure 4.6. Laser beams are similar to plane waves but their
intensity distributions are concentrated near the axis of propagation with a
slightly curved phase fronts [170]. A field component, u, of the coherent light
satisfies the wave equation:

Ay + k=0 (4.2)
where k = 27/ is the propagation constant in the medium, and
w=W(z,y,2) exp(—jk=) (4.3)

where V¥ is a slowly varying complex function which represents characteristics
such as non-uniform intensity distribution, expansion of the beam width with
propagation distance, curvature of the phase front, etc.

The fundamental Gaussian beam is given by H. Kogelnik and T. Li as [170]:

W ) 9, 1 gk
u(r,z) = " exp(=j(kz = @) —r(—5 + 55)) (4.4)

where ® = arctan(\z/mw?) and is known as the Guoy phase shift (See [170, 171]
for the full derivation). The expression describes the behavior of the laser beam
amplitude as a function of transversal coordinate, r, and axial coordinate, z.

A commonly accepted definition is that the Gaussian beam waist is the
smallest radius of the beam and is denoted as, w,, (see Figure 4.6) where
the beam intensity or power has fallen to 1/e? of the peak. Sometimes the
position at half peak is used and this is known as the Full Width Half Maximum
(FWHM) width. It is impossible to have a perfectly collimated beam due to
diffraction of light waves.

The beam radius at z-position is given by:

w(z) = woy [1+ (=)? (4.5)

4.4. BEAM DIAMETER H
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Figure 4.6: Profile of Gaussian beam which can be described using the param-
eters explained in the text. (a) Longitudinal and (b) Transversal power profile
of the Gaussian beam amplitude, with a solid line indicating the full width at
half maximum position and a dashed line indicating the 1/e? position.

The radius of curvature at z-position is given by:

R(z) =20+ (2P (4.6)

where Zp, which is known as the Rayleigh range, is where the beam waist has
increased by a factor of V2.

The Rayleigh range can be calculated using:

Ip=—2 4.
R y (4.7)

At far field (z >> Zp), the half-divergence angle, can be calculated using;:

/2 A
9 = —_— = 4-
b w7, (4.8)

where b = 2Zg which is the depth of focus.

4.5 Eye-safety

As the optical channels will be propagating in free space, it is a must that skin-
and eye-safety limits are taken into account. However, since the optical power
limit for eye-safety is lower (more stringent) than the limit for skin-safety,
the maximum permissible exposure (MPE) required for eye-safety is used in
this dissertation. The Accessible Emission Limit (AEL) can be calculated as
follows:

AEL = MPE x mr? (4.9)
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where Maximum Permissible Exposure (MPE) [18] is the reference limit where
a person can be exposed to without risk of injury, 72 is the beam area in which
the beam radius, r, is commonly calculated at 63% or 87% power level, i.e. at
1/e or 1/e?, respectively [172]. Figure 4.7 shows the different MPE values for
different wavelength for several exposure duration. Much higher MPE value
is given for wavelengths above 1400 nm. This means a more relaxed optical
power constraint is attainable for infrared beams of wavelengths above 1400 nm
compared to shorter wavelengths in visible light communication (see Subsection
1.2.2).
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Figure 4.7: The maximum permissible exposure versus wavelength for several
exposure duration [44].

4.6 Cascaded gratings for beam steering

In setting up the grating-based Pencil Radiating Antenna (PRA), it is impor-
tant to know the positions and the coverage of the diffracted spots which are
expected for the different gratings. These can be calculated easily by using the
grating equation shown in Equation 2.21.

e In x-direction:

mA

0z.m = arcsin(sin 6,; — d—) (4.10)
1
e In y-direction:
A
0y.m = arcsin(sin 6y ; — TZ—) (4.11)
2

4.6. CASCADED GRATINGS FOR BEAM STEERING H
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where d; and dy are the period of grating 1 and grating 2, respectively.

After the alignment process, the positions of the spots are measured and
compared to the calculated tabulation to verify their positions. For further
design calculations, please see Chapter 3.

4.7 Angular magnification

As shown in Section 3.2, the passive blazed gratings that are employed in this
work are limiting the coverage to angles of approximately 6° x 26° when used
with a Free Spectral Range (FSR) of 100 nm. In order to further extend the
angular coverage, an angle magnifier can be used. The simplest form of angle
magnifier is an inverse Keplerian telescope, as shown in Figure 4.8. It is a simple
construction which can be build using two lenses with focal lengths depending
on the magnification factor desired. The angular magnification factor can be

calculated using:

oS _h 4 (4.12)
tana  fo  do
where d; and dg are the diameter of the incoming and outgoing beams, f; and
fo are the focal lengths of the input lens and output lens and « and 3 are the
angle of the incoming and outgoing beams, respectively. Note that angular
magnification (/o > 1) implies beam narrowing (dz/d; < 1). Besides using
a Keplerian telescope method, there are also variants with a positive and a

negative lens, i.e. Galilean telescope setup.

Figure 4.8: Basic setup for an angular magnifier.

4.8 Beam expansion

As we see in Section 4.7, angular magnification leads to beam narrowing. To
compensate the narrow beam, we can first expand the beam size before trans-
mitting it to the beam-steering module which is equipped with angular magni-
fication to increase its angular steering coverage. As shown in Figure 4.8, the
angle of the beam is expanded at the expense of a smaller output beam. There-
fore, it is important to compensate the beam size by using a beam expander
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to increase the beam size again. A basic setup of a lateral beam expander is

shown in Figure 4.9. The lateral magnification factor can be calculated using:
Jo  do
M===—= 4.13
o di (4.13)

The effective length of such configuration will be f; + fo.

Optical w d,

—fy e, ——

Figure 4.9: Basic setup of a lateral beam magnifier.

4.9 Beam steering control and localization

The beam steering control of the system is incorporated in the Central Com-
munication Controller (CCC). The Keysight tunable laser 81960A, which is
able to tune up to 200 nm/s and with a wavelength tuning range from 1505 nm
to 1630 nm, is employed. The beam steering process, as described in Chapter
3.1, is initiated when a user transmits a 60 GHz signal to the phased-array
antenna at the Radio Access Point (RAP). Instantaneous or low-latency iden-
tification of the position and tracking of the movements of mobile devices is
important. As localization is not part of the work in this dissertation, only sev-
eral examples of recently reported localization techniques which can be used for
localization in indoor Optical Wireless Communication (OWC) are mentioned.

An interesting approach is to employ a localization technique based on the
angle-of-arrival principle, reported by Kulakowski et al [173]. In this case,
a mobile device transmits radio signal which is detected by a phased-array
antenna at the access point and subsequently, the signals angle-of-arrival can
be determined. The radio signal can be a separate beacon signal or a part of
preamble of the upstream signal.

In 2011, Ke Wang et al. demonstrated an interesting method [146], in
which the user first sends a “request” message to the transceivers mounted on
the ceiling to activate the localization function. Upon receiving the “request”
information, the transceiver starts a “search and scan” process by sending a
specific code to each cell. After receiving the code, the user device copies and
sends it back so that the transceiver is able to obtain the location information

4.9. BEAM STEERING CONTROL AND LOCALIZATION
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of each user device through the specific code sent back. The “search and scan”
process continues running to update the user device’s localization information.
In the work of Liang et al. [152] in 2004, the receiver is placed at any
position along the receiver plane, which is 2 m away from the grating beam
steerer. The tunable laser tunes through a wavelength range and the received
power recorded at each wavelength is used to find the maximum. Then, the
tunable laser is set to the wavelength with the highest power recorded.

4.10 Automatic receiver alignment robot

In order to aid the alignment of the system setups, an automated alignment
system was designed and built in order to aid the alignment of the receiver
to the beam-emitting access point. However, it is important to note that this
is not the final intended design. The assumption is that the final developed
receiver have a wide Field of View (FoV) and therefore, as long as the beam
is pointing towards the receiver, the alignment robot should be able to locate
the beam very quickly and to optimize the alignment to the maximum power
position. The four degrees-of-freedom alignment robot has been programmed
with the capability to automatically search and optimized power collection by
aligning the axis between the optical transmitter and receiver. In the future,
better and faster optimization algorithms and learning algorithms can be pro-
grammed into the software. The alignment robot was developed within the
master thesis project of Adridn Pérez Oliveros [174]. The task of the robot
is to effectively align the receiver to the optimum power in the shortest time
possible by only tuning the lens collimator at the receiver based on the received
optical power. The alignment robot is able to work in two stages. The first
stage is the establishment of optical link and the second stage is the alignment
optimization using fine alignment. Exhaustive experimental results show that
up to the 75% of the transmitted power can be collected at the receiver side at
transmission distances of up to 2 m. The alignment time required, including
the time the robot use to find the beam, is between 2 and 6 minutes on aver-
age using a lens with a FoV of 0.034°. This can be further improved by using
optimization algorithms, for e.g. gradient descent optimization [175].

In order to build a simple alignment robot, only one parameter is measured
to achieve the optimal alignment. This parameter is the received optical power.
The receiver is built with four degrees-of-freedom in order to be able to move
the receiver to obtain the peak power position (as shown in Figure 4.10). The
robot has a horizontal transition in x-axis, vertical translation in y-axis, hori-
zontal rotation @ and vertical rotation ¢. The x- and y-translations are enabled
by using 12-mm-travel-range actuators, one for each axis. A 360° motorized
worm wheel drive rotation stage is used for 8 rotation and a +8° goniometer is
used for ¢ rotation. The operation of the robot is shown in Figure 4.11 [174].
A Thorlabs TC18FC-1550 triplet lens, as described in Chapter 4, is used to
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Figure 4.10: A 4 degrees-of-freedom alignment robot which has been pro-
grammed with the capability to automatically search and optimized power
collection by aligning the axis between the optical transmitter and receiver
[174].

4.10. AUTOMATIC RECEIVER ALIGNMENT ROBOT H
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couple the beam into a SMF. In order to detect an incoming beam, the posi-
tioning system is connected to a photodetector to measure the received optical
power. After that, the positioning program executes the alignment command
to move the receiver to the position where the received power is maximum.
The alignment process is shown in the flowchart in Figure 4.12.

free’SP_aC_e Collimator ootical fib
- ransmission 1cal fiper
Collimator |--=----=- » + e >

Positioning System

Optical fiber

Laser (1550 nm) Photodetector

usB

Computer usB
(Alignment Software)

Figure 4.11: Automatic receiver alignment system design [174].
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Figure 4.12: General flowchart of the alignment algorithm [174].

The complete software was implemented with LabVIEW®) [176, 177], which
is a comprehensive integrated development environment designed specifically
for building measurements and control systems. In the design of the alignment
program, modularity of the algorithms is essential. A modular programming
allows a combination of complex algorithms by combining smaller independent
sub-algorithms which can be developed individually and can be easily modified
if needed, for e.g. the addition of new functionalities or for the implementation
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of optimization algorithms into each module (sub-algorithm). A brief descrip-
tion of each sub-module is given as follows:

Light detection

This is the first sub-algorithm which starts of by moving the receiver in search
of a connection. After the evaluation of several options, e.g. spiral search
[178], spherical movement search was chosen for being the easiest to implement
and the simplest in terms of computational complexity. It requires only the
horizontal rotation # and vertical rotation ¢ movements as shown in Figure
4.13. The flowchart for this sub-algorithm is shown in Figure 4.14. The receiver
scans the area continuously until the measured power is above the power value
set by the user in the software. The selection for the two rotation axis is not
random but it is to align the beam such that it falls into the FoV of the receiver.
For a receiver with a large FoV, the beam can be detected easily and therefore,
this step can be skipped.

Starting point

Final point

Figure 4.13: Light detection method based on horizontal rotation 6 and vertical
rotation ¢ movements [174].

First translational alignment

Once the beam is detected by the receiver, the horizontal transition in x-
axis and vertical translation in y-axis are used to find the peak power of the
beam. The peak power could be positioned anywhere on the receiver lens.
By comparing the received power of the current location and the neighbors’
(except for the previous location as the power is certainly smaller than the
current location), this sub-algorithm moves the receiver by translating the X-
Y axes to the location with the higher received power. The flowchart for this
sub-algorithm is presented in Figure 4.15.

Two fine scans
Now that we have found the position with the maximum power, this could be
just the apparent maximum power but not the true peak power of the beam, as

4.10. AUTOMATIC RECEIVER ALIGNMENT ROBOT H
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Figure 4.14: Flowchart for the light detection sub-algorithm [174].
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Figure 4.15: Flowchart for the ‘First translational alignment’ sub-algorithm
[174].
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shown in Figure 4.16. In this sub-algorithm, two scans with the first having a
wider scan area than the second was implemented. The continuous horizontal
rotation 6 approaches a horizontal resolution of about 0.003°.

Transmitter Receiver

- Lens axis

= Lens axis

Figure 4.16: The apparent versus the true peak power [174]: (a) Receiver
seems well-aligned but is not at the direction of the peak power. (b) Receiver
is aligned to the direction of the peak power.

The difference between the angular transition in this sub-algorithm com-
pared to the “Light detection” sub-algorithm is that instead of scanning to the
left and right, this sub-algorithm moves the receiver back to the same position
where the vertical rotation started to ensure that the step size is consistent in
each movement. The sub-algorithm ends when the maximum received power
in the horizontal position is above the threshold set. The flowchart for this
sub-algorithm is presented in Figure 4.17.

Fast go to the maximum

The receiver is now very close to the ideal position. The receiver now scans
the position vertically along the axis where the maximum point was found in
the horizontal scan. The peak power should be along this vertical axis. The
receiver is rotated vertically downwards along the vertical axis. The flowchart
for this sub-algorithm is shown in Figure 4.18.

Second translational alignment
This sub-algorithm adjusts the X-Y translation axes to position the receiver
precisely at the center of the aligned beam.

Alignment assurance

This sub-algorithm can be activated to track the alignment state. The module
compares the current detected power with the previous received power in order
to determine if the beam is misaligned. A power margin is used to set when

4.10. AUTOMATIC RECEIVER ALIGNMENT ROBOT H
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Figure 4.17: Flowchart for the ‘Two fine scans’ sub-algorithm [174].
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examined powers

v

Bring the collimator
to its position

Figure 4.18: Flowchart for the ‘Fast go to maximum’ sub-algorithm [174].
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the power drop is significant enough to activate re-alignment. The flowchart
for this sub-algorithm is presented in Figure 4.19.

Save initial power

A J
//// \\\ No
Current power < (initmlpok\

margin)

Yes

Figure 4.19: Flowchart of the alignment assurance sub-algorithm [174].

4.11 Chapter conclusion

In order to provide a smooth transition from the previous theoretical chap-
ters, the practical issues regarding the implementation of optical free-space
communication system are introduced in this chapter. The communication
components which are used in the experimental demonstrations in the subse-
quent chapters are described. Important system design considerations such as
the determination of the beam diameter, eye-safety, grating dispersion, and
angular magnification are described. We have also seen the working mecha-
nism of an automatic receiver alignment robot which was frequently employed
in experimental evaluations.

In the next chapter, the system design and the evaluation of one-dimensional
(1D) beam steering will be presented.

CHAPTER CONCLUSION [l

4.11.
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After discussing the theoretical principles and devices available, this chapter
will elaborate on the proof-of-concept experimental evaluations to characterize,
and determine the feasibility of gratings for optical free-space transmission. In
order to predict the area coverage, the theoretical calculation to determine
the map of the diffracted beams’ position versus wavelength is given. These
beams are then aligned and measured on a screen at a certain distance to
verify the calculated map. Finally, the chapter will be concluded with several
experimental evaluations.

5.1 1D beam diffraction for 1D beam steering

The echelle grating that has been employed in this experiment is a Thorlabs
GE2550-0875 model. The grating has 79 grooves/mm, a blaze angle, g of 75°
at a blaze wavelength of 25 um and a linear dispersion of 3.25 nm/mrad. The
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Figure 5.1: Map of diffracted beams at several grating orders for 1D beam
steering. The wavelength employed is 1558.98 nm. The distance between the
grating module to the plane of interest (where the devices are assumed to be)
is taken to be 2.5 m [179].

size of the grating is 25 mm x 50 mm x 9.5 mm. The grooves are parallel to
the shorter dimension. For more information, see Section 3.3.

The map of the diffracted beam of A = 1558.98 nm, at different grating
diffraction orders, is shown in Figure 5.1 for a free-space distance of 2.5 m
(assuming the height of the Pencil Radiating Antenna (PRA) is 2.5 m from
the plane of interest). These positions can be calculated using the grating
equation 2.21:

mA = d(n1 sind; + ngsinb,,)

By rearranging the grating equation, we have:

1 mA
0, = arcsin|— (—— — nysinb;
m [n2 ( d 1 1)]
Since a reflection blazed grating is used, the refractive indices n; and ng are
equal to 1.

Om = arcsin[(% — sinb;)]

In a Littrow configuration, the incidence angle, 60; is equal to 0p, so, 6; is
constant at 75° d is the period of the grating, which is equal to 1 mm/79
grooves, therefore 12.6582 pm, and with A = 1558.98 nm, the order can be
calculated using the Littrow equation 2.24:
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2d sin 0,,
==
_2(12.6582 x 1079) sin 75°
T T 1558.98 x 109

m

=15.69 = 15

We can finally calculate the position of each beam by using:
A
O = arcsin[(% — sinb;)]

The Littrow angle of 75° is set to be the normal to the plane of interest, in this
case, the plane is at distance of 2.5 m away.

The first angular position of the diffracted beam of wavelength, A = 1558.98
nm is:

15(1558.98 x 107Y)
12.6582 x 106
The delta angle between the normal at 75° and 6,,; is then 75° — 61.82° =

13.18°. The position of the beam at 6,,; at 2.5 m distance away from the
normal is 2.5 m X tan 13.18° =0.59 m.

01 = arcsin|( — sin75°%)] = 61.82°

As discussed in Subsection 2.2.4, only spectral orders where |mA/d| < 2 can
exist. Therefore, with a constant A and d, only the orders lower than m = 15
can exist. Therefore, we calculate the next position for order, m = 14. Cor-
respondingly, the next angular position of the diffracted beam of wavelength,
A = 1558.98 nm is:

14(1558.98 x 1077)

12.6582 x 10-6 sin75°)] = 49.32°

Omo = arcsin|(

The delta angle between the normal at 75° and 6,2 is then 75° — 49.32° =
25.68°. The position of the beam at 6,2 at 2.5 m distance away from the
normal is 2.5 m X tan 25.68° =1.20 m.

The next angular position of the diffracted beam of wavelength, A\ = 1558.98
nm, at m=13, is:

13(1558.98 x 107Y)
12.6582 x 10—6

Oma = arcsin|( — sin75%)] = 39.43°

The delta angle between the normal at 75° and 6,,1 is then 75° — 39.43° =
35.57°. The position of the beam at 6,,3 at 2.5 m distance away from the

beam normal to the plane of interest is 2.5 m x tan 35.57° =1.79 m.

Similarly, for the 4th and 5th orders, the angular positions are at 30.80° and

1D BEAM DIFFRACTION FOR 1D BEAM STEERING

5.1.
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22.88° away from the normal and at a distance of 2.5 m away, the beams are
directed to positions, 2.43 m and 3.21 m, respectively.

To further illustrate 1D beam steering using different wavelengths, the
beam position versus wavelength map is calculated, as shown in Figure 5.2.
First, we look for the diffraction order of the corresponding wavelength by
rearranging the Littrow equation 2.24 to:

_ 2dsin Oy,
B A

Afterwards, the corresponding diffraction angles when the wavelength is changed
can be obtained using:

O = arcsin[(m?)\ — sinb;)]

By steering the wavelength from 1529 nm to 1630 nm at diffraction order,
m = 15, we achieve a steered distance of 772 mm.
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Figure 5.2: Diffraction angle and spatial distribution for a transmission dis-
tance of 2.5 m between the grating and the screen, with corresponding maxi-
mum steering angle of 17.16° by using diffraction order m = 15 for 1D beam-
steering [154]. By steering the wavelength from 1529 nm to 1630 nm, we achieve
a steered distance of 772 mm.

5.2 Channel bandwidth

The spectral response profile of a system has a major impact on the bandwidth
of the overall system, next to the bandwidth of the receiver. As discussed in
Subsection 2.2.4, the bandpass is determined at the Full Width Half Maximum
(FWHM) of the normalized power or intensity curve 2.24(d). R.B. Passey et al.
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Figure 5.3: Diffraction grating and the exit slit from the monochromator [180].
i: angle of incidence, i’: angle of diffracted light, N: normal line to grating, d:
period of the grating, G: diffraction grating

[180] reported the method they used in calculating and measuring the spectral
bandwidth of their monochromators in 1975. The method they used to measure
the spectral bandwidth, as shown in Figure 5.3, is similar to the method used
in this dissertation. The only difference is that, in this dissertation, a lens
coupler, and hence, the lens aperture acts as the slit which determines the
wavelength interval that passes through the aperture.

This dissertation presents two methods in measuring the spectral band-
width of the steering module. The first is by tuning the laser in a range of
wavelengths and measure the optical power, in which the spectral bandpass
is then determined at the FWHM of the normalized power curve. The sec-
ond method is by using the Optical Spectrum Analyzer (OSA) to capture the
Amplified Spontaneous Emission (ASE) spectrum of an Erbium-Doped Fiber
Amplifier (EDFA) whereby only a wavelength interval will be captured by the
coupling lens.

The spectral bandwidth, A\, can be determined from the optical spectrum,
and the bandwidth in frequency, Av can be obtained using:

cAN

Av="%

(5.1)

For example, a spectral bandwidth measurement was carried out by trans-
mitting ASE wideband signal originating from an EDFA toward an echelle
grating (Thorlabs GE2550-0875) which has 79 grooves/mm and a blaze angle
of 75°. The receiver (triplet lens collimator from Thorlabs (TC18FC-1550)
with a focal length of 18.36 mm, an opening aperture of 10 mm, and a full-
angle divergence of 0.034°. The 1/e? beam diameter is 3.33 mm at the focal
plane. For further information on the lens collimator please refer to Section
4.1.) was placed at 1 m distance and the received beam is coupled into the
optical input port of an OSA. The measured spectral bandwidth, as shown
in Figure 5.4, is 0.17 nm at FWHM which by using Equation 5.1, we get the
corresponding bandwidth of 21.27 Gigahertz (GHz) in frequency.

5.2. CHANNEL BANDWIDTH H
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Figure 5.4: Spectral response curve of an echelle grating (Thorlabs GE2550-
0875) which has 79 grooves/mm and a blaze angle of 75° used together with
a triplet lens collimator from Thorlabs (TC18FC-1550) with a focal length of
18.36 mm, an opening aperture of 10 mm, and a full-angle divergence of 0.034°.
The spectral response was measured using an optical spectrum analyzer with
a resolution of 0.01 nm, at a transmission distance of 1 m.

5.3 Transmission using multiple grating orders

This subsection starts with a feasibility study on free-space transmission chan-
nels which are diffracted by a passive grating. The target of the demonstration
is also to show the feasibility of a system which supports simultaneous multi-
beams transmission [179, 181]. We first determine the performance of a 2 m
long Single Mode Fiber (SMF) channel using a 2.5 Gbps On-Off-Keying (OOK)
Non-Return-to-Zero (NRZ) signal directly modulated onto the 1558.98 nm
Distributed Feedback Laser (DFB) laser diode. This transmission measure-
ment will serve as a control or Back-to-Back (BtB) measurement for the sub-
sequent free-space transmission channels. The setup for the BtB transmission
is shown in Figure 5.5. The transmitted power is kept at 2.5 dBm. The data
pattern is created with a 23! — 1 Pseudo Random Binary Sequence (PRBS)
generator. The transmitted signal is measured using a 2.5 Gigabit per sec-
ond (Gbps) receiver and the Bit Error Rate (BER) performance is evaluated.

The link performance measurement is repeated for direct free-space channel
with the free space propagation distance extended using a mirror to 60 cm, as
shown in Figure 5.6. This construction enables an extended distance to be
constructed in a minimal testbed size by folding the path of the beam. A
beam of 3.3 mm in diameter is launched through an SMF pigtailed triplet
collimator (see Chapter 4) with a wavelength-adjusted focal length of 18.36
mm at wavelength of 1550 nm. The beam travels a distance of 25 cm, towards
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a silver coated mirror, mounted at 45° with reference to the incident beam.
The reflected beam is received by a similar SMF pigtailed collimator placed
at 35 cm from the mirror, attenuated, and evaluated with a BER tester and
eye-diagram measurement.

Transmitter Fiber Channel Receiver
I 1
I 1
Directly-modulated laser H Photodetector
1 1
1558.98 nm ! ! BERT
f ( DG) 1 A
SZ:A‘ : SMF : g_ ‘ZS -
| 1 Sampling
: i Oscilloscope
| PRBS Generator | +—— Imor2zm ———»¥
1 1
U ! !
101010 | H
Input data ! !

Figure 5.5: Simple fiber communication setup for BtB channel performance
evaluation.
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Figure 5.6: Point-to-point free-space channel setup.

The free-space channel of 60 cm distance was configured by aligning the
receiving collimator to the beam which was reflected by the mirror towards
the receiving collimator. The setup was aligned manually with best effort.
The resulting optical power loss was < 1dB, which was measured at the fiber
output of the receiving fiber-pigtailed collimator. This loss is composed of

5.3. TRANSMISSION USING MULTIPLE GRATING ORDERS H
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collective losses due to misalignment [182, 183] (see Figure 4.16), the insertion
loss of the collimators by Thorlabs (see Figure 4.3), and the connector loss
between the fiber and the pigtailed collimator at transmitting and receiving
ends. As depicted in Figure 5.7, the BER performances of the different free-
space distances resemble closely the performance of the BtB system. This
shows that there is negligible signal attenuation and dispersion in the free-
space optical link. The receiver sensitivity is measured to be approximately
-26 dBm at a BER about 1 x 1079 (generally considered error-free BER in
this dissertation). With a less sensitive receiver, a higher transmission power
will be needed in order to achieve near error-free transmission. Measurements
have also been performed for 1 m free-space transmission with the ambient
light (laboratory lighting) turned on and off, alternately. Ambient lighting is
one of the concerns in visible light communication since the ambient lighting
and the communication channels share the same optical spectrum. Besides, a
receiver with a wide Field of View (FoV) will naturally detect more ambient
light which leads to more noise from ambient lighting and therefore, results
in a lower signal-to-noise ratio. In this system, as the FoV of the receiving
collimator is very small, i.e. approximately 0.034 degree (see Section 6.6), we
do not expect much ambient lighting to affect the communication channel and
to be sure of this, the ambient lighting is also checked.

From the results shown in Figure 5.7, we see that the transmission distance
and ambient lighting do not cause significant link attenuation and dispersion.
On the other hand, the BER performance relies on the transmitted power,
receiver sensitivity and power loss.

e O Free Space 25¢m (Lights Off)
Ty + Free Space 50cm (Lights Off)
= N B Free Space 75cm (Lights Off)
i d“@i """"""" A Free Space 1m (Lights Off)
% RS Free Space 1m (Lights On)
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Figure 5.7: BER performance of links with varied free-space distances of 25
cm, 50 cm, 75 cm and 1 m for 2.5 Gbps system [179].

After the evaluation of single point-to-point link was done, an echelle grat-
ing (Thorlabs GE2550-0875) of 79 grooves/mm with a blaze angle of 75°, has
been integrated into the system in order to provide instantaneously multiple
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diffracted beams. The link quality of the diffracted transmission beams is eval-
uated by benchmarking against the BtB measurement and against a free-space
beam reflected by a silver-coated mirror. Figure 5.8 illustrates the setup for the
proof-of-concept experiment with 1.5 and 2.5 Gbps, OOK-NRZ directly mod-
ulated 1558.98 nm laser diode. The data pattern is generated with a PRBS
of 231 — 1 bits. The transmission power of the laser diode is kept at 2.5 dBm.
The mirror has been replaced by a near-Littrow-mounted echelle grating, while
maintaining the rest of the setup.

Free-space Channel
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Figure 5.8: Free-space channel performance measurement setup for the feasi-
bility of 1D diffracted beams for communication.

The resulting BER performance of the system, for 1.5 and 2.5 Gbps data
rate, is presented in Figure 5.9. Up to 3 diffraction orders are measured at 2.5
Gbps and 1.5 Gbps. For both speeds, error-free links have been achieved at a
receiver sensitivity of -28 dBm and -24 dBm for 1.5 and 2.5 Gbps, respectively.
Both systems show a negligible power penalty of less than 1 dB with respect to
BtB measurement. The eye-diagram shows negligible dispersion. The 1.5 Gbps
diffracted links are additionally benchmarked to the free-space transmission
system which uses a mirror. The BER performance of the free-space system
corresponds perfectly with the BER performance of a 2 m long SMF. However,
from the 1.5 Gbps BER performance result, it can be seen that the power
penalties are slightly larger than in the 2.5 Gbps system. This could be due to
the adjustment of the modulator which could perhaps be better, for e.g. the
crossing and opening of the eye of the bit pattern. Nevertheless, the variation
in power penalty is still within an acceptable 1 dB measurement error. The
measurement error could be contributed by a slight change in temperature or
a slight change in the setting of the polarization of the modulator, or a slight
change in movement of the electrical cables or fibers. It is also noted that 2.5
Gbps system has a reduced slope. This shows that the system is affected by

5.3. TRANSMISSION USING MULTIPLE GRATING ORDERS H
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more noise at higher data rate. This could be due to the signal distortion from
direct modulation, causing slight change in system responses.
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Figure 5.9: BER performances of SMF, free space (FS) and diffracted beams
for 1.5 and 2.5 Gbps.

In conclusion, this section has evaluated and demonstrated a high-capacity
optical indoor system using a passive diffraction grating. As a proof-of-concept,
transmission of a 2.5 Gbps data stream over 60 cm free-space links has been
shown. With a transmitted power of 2.5 dBm, a BER less than 10~ over
various links with negligible dispersion and power penalty has been observed.

5.4 1D wavelength beam steering

In this section, we extend the feasibility assessment with a longer free-space
transmission distance of 2.5 m, and data rates of up to 10 Gbps using the
OOK-NRZ modulation format [154]. Error-free links beam-steered over a total
wavelength range of 130 nm, with steering angle of 17.16°, have been achieved.
The echelle grating of 79 grooves/mm with a blaze angle of 75°, similar to the
one in Section 5.3 is used. However, we observe the dependency on polarization
as we work away from the blaze wavelength.

5.4.1 Polarization dependent loss measurement

In this subsection, the polarization-dependency of the selected echelle grating
is characterized at far field over a wavelength range of 130 nm. The maximum
insertion loss depicted by Transverse-Electric (TE) and Transverse-Magnetic
(TM) propagation of the complete transmission system was characterized in
a compact testbed setup with an effective transmission distance of more than
2.5 m, as shown in Figure 5.10.
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Figure 5.10: Experimental setup for insertion loss and polarization dependent
loss measurement.

For the polarization-dependence characterization, a tunable laser source
(TLS 81600B from Keysight, formerly Agilent Technologies) and a polarization
synthesizer are connected directly to the transmitting (Tx) collimator and a
power meter is connected directly to the receiving (Rx) collimator. Keysights
polarization synthesizer, N7786B [184, 185], is based on the industry standard
Mueller Matrix method for measuring Insertion Loss (IL) and Polarization
Dependent Loss (PDL) spectra. It contains a fast polarization-state for single-
sweep wavelength-dependent PDL measurements used in combination with the
N7700A PDL software, Tunable Laser Source (TLS) 81600B tunable laser and
N7745A optical power meter. The Rx and Tx collimators are selected from
Thorlabs triplet fiber collimators range. These collimators are ideal for free-
space transmission due to its small divergence angle of 0.034° and high coupling
efficiency of > 90%, hence, very flexible for further beam manipulation for
experimental studies. However, these lenses have a limited Full-Field of View
(FFoV), i.e. 0.034°. Due to the narrow FFoV, the Rx coupler is relatively
sensitive to position change. However, as long as there is sufficient power
captured above the receiver sensitivity, the alignment of the Rx collimator
in capturing the beam is sufficient. The tunable laser source is used with
maximum power achievable at different wavelengths, as shown in Figure 5.11.
The polarization synthesizer introduces 3 - 4 dB loss to the transmitter.

A free-space transmission distance of more than 2.5 m is realized by us-
ing silver-coated mirrors to extend the transmission distance on the testbed
in between the transmitting and receiving collimator. The echelle grating is

5.4. 1D WAVELENGTH BEAM STEERING H
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Figure 5.11: Measured output power just before the transmitting collimator.
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Figure 5.12: Loss measurement due to TE and TM polarization for 79
grooves/mm echelle grating blazed at 75°.
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fixed near Littrow angle at the output of the Tx coupler. At each wavelength
position, the laser is swept 4 nm, with a step size of 0.3 pm, in order to iden-
tify the insertion loss profile. For each wavelength change, which changes the
spatial position of the beam, the Rx collimator and the mirrors need to be
adjusted and re-aligned (with only four degrees of freedom) to recouple the
beam. Beam divergence after diffraction and several reflections are observed
but the full beam is captured within the collimators clear aperture diameter
of 10 mm.

The insertion loss incurred by the free-space link was measured at the points
between the input of the fiber connected to the transmitting fiber-pigtailed col-
limator and the output of the fiber connected to the receiving fiber-pigtailed
collimator. The insertion loss when the beam was set to TE polarization was
measured to be approximately 3 to 10 dB across all measurements for a wave-
length range between 1500 nm to 1630 nm, see Figure 5.12. Correspondingly,
when a TM beam was set, a loss between 6 to 27 dB was measured. The
polarization-dependent loss peaks at 24 dB at 1570 nm.

In short, the measurements clearly show the dependence of the passive
grating on polarization at different wavelengths. Therefore, a polarization
controller is needed to adjust the polarization of light before the beam hits
the echelle grating. Note that different gratings have different polarization
characteristics.

5.4.2 OOK-NRZ transmission with coupling at different dis-
tances

For control and benchmarking, and to justify the independence of signal quality
with (1) varied propagation distance (< 2.5 m) and (2) varied bitrates, a
measurement setup is arranged as shown in Figure 5.13. A tunable laser (TLS
81600B from Keysight) is data modulated with OOK-NRZ format at 1550 nm
using a pattern generator with PRBS of length 23! — 1 and 10 Gbps amplitude
modulator. First, a BtB measurement is carried out by connecting the output
of the polarization controller directly to the input of the attenuator with a
2 m long SMF. After that, a pair of Tx and Rx couplers is employed for
free-space transmission. The transmission distance is varied by repositioning
the Rx coupler from position A to E. The transmitted free-space beam is
then collimated by the Rx coupler into the SMF, and eventually into the PIN
receiver. The signal is analyzed with the Bit Error Rate Tester (BERT) and
the eye diagram is captured with a wide-bandwidth oscilloscope. The average
transmission power measured at the output of the polarization controller is
approximately -2 dBm and the average power captured by the Rx coupler at
the input of the attenuator is approximately -3 dBm.

The link performance, represented by the BER values versus the receiver
sensitivity, is plotted in Figure 5.14. The different links show a consistent over-
lap with the BtB measurements at different data rates. The power penalties

5.4. 1D WAVELENGTH BEAM STEERING
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Figure 5.13: A setup for the measurement of free-space channel performance
as transmission distance is varied from position A to E. Wavelength of trans-

mission is fixed at 1550 nm.
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Figure 5.14: Link performance versus received power at 1.25 Gbps, 2.5 Gbps,
5 Gbps and 10 Gbps. The different colored notations refer to different data
rates while the different symbol shape refer to different transmission length.
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are within 1 dB with reference to the BtB measurement. The BtB receiver
sensitivity at BER of 1 x 1077 is found to be at -17 dBm, -20.2 dBm, -20.6
dBm and -20.7 dBm for 10 Gbps, 5 Gbps, 2.5 Gbps and 1.25 Gbps, respec-
tively. It can be observed from the results that the quality of the link stays as
good as in BtB transmission and has negligible dispersion. The position where
the Rx collimator is placed, is independent of distance as long as there is suf-
ficient transmission power. This is because with the Thorlabs TC18FC-1550
collimator, the beam’s full-angle divergence (0.034°) is small, resulting in a di-
verged beam size which is still smaller than the aperture of the Rx collimator
at a distance away. Accordingly, the coupling efficiency is specified to be more
than 90% for a separation distance, between Tx collimator and Rx collimator,
of 2.5 m [163].

5.4.3 OOK-NRZ transmission with 1D beam steering

In this subsection, the transmission quality of 1D diffracted links over 2.5 m
distance with different wavelengths is measured. A tunable laser (TLS 81600B
from Keysight), with wide wavelength tuning range between 1500 nm - 1630
nm, is used. The maximum power provided by the tunable laser changes
according to wavelength change, as shown in Figure 5.11, and transmission
power is limited to less than 0 dBm for the wavelengths 1500 nm, 1620 nm,
and 1630nm. The laser power is attenuated with a built-in optical attenuator.
For transmission, the tunable laser is data modulated with OOK-NRZ format
at 1550 nm using a pattern generator with PRBS of length 23! — 1 and 10
Gbps amplitude modulator. Figure 5.15 illustrates the setup for ‘Down’ link
measurement. For the ‘Up’ link measurement, the Tx coupler acts as the
receiving collimator and the Rx collimator acts as the transmitting collimator.
As such, the output from the polarization controller is connected to the Rx
collimator and the input of the receiver is connected to the Tx collimator,
accordingly. For the fiber BtB measurement, a variable optical attenuator is
used to regulated the power entering the receiver.

In Figure 5.16, the 10 Gbps diffracted links, both the ‘Down’ and ‘Up’
directions, show a consistent match with the BtB measurement at correspond-
ing data rates. Free-space links at 5 Gbps, 2.5 Gbps and 1.25 Gbps are also
measured to show the adaptability of the system at different data rates. The
corresponding eye diagrams for the 10 Gbps links are presented in Figure 5.17.
The eye diagrams on the left column represent the quality for error-free (BER
< 1 x 107?) links while the eye diagrams on the right column represent the
quality at BER ~ 1 x 1073, with the first row eye diagrams for 10 Gbps BtB
measurements, middle row for 10 Gbps ‘Down’ direction and the last row for
10 Gbps ‘Up’ direction. All eye diagrams are clear and open, thus, signifying
good quality signals are received.

In summary, the presented Infrared (IR) Optical Wireless Communica-
tion (OWC) system can provide 1D beam steering using wavelength-tuning
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Figure 5.15: Compact testbed setup to measure link performance of 1D
diffracted links using optical pencil beam. Mirrors are used to construct an
effective propagation distance of more than 2.5 m.
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and a passive grating, with a transmission speed of up to 10 Gbps at a free-
space distance of over 2.5 m. The corresponding polarization-dependent 79
grooves/mm echelle grating used in these one-dimensional steering experiments
provides a maximum of 17.16° steering angle over a wavelength tuning range
of 130 nm, which spatially covers a maximum distance coverage of 772 mm at
2.5 m as shown in Figure 5.2.

5.5 Capacity maximization using DMT modulation

After the positive performance evaluation of the OOK-NRZ data transmission
using diffraction gratings, Discrete Multitone (DMT) modulation format is
used to further maximize the capacity of the system which is bandwidth-limited
to 10 GHz to limit the cost of components.

E’ DMT - Rx IE : I ADC I E Photodetector

1 ' 1

| ouilospe |

i EOsciIIoscope E 1m
| Tektronix

ttenuator |
! |DPO72004 __50GS/s! Rxﬂ{:@
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! Offline rrer i
i Processing i ! Mirror
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| i Tektronix ' Polarization Controller
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:| DMT - Tx [ DAC 1| +18d8 DFB Laser
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Figure 5.18: Compact experimental setup for diffracted link measurements
with an effective distance of more than 2.5 m. Discrete Multitone (DMT),
Digital-to-Analog Converter (DAC), Distributed Feedback (DFB), Transmitter
(Tx), Receiver (Rx), Analog-to-Digital Converter (ADC).

Figure 5.18 shows a compact experimental setup for the performance mea-
surement of multiple diffracted links for a distance of over 2.5 m using the DMT
modulation format. The optical transmitter is a directly-modulated DFB laser
with 10 GHz bandwidth. Temperature control is used to tune the wavelength
of the DFB laser. The optical link is directly-modulated with a data signal
generated by an Arbitrary Waveform Generator (AWG) at 23 Gigasymbol per
second (GS/s). A rate-adaptive bit-loading and power-loading algorithm has
been used to maximize the bit rate and bandwidth for a given BER. The signal
is then fed into a polarization controller and launched to free space through
a SMF fiber-pigtailed coupler. A beam of approximately 3.3 mm diameter is
emitted through the coupling lens. The beam hits a 79 grooves/mm echelle
grating (the same grating evaluated in the previous section) at incidence angle
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of 75°. The diffracted beam then propagates via four silver-coated mirrors to
construct a distance of more than 2.5 m in a compact setup. The beam is cap-
tured by a receiving lens coupler and attenuated subsequently to be detected
by a photodetector. The resulting electrical signal is recorded by a Digital
Phosphor Oscilloscope (DPO). Since a directly-modulated laser is used, the
experiment is carried out for wavelengths between 1549.14 nm and 1550.14 nm.
The wavelength change is achieved by tuning the temperature of the laser. The
free-space transmission power is kept to less than 8.5 dBm in compliance with
eye-safety regulations.

The experiment has successfully demonstrated a transmission of a free-
space optical signal over more than 2.5 m, with an aggregate bit rate of 36.7
Gbps and 36.5 Gbps, at A=1549.14 nm and A=1550.14 nm, respectively. The
averaged BER is < 2 x 1073, which by using standard 7% Forward Error Cor-
rection (FEC), will be reduced to BER < 1072, After the deduction of DMT
transmission overhead (cyclic prefix, preambles and 7% FEC) the net transmis-
sion bit rates are 32.8 Gbps and 32.6 Gbps, respectively. The results, together
with the corresponding laser operating temperature, transmitted power and
received power are tabulated in Table 5.1. The optimized DMT parameters
are summarized in Table 5.2.

Table 5.1: Measurement results of 1D beam steering with DMT channels. Pr,
is measured at the output of the polarizer. Therefore, coupling loss between
SMF patch cord and lens collimator is not taken into account.

Temp. (°C) | A (nm) | Pr, (dBm) | Pgr, (dBm) | Gbps BER
15 1549.14 8.44 -1.08 36.7 | 9.4x107*
25 1550.14 8.53 0.8 36.5 | 1.16x1073

Table 5.2: DMT parameters for 1D beam-steered system.

Transmitter sampling rate 24 GSa/s

Receiver sampling rate 50 GSa/s

Digital clipping 12 dB

Number of subcarriers 512

Cyclic prefix length 8 points

Schmidl blocks 4 per 100 DMT frames
Number of DMT frames 2000

At a separation of AX = 1 nm between the wavelengths, the lateral distance
difference (at the Rx plane) between both wavelengths is equal to 6.4 mm
with angular difference of 0.1379°. Therefore, the first order diffraction link of
A = 1549.14 nm is positioned at 0.6495 m from the beam center at an angle of

5.5. CAPACITY MAXIMIZATION USING DMT MODULATION H
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14.564° and correspondingly, the first order diffraction link of A = 1550.14nm
is positioned at 0.6431 m from the beam center at an angle of 14.4261°.

Figure 5.19 presents the Signal-to-Noise Ratio (SNR), bit-loading and BER
for the 512 subcarriers used in the DMT signal modulation, with a frequency
range of up to 11.5 GHz; measured for both wavelengths. Up to 128-QAM
has been utilized. It can be observed that not all subcarriers achieved a BER
< 2 x 1073 but the overall BER is still within the FEC limit for error-free
transmission (note that in DMT transmission, the signal is not demodulated
per subcarrier but as an entire frame). The constellation diagrams for up to
128-QAM are clearly distinguishable.
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Figure 5.19: SNR, bit-loading and BER for each subcarrier for A = 1549.14
nm and A = 1550.14 nm.

In summary, an infrared-based indoor OWC system employing a passive
diffraction grating for beam steering has been demonstrated at a record capac-
ity. The system achieved an aggregate capacity of 36.7 Gbps, using spectrally-
efficient and robust DMT modulation, with over more than 2.5 m transmission
distance. DMT modulation with bit- and power-loading algorithm was applied
in the experiment to compensate for power fluctuations and to increase the
frequency utilization efficiency simultaneously.

5.6 Chapter conclusion
In this chapter, the analytical calculation and expected diffracted spots map

were first presented. Then, the spectral bandwidth was defined. After that,
the feasibility of transmission using a grating was evaluated at 35 cm. The
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performance was compared to the performance of an SMF channel and also
to the performance of direct free-space link. We saw that the grating had
negligible dispersion effect on the diffracted free-space channels of up to 10
Gbps OOK-NRZ. The polarization dependent loss of the grating was also
characterized to understand the TE and TM losses.

It was further shown that the propagation distance, as long as the beams
are fully captured by the opening aperture of the coupling lens, did not af-
fect the channel performance, indicating that the free-space channel did not
add noticeable dispersion. The link performance was basically limited by the
available transmitted power, grating loss and receiver sensitivity. Transmission
measurement of up to 2.5 m were also evaluated using OOK-NRZ and DMT
signal formats, in which up to 10 Gbps and 36.7 Gbps were demonstrated,
respectively.
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After the proof-of-principle evaluation for one-dimensional (1D) beam steer-
ing in Chapter 5, in this chapter, we shall investigate the cascading of grat-
ings to implement a two-dimensional (2D) passive beam-steering module in a
bandwidth-limited optical wireless system [186]. No local control at the steer-
ing module is needed. In order to have a 2D area coverage and a scanning
functionality as proposed in this work, two gratings have to be orthogonally
cascaded to each other [156]. The idea is that the first grating should have
a multiple times smaller Free Spectral Range (FSR) than the second grating.
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The detailed analysis is given in Section 3.2. We perform an analysis of the
2D beam-steering modules which includes characterization of the spectral re-
sponse, the beam profile and the receiver’s Full-Field of View (FFoV). We fur-
ther demonstrate transmission experiments using On-Off-Keying (OOK)-Non-
Return-to-Zero (NRZ), Pulse Amplitude Modulation (PAM) and Discrete Mul-
titone (DMT) modulation formats, and analyze the high-speed performance for
channels of different wavelengths.

In this chapter, the characterization of the two pairs of cascaded gratings
that are deployed will be investigated:

Module 1: A cascade of two reflection gratings

The cascade of a reflection grating with a blaze angle of 63° and 31.6 grooves/mm
(Thorlabs GE2550-0363), and a reflection grating with a blaze angle of 75° and
79 grooves/mm (Thorlabs GE2550-0875).

Module 2: A cascade of a reflection grating and a transmission grat-
ing

The cascade of a reflection grating with a blaze angle of 80.7° and 13.33
grooves/mm (Newport 53004BK06-182E), and a fused silica transmission grat-
ing with 1000 grooves/mm.

For more information on the selection of gratings, see Section 3.3.

A large portion of the dissertation work reported in this chapter has been
reported in [186].

6.1 Distribution of beam steering positions

The diffracted beam’s positions due to the cascaded gratings of Module 1,
i.e. the cascade of two reflection gratings, and Module 2, i.e. the cascade of
a reflection grating and a transmission grating, can be estimated using the
grating equations as shown in Section 4.6. The limits of the angular tuning
range are determined as explained in Section 3.2.

Figure 6.1 shows the 2D distribution of diffracted beams resulting from
Module 1 and Figure 6.2 shows the 2D distribution of diffracted beams resulting
from Module 2.

From Figures 6.1 and 6.2, we observe that Module 2 has a better resolution
with 7 scan lines within an angular coverage of 12.15° x 5.62° by wavelength
tuning between 1511 nm and 1627 nm compared to the Module 1 which only
provided 2 scan lines in a comparable angular coverage of 12.67° x5.61° between
1529 nm and 1611 nm.
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Figure 6.1: Calculated distribution of diffracted beams from a cross-mounted
pair of reflection gratings (blaze angle 63° with 31.6 grooves/mm and blaze
angle 75° with 79 grooves/mm; product numbers Thorlabs GE2550-0363 and
Thorlabs GE2550-0875, respectively) over a wavelength range between 1529
nm and 1611 nm. Lateral size of coverage is calculated for a distance of 2 m.
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Figure 6.2: Resulting two-dimensional area scan using a combination of cas-
caded reflection grating (blaze angle 80.7° and 13.33 grooves/mm, mounted
near-Littrow angle; product number Newport 53004BK06-182E) with a fused
silica transmission grating of 1000 grooves/mm over a wavelength range be-
tween 1505 nm and 1630 nm mounted with incidence angle near 49.9° (product
number Ibsen PING-sample-083). Lateral size of coverage is calculated for a

distance of 2 m.
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6.2 Testbed setup for 2D beam steering

In the systems which are constructed using Module 1 (i.e. the cascade of two
reflection gratings) or Module 2 (i.e. the cascade of a reflection grating and
a transmission grating), the transmitting (Tx) power just before free space is
set to < 9.2 dBm to warrant eye-safety. The polarization controlled beam is
transmitted to free space through the triplet lens collimator from Thorlabs
(TC18FC-1550) with a focal length of 18.36 mm, an opening aperture of 10
mm, and a full-angle divergence of 0.034°. The 1/e? beam diameter is 3.33
mm at the focal plane. For further information on the lens collimator please
refer to Section 4.1.

For the system based on Module 1, the transmitted beam hits the first
echelle grating (Thorlabs GE2550-0363) at 63° incidence angle at a near-
Littrow angle. The grating grooves are aligned perpendicularly to the optical
table. The second grating (Thorlabs GE2550-0875) has a 75° incidence angle
at a near-Littrow angle and is cascaded orthogonally to the first, so the grooves
are aligned parallel to the optical table, creating a cross dispersion effect.

For the system based on Module 2, the transmitted beam first hits the
echelle grating (Newport 53004BK06-182E ) at 80.7° incidence angle and then
the transmission grating (Ibsen PING-sample-083) at 49.9°.

After the steering module, the free-space beam is re-coupled back into the
Single Mode Fiber (SMF) by means of another identical receiving (Rx) colli-
mator. This Rx collimator is mounted on the alignment robot introduced in
Section 4.10. The optical signal is sent to the photoreceiver via a fiber.

Please note that these two variant of systems, one based on Module 1, i.e.
the cascade of two reflection gratings, and the other based on Module 2, i.e. the
cascade of a reflection grating and a transmission grating, will be used in the
characterization of both Module 1 and Module 2 in terms of power efficiency,
channel bandwidth, beam size and receiver’s Field of View (FoV), which are
key properties which have an impact on the systems’ performance.

6.3 System characterization: Optical power loss

Table 6.1 and Table 6.2 report the optical power loss across wavelengths in the
free-space systems for Module 1, i.e. the cascade of two reflection gratings,
and Module 2, i.e. the cascade of a reflection grating and a transmission
grating, respectively. The optical power loss is the power difference measured
at the fiber level just before the Tx lens collimator and right after the Rx lens
collimator.

Module 1 has a loss between 13.5 dB and 16.8 dB (4.5% and 2.1% power
efficiency) between wavelengths 1530 nm and 1600 nm. Module 2 has a loss of
only between 4.79 dB and 6.15 dB (33.2% and 24.3% power efficiency) between
wavelengths 1518 nm and 1600 nm. The main power loss contributions are from
the collective losses of the gratings, misalignment, the specified insertion loss
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Table 6.1: Measured free-space loss at each wavelength for cascaded reflection
gratings (Module 1).

Wavelength (nm) 1530 | 1540 | 1550 | 1560 | 1570 | 1580 | 1590 | 1600

Free-space loss (dB) | 14.8 | 13.5 | 13.7 | 15.7 | 16.8 | 16 | 15.8 | 16

Table 6.2: Measured free-space loss at each wavelength for cascaded reflection
and transmission gratings (Module 2).

Wavelength (nm) 1518 | 1534 | 1550 | 1566 | 1583 | 1600
Free-space loss (dB) | 5.95 | 4.87 | 5.47 | 5.05 | 4.79 | 6.15

of the collimators (see Figure 4.3), and the connector losses between the fiber
and the pigtailed collimator at transmitting and receiving ends.

In Module 1, the first echelle grating, designated for blaze wavelength of
57 pm, operates at orders 35 and 36 while the second echelle grating, desig-
nated for blaze wavelength 25 pm, operates at order 15 (see Subsection 2.2.4,
Equation 2.29). As blazed gratings are designed for maximum efficiency at the
designated wavelengths, while these gratings are used at much higher orders for
wavelengths, between 1530 nm and 1600 nm, these gratings are not optimal in
terms of efficiency but they provide the FSRs needed for the proof-of-concept
demonstration of steering with cascaded gratings. The power efficiency of
echelle gratings could typically achieve up to 50% — 75% (less than 3 dB loss)
[187] and with transmission gratings, efficiencies of over 90% (less than 0.5 dB
loss) are achievable.

Module 2, on the other hand has been carefully selected to minimize on
power loss. The first grating is an echelle grating with an efficiency between
30—50% (see Figure 3.6) and the second grating is a transmission grating with
efficiency approaching 90% (see Figure 3.7).

6.4 System characterization: Channel bandwidth

The objective of this section is to provide information of the system’s band-
width. The spectral response profile of a system has a major impact on the
bandwidth of the overall system, next to the bandwidth of the receiver. There-
fore, the spectral responses of both the systems (which are based Module 1,
i.e. the cascade of two reflection gratings, and Module 2, i.e. the cascade
of a reflection grating and a transmission grating) are measured in order to
determine the bandwidth limitation that the steering modules impose on the
free-space transmission channels.
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For Module 1, the spectral bandwidth is measured in a testbed constructed
for 2D diffracted transmission over 2 m, as shown in Figure 6.3. The spectral
response of Module 2 is measured using the testbed shown in Figure 6.4.

Two methods of measurement were used. The first method is by using
a tunable laser to sweep the wavelength across the receiving (Rx) collimator
whereby the power is then measured with a power meter. The optical power
detected at each position is recorded as the wavelength is varied. The second
method is carried out by transmitting an Amplified Spontaneous Emission
(ASE) wideband signal originating from an Erbium-Doped Fiber Amplifier
(EDFA) and measuring the received beam’s power with an Optical Spectrum
Analyzer (OSA) at a resolution of 0.01 nm.
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Figure 6.5: Spectral responses of 2D beam-steered channels for wavelengths
between 1530 nm and 1600 nm at 2 m distance for cascaded refection gratings
(Module 1). Modulation (Mod), wavelength (\), Full Width at Half Maximum
(FWHM), spectral bandwidth (BW).
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Figure 6.6: Spectral bandwidths at A = 1518 nm, 1550 nm and 1600 nm at 2
m distance for cascaded reflection and transmission gratings (Module 2).

For Module 1, Figure 6.5 shows the spectral responses of the static channels
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(denoted by the red triangles) with wavelengths originating from the tunable
laser. The spectral response recorded using the OSA (see inset) corresponds
agreeably. In general, the measurements stay in good agreement for both
measurement methods giving a range of spectral bandwidths between 16.7
Gigahertz (GHz) and 24.6 GHz for wavelengths between 1530 nm and 1600
nm. As the cascaded gratings behave as a filter of approximately 20 GHz wide,
the channels will be limited in bandwidth to 20 GHz. In order to fully utilize
the bandwidth for data transmission, the spectrum-efficient DMT modulation
format can be used. We observe in Fig. 6.5 that when data modulation is
turned on, the DMT signal shows negligible effect on the curves (denoted by the
black circles). Note that this is dependent on the optical spectrum broadening
by the modulation; if it would be bigger than the static optical bandwidth,
then, we may expect a bigger impact.

For Module 2, as observed in Figure 6.6, an average recorded spectral band-
width of 9.53 GHz is recorded for wavelengths between 1518 nm and 1600 nm.
When DMT modulation is turned on, an average bandwidth of 9.55 GHz is
measured. Thus, we see that modulation of the signal has a negligible effect
on the spectral bandwidth. This means that spectral broadening is negligible
with DMT modulation of approximately 10 GHz. Again, note that this is de-
pendent on the optical spectrum broadening by the modulation; if it would
be bigger than the static optical bandwidth, then, we may expect a bigger
impact. The insets, bordered by dashed-lines, show the spectral bandwidth
for non-modulated signals measured using the OSA which results in an av-
erage of 10.74 GHz. The difference of about 1.2 GHz may be attributed to
the re-alignment of the system in the separate transmission measurement and
spectral bandwidth measurement.

6.5 System characterization: Beam profile

The beam profiles of the 2D-steered beams have been measured by using the
alignment robot, introduced in Section 4.10, to displace the position of the
receiving lens in order to map the optical power across the beam. At 2 m
distance, the profiles naturally give a larger beam diameter than at the origi-
nating beam waist which is 3.33 mm in diameter at 12.91 mm in front of the
collimator housing. The Full Width Half Maximum (FWHM) and 1/e? (=
reference point at the beam waist) can be obtained from the Gaussian profiles
which are measured when the DMT modulation is turned on and turned off.
This way, we can observe the effects of modulation on the dispersion and the
size of the beam after transmission. In Figure 6.7, we observe that the FWHM
and 1/e? diameter due to Module 1, i.e. the cascade of two reflection gratings,
remain consistent for all measurements. Between 1530 nm and 1600 nm, we
measured FWHM values between 2.23 mm and 2.42 mm, and a minimum 1/¢?
diameter between 3.76 mm and 4.11 mm.
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Figure 6.7: Beam profiles of 2D beam-steered channels for wavelengths be-
tween 1530 nm and 1600 nm at 2 m distance for cascaded reflection gratings
(Module 1). Modulation (Mod), wavelength (\), Full Width at Half Maximum
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Figure 6.8: Beam profiles of channels measured at 2 m distance with A = 1534
nm, 1583 nm and 1618 nm, for cascaded reflection and transmission gratings.
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For module (2), i.e. the cascade of a reflection grating and a transmission
grating, the beam profiles of wavelengths 1518 nm, 1534 nm, 1550 nm, 1566
nm, 1583 nm, 1600 nm and 1618 nm, as shown in Figure 6.8, are measured.
On average, the beam width measured at FWHM is 2.41 mm and at 1/e? is
4.13 mm. When DMT modulation is turned on, the beam width measured at
FWHM is 2.44 mm and at 1/e? is 4.13 mm. By comparing the results for static
and modulated channels, we observe negligible difference in the beam profiles.

6.6 System characterization: Receiver full-field of
view
In this section, we measure the extent of tilt for the collimators introduced in

Chapter 4. In general, the small FFoV (see Section 4.3) limits the receivers
acceptance angle and demands a tedious alignment.
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Figure 6.9: Lens tilt tolerance measured with wavelengths between 1530 nm
and 1600 nm at 2 m distance with casceded reflection gratings (Module 1).
Modulation (Mod), wavelength (A), Full Width at Half Maximum (FWHM).

The measurement results, measured using Module 1, i.e. the cascade of two
reflection gratings, are shown in Figure 6.9. Measurements have been made
for wavelengths between 1530 nm and 1600 nm, with and without DMT mod-
ulation. All the measured profiles match consistently. Without modulation,
FWHM angles are between 0.032° and 0.043° and 1/e? angles between 0.053°
and 0.072°. When DMT modulation is turned on, the angles measured at
FWHM are between 0.033° and 0.039°, and at 1/e? the angles are between
0.054° and 0.067°.

The measurements are also repeated for Module 2, i.e. the cascade of a
reflection grating and a transmission grating. The results are shown in Figure



CHAPTER 6. 2D BEAM STEERING - SYSTEM DESIGN AND

1tMod On Mod Off 1Mod On Mod Off 1tMod On Mod Off
—~ [»=1518m P 2 =1518 nm —~  |»=1550nm 2.=1550 nm —~  [»=1600 nm A =1600 nm
3 08/FWHM =0.035057° % FWHM =0.030781°| 3 08/FWHM =0.02872° FWHM =0.029461°7 3 08 FWHM =0.0308° FWHM =0.030348°
5 06 1/e? =0.058787° 1/e? =0.050219° 5 o0s 1/e? =0.048522° 1/e? =0.054384° = o8 1/e? =0.052836° 1/e? =0.051398°
3 3 () 3
a o4 o 04 '3- 04 o
g 02 g 02 g 02 =
= z z - —

0 —e—Mod On 0 —e—NMod On 0 —*—Mod On

—4— Mod Off —4— Mod Off 9 —— Mod Off
-0—6 5 -0.25 0 025 05 —055 -025 0 025 05 —% 5 -0.25 0 025 05

Angﬁlard{splacement from optimized position (degree) Angular displacement from optimized position (degree)AngLilard\splacement from optimized position (degree)

Figure 6.10: Measurement of the lens tilt tolerance at A = 1518 nm, 1550 nm
and 1600 nm at 2 m distance for cascaded reflection and transmission gratings
(Module 2.

6.10. Of the seven measurements taken, the angles measured at FWHM are
between 0.029° and and 0.031°, and at 1/e? the angles are between 0.050° and
0.054°. When DMT modulation is turned on, the angles measured at FWHM
are between 0.029° and 0.035°, and at 1/¢? the angles are between 0.049° and
0.059°.

Both systems show very similar results in their beam widths measured at
FWHM and 1/e?. The measurements show that the steering system is very
precise. Although these collimators have excellent light collimation efficiency,
with a loss of < 1 dB over 2 m, their reception angle is very small, thus, requir-
ing tedious alignment at the receiving end. Therefore, it is vital to implement
a small form factor receiver with larger FFoV in order to ease channel estab-
lishment and reception in a practical scenario. This is one subject that needs
to be developed further to ease the system’s alignment and consequently, the
ease of connection establishment.

6.7 Transmission: Cascaded reflection gratings (Mod-

ule 1)

The transmission experiments for both Module 1, i.e. the cascade of two re-
flection gratings, and Module 2, i.e. the cascade of a reflection grating and a
transmission grating, are reported separately in two different sections. This
section, i.e. Section 6.7, evaluates the transmission performance for Module 1,
and the next section, i.e. Section 6.8, evaluates the transmission performance
for Module 2.

In this section, a complete 2D beam-steered system using OOK-NRZ (in
Subsection 6.7.1) and DMT (in Subsection 6.7.2) signals in a testbed con-
structed as illustrated in Figure 6.3 is evaluated. The channel performances
at different positions (by changing the wavelengths) are measured with the re-
ceiving collimator placed at various positions. These positions are compared to
the theoretically calculated spots as shown in Figure 6.1 and the wavelengths

6.7. TRANSMISSION: CASCADED REFLECTION GRATINGS (MODULE 1)
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are confirmed using the OSA.

6.7.1 2.5 m free-space transmission with OOK-NRZ signaling

This experiment is conducted on the testbed for Module 1, as shown in Figure
6.3. The 2D steered system using Module 1 has been evaluated using an OOK-
NRZ signal with a Pseudo Random Binary Sequence (PRBS) of length 23! —1
bits. The data is modulated onto a 1550 nm laser beam using an Mach-Zehnder
Modulator (MZM). The transmitted power of the laser used is measured to be
< 9.3 dBm (thus, below the eye-safety limit). The signal quality is evaluated
with the Bit Error Rate Tester (BERT) and the eye diagram is viewed on an
oscilloscope. The measurement is repeated for an optical carrier wavelength of
1549 nm. Back-to-Back (BtB) measurements are carried out by connecting a
2 m long SMF from the output of the polarizer controller to the input of the
attenuator.

2 » @ SMFBtB 1550 nm
“% O Fs1549mm
& A FS 1550 nm
o
w3
o
2 .
& 4 ..
§
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m 6
7
8
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10 ‘
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Figure 6.11: BER performance of OOK-NRZ transmission for diffracted beams
at 1549 nm, 1550 nm and SMF BtB; Eye-diagrams for BtB and 2.5 m free-space
(FS) 1550 nm link.

The performance of the free space diffracted OOK signals is plotted in
Figure 6.11. Consistent overlapping of the 2.5 m link curves with the BtB
curves show that the free-space beam can achieve error-free transmission (BER
<1 x107?), similar to transmission through a SMF.

The dissertation work in this section was published in C.W. Oh et al. [188].

6.7.2 2 m free-space transmission with DMT signaling

This experiment is conducted on the testbed for Module 1, as shown in Figure
6.3. We first evaluate the direct point-to-point 2 m link using a SMF (BtB
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measurement) and compare that to a 2 m direct point-to-point free-space link,
without any steering module. We employed the highly robust and spectrally
efficient DMT modulation format to obtain the optimized capacity that can
be achieved in a direct point-to-point free-space link.

The input DMT data signal is generated with Matlab as a digitized DMT
signal and an Arbitrary Waveform Generator (AWG) is used to convert the
DMT signal from digital to analog, which is then intensity-modulated onto the
laser beam via a 10 Gigabit per second (Gbps) MZM. The captured signal is
received by a 10 GHz photoreceiver and then converted from analog to digital
via the Real-Time Oscilloscope (RTO) to be further processed offline with
Matlab for obtaining the achievable data rates, Bit Error Rates (BERs) and
constellations.
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Figure 6.12: Channel performance of a fiber BtB versus a free-space link at
wavelength of 1550 nm. The bitrate and BER performance as the input power
into the photoreceiver is varied.

Figure 6.12 shows an increasing curve as more optical power is received,
approaching up to gross and net bitrates of 46.9 Gbps and 40.9 Gbps, respec-
tively, at 2.3 dBm received optical power for BtB, and gross and net bitrates
of 46.4 Gbps and 40.5 Gbps, respectively, at 2.5 dBm for the free-space link.
The increase in bitrate approaches saturation at about 0 dBm received opti-
cal power. These results are based on an average BER of less than 2 x 1073,
thereby, correctable with Forward Error Correction (FEC) coding to obtain
near error-free channels at BER < 1 x 10~°. The net transmission bitrate is
achieved after the deduction of the DMT’s cyclic prefix (guard against inter-
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frame interference due to channel dispersion), preambles (training and channel
estimation) and 7% overhead for FEC coding from the gross bitrate. FEC
coding is not implemented but is considered and included in the calculation
of bitrate. In DMT transmission, the signal is not demodulated per subcar-
rier but as an entire frame, therefore, the average BER is considered. The
optimized DMT parameters are summarized in Table 6.3.

Table 6.3: DMT parameters for transmission system with Module 1.

Transmitter sampling rate
Receiver sampling rate
Digital clipping

Number of subcarriers
Cyclic prefix length
Schmidl blocks

Number of DMT frames

23 GSa/s

50 GSa/s

10 dB

512

10 points

6 per 100 DMT frames
2000
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Figure 6.13: Transmission over fiber BtB versus free-space (FS) point-to-point
at wavelength of 1550 nm: The SNR and bit loading at different subcarriers
and the corresponding BER of the different carrier frequencies at comparable
received powers.

In Figure 6.13, the corresponding Signal-to-Noise Ratio (SNR) and bit-
loading curves are overlaid to compare the BtB performance to free-space at
received optical power of 2.3/2.5 dBm and -10.6 dBm. All curves are well
fitted to their counterparts at corresponding power levels. This shows that
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the channel performance of DMT links are similar in both BtB and free-space
transmission.

Bit-loading for BtB transmission at 2.3 dBm is allocated up to 10.43 GHz
compared to the direct free-space beam at 2.5 dBm up to 10.41 GHz. Bit-
loading for BtB transmission at -10.6 dBm is allocated up to 9.586 GHz com-
pared to the direct free-space beam at -10.6 dBm up to 9.563 GHz. The
difference in the effective bandwidths for free-space channel compared to BtB
transmission is negligible. The corresponding constellations can be observed
in Figure 6.14. The constellations are clear, undistorted and no amplitude nor
phase noise is observed. We observe that at a higher received optical power,
up to 256-Quadrature Amplitude Modulation (QAM) can be achieved while
up to only 64-QAM is achieved at -10.6 dBm.

SMF performance at received power = 2.3 dBm
-ee SRR P S o i Y T % .
ey

L

Free

16-QAM 8-QAM

formance at received power = - 10.6 dBm

32-0AM

4-QAM BPSK

Figure 6.14: Constellation diagrams measured for direct transmission over BtB
(SMF) and free-space point-to-point of 2 m distance at 2.3/2.5 dBm and -10.6
dBm.

In summary, the results showed that the performance of the DMT channel
in BtB transmission and in free-space direct point-to-point transmission, of 2
m distance, are comparable.

Now, we include the 2D steering module (Module 1) into the complete
system as seen in Figure 6.3 to evaluate the channel performance of the 2D
diffracted beams using DMT modulation format. We benchmark the measured
results of the 2D-steered channels to a direct point-to-point free-space link.
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Figure 6.15 shows the comparison between the direct point-to-point free-
space transmissions versus 2D-steered transmissions. We see that the measure-
ments from the 2D-steered beams fall along the curve of the direct free-space
transmission curve consistently at comparable received power levels. Thus, we
can safely conclude that the steering module has negligible effect on the perfor-
mance of the channels and that the steered channel performance is comparable
to that of the BtB transmission.
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Figure 6.15: Comparison between 2D beam-steered channels and direct point-
to-point free-space (FS) channels for 8 wavelengths.

In Figure 6.16, the achieved gross and net bitrates at different wavelengths
are reported. The net transmission bitrate is achieved after deduction of the
cyclic prefix (guard against inter-frame interference due to channel dispersion),
preambles (training and channel estimation) and 7% overhead for FEC coding
from the gross bitrate. FEC coding is not implemented but is considered and
included in the calculation of bitrate. The highest bitrate achieved is at 1540
nm with a gross bitrate of 41.9 Gbps and net bitrate of 36.5 Gbps at -5.3 dBm.
Each wavelength is represented with four measurements. All of the measured
bitrates have a BER of less than 2 x 103 (within the FEC limit for near error-
free transmission with BER < 1 x 107?). The power is measured with an inline
power meter set at 1550 nm. It can be observed that the data rates behave
consistently with the power measurements.

Figure 6.17 shows the SNR, the bit loading for each subcarrier and the
corresponding BER performance at the various subcarrier frequencies of the
channel for 2D steered transmission measured at 1540 nm (with gross bitrate
of 41.9 Gbps) and the worst channel measured, which is at 1600 nm (with
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Figure 6.16: Gross and net bitrates achievable with 2D beam steering with
cross-mounted reflection gratings for wavelengths between 1530 nm to 1600
nm. The corresponding bit error rates and received optical powers are given.
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Figure 6.17: Transmission of direct free-space (FS) point-to-point versus 2D
steered channels. The Signal-to-Noise Ratio (SNR), bit loading at different
subcarriers with constellation diagrams for received power, P, = -5.3 dBm,
and the BER of the different carrier frequencies at comparable received powers
have been plotted.
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gross bitrate of 37.2 Gbps). These measurements are benchmarked to the
corresponding free-space direct point-to point link measured at similar received
power, i.e. -5.2 dBm and -9.2 dBm. Again, consistently matched curves are
obtained.

Bit loading for 1540 nm direct point-to-point beam at -5.2 dBm is allocated
up to 9.39 GHz compared to the 2D-steered beam at -5.3 dBm with up to 9.43
GHz. Bit loading for 1600 nm direct point-to-point beam at -9.2 dBm is
allocated up to 8.9 GHz compared to the 2D-steered beam at -9.1 dBm with
up to 8.65 GHz. In general, up to a maximum of 128-QAM levels were used
with sporadic allocation of 256-QAM levels. As for BER performance, not all
subcarriers achieved a BER < 2 x 10~2 but the average BER is still within
the FEC limit for error-free transmission. Constellations corresponding to the
loaded bits are shown for 1540 nm channel at a received power of -5.3 dBm.
The constellations are clear and undistorted, and no amplitude nor phase noise
is observed.

This section contains the comprehensive evaluation of the system and is
an extension to the work published in C.W. Oh et al. [186, 188]. The paper
reported a preliminary measurement with another AWG and Digital Phosphor
Oscilloscope (DPO) pair used. A record high aggregate bitrate of 42.8 Gbps
(net bitrate of 37.3 Gbps) at BER = 1.27 x 1073 was reported [188].

In summary, we have seen the feasibility of implementing the 2D beam
steering using cross-mounted passive reflection gratings (Module 1) with bi-
trates up to 41.9 Gbps (net 36.5 Gbps) at -5.3 dBm received power within
9.43 GHz bandwidth. With the consistently matched performance shown be-
tween fiber BtB and free space, and between 2D beam-steered free space and
point-to-point direct free-space transmissions, we can safely conclude that a
fiber BtB equivalent performance can be obtained with the 2D-steered free-
space communication for indoors, implying that the 2D passive steering module
only introduces negligible impact on the channel performance while it supports
ultra-high data capacity.

6.8 Transmission: Cascaded reflection and trans-
mission gratings (Module 2)

The performance of the 2D-steered system employing the cross-mounted re-
flection and transmission gratings (Module 2) is evaluated using OOK-NRZ
(Subsection 6.8.1) signaling and the communication channels are further opti-
mized using the spectrum-efficient DMT modulation format (subsection 6.8.2)
which is widely employed in copper-based Digital Subscriber Line (DSL) user
access networks for high speed transmission. Finally in Subsection 6.8.3 and
Subsection 6.8.4, we evaluate a 2D-steered free-space transmission of 3 m dis-
tance using OOK-NRZ and 4-PAM modulation formats.
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6.8.1 2 m free-space transmission with OOK-NRZ signaling

This experiment is conducted on the testbed for Module 2, as shown in Figure
6.4. A laser beam with a wavelength of 1550 nm is employed as the optical
carrier signal. An OOK-NRZ signal is generated using a pattern generator
with a PRBS length of 23! — 1 bits. The modulated signal from the pattern
generator is amplified with an EDFA up to at most 9 dBm. The signal is
then transmitted to free space through a triplet lens collimator from Thorlabs
(TC18FC-1550) with a focal length of 18.36 mm and a full-angle divergence of
0.034°. The 1/e? beam diameter is 3.33 mm at the focal plane. For further
information on the lens collimator please refer to Section 4.1.

The beam is illuminated onto the highly dispersive reflective echelle grating
and then onto the fused silica transmission grating. Then, the beam is reflected
on a mirror to be collected by an identical collimator after a free-space distance
of 2 m. The collimated beam is directed into the receiver and thereby, the BER
performance is computed. The eye-diagram is sampled on an Agilent sampling
scope. BtB measurements are made by replacing the free-space link with a
SMF of 1 m in length. The complete experiment is repeated by varying the
data rate generated by the pattern generator. The optical power loss in free
space is measured up to 6.15 dB as shown in Table 6.2.

Using the energy-efficient and simple-to-implement OOK-NRZ modulation
format, error-free transmission, i.e. an error-free channel at bit error rate,
BER < 1 x 1079, of up to 15 Gbps is obtained. Figure 6.18 shows the BER
performance measured between 6 Gbps up to 13 Gbps. For transmission up to
10 Gbps, the free-space channels have at maximum a negligible 1 dB penalty
from the BtB performance. The penalty increases to more than 1 dB at 11 Gbps
and above. This shows that the free-space steering module has a bandwidth
limitation of approximately 10-11 Gbps. The observed eye diagrams for 10
Gbps at BER = 1.61 x 1073 and BER = 1.46 x 10~? are shown in Figure 6.18
in comparison to the BtB SMF performance at BER = 1.05 x 1073 and BER
= 1.47x 107Y. Further extending the measurements to the FEC limit (BER at
1x1073), up to 16 Gbps transmission is achieved, as shown in Figure 6.19. The
corresponding eye-diagrams at 15 Gbps transmission with BER = 1.50 x 1073
and at BER = 1.67 x 10~ have distorted eyes although they are still open and
clean.

In addition, the spectrum of the transmitted signal through a SMF and
through our free-space system is measured. Figures 6.20 and 6.21 show the
spectrums for 10 Gbps and 15 Gbps signals, respectively, through SMF (mea-
sured after the EDFA) and free space (after the receiving collimator). The
grating module in combination with the aperture of the transmitting and re-
ceiving lens coupler, behaves as a bandpass filter that allows the baseband
spectrum. ASE noise from the EDFA is also significantly filtered.
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6.8.2 2 m free-space transmission with DMT signaling

This experiment is conducted on the testbed for Module 2, as shown in Fig-
ure 6.4. The data signal is generated using an AWG and modulated onto
the optical carrier via a 10 GHz bandwidth MZM. The free-space beam is
received with a 10 Gbps bandwidth photoreceiver and the signal is captured
with a real-time scope and processed with Matlab to calculate the BER and
signal constellations. The experiment is repeated for several wavelengths from
different diffraction orders (scanning lines) of the steering module. These mea-
surements are compared to the 2 m distance performance of a direct free-space
link (without steering modules) as a BtB benchmark.

Figure 6.22 shows the performance of the DMT signals at 1518 nm, 1534
nm, 1550 nm, 1566 nm, 1583 nm, and 1600 nm. These measurements are
compared to a direct free-space link, which acts as the BtB measurement.
The bitrates reported are measured at FEC-limit BER of 1 x 1073 and with a
received optical power of 0 dBm except at A = 1600 m, at 0.5 dBm. In general,
we see a consistent data rate penalty of about 5 Gbps between the free-space
BtB and the steered channels. This is due to bandwidth limited performance
of the beam-steered optical channel (see Section 6.4).

Figure 6.23 shows the channel performance with a DMT signal at different
wavelengths. We observe that for the direct free-space BtB channel, 9.95 GHz
channel is bit-loaded corresponding to the SNR. For the 2D-steered free-space
beams, transmission bits are only allocated in bandwidths of 8.625 GHz, 8.962
GHz, 8.67 GHz, 8.603 GHz, 8.647 GHz and 8.603 GHz for the above mentioned
wavelengths respectively. The highest bitrate is achieved at A = 1583 nm
with a gross bitrate of 41.4 Gbps and a net bitrate (after the deduction of
the cyclic prefix, preambles and 7% overhead for FEC coding) of 36.2 Gbps.
For frequency carriers with sufficient SNR, a signal constellation up to 8 bits,
equivalent to 256-QAM, is allocated. The optimized DMT parameters are
summarized in Table 6.4. The corresponding constellation diagrams shown in
Figure 6.23 are undistorted and distinguishable.

Table 6.4: DMT parameters for transmission system with Module 2.

Transmitter sampling rate 23 GSa/s

Receiver sampling rate 50 GSa/s

Digital clipping 10 dB

Number of subcarriers 512

Cyeclic prefix length 10 points

Schmidl blocks 6 per 100 DMT frames
Number of DMT frames 2000

The measurements are repeated at different distances between the Pencil
Radiating Antenna (PRA) and the receiver, and also with three different wave-
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Figure 6.22: Performance of 2D beam-steered channels compared to free-space
BtB channel, with DMT signaling.
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Figure 6.23: SNR, bit loading and BER of DMT signals at multiple wavelengths
in a cascaded reflection and transmission gratings setup.
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lengths. The optical channel performance has been consistent for measure-
ments at different receiver-to-PRA distances, as shown in Figure 6.24. We see
that there is no correlation between the distance and the performance since
the beam width up to about 4 mm is still within the opening aperture size of
the collimator with negligible dispersion. Gross and net bitrates of up to 41.6
Gbps and 36.3 Gbps are achieved with BERs of less than 2 x 1073 i.e. below
the hard-decision FEC limit for near error-free performance.
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Figure 6.24: Measurements at different distances/height between devices and
the PRA.

6.8.3 3 m free-space transmission with OOK-NRZ

A testbed, as depicted in Figure 6.26, is constructed to evaluate beam-steering
with wavelength tuning over 3 m distance. An OOK-NRZ signal is generated
with a PRBS of length 23! —1 bits. An MZM is used for data modulation onto a
12.5 dBm optical carrier signal. The MZM has a loss of approximately 7-8 dB.
A 3.3 mm wide optical beam is then transmitted to free space through a triplet
lens collimator from Thorlabs (TC18FC-1550) with a focal length of 18.36 mm
and a full-angle divergence of 0.034°. The 1/e? beam diameter is 3.33 mm at
the focal plane. For further information on the lens collimator please refer to
Section 4.1. The free-space beam impinges onto the pair of crossed reflection
and transmission gratings. Silver-coated mirrors are used to extend the free-
space distance to over 3 m. At the receiving device, an identical lens collimator
is used to collimate the propagated beam into an optical receiver. Finally, the
electrical signal is analyzed by observing the eye-pattern on a sampling scope
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and the BER performance is evaluated by a BERT.

Figure 6.25 shows the BER performance for 10 Gbps OOK-NRZ signals.
In general, steered free-space channels have < 1 dB penalty from fiber BtB
performance, which is an acceptable system penalty [189]. However, penalty
of 1 — 2 dB is seen for wavelengths 1583, 1618 nm and 1518 nm. The addi-
tional penalty is contributed by the optimization of the modulator each time
the wavelength of transmission is changed, and the dispersion caused by slight
wavelength dependence of the modulator as can be seen from the BtB mea-
surements. Additionally, for wavelength 1518 nm and 1618 nm, the tunable
laser provides a lower output power, as shown in Figure 5.11. This results in
a lower SNR compared to the other channels.
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Figure 6.25: BER performance for OOK-NRZ transmission at 10 Gbps. In-
sets: eye-diagrams at BER= 1 x 1073 for fiber BtB and steered free-space (fs)
transmission at 1550 nm.

6.8.4 3 m free-space transmission with PAM transmission

For the evaluation of 4-PAM transmission, the testbed as shown in Figure 6.26
is used. The data signal is generated from an AWG and evaluated using a
real-time oscilloscope.

Extensive measurements have been carried out for two wavelengths, i.e.
1520 nm and 1550 nm. The target for error-free performance with hard decision
FEC is BER < 2 x 1073, Optical fiber BtB measurements were carried out
to benchmark the performance of free-space links. Figure 6.27 shows the BER
performance measured at 12, 14, 15 and 16 Gigabaud (GBaud) for 1550 nm,
and at 15 and 16 GBaud for 1520 nm. In Figure 6.27(a) for 1550 nm, we
observe power penalties of 0.63 dB (12 GBaud), 1 dB (14 GBaud), 1.93 dB

6.8. TRANSMISSION: CASCADED REFLECTION AND TRANSMISSION GRATINGS (MODULE 2) H
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Figure 6.26: Testbed setup for free-space transmission with 2D optical beam-
steering over 3 m distance.

(15 GBaud), and 2.07 dB (16 GBaud) while from Figure 6.27(b) for 1520 nm,
we observe power penalties of 2.46 dB (15 GBaud) and 1.21 dB (16 GBaud).
The inconsistency seen in Figure 6.27(b) is highly likely due to the imperfect
adjustment and alignment of the link when changing over from BtB to free
space reconfiguration. The measurements for Figure 6.27(a) were completed
for free space and BtB without reconfiguring the system in between. All the
measured performances were below hard decision FEC threshold of BER <
2 x 1073, Figure 6.28 shows the observed eye-diagrams for BtB and free-space
performances at 15 GBaud for both 1550 nm and 1520 nm. At BER < 1x1073,
the eye levels are still distinguishable with negligible eye-skew.
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Figure 6.27: BER Performance: (a) 1550nm (12,14,15 & 16 GBaud); (b)
1520nm (15 & 16 GBaud); FS: Free space, BtB: Back-to-back.
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Figure 6.28: Eye-diagrams for top row: 1550 nm, and bottom row: 1520 nm;
columns 1 and 2: Back-to-back ; column 3: Free space

6.9 Chapter conclusion

In summary, a novel indoor optical wireless communication system employing
2D beam steering established by orthogonally cascading two passive reflection
gratings were built and evaluated. Free-space channel capacity per user of at
least 37.2 Gbps up to 41.9 Gbps (between 1530 nm and 1600 nm) has been
measured over a free-space transmission distance of 2 m in a 10 GHz system.
As demonstrated in the measurement results, the proposed optical wireless
system has a comparable performance to that of a SMF transmission system.
However, the first beam-steering module could only provide 2 scan lines in an
angular coverage of 12.67° x 5.61° between 1529 nm and 1611 nm, as shown
in Figure 6.1. Losses coming mainly from the module were measured to be
between -13.5 to -16.8 dB between 1530 nm and 1600 nm, as shown in Table
6.1.

The design was further improved after exploring the limits of the tuning
range of the gratings. Subsequently, an improved steering module employing
an orthogonal cascade of a reflection and a transmission grating has been pre-
sented. The module is able to scan an area with a density of 7 lines using
remote wavelength tuning over an angular scan of 5.62° x 12.15° with wave-
lengths between 1511 nm and 1627 nm, as shown in Figure 6.2. The second
module has only up to 6.15 dB loss in the full steering range between 1518
nm to 1600 nm, as shown in Table 6.2. The end-to-end link bandwidth is ap-
proximately 10 GHz. Therefore, a spectrum efficient modulation format such
as DMT and PAM could be employed to further maximize the capacity of the
channels. In the experimental demonstrations, a promising bitrate of 15 Gbps
error-free channel is achieved using OOK-NRZ modulation format. In this ex-

6.9. CHAPTER CONCLUSION H
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periment, we observed the ASE reduction in the free-space channel obtained
by the optical filtering of the 2D steering modules which may help to improve
SNR performance of the system as a bonus. Further, by employing the DMT
modulation format in order to increase spectrum efficiency, up to a gross bi-
trate of 41.4 Gbps with a corresponding net bitrate of 36.2 Gbps at the hard
decision FEC limit is achieved.

The free-space transmission distance was further improved to 3 m distance
and evaluated using OOK-NRZ signaling in which 10 Gbps was achieved with
BER < 1 x 107?, with wavelength tuning of up to seven wavelengths. With 4-
PAM signaling, up to 32 Gbps at 16 GBaud was achieved with FEC-correctable
transmission (BER < 2x1073). For systems further than 3 m distance, we will
have to take into account the beam size due to the divergence of the Gaussian
beam. As long as the diverged beam has a diameter smaller than the size
of the receiving collimator, lens receiver, photodetector surface, etc., we can
expect to achieve a performance close to the reported results. However, when
the diverged beam size becomes larger than the effective area of the receiver,
the ratio between the effective receiving area and the diverged beam size at
the receiving plane has to be taken into account, as shown in [143].
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Figure 6.29: Summary of measured performances for OOK-NRZ, 4-PAM and
DMT signals.

In summary, by employing a 10 GHz bandwidth-limited system, 32 Gbps
at -10.62 dBm was achieved using 4-PAM and 41.4 Gbps (net 36.2 Gbps) at
0 dBm was achieved with DMT, as shown in Figure 6.29, both below the
FEC limit. The results show that 4-PAM signaling can have at least the same
channel performance as the more complex DMT signaling while being easier
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to realize in real-time circuitry and having less latency. The 4-PAM system
shows interesting results for the realization of future high-capacity narrow-
beam optical wireless systems without the need for further complex signal
processing at the user side such as needed for DMT.

6.9. CHAPTER CONCLUSION H






139

Chapter 7

All-optical duplex
communication

Contents

7.1 All-optical bi-directional OWC . ... ... ... .. 140

7.2 Experimental setup for crosstalk evaluation in 2D-
steered duplex link . .. ... ............. 142

7.3 Experimental setup for 2D-steered full-duplex trans-
mission . . . . . . .0ttt e e e e e e e e 143

7.4 Results and discussion . ... ............. 144

7.5 Chapter conclusion . . ................. 147

At present, much attention is seen in improving the downlink communi-
cation in terms of robustness, ease of implementation, capacity and coverage.
However, only few progressive works are seen for the uplink optical communi-
cation. Often, the uplink communication in an optical wireless duplex com-
munication system requires a separate channel, i.e. by using a radio wireless
technique, Light Emitting Diode (LED) or laser [82, 149]. However, by using
the radio technique, the uplink typically offers a lower channel capacity than
the optical downlink channel giving rise to a system with asymmetric speeds.
The broad beam profile of LEDs necessitates a compromise on the link budget
and so also asymmetric. As for laser communication, the need for uplink beam
steering, for e.g. as reported in [82, 149], leads to latency and complicated
receiver hardware due to the time, software and hardware needed to align the
narrow beam to the access point each time the user terminal moves.

In this thesis, a novel full-duplex solution based on the principle of re-
versibility of an optical light path and carrier recovery method to provide a
high capacity uplink with simultaneous alignment, is proposed. It builds on
the 2D pencil beam-steered system concepts we introduced earlier. The novel
concept eases channel management since the same wavelength is used for both
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uplink and downlink, and the actual wavelength provides crucial information
about the location of the mobile terminal.
The work in this chapter is reported in C.W. Oh et al. [190, 191].

7.1 All-optical bi-directional OWC
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Figure 7.1: Bi-directional propagation path in a two-dimensional steering sys-
tem. The reversibility holds for individual rays.
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Figure 7.2: SOA output power versus input power curve. SOA is operated in
the saturation region for data erasure.

The idea is based on two principles. Firstly, we use the reversibility prin-
ciple of optics whereby light follows the same path that it traversed when the
beam is reversed, as illustrated in Figure 7.1. The major advantage here is
that the receiver module does not need an additional beam-steering device
while maintaining a narrow beam. Secondly, we employ the data erasure and
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re-write technique using Semiconductor Optical Amplifiers (SOAs). The con-
cept of data erasure in a low Extinction Ratio (ER) signal by means of an SOA
has been proposed before for Passive Optical Networks (PONs) [192]. ER is
commonly used to describe the performance of a transmitter and is simply
the ratio of the power used to transmit a logic level ‘1’ to the energy used to
transmit a logic level ‘0’ [193, 194]:

‘1 level
Extinction ratio = —_DOWer ever

7.1
‘0’ power level (7.1)

In order to achieve a good Bit Error Rate (BER) performance, an extinction
ratio where significant separation between the power used to transmit a logical
‘1’ and the power used to transmit a logical ‘0’ is required [193, 194].

Wavelength re-write is implemented by first erasing the downlink data by
operating the SOA in its saturation region (as shown in Figure 7.2), and then,
re-writing the carrier with the uplink data. This method enables mass produc-
tion of identical wavelength-agnostic [195] and therefore, potentially low-cost
receivers. In a preliminary work in C.W. Oh et al. [190], the feasibility of a
symmetric 10 Gbps system has been presented.

In this thesis, evaluation of the system in terms of crosstalk, the effect of
the Pseudo Random Binary Sequence (PRBS) pattern length and the impact
of the downstream ER are given. In addition, the transmission performance
of a system with symmetric speeds of 10 Gbps and an asymmetric system (10
Gbps downlink / 2.5 Gbps uplink) will be given.

LOCAL
EXCHANGE

Figure 7.3: Bi-directional indoor all-optical wireless network with pencil beams.
Central Communication Controller (CCC), Optical Cross Connect (OXC).

Figure 7.3 shows an all-optical bi-directional wireless system concept for
indoors. The difference, compared to the architecture proposed in Beam-
steered Reconfigurable Optical-Wireless System for Energy-efficient commu-
nication (BROWSE) in Section 1.3, is that the BROWSE system uses a radio
uplink while in this work, as shown in Figure 7.3, only optical pencil beams
are used for both up- and down-link. Subsequently in this scenario, at the user
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side, fixed and mobile devices are equipped with an optical Transceiver (TRx)
that supports data erasure and carrier recovery (for e.g. SOAs) and a modu-
lator for data rewrite on the same wavelength. This eliminates the need for a
laser source at the user’s device which has its own wavelength offset and phase
noise.

Section 7.2 will present the testbed and method for crosstalk evaluation
on symmetric 10 Gbps and asymmetric (10 Gbps downlink / 2.5 Gbps up-
link) duplex communication channels using a wavelength of 1550 nm in our
2D beam-steered system. Section 7.3 presents the testbed and method to
demonstrate the performance of the 2D-steered duplex communication chan-
nels using symmetric and asymmetric bitrates, using downstream data erasure
and modulation at the user’s device side with different PRBS pattern lengths
and downstream extinction ratios. Results and discussions of the two systems
are given in Section 7.4.

7.2 Experimental setup for crosstalk evaluation in
2D-steered duplex link

Laser Source

. X90:50

2m

Grating |

LPencil Radiating Antenna

Figure 7.4: Testbed setup for crosstalk evaluation of a full-duplex 2D-steered
free-space communication using wavelength re-use. Erbium-doped fiber am-
plifier (EDFA), Mach-Zehnder modulator (MZM), Pseudorandom binary se-
quence (PRBS).

Figure 7.4 illustrates the testbed for the crosstalk evaluation of an all-
optical wireless system with 2D beam steering over 2 m free space. A laser
source of 1550 nm is distributed 50:50 to provide identical optical input power
and wavelength for the downlink and uplink transmission [196]. Note that
the user’s device is fed via fiber by the same laser as used for downstream
(50% power) with no carrier recovery. This setup is for measurement eval-
uation only, not for a practical system setup. The downlink Mach-Zehnder
Modulator (MZM) modulates the beam with an Non-Return-to-Zero (NRZ)-
On-Off-Keying (OOK) signal with PRBS 27 — 1 bits. An Erbium-Doped Fiber
Amplifier (EDFA) is used to amplify the optical signal up to 8.9 dBm just be-
fore transmission to free space through the triplet lens collimator from Thorlabs
(TC18FC-1550), which has a focal length of 18.36 mm, an opening aperture of
10 mm, and a full-angle divergence of 0.034°. The 1/e? beam diameter is 3.33
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mm at the focal plane. For further information on the lens collimator please
refer to Section 4.1.

The launched beam then hits the 2D steering module, which is constructed
by cascading a reflection grating with a blaze angle of 63° and 31.6 grooves/mm
(Thorlabs GE2550-0363), and a reflection grating with a blaze angle of 75° and
79 grooves/mm (Thorlabs GE2550-0875) (see Section 3.3 for more details). The
diffracted beam is captured by another triplet collimator and received with a
10 Gigahertz (GHz) Single Mode Fiber (SMF) photoreceiver from Discovery
Semiconductors, Inc, Part number DSC-R402AC-39-FC/UPC-K-2. For the
uplink, the same laser source is modulated with an NRZ-OOK signal with
PRBS 27 — 1 bits using an MZM at the user’s side and the optical signal
is amplified to 8.9 dBm by an EDFA before transmission. The beam then
traverses the same path as the downlink, but in reverse, towards the diffractive
modules, is collected by the collimator and finally, is detected at the receiver
at the head-end side. The uplink measurement is repeated using PRBS 23! — 1
bits. The power loss in the free space path is measured to be as low as 13.7
dB at A = 1550 nm.

7.3 Experimental setup for 2D-steered full-duplex
transmission

BERT.

EYE-DIAGRAM
10 GHz Receiver

Central Communication Controller Free Space Mobile Device

im

Mirror"

son
T 0 0A MZM H soa
rating \\
\ I PRBS
Grating Mirror

Pencil Radiating Antenna

Figure 7.5: Testbed setup for full-duplex free-space transmission with two-
dimensional beam steering and wavelength re-use. Optical amplifier (OA),
Mach-Zehnder modulator (MZM), Pseudorandom binary sequence (PRBS),
Semiconductor optical amplifier (SOA).

Figure 7.5 illustrates the testbed setup for a symmetrical or asymmetrical
full-duplex 2D-steered communication system with optical carrier recovery at
the mobile device. As in the proposed architecture, the testbed consists of
the Central Communication Controller (CCC), the free space region and the
mobile device. The CCC unit hosts a laser tuned to transmit at A = 1550 nm.
The transmitted beam acts as the carrier signal. A data signal of PRBS 27 — 1
bits is modulated onto the carrier signal using an MZM at 10 Gbps. The ER
of the signal is set by observing the signal on a sampling scope. An Optical
Amplifier (OA) is used to amplify the optical signal to < 9 dBm. In this
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experiment, an EDFA is employed. Alternatively, an SOA may be preferred as
SOAs can be accommodated in Photonic Integrated Circuits (PICs) and thus,
enable miniaturization of the receiver units in the future. PIC technology is
capable of integrating various photonic components such as lasers, modulators,
optical amplifiers, photodetectors, and waveguide gratings on a single substrate
[197]. The output signal of the MZM is then carried through SMF. The signal
is emitted into free space through the TRx collimator and travels towards the
2D beam-steering module. The transmission distance is extended to 3 m, by
means of two silver-coated mirrors.

At the receiving device, an identical TRx collimator is used to capture the
signal. The received signal is carried towards the SOAs for data erasure. The
re-modulated upstream data signal is created using PRBS 23! —1 bits. In order
to compensate for the loss caused by the MZM, an OA (in this experiment,
an EDFA is employed) is placed to amplify the signal to < 8 dBm. This
uplink signal then travels through the TRx collimator, and by the principle of
reversibility, the signal travels through the same path as the downlink signal in
the optical system. The signal is then collimated by the TRx collimator and
sent to the 10 GHz PIN photoreceiver, and thereafter, evaluated using a Bit
Error Rate Tester (BERT) and sampling scope for the eye diagram.

7.4 Results and discussion

T 8 | 2 e
© 1 Uplink BER = 1x10° “ Uplink BER = 1x10°3
vy 95.0044 0. 20.0 ps/aiv 55.884¢

(c)

Figure 7.6: Eye-diagram for symmetrical 10 Gbps full-duplex transmission with
wavelength re-use system with a downlink ER = 3.6 dB: (a) downlink signal
at BER 1 x 107 and 1 x 1073 (b) Erased signal after SOA (c) Re-modulated
uplink signal at BER 1 x 1072 and BER 1 x 1073.

Figure 7.6 shows the eye-diagrams for downlink signal with ER = 3.6 dB
for (a) downlink signal (b) erased signal (c) re-modulated signal. We observe
that data erasure and re-modulation is achieved with open eyes.

With regard to the crosstalk evaluation, the BER performance and eye di-
agrams are measured and observed. Again, note that the user’s device is fed
via fiber by the same laser as used for downstream (50% power) with no carrier
recovery. Crosstalk measurements are carried out for (i) both the uplink and
downlink when both links are operational, (ii) the downlink when the uplink is
disconnected, and (iii) the uplink when the downlink is disconnected. Trans-
mission measurements are carried out for symmetric (10 Gbps) and asymmetric
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Figure 7.7: BER performances: (a) Asymmetric channels crosstalk PRBS 27 —1
downlink and uplink, (b) Asymmetric channels crosstalk PRBS 27 —1 downlink
PRBS 23! — 1 uplink, (¢) Symmetric channels crosstalk PRBS 27 — 1 downlink
and uplink, (d) Symmetric channels crosstalk PRBS 27 — 1 downlink PRBS
231 — 1 uplink, (e) Asymmetric channels with wavelength re-use PRBS 27 — 1
downlink PRBS 23! —1 uplink with downlink ER = 5.4 dB, and (f) Asymmetric
channels with wavelength re-use PRBS 27 — 1 downlink PRBS 23! — 1 uplink
with downlink ER = 10.5 dB. Both channels are transmitting (BO), free space

(fs).
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(2.5 Gbps uplink and 10 Gbps downlink) duplex transmissions. SMF trans-
mission, in place of free space for the same configurations, is also performed
for Back-to-Back (BtB) transmission measurements.

From the results in Figure 7.7, we observe that the crosstalk performance
of asymmetric full-duplex channels (Figure 7.7(a) and Figure 7.7(b)) stays
consistent whether PRBS 27 —1 bits or 231 —1 bits is set for the uplink. However,
the downlink suffers from a 2 dB penalty (in comparison to their corresponding
BtB measurements) when both uplink and downlink are transmitted. On the
other hand, we observe that for symmetric full-duplex channels (Figure 7.7(c)
and Figure 7.7(d)), the power penalty is less than 2 dB for PRBS 27 — 1
bits but when PRBS 23! — 1 bits is used, the uplink BER performance for
symmetric duplex transmission tends towards the noise floor, giving a penalty
of about 3 dB at BER of 1 x 1077, We observe that longer pattern length gives
rise to a larger penalty for the symmetric transmission due to a more severe
crosstalk effect. This trend could also be due to high pass response (note
that no low pass filter is used in the experiment) and bias drift. Additional
investigation in future work will be needed to determine the dominant cause(s).
Crosstalk problems are commonly due to reflections at interfaces such as at the
circulators, the fiber-pigtailed collimators, and the gratings. It has also been
widely accepted that Rayleigh backscattering noise, which is due to the intrinsic
property of the optical fiber, is a challenge in a full-duplex bi-directional single
fiber system using the same wavelength [198, 199]. The reflected signals then
add up and incur crosstalk and beat noise at the receiver. With reference
to a similar experimental results reported by H. Y. Hsu et al. [196], the bi-
directional point-to-point free-space transmission of 10 m distance results in
a power penalty of less than 0.8 dB compared to BtB link with SMF and a
penalty of only 0.2 dB compared to unidirectional transmission. The crosstalk
penalty of 10 km full-duplex transmission in a single fiber using the same
wavelength has also been analyzed in [200].

Figure 7.7(e) and Figure 7.7(f) show the transmission performance in the
testbed of Figure 7.5 for asymmetric channels with 10 Gbps downlink and 2.5
Gbps uplink. The performances are consistent in both trials using downlink
ER = 5.4 dB and ER = 10.5 dB. The downlink has a negligible penalty of < 1
dB but both uplink channels suffer from about 4 dB power penalty. This is
mainly due to the non-ideal erasure of the signal in addition to the Amplified
Spontaneous Emission (ASE) noise from the EDFAs and from the two-stage
SOAs.

Figure 7.8 illustrates the results for symmetric channels of 10 Gbps. As
the downlink channel has a smaller ER, the sensitivity of the downlink is
worse than the uplink. However, it can be seen that the downlink sensitivity
improves from -9 dBm to -12 dBm and -14 dBm as its ER is increased from
2.0 to 3.6 and 4.3 dB, respectively. Conversely, the performance of the uplink
channel is compromised as expected due to less effective compression as the
SOA is fed with a larger input signal. Moreover, a similar performance curve
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Figure 7.8: BER performance of symmetrical 10 Gbps full-duplex with wave-
length re-use, PRBS 27 — 1 for downlink and PRBS 23! — 1 uplink with initial
downlink signal ER of (a) 2.0 dB, (b) 3.6 dB and (c) 4.3 dB.

as the crosstalk performance in Figure 7.7(d) is observed, nonetheless with
additional effect contributed by the not-perfectly erased downlink signal [192].
We see here that there is a compromise between downstream and upstream
performance in the bi-directional system, i.e. we need a large ER for good
downlink performance, but a small ER for clean carrier recovery and good
uplink performance.

7.5 Chapter conclusion

In summary, a novel full-duplex all-optical wireless system supporting symmet-
ric 10 Gbps downlink and uplink channels with OOK-NRZ signaling has been
demonstrated. The experiment is conducted over a free space distance of 3 m
deploying an all-optical solution at A = 1550 nm. The uplink is implemented
using a carrier recovery and re-modulation technique enabled by erasing the
downlink OOK signal by means of two cascaded SOAs operating in the satu-
ration region. Error-free links with BER < 1 x 10~ have been achieved for
both downlink and uplink for a downlink signal ER of up to 4.3 dB.

The asymmetric full-duplex system has been demonstrated for 10 Gbps
downlink and 2.5 Gbps uplink for a downlink signal ER of up to 10.5 dB. All
channels attained a BER < 1 x 107?. The concept is scalable to higher data
rates by designing proper SOAs for data erasure or with the use of spectrum
efficient amplitude modulation such as Discrete Multitone (DMT) as reported
by K.A. Mekonnen et al. [201].

An alternative method to implement an all-optical duplex system is by
using phase or frequency modulation for downlink and amplitude modulation
for uplink. For e.g. in phase modulation such as binary phase shift keying
(BPSK), only the phase changes while the amplitude stays the same. Subse-
quently, amplitude modulation can be used for the uplink in which no carrier
erasure will be needed since amplitude modulation only affects the amplitude of
the signal. Higher level phase shift keying (PSK) formats, such as Quadrature
Phase-Shift Keying (QPSK)/4-PSK and 8-PSK, can be employed to increase
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the data rate.
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8.1 Wide angle lens receiver

In Chapter 5, Chapter 6, and Chapter 7, we have presented measurements
made with a fiber pigtailed collimator, Thorlabs TC18FC-1550 model, with
a focal length of 18.36 mm and a full-angle divergence of 0.034°. The 1/¢?
beam diameter is 3.33 mm at the focal plane. For further information on the
lens collimator please refer to Section 4.1. The collimator has a very limited
Field of View (FoV), i.e. 0.034° theoretically. The transmitter’s narrow FoV
results in very precise measurement with reduced path loss as narrow beams
could better concentrate the optical power within a small area compared to
a wide beam. The narrow FoV at the receiver would mean less background
light is captured since the FoV is very small and accepts only near parallel
beam. This also avoids multipath distortion from beams coming from angles
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larger than can be received in the small FoV of the receiver. These results in
less noise being captured, and thus, improve the Signal-to-Noise Ratio (SNR)
of the signal. However, the alignment of such narrow FoV collimators is a
tedious process and is definitely not feasible for practical implementation in a
nomadic or mobile system due to the inherent long latency for alignment and
user detection. Therefore, besides having a high coupling efficiency optical
system, a wide angle optical receiver is desired.

An important factor in light coupling, which we should take into consid-
eration, is the étendue, €, of the optical system [202]. Etendue denotes the
geometrical extent or spread of light. It is a product of the effective emitting
or receiving area (Acyrf), and the solid angle (£2). The fundamental principal
of étendue is the conservation of energy, or the conservation of the number of
rays, in an optical system [203], as shown in Figure 8.1. Etendue is conserved
as light travels through optical systems where it undergoes perfect reflections
or refractions. The étendue of light can only increase due to scattering, but
can never decrease.

Total flux in = Total flux out
Etendue = dd;.dQ2,y = dAd o dQour

‘_T_--————----‘ "" dQOUI J,

Figure 8.1: Conservation of étendue.

The étendue factor sets the fundamental limit for effective light coupling
of the system. In order to get perfect coupling, the étendue of the emitter
and receiver has to match. In an optical system, the component which has the
lowest étendue sets the limit of the entire system. For example, light coming
from a larger étendue source will only be partially accepted by the limiting
component of the lowest étendue in the receiving optical system [204]. In the
opposite case where the receiving optical system has a larger étendue than
the source, almost all the light can be coupled into the optical system. The
collected power or the radiant flux, F', is related to the étendue, €, and radiance,
L¢, as the following:

. dF
L= da a0 (®.1)

dF = L°dA.fp.dQ = L°.d*



CHAPTER 8. OPTICS-ASSISTED SYSTEM AND TIME-SLOTTED
TRANSMISSION 151

where dA.7.d€) determines the étendue, dA.f; = dAcos 6 and d§) = sin 6dfde.
Radiance is the radiant flux of a given infinitesimal surface in an infinitesimal
solid angle around a given direction, divided by the product of effective area
and solid angle [205]. We see that, at a constant radiance, by having a larger
étendue at the receiving optical system, more power can be collected.

In a free-space optical transmission system which employs a fiber coupling
sub-system at the receiver, the sub-system is limited by the étendue of the fiber.
The small diameter and numerical aperture of the optical fiber determines the

étendue factor. The étendue factor for a fiber can be determined as follows
[204, 206]:

d*é¢ = dAcpp.dQ (8.2)
£ = A// cos 0 sin 8dOd¢ (8.3)
= 7Asin?6

where sin f is the angle corresponding to the numerical aperture of the fiber.

Whereas in a system which employs a photodetector together with an op-
tical coupling sub-system with lenses and / or concentrators, the étendue is
determined by the effective aperture (taking into consideration the aperture
stop and field stop [205]) and the solid angle from which the light is accepted.
The 6 is then the angle corresponding to the angle of the half-field of view of
the system.

Table 8.1: Comparison of étendue limits for SMF [207], MMF [208, 209, 210],
and photodetector based receiver [210]. 6pqf: Half-field of view angle, Q:
Solid angle, d: diameter, A.¢s: Effective detection area, £: étendue, SI: Step-
index, GI: Graded-index, SMF': Single mode fiber, MMF: Multimode fiber, PD:
photodetector.

Component Onaty [°] Q [sr] d [pm] Acrp [mm?] | € [mm?Z.st]
SMF 1060XP 8.05 6.19x 1072 | 95+05 | 7.09x107° | 4.4 x10°°
SMF 980HP 11.54 0.13 6.8+0.5 | 3.63x107° | 4.6 x 107°
GI-MMF GIF625 15.96 0.24 62.5+25 | 3.07x107°% | 7.3x107*
SI-MMF FP1000ERT 30 0.84 1000+ 15 | 7.85x 107t | 6.2x 107¢
New Focus 12 GHz 80 5.19 25 491 x107* | 1.5 x 1073

Table 8.1 compares the étendue limit of two Single Mode Fibers (SMFs),
two Multimode Fibers (MMFs) and a 12 GHz photodetector from Newport/New
Focus. The fibers are selected such that they have a large numerical aperture
and / or large effective detection area. We observe that a reasonably large
étendue can be achieved by using a step-index MMF. The half-field of view
is modest and can be improved using an optical sub-system to increase the
field of view of the free-space receiver. However, the effective detection area
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will have to be compromised due to the conservation of étendue. Another in-
teresting component is the Newport/New Focus 12 GHz photodetector. The
detection area is much smaller than that of the step-index MMF but it has the
advantage of an inherently large field of view.

Consider also that for a photodetector of a higher bandwidth, BW, the
junction capacitance, C; [211] has to be decreased as in the following relation:

1

BW=—wH——
27 R10adC}

(8.4)
where Rj.q.q is the load resistance. In a transmission system, the load resis-
tance is typically 50 €2. Correspondingly, the area of the photodetector has to
decrease to provide a lower capacitance as in the following relation:

0 = (8.5)

where €, is the permittivity of the semiconductor material, A is the diffusion
layer area / detection area and w is the depletion layer width which depends
on the carrier transit time and the carrier drift velocity [211].

As seen in the relations explained above, a challenge in employing high
speed receivers is the small photodetector area. We can increase the effective
area and field of view, and consequently the effective étendue, for example by
employing an array of photodetectors.

The following are some techniques used to improve the receiving angles of the
optical receivers. The techniques using (1) Compound parabolic concen-
trator [145] and (2) Angular magnifier in combination with an SLM
[149], as shown in Figure 8.2 and Figure 8.3, respectively, are not inherently
wide angle as they are limited by the étendue of the fiber which limits the prod-
uct of aperture and field of view. Both systems require tracking and alignment
to achieve wide angle operation. In (1), the coupling system has to be adjusted
to align the beam to the fiber and in (2), the Spatial Light Modulator (SLM)
is used as the alignment adjustment.

Techniques (3) Angle diversity receiver [212] and (4) Hemispherical
lens [213], as shown in Figure 8.4 and Figure 8.5, respectively, show photode-
tector based receivers which have a much larger field of view as their detection
areas tend to be larger and their field of view is at least 90° theoretically.

Technique (5) Fiber bundle arrays is another way of increasing the
effective étendue of the system by using a lens array and fiber bundle, together
with an alignment process. Each bundle is placed at the focal distance behind
each microlens in the array and each bundle is composed of multimode fibers.
The microlens array is controlled using piezoelectric transducer to translate
the lens array as a whole. The reported FFoV is approximately 20° [215]. The
design of such a receiver is shown in Figure 8.6.
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Figure 8.2: Free-space receiver using compound parabolic concentrator (CPC)
with an FFoV of 90°, used together with coupling lenses [145].
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Figure 8.3: Receiver module which employed an angular magnifier in combi-
nation with a spatial light modulator to achieve up to 60° FFoV. The ‘red
arrow’ shows the incoming beam from the access point. The beam then travels
in the direction pointed by the red arrow towards the receiver through a lens
collimating system and single mode fiber (SMF) [149].
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Figure 8.4: Angle diversity receiver with an array of four receiver elements
(8 x 20° and 8 x 31° configurations), in which each receiver optics consists of
an optical filter, a concentrator and a photodetector [212].
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Figure 8.5: Receiver with hemispherical lens with: (a) a planar fillter and (b)
a spherical filter, to reject ambient light [214]. This method has demonstrated
an FFoV of up to 156° besides providing optical gain on a 1 cm? detection area

213].
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Figure 8.6: Conceptual design of lens array/fiber bundle wide field of view
free-space receiver. A position sensing detector (PSD) provides a feedback to
control the position of a microlens array such that an incident beam is always
coupled into one fiber of a bundle behind the microlens array [215].

In this thesis a commercial ultra-wide angle lens, also known as the fish eye
lens, of 180° meant for mobile phones is proposed. This is an existing clip-on
lens which is commercially available in the market for mobile phones. Users
can deploy it for communication in addition to the primary function of taking
wide angle pictures.

Composite wide angle lens
«——— 14dmm ——

Detectors at each beam position at focal plane
] 0.1x 0.1 mm?2

_______________________

—

Focal plane
at2.61 mm

2mm

10mm

Figure 8.7: Principle of a wide angle lens. Simulation using a 200° ultra-wide
angle lens / fisheye lens model from Zemax.

The advantage of using such a wide angle lens is its ability to provide a
wide field of view by bending light into a small area, as shown in Figure 8.7.
The figure shows the ability to achieve an FFoV of 200°. This lens model is an

155

8.1. WIDE ANGLE LENS RECEIVER




NOISSINSNVYL AHLLOTS-HINLL ANV WHLSAS dALSISSV-SOILLdO '8 HHLJAVHO H

156 8.1. WIDE ANGLE LENS RECEIVER

existing wide angle lens model provided by Zemax, which can be found in the
‘samples’ folder provided by Zemax OpticStudio 16 software (Default directory
../MyDocuments/Zemaz/Sample/Sequential /Objectives). It is not in scale
with the lens used in the experimental demonstration. The purpose the model
is used is to show how the rays travel through a wide angle lens.

From Figure 8.7, we observe that a sufficiently large photodetector area,
which can include an array of photodetectors, at the focal plane of the wide
angle lens will be required. The figure shows that the lens, with dimensions
shown in the picture, is able to couple light up to a half angle of 75° with a full
photodetector diameter of about 2 mm. Assuming a 12 GHz photodetector
[210] which has a diameter of 25 ym will be used, we will need 2 mm/25 pm <
80 arrayed phtotodetectors (spacing between photodetectors are not included).
This method could potentially allow a simple and low form-factor construction
of receivers for mobile devices. Additionally, the arrayed photodetectors may
allow simultaneous localization and tracking of a device by getting the infor-
mation of the direction of the beam through the light intensity falling on the
photodetector array. Another method of using the wide angle lens is by using
an alignment system to align a fiber to the focused beam at the focal plane.
This technique would be similar to the techniques shown in Figure 8.6.

8.1.1 Experimental setup to evaluate the fish-eye lens receiver

The lens used in the experimental demonstration is a fish eye lens of FFoV
of 180° with a front lens diameter (where the beam strikes) of 2 cm and an
aperture at the back of approximately 1.1 cm. In the testbed implemented here,
due to the absence of an array or large surface detector for 10 Gigahertz (GHz),
a collimator is aligned using the alignment robot introduced in Section 4.10 to
capture each incoming beam. In a practical scenario, it would be ideal to have
the final receiver device implemented with a large effective detector area.

The setup of the measurement testbed is shown in Figure 8.8. A tunable
Laser Diode (LD) provides a beam with a wavelength of 1550 nm with an
optical power of < 9.5 dBm. The beam is transmitted to free space through
a fiber-pigtailed collimator from Thorlabs (TC18FC-1550), which has a focal
length of 18.36 mm, an opening aperture of 10 mm, and a full-angle divergence
of 0.034°. The 1/e? beam diameter is 3.33 mm at the focal plane. For further
information on the lens collimator please refer to Chapter 4. The free-space
beam travels over a distance of approximately 25 cm. The 3.33 mm free-space
beam is collected using another fiber-pigtailed zoom collimator (from Thorlabs,
product number ZC618FC-C, with a focal length between 6-18mm, and a nu-
merical aperture of 0.25) to optimize the light collection. The measurement is
repeated for each re-placement of the transmitter at different incidence angle.
The 4-axis alignment robot is used to detect the beams falling on the detection
plane. A photo of the setup is shown in Figure 8.9.
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Figure 8.8: Measurement setup for wide angle receiver using commercial 180°
fish eye lens.
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Figure 8.9: Photo of setup for wide angle receiver measurement.
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8.1.2 Results and discussion

Figure 8.10 shows the measurement results as the angle of incidence of the
beam is increasing. Observe that the Full Width Half Maximum (FWHM) of
the curve is at approximately 40°, which corresponds to a FFoV of 80°. This
FFoV is limited by the effective area of the collimator aperture.

Received Power (dBm)

1 1
1] 10 20 30 40 50 60

-14 1

Rotation Angle (degree)

Figure 8.10: Measured coupled light at different incidence angle.

In summary, this is a very simple idea and technique using an existing
commercially available lens. Other lenses which are available commercially for
mobile phones can also be potential solutions for wide angle light coupling. The
required effective photoreceiver aperture area and the appropriate beam size are
interdependent. A large beam size will require a larger effective photoreceiver
aperture area in order to guarantee adequate received optical power for data
transmission. In a more advanced approach, receivers can be made from an
array of photodetectors. Another alternative could be to use an array of micro
mirrors to focus the beams into an array of fibers but this may result in a bulky
construction [215].

A guide for the relation between the effective detector size needed versus the
beam size has been reported in A.M.J. Koonen at al. [143]. The assumption
was that the Pencil Radiating Antenna (PRA) covers an area of L x L with
a 2D tabulation of spots with a beam diameter of Dpegy,, as shown in Figure
8.11. The number of scanning steps needed is, N = (L/Dpeam)?. With a tuning
range of A), the tuning step size will be 6\ = AN/N = A\ X (Dpeam/L)?. The
lower bound for the beam diameter is given by Dpeam > L/0Amin/AX. The
receiver aperture has a diameter of D,, and the PRA is fixed in the middle
of the ceiling of height, H. We assume that the intensity of the beam falling
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Figure 8.11: Scanning of a room with optical beams.
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Figure 8.12: Corresponding beam diameter, Dpeqm, due to tuning step, dA
and effective photoreceiver aperture diameter, D,.., to yield the corresponding
received optical power, P, [143].
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across the receiver diameter is uniform, and the minimum power received in
the elliptical spot in the corner of the room is given by:

A
Prxmin = Pbeam COS 90 = (86)
spot

)2

D’I"Z‘
Dyeam
L2
2H?
which implicitly sets the upper bound to the beam diameter in order to guar-
antee an adequate minimum received power level. It is assumed here that
the received power is not restricted by the field of view of the receiver. This
approximation holds when the received light is incident directly on the active
area of the photodetector. Intermediate optics such as a Compound Parabolic
Concentrator (CPC) or condensor lens may yield a larger effective detection
area, D, but due to the conservation of étendue, also restrict the field of view.

Figure 8.12 shows how Djeq can be determined with the corresponding
tuning step size and minimum receiver sensitivity. The calculation was made
for a coverage area of 1.5 x 1.5 m?, a height 2.5 m between the access point
and the user terminal, a free-space beam power Ppeg,n of 10 mW (10 dBm)
and an effective receiver aperture diameter, D,, of 1 mm or D,, of 10 mm
[143]. As we can see from Figure 8.12, a photoreceiver aperture area of 10 mm
can couple adequate received optical power of -20 dBm for data transmission
of near error-free 10 Gbps On-Off-Keying (OOK)-Non-Return-to-Zero (NRZ)
signal from a beam with a diameter of 30 cm.

In our line-by-line 2D scanning techniques, M = L/ Dyeqnm, lines need to be
scanned to completely cover an area of L x L. Each line corresponds to passing
through one Free Spectral Range (FSR) of the highly dispersive grating.

Pbeam(

1+

8.2 Angular magnification

In Section 3.2, it is shown that a cascaded gratings solution has a 2D steering
angle limitation of approximately 6° x 26°. Here, an angular magnification
method by employing the reverse telescope construction is proposed to fur-
ther increase the angular coverage. The theoretical construction of the reverse
telescope configuration has been discussed in Section 4.7.

A photo of the 2D steering module integrated with an angular magnifier is
shown in Figure 8.13. The angular magnifier is constructed using two lenses
configured as shown in Figure 8.14. The first lens in the simulation is Thorlabs
ACLT7560 aspheric condenser lens with a 60 mm Effective Focal Length (EFL)
and a 40.3 mm Back Focal Length (BFL), a diameter of 75 mm, and a numerical
aperture of 0.61. The second lens is an Edmund Optics 67252 lens with 15 mm
EFL and 8.42 mm BFL, and a diameter of 25 mm.
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Figure 8.13: Photo of setup configuration with angular magnification.
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Figure 8.14: Angular magnification using two aspheres.
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Aspheric lenses were chosen due to their small f-number. f-number typically
is defined as the ratio of the focal length, f, of a lens to the diameter, D, of
the lens, as below:

_ !
f-number = i) (8.7)

The larger the diameter of a lens, the more light can be collected in the
system. The main reason aspheric lenses are chosen is due to the need for
a small (as small as possible preferably < 1) f-number lens especially for the
second lens. Firstly, we want the second lens to have a focal length as short as
possible in order to have a high magnification factor and also a small receiver
size. As we see in Equation 4.12, the angular magnification factor, M is equal
to f1/fa. Therefore, a shorter focal length for the second lens, fa would give a
higher angular magnification factor. Although we want the focal length to be
as small as possible, we also want a large lens diameter. This is so that we can
capture a beam at as large an angle as possible. This scenario is illustrated in
Figure 8.15. In this figure, the angular magnification factor is 2.5, with Lens 1
having a focal length 2.5 times that of the focal length of Lens 2. Observe also
the limitation of the second lens to capture the Ray 2 of angle 6.

Lens 2 Lens 1

Transmission
Grating

Figure 8.15: Angular magnification ray diagram. Input beam from lens colli-
mator is diffracted into two components, Ray 1 and Ray 2 (emulating different
wavelengths). Lens 1 has a focal length, fi, 2.5 times larger than the focal
length of Lens 2, fy, therefore, M = f;/f2 = 2.5. Ray 2 fails to pass through
Lens 2.

In the proof-of-concept experimental demonstration, we employed two lenses
from Thorlabs. The first being Thorlabs ACL7560 aspheric condenser lens and
the second is Thorlabs LA1805C plano-convex lens with 29.9 mm EFL and 24.2
mm BFL. These lenses are selected due to their availability in the laboratory.
By using Equation 4.12, the achieved angular magnification factor, M is equal
to f1/f2 =60/29.9 ~ 2x.
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8.2.1 Experimental setup to evaluate angular magnification in
the system
26mm X 26mm
19mm X 13.5mm 10502
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Figure 8.16: Testbed setup with angle magnifier and fish-eye lens. Grating 1 is
a reflection grating with a blaze angle of 80.7° and 13.33 grooves/mm (Newport
53004BK06-182E). Grating 2 is a transmission grating with an incidence angle
of 49.9° and 1000 grooves/mm (Ibsen PING-sample-083). LD: laser diode,
EDFA: Erbium-doped Fiber Amplifier, PD: Photodetector, BERT: Bit Error
Rate Tester.

A testbed for the experimental demonstration of the 2D beam steering sys-
tem employing the angular magnifier and wide angle receiver is shown in Figure
8.16. A compact tunable laser source model 81960A from Keysight Technolo-
gies, which is an external cavity laser which has a wavelength tuning range from
1505 nm to 1630 nm and a capability to tune up to 200 nm/s, is used to provide
the optical carrier which is then modulated with OOK-NRZ data with Pseudo
Random Binary Sequence (PRBS) of 23! — 1 bits. An Erbium-Doped Fiber
Amplifier (EDFA) is used to adjust the optical power to < 9.5 dBm. The beam
is transmitted to free space through fiber-pigtailed triplet collimator (Thorlabs
TC18FC-1550 model, with a focal length of 18.36 mm, an opening aperture
of 10 mm, and a full-angle divergence of 0.034°. The 1/e? beam diameter is
3.33 mm at the focal plane. For further information on the lens collimator
please refer to Chapter 4.). The 2D beam-steering module is constructed by
cascading a reflection grating with a blaze angle of 80.7° and 13.33 grooves/mm
(Newport 53004BK06-182E), and a transmission grating with an incidence an-
gle of 49.9° and 1000 grooves/mm (Ibsen PING-sample-083) (see Section 3.3
for more details). The angular magnifier has a magnification factor of 2, as
calculated previously in Section 8.2. The beam is then sent to towards the
180° fish eye lens with a front lens diameter (where the beam strikes) of 2 cm
and an aperture at the back of approximately 1.1 cm (see Section 8.1) and the
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beam focused behind the fish-eye lens is captured by the fiber-pigtailed zoom
lens. A zoom lens is used so that the focal length of the lens can be changed,
shorter focal length for a more divergent beam and wider acceptance angle,
without changing discrete collimator itself. This helps to maintain the align-
ment of the system besides having to purchase multiple collimators of different
focal length. For example, a similar triplet collimator (TCO6FC-1550) with a
focal length of 6.18 mm at alignment wavelength of 1550 nm has a full-angle
divergence of 0.101° compared to the introduced triplet collimator TC18FC-
1550 model with a focal length of 18.36 mm at alignment wavelength of 1550
nm with only a full-angle divergence of 0.034° [163]. The optical beam is then
captured by the 10 GHz SMF photoreceiver from Discovery Semiconductors,
Inc [216], Part number DSC-R402AC-39-FC/UPC-K-2, and sent to the Bit
Error Rate Tester (BERT). The measurement was repeated for three different
wavelengths, i.e. 1518 nm, 1550 nm and 1583 nm.

8.2.2 Results and discussion

The measured performance of the free-space channels with wavelengths of 1518
nm, 1550 nm and 1583 nm is plotted against their corresponding fiber Back-
to-Back (BtB) performance, as shown in Figure 8.17. We see that nearly error-
free 10 Gbps channels with Bit Error Rate (BER) < 1 x 107 are successfully
obtained with less than 1 dB penalty between the free space and BtB channels.

T T
—O— 1518 10G BiB
@ 1518 10GFS
s ; ; ¢ | —0— 1550 10G BB
Al X KOO - poeeeeecdeo @ 1550 10G FS
g : { | —<—158310G BtB
4 158310GFS

-log (Bit Error Rate (BER))

11 i i | |
-22 -21 -20 -19 -18 17 -16 -15
Received Power (dBm)

Figure 8.17: Channel performance at 10 Gbps with OOK-NRZ signaling at
wavelengths A = 1518 nm, 1550 nm and 1583 nm. BtB: Back-to-back, FS:
Free Space.

The spectral bandwidth of the system as shown in Figure 8.18(b) is com-
pared to Figure 8.18(a) which is the spectral bandwidth of the previous system
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Figure 8.18: Measured spectral bandwidth for (a) Setup without angular mag-
nification and fish-eye lens (see testbed setup for Module 2 in Section 6.2); (b)
Setup with angular magnification and fish-eye lens (Figure 8.16). FWHM: Full
Width at Half Maximum, BW: Bandwidth.

which was not equipped with angular magnifier and wide angle lens. We see
that the -3 dB bandwidth is 12.47 GHz, which is larger compared to the pre-
vious setup with only 9.79 GHz. This is contributed largely by the larger
aperture of the wide angle lens which is approximately 2 cm.

By tuning the wavelength of the tunable laser, Figure 8.19 shows the mea-
sured continuous tabulation of the system which is without angular magnifier
(see testbed setup for Module 2 in Section 6.2), and Figure 8.20 shows the
measured tabulation of the current system which consists of the angular mag-
nifier. These measurements are made at 5 - 10 cm in order to capture all the
beams. The field-of-view of the camera is not large enough to captured all
the beams at 2 m distance. At the actual two meter distance, these spots of
3.33 mm from the fiber-pigtailed triplet collimator (Thorlabs TC18FC-1550),
will be spaced far apart. Without the angular magnifier, the spots are spaced
according to the tangent of the diffraction angle. When an angular magnifier
is employed, the diffraction angles are doubled with a magnification factor of
two. Therefore, as the distance increases from 5 cm to 2 m, the diffracted spots
spread apart from each other increasingly. The coverage of the area at 2 m can
be improved by using larger parallel beam spot size or divergent beams as will
be discussed in Subsection 10.2.5.

When measured at this distance of 5 - 10 cm, we can see that the scanning
lines are twice further apart by using the M = 2x angle magnifier in Figure
8.20 compared to without angle magnifier as seen in Figure 8.19. The spot
size in Figure 8.20 are in general smaller compared to Figure 8.19, in which
we expect twice smaller. We also observe a few missing spots. This is due to
human error as this measurement was done manually by first tuning the laser
and then capturing the image on a computer on the other end. In this case,

165
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the laser wavelength was not changed before capturing the next image on the
computer.

Figure 8.21 shows a photo of the 2D steered lines from an input beam orig-
inated from the Amplified Spontaneous Emission (ASE) noise contributed by
cascaded Semiconductor Optical Amplifiers (SOAs). As the spectrum of an
SOA is continuous, we can see the continuous lines on the screen placed at

- approximately 5 - 10 cm after the angular magnification module.

Figure 8.19: Photo of a 2D tabulation of diffracted spots at approximately 5-10
cm after the steering module. The steering module is constructed by cascading
a reflection grating with a blaze angle of 80.7° and 13.33 grooves/mm (Newport
53004BK06-182E), and a transmission grating with an incidence angle of 49.9°
and 1000 grooves/mm (Ibsen PING-sample-083).
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Figure 8.20: Photo of a 2D tabulation of diffracted spots after 2x angular
magnification with screen position at approximately 5-10 cm after the magnifi-
cation module. The magnification module is placed after the steering module,
which is constructed by cascading a reflection grating with a blaze angle of
80.7° and 13.33 grooves/mm (Newport 53004BK06-182E), and a transmission
grating with an incidence angle of 49.9° and 1000 grooves/mm (Ibsen PING-
sample-083). Some spots are missing due to human error during the process of
capturing the images of the spots. In this case, the laser wavelength was not
changed before capturing the next image on the computer or the same image
was saved for a neighboring wavelength.

167
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Figure 8.21: Photo of steering lines from 2D steering module with ASE spec-
trum from cascaded SOAs. Screen position is at approximately 5-10 cm after
the magnification module.
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8.3 Time-slotted transmission

For cost-efficient in-building networks, it is important that the resources needed
are minimized and their usage is maximized in order to optimize the cost, link
performance and energy usage of the system. Time-slotted indoor transmission
is feasible with Optical Wireless Communication (OWC) since most services
require less bandwidth than can be delivered. Thus, this thesis proposes a
low-cost yet high performance reconfigurable 2D beam-steered OWC system
with resource sharing. This work has been reported in C.W. Oh et al. in 2015
[75].
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In the proposed concept of using narrow optical pencil beams, which are
2D beam-steered by passive diffractive devices and simple wavelength tuning,
we can share the tunable laser diodes by applying fast switchable wavelength
tuning and thus sharing a laser diode among a number of beams. Depending
on the number of lasers used, three different supported modes of operation, i.e.
unicasting, multicasting and broadcasting, can be implemented.

In order to provide wavelength re-configurability, a fast switchable tunable
laser is employed. As the capacity of each Line-of-Sight (LoS) optical link can
be enormous, time-sharing of the tunable laser, as illustrated in Figure 8.22,
is proposed. In addition, time-slotted transmission allows dynamic resource
allocation according to the capacity required by the wireless devices. Finally,
the laser sources, together with a crossbar switch [217] and the passive gratings
(at the PRA), easily enable unicasting, broadcasting and multicasting schemes,
as shown in Figure 8.23.

8.3.1 Experimental setup for time-slotted transmission

The schemes for unicasting and broadcasting have been constructed in an ex-
perimental testbed, as shown in Figure 8.24. In this experiment, a tunable
laser is emulated by utilizing two Distributed Feedback Laser (DFB) lasers
and a 2-by-2 Mach-Zehnder Interferometer (MZI) switch, where a switching
speed of 1 ns is attainable. This way, the switching of wavelengths as well as
the concept and feasibility for broadcasting can be demonstrated. Laser 1 is
set to 1549 nm at input port 1 of the switch and laser 2 is set to 1550 nm at
input port 2. The optical power of each lasers is set to 10 dBm. An Mach-
Zehnder Modulator (MZM) modulator of 10 Gigabit per second (Gbps) is used
to modulate an OOK-NRZ PRBS pattern of length 231 —1. An EDFA is placed
after the MZM to amplify the optical power to approximately 8 dBm, which
is within the eye-safety limit, for free-space transmission. The data signal is
then sent to the (a) BtB link made up of a 2 m long SMF fiber (b) free space
with 2D optical beam-steering.

For the free-space setup, the data signal is transmitted to free space using a
collimator from Thorlabs (TC18FC-1550). The data signal is then directed ac-
cordingly to the receiving collimator’s positions depending on the wavelengths
emitted by the PRA, which consists of a pair of cascaded reflection gratings.
The first reflection grating has a blaze angle of 63° and 31.6 grooves/mm (Thor-
labs GE2550-0363), and the second reflection grating has a blaze angle of 75°
and 79 grooves/mm (Thorlabs GE2550-0875) (see Section 3.2 for more details).
The coupled data beam is then sent to the receiver and analyzed by observing
the eye-diagrams via the oscilloscope and the BER via the BERT.
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Figure 8.24: Experimental setup for a time-slotted optical wireless transmission
with 2D beam-steering.
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Figure 8.25: Switch characterization with input ports A and B, and output
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8.3.2 Results and Discussion

The schematic of the MZI switch and the optical output behavior at port C
and port D of the 2-by-2 MZI switch, as the bias voltage is varied, is shown in
Figures 8.25(a-b). The three points of operation have been identified from the
switch characterization, as shown in Figures 8.25(b-d). The first is when the
switch is biased near 0.5 V and at approximately 2.5 V. At these two biases,
the input at port B (1550 nm) and the input at port A (1549 nm) is routed
to output port C, respectively. Unicasting can be realized at these biases. For
multicasting or broadcasting, the bias of the switch can be set at approximately
1.5 V such that both input wavelengths are selected and transmitted at 50%
to the PRA.

As the switch and modulator contribute optical power losses of up to 5
dB and 8 dB respectively, an EDFA is added to the output of the modulator
to keep the free-space transmission power to approximately at 18 dBm. The
crossed gratings contribute at max 15 dB of optical power loss collectively. The
BER performance for BtB measurement and for the free-space transmission is
shown in Figure 8.26. Both systems show a consistently good performance. The
power penalty of the free-space transmission compared to BtB is negligible, i.e.
less than 1 dB. The corresponding eye-diagrams are shown in Figure 8.27. The
eyes are open with negligible distortions observed.
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Figure 8.26: Free-space OOK-NRZ performance with 2D beam-steering and
time-slotted transmission with input ports A and B, and output ports C and
D. L1: Laser 1 (1549 nm), L2: Laser 2 (1550 nm).

On estimating the steering speed of a continuously tunable laser, the tun-
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Figure 8.27: Eye-diagrams of 10 Gbps links with input ports A and B, and
output ports C and D. L1: Laser 1 (1549 nm), L2: Laser 2 (1550 nm).

able laser employed in this thesis, which is a Keysight model 81960A with a
tuning range from 1505 nm to 1630 nm, has been evaluated. This laser has
a continuous tuning speed, v, of up to 200 nm/s. The effective transmission
bitrate depends on the total transmission bits, b, the buffer time (guard time
needed during laser tuning), AA where A\ is the change in wavelength and v
is the speed of continuous lasel; tuning within the A\ range, and data trans-
mission time, fts where ng is the number of symbols and D is the baud rate of

transmission in symbols/s.

The total transmission bits is:
b=mnys X ng (8.8)

where ny/, is the number of bits per symbol and n; is the number of symbols.
Therefore, the capacity of the channel due to laser tuning time and the
data transmission time, can be calculated by:

b o nb/s‘ns
AA s AA s

v D v D

C =

(8.9)

where C' is the maximum achievable data rate, b is the number of transmission

bits, A\ is the change in wavelength, v is the laser tuning speed, ns is the

number of symbols and D is the baud rate of transmission in symbols/s.
Figure 8.28 shows the achievable capacity at different tuning speeds, with

different transmission and buffer time, and a baud rate of 10 Gigabaud (GBaud).
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Figure 8.28: Laser tuning delay calculated for two users at different laser tuning
speeds at a clock frequency of 10 GHz and AX = 100 nm and v, of up to 200
nm/s.

The wavelength difference, is set to AXA = 100 nm. Total transmission bits can
be obtained by multiplying the number of symbols, ng, with the number of bits
per symbol, ny.

In summary, time-slotted transmission with fast switchable tunable laser(s)
enables time-sharing of resources among users and is a viable method to lower
the system cost for high-performance indoor OWC networks. On top of that,
this system can be configured to support dynamic resource allocation accord-
ing to the capacity required. Also, unicasting, broadcasting and multicasting
schemes can be implemented. Such a scheme has been emulated in an exper-
imental testbed for 10 Gbps with OOK-NRZ signal over 2.5 m. The results
showed good performance, and therefore, the feasibility of implementing the
proposed time-sharing system for in-building optical wireless networks. Fast
laser tuning is required in order to reduce idle time and thus to maximize data
throughput.

8.4 Chapter conclusion

This chapter started with the discussion of methods to improve the field-of-view
of the free-space receiver. As discussed, a large area photodetector composed
of a large array of photodetectors with low capacitance would be the ideal
solution. Typically at high data rates, the area of the photodetector needs
to be smaller for adequate bandwidth and low capacitance. Therefore, this
thesis proposes the use of a commercially available wide angle lens with the
assumption that a wide effective area of photodetectors will be available. A
large array of photodetectors or potentially a large array of MMF could also



CHAPTER 8. OPTICS-ASSISTED SYSTEM AND TIME-SLOTTED
TRANSMISSION 175

be employed but these will require alignment process. In this thesis work, a
fiber-pigtailed coupling lens is used to focus the collected beam from the fish-
eye lens at the back of the lens, into an SMF. With this method, up to 80°
FFoV was achieved.

The next section presented the angular magnification technique using a
reverse-telescope configuration in which an angular magnification of 2x was
demonstrated in a testbed. By employing the angle magnifier together with
the fish-eye lens at the receiver side, up to 10 Gbps using OOK-NRZ signaling
was achieve at a near error-free BER of 1 x 107%. Photos of 2D steering
modules in a system without angular magnification and another with angular
magnification was also shown.

This chapter concludes with Section 8.3, in which the time-sharing approach
which can support unicasting, multicasting and broadcasting implementations,
were introduced and demonstrated. By sharing tunable laser resources in a
time-slotted way, system costs can be lowered, at the expense of somewhat
reduced data throughput (in which the number of fast tunable lasers can be
minimized).

8.4. CHAPTER CONCLUSION H
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This chapter is meant as a supplementary chapter to report the progress
of IR-OWC related work in our group. The 2D beam-steering setup which
will be described in this short chapter employs an Arrayed Waveguide Grating
(AWGr), which was designed by Prof. A.M.J. Koonen and evaluated by Dr.
A. M. Khalid [218]. This work has been introduced and reported in [218, 219].

9.1 High port count arrayed waveguide grating steer-
ing concept

This is a straightforward approach to implement 2D passive beam steering,
i.e. by employing a simple 2D arrangement of the fiber outputs of an arrayed
waveguide grating module. The advantages of this method include its con-
struction simplicity, its potentially larger coverage area and that it is passive.
The 2D fiber array design determines the coverage of the area while the AWGr
provides the output ports which carry different wavelength channels to each of
the ports of the 2D fiber array.

The theoretical principle is illustrated in Figure 9.1(a). An optical lens with
a focal length, f, is placed in front of the 2D array of fibers. The fibers are
displaced by an amount Az = x, —z,_1. The spot size, D,, at the image plane
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of length, L, is determined by using D, = 2f tan o, with a being the half-angle
divergence of the Gaussian beam out of the fiber. The distance between adja-

cent spots is determined using Ab = Ax—, where Az is the pitch between the

fibers in the array. The optimum configuration is when the spots are adjacent,
so when Ab = D, with the corresponding pitch of Az = (2f?tana)/d. For
an image plane of L x L, m? spots with diameter D,, with m = L/D, are
required. Finally the fiber pitch can be determined using:

LQ
Ar= —F—— 9.1
2dm? tan a (9-1)
and the focal length:
L
f=—-"—— (9.2)
2m tan a
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Figure 9.1: 2D arrayed waveguide grating technique; (a) Principle of operation;
(b) Testbed setup for demonstration.

9.2 Experimental setup for 2D beam steering with
arrayed waveguide grating

An experimental proof-of-concept setup is configured as shown in Figure 9.1(b).
The wavelength of the tunable laser is set to A = 1544.26 nm and its opti-
cal power is -b dBm. The optical carrier is modulated externally using an
Mach-Zehnder Modulator (MZM). The Non-Return-to-Zero (NRZ)-On-Off-
Keying (OOK) data signal is generated using Pseudo Random Binary Se-
quence (PRBS) 223 — 1 bits. The modulated optical signal is then amplified by
using an Erbium-Doped Fiber Amplifier (EDFA) and fed into the input port
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of the arrayed waveguide grating. The transmitted optical power is 9.5 dBm,
which is below the eye safety limit at A > 1.4pm. The Gemfire arrayed waveg-
uide grating (product identification: 80ch AWG DMX LC/UPC) has 1 x 80
channels AWGr. Each channel is spaced at 50 Gigahertz (GHz) within wave-
lengths ranging from 1529.10 nm to 1569.80 nm. Using this 80-port arrayed
waveguide grating, a (9 x 9) — 1 2D fiber array has been constructed. From
the calculations for a room height of 2.5 m, the 9 x 9 2D fiber array pitch = 13
mm, spot size = 8.3 cm and the focal length of lens = 39.8 cm. This results in
a coverage area of 0.75 x 0.75 m? and an angular coverage of 17° x 17°.

The optical beams from the central output ports of the fiber array, i.e. ports
40 and 41 are launched into free space and are incident on the large lens with
f =40 cm and diameter, D = 20 cm). The 2D fiber array is positioned in the
focal plane of the lens. The receiver is placed 2.4 m away from the lens. The
size of the spot is de-magnified 10x by a reverse telescope setup to a smaller
beam before being coupled into the Multimode Fiber (MMF') which has a core
diameter of 50 um and a Numerical Aperture (NA) of 0.22. The optical signal is
then transported to a 12 GHz PIN photodiode with Transimpedance Amplifier
(TIA). The output is evaluated using a Bit Error Rate Tester (BERT).

9.3 Results and discussion
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Figure 9.2: BER performance of HS-1 and HS-2 from ports 40 and 41 versus
BtB SMF performance. Image taken from [218]

The results are shown in 9.2. The Bit Error Rate (BER) performances
for HS-1 (Ag; = 1544.26 nm) and HS-2 (g2 = 1544.66 nm) are measured
at 2.4 m distance. A data rate of 10 Gbps is achieved near error-free BER of
1x1079. Approximately 1 dB penalty is observed with respect to a Single Mode

9.3. RESULTS AND DISCUSSION H



ONILVYD HATNOHAVM AHAVHYY HLIM ONITHHHLS WVHA de 6 HHLdVHO H

180 9.4. CHAPTER CONCLUSION

Fiber (SMF) Back-to-Back (BtB) connection. The eye-diagrams at different
received powers are also given.

9.4 Chapter conclusion

This chapter presented another form of 2D beam steering by using a simple
configuration of 2D arrayed fibers fed by a high port count arrayed waveguide
grating. Up to 10 Gbps was achieved using OOK-NRZ signaling, at BER
< 1x107Y, with a sufficient beam size of 8.3 cm in a coverage area of 0.75x0.75
m?.

This straightforward approach is definitely advantageous in terms of sim-
plicity. However, the demonstration was constructed using bulky arrays and
lenses. Currently, a re-design of the method is being carried out to scale down

on the size of the components.
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10.1 Findings and contributions

The rapid growth of wireless bandwidth demand has introduced immense pres-
sure on the limited radio frequency spectrum. Indoor wireless networks have
to support more and more devices (‘Internet of things’) and already today,
more traffic is generated from devices indoor than outdoor [1, 3] . Alternative
solutions, such as utilizing the 60 Gigahertz (GHz) band, multilevel modula-
tion formats, complex digital signal processing and Multiple-Input-Multiple-
Output (MIMO) techniques, moving towards smaller radio cells (pico- and
femtocells), and acquiring more radio spectrum, are on the rise, but we are
still struggling with the limited radio spectrum resources. Ultimately, Optical
Wireless Communication (OWC) is viewed as a promising alternative or com-
plementary solution to high speed radio wireless communication systems. The
benefits of optical wireless technique are in its fundamentally wide bandwidth,



MOOTLNO HINLAA ANV SNOISNTONOD 0T HHLJdVHD H

182 10.1. FINDINGS AND CONTRIBUTIONS

inherent immunity against electromagnetic interference, physically secure and
unregulated bandwidth.

To combat the imminent radio frequency spectrum crunch, Beam-steered
Reconfigurable Optical-Wireless System for Energy-efficient communication
(BROWSE) is taking a radical approach by performing wireless communication
using optical pencil beam techniques in hybrid configuration with Radio Fre-
quency (RF) 60 GHz radio technology. The key to practical implementation of
ultra-high bandwidth optical beam links is in the technique to be used to direct
these high capacity links in providing wireless channels to many users individ-
ually, simultaneously and dynamically. Beam steering modules, termed Pencil
Radiating Antenna (PRA)s in BROWSE, are required to direct the beams to
multiple users for the last meters, bridging the gap between end-users and the
fiber infrastructure. In short, BROWSE will provide high-performance and
large bandwidth uncongested wireless connectivity to indoor users by creating
a synergy between wired (optical fiber), optical wireless (free space) downlink
and radio wireless uplink communication technologies.

Consequently, this thesis investigated the challenges in using narrow pencil
beams free-space optical communication to attain ultra-high capacities for in-
door wireless communication. Several optical-related techniques were proposed
and proof-of-concept experimental setups were demonstrated and reported in
this thesis.

First, literature reviews on the history and types of optical wireless com-
munication was elaborated in Chapter 1.

Next, a collection of the various active and passive beam steering techniques
were presented at the beginning of Chapter 2 to give an impression to the
reader about possible techniques for beam steering and to familiarize the reader
with the principles, characteristics and functions of the different techniques.
After that, the state-of-the-art optical wireless beam steering techniques in
optical wireless communication systems demonstrated in recent literature was
given. Brief discussions were given on the capability of, and the beneficial char-
acteristics in each system, in terms of simplicity, Field of View (FoV), adaptive
beam control and transmission speed, next to discussing the drawbacks of each
system. In summary, the drawbacks of the systems reported include mechanical
dependency, where its speed is limited due to inertia, single channel steering,
which means more elements such as mirrors or Spatial Light Modulator (SLM)
segments are needed to steer more channels, and the need for local powering,
to activate control functions at the beam-steering module. We also discussed a
one-dimensional (1D) passive beam steering approach using a reflective grating
by Kafei Liang et al. This work has some connection to the BROWSE project’s
approach towards the realization of passive beam-steering techniques for two-
dimensional (2D) optical beam steering. A transmission of 1.25 Gigabit per
second (Gbps) using On-Off-Keying (OOK) signaling over 2 m with a receiver
FoV of 12° was achieved.

After that, the beam steering concept in this dissertation was introduced
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in Chapter 3. The theory and derivations required in designing the passive
beam steering modules using diffraction gratings were presented. From the
analytical calculations, this thesis showed that the angular coverage is limited
to approximately 6° x 26° for a wavelength range between 1500 nm to 1599 nm
(100 nm tuning). In this chapter also the analytical calculation of the positions
of the diffracted spots from a diffraction grating is experimentally verified.

Then, in Chapter 4, several design aspects of the systems implemented
in the experimental demonstrations reported in this thesis were introduced.
These include the beam diameter, eye-safety limits, theoretical formula for
the arrangement of cascaded gratings, angular magnification, beam expansion,
beam-steering control and localization. This chapter also serves as a transition
for readers from the theoretical work into system-level experiments. That is,
the key system components were laid out, followed by several technical details
on the optics used.

Chapter 5 reports the proof-of-principle evaluation of 1D steering using
one reflective echelle grating with 79 grooves/mm blazed at 75°. The map of
the diffracted spots is analytically calculated and experimentally verified. This
thesis also proposed the use of an automatic receiver alignment robot which,
ultimately, can be used to maximize the captured power. In the process to find
and capture the beam, additional functions were implemented in the robot, to
ease the alignment process of the receiver module due to the lack of a large FoV
receiver. In the first 1D steering system demonstration, this thesis proposed
the use of a single grating for a multicasting system due to the availability
of several diffraction orders. Up to 5 diffraction orders were measured, with
bit rates of 1.5 Gbps error-free OOK-Non-Return-to-Zero (NRZ) channels, and
with a transmission power of 2.5 dBm, over 60 cm free-space distance. The
second experiment incorporated a tunable laser to demonstrate 1D steering
using wavelength tuning. With OOK-NRZ modulation, up to 10 Gbps error-
free channels were obtained with wavelengths from 1500 nm up to 1630 nm.
With Discrete Multitone (DMT) capacity maximization, an aggregate bit rate
was achieved of up to 36.7 Gbps (net bit rate of 32.8 Gbps) at a Bit Error
Rate (BER) of 9.4 x 10~%, which is below the Forward Error Correction (FEC)-
correctable limit. These results were promising for the deployment of gratings
as the beam steering module for indoor optical wireless system.

This thesis further proposed two solutions for 2D beam-steering in Chap-
ter 6. The first was an initial 2D steering evaluation based on the use of
cascaded reflection gratings. The system evaluation has shown the capability
of achieving error-free channels of 10 Gbps and a record high 42.8 Gbps at BER
= 1.27 x 1073 with OOK-NRZ and DMT modulation, and a net bitrate (after
the deduction of the cyclic prefix, preambles and 7% overhead for FEC coding)
of 37.3 Gbps. In the complete evaluation presented in this thesis, it was shown
that free-space channel capacity per user of at least 37.2 Gbps up to 41.9 Gbps
(between 1530 nm and 1600 nm) can be realized over a free-space transmission
distance of 2 m in a 10 GHz bandwidth-limited system. As demonstrated in
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the measurement results, the proposed optical wireless system has a perfor-
mance comparable to that of Back-to-Back (BtB) (Single Mode Fiber (SMF))
transmission. With the minimum measured capacity of 37.2 Gbps per beam
(out of 8 wavelengths measured), the system has a potential capability of sup-
porting an aggregate capacity of at least 37.2 Gbps x 8 channels = 297.6 Gbps,
depending on the number of channels.

Moreover, in chapter 6 the proposal of an improved pair of cascaded gratings
is presented, by orthogonally cascading a reflection and a transmission grating.
These modules demonstrated a 7-line scan in an angular coverage of 12.15° x
5.62° between wavelengths 1511 nm and 1627 nm, compared to the cascaded
reflection gratings module which could only provide a 2-line scan within an
angular coverage of 12.67° x 5.61° with wavelength tuning between 1529 nm
and 1611 nm. In terms of link loss within the tuning range, the cascaded
reflection and transmission grating setup was measured to have, at worst, 6.15
dB (loss) compared to the cascaded reflection gratings which contributed at
worst 16.8 dB (loss). This loss was mostly contributed by the gratings and
partly by the alignment errors and the reflections. However, the trade-off
is in the spectral bandwidth, whereby cascaded reflection gratings achieved
approximately 20 GHz compared to the cascaded reflection and transmission
gratings approach, which measured only at approximately 10 GHz. In terms
of data rate, the orthogonally cascaded reflection and transmission gratings
performed competitively, offering up to 10 Gbps with OOK-NRZ at BER <
1 x 107 in a 10 GHz bandwidth-limited system setup, 16 Gbps with OOK-
NRZ at BER < 1 x 1073, 32 Gbps with Pulse Amplitude Modulation (PAM)-4
at BER < x1073, and 41.4 Gbps with DMT and a net bit rate of 36.2 Gbps
at BER = 1.97 x 1073.

Next, in an effort to achieve an all-optical OWC system, Chapter 7 demon-
strated a novel all-optical bi-directional wireless communication setup using a
carrier recovery method. High-speed symmetrical duplex channels were re-
ported at a date rates of 10 Gbps, using the OOK-NRZ modulation format.

Then, Chapter 8 discusses three improvements, namely by increasing the
field of view of the receiver, by increasing angular coverage of the steering
module, and by maximizing resource usage (decreasing costs) through time-
slotted transmission. The first section of this chapter covered a wide angle lens
receiver. Narrow FoV collimators are difficult to deploy due to their tedious
alignment process and are, therefore, unsuitable for moving users. In addi-
tion, the small (in the order of micrometers) photodetector area for increasing
transmission bandwidth further limits the amount of light that can be received.
To counter this issue, a large effective photodetector area, which can be made
up by for example an array of photodetectors, is needed. However, due to
the lack of such arrays at this point of time, this thesis proposed the use of a
wide-angle fish-eye lens, together with a fiber-pigtailed coupler, to capture the
beams at the focal plane behind the lens. By using this method, a Full-Field
of View (FFoV) of 80° was achieved.
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The following section in Chapter 8 discussed angular magnification to in-
crease the angular coverage of the steering module which was limited to 6°x26°.
Angular magnification relieves the initial angular coverage of the steering mod-
ule. In fact, an initial angle of a few degrees < 5° actually improves the beams
since they pass through the second lens easily. In addition, beams transmitted
through a lens closer to the optical axis will not be subjected to large distortion
as much as beams which pass through the lens at a distance away from the
optical axis closer to the edge.

The third section of Chapter 8 proposed time-slotted indoor transmission.
This concept is feasible in OWC since most services require less bandwidth
than can maximally be delivered. In addition, this methods also supports the
use of resource sharing. Depending on the number of lasers used, three different
supported modes of operation, i.e. unicasting, multicasting and broadcasting,
can be implemented.

Chapter 9 reported another 2D beam steering mechanism which was based
on Arrayed Waveguide Grating (AWGr). The steering module was constructed
based on a brute-force approach to realize 2D beam steering by using a 2D array
of fibers connected to a high port count arrayed waveguide grating. For this
setup, performance up to 10 Gbps, using an OOK-NRZ modulation format,
was reported.

A summary of power budget for the demonstrated systems are given in
Table 10.1.

10.2 Discussion and future work

10.2.1 Receiver with wide full-field of view

A crucial area of research in OWC is in the realization of a wide angle receiver
despite the limitation of detector active area which is limited to a few tens
of micrometer for a bandwidth of 10 GHz and more. In Section 8.1, we saw
a few distinct solutions from the literature. These include the use of angle
diversity receivers, hemispherical lenses and Compound Parabolic Concentra-
tors (CPCs). In order to improve on coupling efficiency, ideally, an effective
large area of detection could be implemented using an array of photodetectors.
In improving the FFoV of a receiver, simple constructions without requiring
an additional beam-steering module at the receiver could be achieved using
wide angle lenses or CPCs. However, this would be at the expense of a re-
duced effective collection aperture which reduces the link margin due to the
conservation of étendue.

10.2.2 Angular coverage

It is undeniably very interesting to employ passive optics for 2D beam steering
to eliminate local powering at the access point. It is also important that the
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Table 10.1: Summary of power budget for demonstrated transmission systems.
Free-space loss is the collective losses due to the steering module, misalignment,

insertion loss of the collimator and connector loss.

Section 5.5: With one reflection grating

Power launch into free space, Prx 10 dBm
Maximum free-space loss (Refer Figure 5.12) 10 dB
Minimum power at receiver, Prx 0 dBm
Receiver sensitivity at 10 Gbps 16 dBm
Total system power margin 16 dBm
Section 6.7: With cascaded reflection gratings

Power launch into free space, Pryx 10 dBm
Maximum free-space loss (Refer Table 6.1) 16.8 dB
Minimum power at receiver, Prx -6.8 dBm
Receiver sensitivity at 10 Gbps 16 dBm
Total system power margin 9.2 dBm
Section 6.8: With cascaded reflection & transmission gratings

Power launch into free space, Prx 10 dBm
Maximum free-space loss (Refer Table 6.2) 6.15 dB
Minimum power at receiver, Prx 3.85 dBm
Receiver sensitivity at 10 Gbps 16 dBm
Total system power margin 19.85 dBm
Section 8.1: With wide angle lens at Rx

Power launch into free space, Prx 10 dBm
Maximum free-space loss (Refer Figure 8.10) 12 dB
Minimum power at receiver, Prx -2 dBm
Receiver sensitivity at 10 Gbps 16 dBm
Total system power margin 14 dBm
Section 8.2: With AM at PRA & a wide angle lens at Rx

Power launch into free space, Prx 10 dBm
Maximum free-space loss 22 dB
Minimum power at receiver, Prx -12 dBm
Receiver sensitivity at 10 Gbps 16 dBm
Total system power margin 4 dBm
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beam-steering module has a large angular coverage. As derived in Section 3.2,
by employing blazed gratings, only an angular coverage of 6° x 26° is achievable
in a wavelength range between 1500 nm - 1599 nm. As reported in the high port
count arrayed waveguide grating approach, an angular coverage of 17° x 17°
was achieved. These angles should be further improved to approximately 45°
or more in order to cover a large area in a room instead of just a small corner.

The steering module can be combined with optical techniques for angular
and lateral magnification to increase the angular and beams size. In fact, by
using optical expansion techniques, the initial angular coverage becomes less
crucial. It is actually better if the initial angles are small when using a reverse
telescope beam expansion, since the limitation is on the size of the second lens.
If smaller angles of only a few degrees are used, the beam travels more towards
the center of the second lens. When larger angles are used, the larger angle
beams will travel closer to the edge of the lens which results in larger lens
aberration errors and thus distortion of the final beam shape. This can be
seen in Figure 8.14. In this diagram, the beams are directed from the source
at 0°, 3° and 6°. The resulting spots, tabulated on a screen 100 mm away
from the second lens, are shown in Figure 10.1. Due to the distortion when
beams are used close to the edge of the lens, it is clear that a small initial
angular coverage is sufficient. In addition to this, future work can concentrate
on steering methods that increase the resolution of the beam spots, for example
with hundreds of scan lines resulting from operating a Virtually Imaged Phased
Array (VIPA) at high orders, while leaving the angular coverage to further
optical techniques for beam manipulation and shaping.

Figure 10.1: Resulting spots from initial launch angles of 0°, 3° and 6° on a
screen at 100 mm in front of the second lens in the reverse telescope configu-
ration.
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10.2.3 All-optical duplex communication

In view of a future Heterogeneous Network (HetNet) integration with OWC
and Wireless Fidelity (WiFi) for wireless communication [3], radio and wide
beam light communication can be used in parallel for backing up narrow beam
communications to maintain connectivity. In order to be able to provide ultra-
high speed for up- and downlink, it is required to provide ultra-high speed
beams for uplink transmission as well. In Chapter 7 of this thesis, we proposed
to use the carrier re-modulation technique enabled by carrier recovery and
erasure of the downlink OOK signal by means of two cascaded Semiconductor
Optical Amplifiers (SOAs) operating in the saturation region. This technique
can be implemented with, for example, DMT modulation format for higher
data rates [201], and secondly, by designing proper SOAs for data erasure. An
alternative method is by using phase/frequency modulation for the downlink
and amplitude modulation for the uplink.

10.2.4 Localization

Localization of the (mobile) user devices is another important subject in optical
wireless systems. A relatively simple way of solving this challenge is by employ-
ing established radio techniques. It is a common method that localization is
initiated by a mobile device starting the communication to signal its presence.
One way forward, while keeping the system in an all-optical framework, is to
establish the uplink using a broad beam approach towards the access point.
Localization communication requires only a small bandwidth, e.g. a speed in
the kbps range, should be sufficient. Therefore, a wide beam for uplink can
be used while spreading the power of the beam over a large area. A detector
with a large area and a large FoV can definitely come in handy to ease light
detection and therefore, reduces localization latency. Beam-scanning is then
activated to search for the user terminal, as illustrated in Figure 10.2a. In
another approach, a reasonably broad beam from the user terminal is directed
towards a wavelength-dependent steering module such as the grating-based
modules proposed in this dissertation. The control center proceeds to deter-
mine the location of the user terminal by determining the wavelength received,
as illustrated in Figure 10.2b [220]. Once localized, adaptive optics yielding a
narrow beam can be used to resume ultra-high speed communication. When
the user moves to a different location, this process could be repeated and, while
on the move, the user may have to resort to other techniques, such as WiFi.

10.2.5 Beam dimensioning

In order to improve the system design, it is also important to consider which
beam type should be used, i.e. parallel, diverging or mix, and how large the
steering angle should be to implement coverage of the plane-of-interest, as
defined in Figure 10.3.
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AP AP AP AP
l (]
S S § b S b
(a) (b)
Figure 10.2: All-optical localization methods: (a) The user terminal directs
a wide beam towards the access point (AP) to indicate its presence, followed
by beam-scanning process to locate user. (b) A reasonably wide beam is di-

rected towards the AP, followed by the determination of wavelength (\) for
communication at the central communication controller (CCC).

Plane of interest

Figure 10.3: Plane-of-interest for the planning of spots tabulation desired.
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Figure 10.4: The effect of varying the receiving plane away from plane-of-
interest on the spots tabulation. AP: Access Point.

In using passive gratings for steering, we saw that the spots can be con-
tinuously tuned in one-dimension while remaining constant in the orthogonal
dimension. Here we assumed both dimensions are discrete, such as the steering
spots given using the AWGr-based 2D fiber array method. Now, let’s consider
using a module with 10 x 10 spots. For a 2 m coverage, this would mean
spots with diameter of 20 cm. Figure 10.4 shows the spot tabulation for a
45° angle steering module for parallel and diverging beams, at three different
distances of the plane of interest from the Access Point (AP) i.e. 1 m, 2 m
(plane-of-interest), and 3 m. For parallel beams, we observe that as the dis-
tance decreases towards the AP the beams overlap, while when the distance
extends beyond the plane-of-interest, empty spaces appear.

On the other hand, for diverging beams, the pattern formation is consistent
whether we move closer towards the AP or further away. The divergence of
the beams should be in relation to the step size (scanning resolution) of the
laser. One advantage of using diverging beams is the consistent pattern which
may decrease the software complexity. Software control using beam variation
and time-sharing techniques are viable options. A possible drawback might be
a lower signal strength as distance increases. However, this may be mitigated
by the available power budget. Thus, diverging beams may provide a better
coverage for varying distance to a PRA.
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10.2.6 Towards photonic integrated circuits technology

At this point in time, the proposed systems can offer a very high uncontested
capacity per user. However, they need to be further improved in order to
be ready for commercial roll-out. One important aspect is the cost of the
proposed systems which, so far, is quite high. Also, the bulky devices that were
deployed are mainly for testbed proof-of-principle evaluations. As for eventual
commercial implementation, we will need to move from discrete bulky devices
to Photonic Integrated Circuit (PIC) technology for potentially low cost, small
footprint, light weight and low power consumption products. Placing a pair
of passive diffraction module at the access point may not be a concern but
the receiver module is preferred to be small, light weight, low cost and low in
energy consumption.

At present, PIC technology is already able to integrate various photonic
components such as lasers (including tunable lasers), modulators, optical am-
plifiers, photodetectors, and waveguide gratings on a single substrate [103,
197, 221, 222]. In terms of beam deflection, PIC optical phased arrays have
the potential to provide compact, fast and stable beam deflection. Steering ap-
plications, for e.g. in optical wireless communication and autonomous vehicle
application [223], typically require an angular coverage exceeding 45°. PICs
can generate narrow beams, wide steering angles and have Gigahertz range
tuning speed [222].

Driven by the high-bandwidth requirements in telecom and datacom ap-
plications, the PIC technology seems to converge to a few platforms including
a hybrid of these technologies [222]. The silicon photonics platform is highly
developed and is a mature platform for large-scale photonic integration [224].
The Silicon-On-Insulator (SOI)-based high index contrast waveguide system
allows high optical confinement. Silicon-based Optical Phased Arrays (OPAs)
can benefit from the Complementary Metal-Oxide-Semiconductor (CMOS)-
compatible silicon processes. CMOS processing techniques are highly advance
and allows densely integrated microelectronics.

Silicon nitride (SizNy) is an alternative moderate-index-contrast system to
the SOI platform. The low non-linearity of SigNy allows the handling of higher
optical power density and SigN4 is also more robust to fabrication induced
phase variation than silicon [223].

Indium Phosphide (InP) like silicon, is also a mature platform for large-scale
photonic integration [225]. It supports not only passive but also active devices,
such as tunable lasers, photodetectors and SOAs in which a single SOA could
generate a maximum optical power of up to 20 mW [225]. The phase shifters
with current injections can achieve Gigahertz bandwidth, for e.g., a sampled-
grating distributed Bragg reflector (SG-DBR) laser [226], which can be tuned
in less than 5 nanoseconds [225, 227]. Thus, a very fast optical beam-steering
can be achieved.

Early in year 2005, Xiao et al. [228] proposed a 1D wavelength-controlled
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OPA beam steering. The desired phase slopes formed at the ends of non-
uniformly spaced array of optical waveguides can be changed by varying the
optical wavelength. By combining 1D OPA and surface grating, in 2010, Van
Acoleyen et al. [229] proposed a 2D OPA using thermo-optic and wavelength
tuning. The benefit of this design is that it allows individual control for each
axis. However, there is no way to actively compensate accumulated phase
errors between individual channels and thermal crosstalk [103]. A complete
2D wavelength-controlled OPA was also reported by Van Acoleyen et al. [105]
a year later. The chip was totally passive without any phase tuning elements,
but with the drawback of a relatively wide beam of 4°.

In 2011, Doylend et al. proposed a 16-channel OPA in which the phase of
each channel is individually controlled on SOI platform. Doylend et al. also
presented on a hybrid III-V/Silicon platform, the first [230] fully-integrated
phased array chip with an on-chip laser, waveguide splitter, amplifiers, phase
modulators and surface gratings. In 2014, Sun et al. [231] has proposed an
array of 64 x 64 emitters which is highly tolerant to phase errors. The demon-
strated OPA consists of as many as 12,288 optical elements, making it the
largest and densest silicon photonic integration back then. Hulme et al. [104]
proceeded with a hybrid III-V/Silicon integration with a total of 164 compo-
nents with 9 different component types.

Recently, a 1D OPA which is based on the silicon nitride platform has been
demonstrated by Poulton et al. [232]. The decent tuning range of £23° with
a narrow near diffraction limited beam size of 0.021° demonstrates another
promising approach. As proposed in this dissertation and also in [225], lenses
can be employed to magnify the angular range in order to improve the beam
steering coverage. Table 10.2 summarizes the remarkable advances of the PIC
optical phased arrays from literature.

10.3 Conclusions

This thesis presented, proposed, designed, demonstrated and discussed several
technicalities in the realization of an optical wireless communication system.
A brief history and the evolution of optical wireless communication so far were
discussed. Related optical techniques for beam deflection for active and passive
beam-steering were provided in order to give an overview of and insight in the
available optical techniques. The state-of-the-art optical techniques employing
narrow beams with beam-steering were also provided.

In the context of the BROWSE project, this thesis has addressed the chal-
lenges of designing and deploying free-space optical communication for indoor
using a passive 2D beam-steering module based simply on a passive struc-
ture of two reflection gratings for optical wireless communication supported by
the flexible fibre backbone network, by radio-over-fiber uplink and by network
control intelligence. We have shown the basic feasibility with a 1D steering
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module. A 2D passive steering module, constructed using orthogonally cas-
caded reflection gratings, was demonstrated with a record aggregate speed of
42.8 Gbps at BER = 1.27 x 1072 and a net bitrate (after the deduction of the
cyclic prefix, preambles and 7% overhead for FEC coding) of 37.3 Gbps at 2
m free-space transmission. The steering module provided a 2-lines scan with
an angular coverage of 12.67° x 5.61° between 1529 nm and 1611 nm.

The 2D steering module was further improved by a pair of orthogonally cas-
caded reflection and transmission gratings. This module demonstrated 7-line
scan in an angular coverage of 12.15° x 5.62° between wavelengths 1511 nm and
1627 nm. The improved steering module also gained advantage in terms of the
measured power loss of only 6.15 dB at worst compared to the cascaded reflec-
tion gratings which contributed at worst 16.8 dB. However, a major drawback
is in the spectral bandwidth, whereby cascaded reflection gratings achieved
approximately 20 GHz compared to the cascaded reflection and transmission
gratings approach which achieved only approximately 10 GHz. In terms of data
rate, the improved pair of orthogonally cascaded reflection and transmission
gratings performed competitively, achieving up to 16 Gbps with OOK-NRZ at
BER < 1 x 1073, 10 Gbps with OOK-NRZ at BER < 1 x 107 in 10 GHz
bandwidth-limited system setup, 32 Gbps with PAM-4 at BER < 1x 1072 and
41.4 Gbps with DMT with a net bitrate of 36.2 Gbps at BER = 1.97 x 1073.

The small angular range of the passive gratings no longer needs to be a
major issue as angular and lateral beam expansion techniques were introduced
in this thesis to complement dense or very highly dispersive grating with small
dispersion angles, which finally translates to a large angular coverage with
dense scanning lines. The challenge of micro-sized effective detection area
of photodetectors, compounded with the need to accommodate larger beam
sizes, requires a larger effective detector size with enlarged angular coverage
and efficiency by using wide angle lenses. Using a wide-angle fish-eye lens with
automated fiber-coupled collimator, up to 80° receiving angle was measured.
A simple and direct method of using a 2D fiber array together with an Arrayed
Waveguide Grating is another alternative to realize a passive 2D beam-steering
device. Preliminary results measured using an 80-port AWGr achieved 10 Gbps
with an angular coverage of 17° x 17°.

In addressing the challenge of having symmetric bi-directional optical wire-
less full-duplex channels, 10 Gbps full-duplex all-optical channels were demon-
strated with OOK-NRZ signaling, deploying carrier recovery and remodulation
for upstream transmission at the user’s device side. Finally, time-slotted in-
door transmission was demonstrated with the idea to promote resource sharing
and to establish unicasting, multicasting and broadcasting schemes.

An optical wireless system can have a comparable performance to an SMF
transmission system, and maybe even better as dispersion in an optical wire-
less beam channel can be less than in a fiber. Consequently, using the fiber
for the “last-mile” communication, in conjunction with optical wireless link
for the last meters to the mobile user, is seen as the most powerful solution
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to provide the ultimate capacity for wireless communication. By engaging
this benefit, this thesis has proposed and demonstrated several novel ideas for
indoor optical wireless communication systems employing 2D beam steering,
within the framework of the BROWSE project. The passive optical beam-
steering methods do not require local powering while providing instantaneous
remotely controlled steering by just wavelength-tuning of the signal. By steer-
ing the pencil beams to the required positions only, this method offers energy
savings, secure communication and the ultimate uncongested capacity to indi-
vidual users. The system is also easily scalable by just adding wavelengths to
yield additional beams, and thus, able to accommodate more users indepen-
dently without affecting the channel capacity of other users. This thesis has
also addressed several other challenges in optical wireless communication.

Finally, narrow beam free-space transmission is still at its infancy and there
are definitely many more aspects, such as those highlighted in Section 10.2, that
need to be addressed. Much effort is still needed as the technology matures
towards realizing functional, small form factor, low-cost, and efficient mobile
modules for a practical implementation. With regard to the viability of this
technology, the proof-of-principle demonstrations in this thesis have shown
promising results which support the adoption of optical wireless communica-
tion as the next major breakthrough for providing ultra-high capacity optical
wireless communication services.
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Appendix A

Power Consumption

A.1 Power Consumption of Transmission Systems

Table A.1: The power consumption of different discrete components in the
demonstrated transmission systems.

Component Watt
81960A Tunable laser < 60
DFB laser 0.2
PRO800 Temperature Controller < 220
10 Gbps Mach-Zehnder modulator with integrated RF amplifier| 7.15
10 GHz Photoreceiver <1
Semiconductor optical amplifier <1

A.2 Power Consumption of Transceivers

The power consumption of transceivers in general depends on factors such as
the (maximum) bitrate of the transmission, the modulation format used, and
the wavelength range. For the transmitter part specifically, the consumption
also depends on the optical output power. Similarly, the receiver power usage
also depends on its sensitivity. These factors are also dependent on which type
of lasers (e.g DFB or ECL) and receivers (e.g. PIN or APD) are employed.

As shown in Table A.2 [234], at present, the transceivers that transmit less
than 5 dBm in the 0.1-2 Gbps range consume around 1 Watt, while those
operating in the 10 Gbps range consume around 2 Watt. With technological
advances these numbers may reduce as, for example, modulation formats could
be implemented more efficiently. There is, of course, a the minimum electrical
power required to generate a certain optical output power, depending on the
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component’s conversion

The optical output
in dBm, and vice versa,

efficiency, 7, given by the formula:

tical output
_ optical output power 100%

~ electrical input power

power in mW, P,w, and W, Py, could be expressed
using the following equations:

mW

1 mW

Pipm =10 x logio

Pow = 1mW x 10(Fasm/10)

P
Pipm = 30 + 10 x logm%

Py = 1W x 10((Pasm=30)/10)

While the beam steering method proposed in this thesis is passive and is
not affected by such factors, it does attenuate the optical signal and, thus, has
an effect on the power budget that is required of the transceivers. Nevertheless,

this requirement is mai
and does not need to be

nly at the Central Communication Controller (CCC),
accounted for at each Access Point (AP) placed across

the home. An active system might need amplifiers at every AP, multiplying
the energy consumption by the number of APs used.

Table A.2: The power consumption of different transceivers depends on their
maximum achievable bitrate, optical in/output power capabilities, and wave-

length range [234].

Optical

Max  Power Rx Power

speed output sensitivity Wavelength usage
Part (Gbps) (dBm) (dBm) (nm) (Watt)
FTLF1523P1xTL 0.15 0 -34 1480-1580 1.1
FTLF1518P1BTL | 1.25 D -22 1270-1600 1.1
FTLF1619P1xCL | 2.125 5 -28 1540-1570 1.1
FTLF1519P1xNL | 2.125 5 -21 1540-1570 1.1
FTLF1519P1xCL | 2.125 5 -21 1540-1570 1.1
FTLF1621S1xCL | 2.67 3 -28 1500-1580 1.2
FTLX1812M3BTL| 11.3 4 -22.5 1530-1565 3.5
FTLX6871MCC 11.3 3 -27 1260-1600 2.2
FTLX6872MCC 11.3 3 -27 1260-1600 2.2
FTLX1871M3BCL| 11.3 4 -24 1530-1565 1.7
FTLX1672D3BCL | 11.3 2 -15 1260-1600 1.5
FTLQ1381N7NL 44.6 3 -7 1530-1565 8



Appendix B

Optical versus Radio Wireless
Technologies

Table B.1: Comparison of technical features of various wireless LAN technolo-
gies by Singh et al. [235].

Technology Optical Wireless Radio/Microwave
DSSS/
DFIR DBIR QDIR RF FHSS
2-20 Mbps/
Data rate < 10 Mbps < 150 Mbps < 20 Mbps |5 - 10 Mbps 1 - 3 Mbps
Stationary
Mobility Portable with LoS Portable | Stationary  Portable
30 - 200/
Coverage (m) 5-10 20 - 30 10 - 20 10 - 40 30 - 100

Radiated Power <05 mW <10 mW < 5 mW < 25 mW <1W

Near Near
Safety Problems | Significant Significant Significant | transmitter transmitter

Multipath Fading No No No Yes Yes

Technology Cost Medium Low Medium*® Medium High

@ should be low in near future.
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