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SUMMARY

Over the last 10 years, wireless traffic has greatly increased, particularly in indoor
scenarios. The number of connected devices is predicted to be more than three
times the world’s population in 2023, growing from 18.4B to some 29B in 2023,
of which half concerns machine-to-machine connections growing at 30% CAGR
. To satisfy the growing demand for faster and better wireless connectivity, two
main types of technologies have been extensively developed: radio frequency (RF)
wireless communication and optical wireless communication (OWC). This Ph.D.
research is aiming to design and realize photonics as a means to create dynamically
reconfigurable wireless access points fed by a low-cost indoor fibre-optic network,
and beam-steering techniques for short-range wide-band low-power radio- and
optical-wireless connections.

For RF wireless communication, the main research issue is how to establish
large-capacity power-efficient millimetre-wave (mm-wave) wireless communication.
The required low-loss/broadband time-delay or phase shift is hard to be realized in
a CMOS platform due to the limitations of its technical characteristics. Photonics-
enabled techniques with their inherently low loss and broad bandwidth can be
used to solve this problem. Compared to methods using bulk-optics-components,
methods based on photonic integrated circuits (PIC) are more attractive due to
their stable system performance and compact system integration. In my Ph.D.
research, two major technologies needed in radio wireless communication have
been researched and implemented by using PIC-based techniques, namely optically-
controlled mm-wave beam steering and optically-controlled RF orbital angular
momentum (RF-OAM) multiplexing. For mm-wave wireless communication, a
38-GHz mm-wave wireless beam steering system with a steering angle of 186° is
experimentally demonstrated by using our proposed integrated looped-back arrayed
waveguide grating-based (AWG-base) optical mm-wave beam-former (delay error
<8.8%). A data-rate of 4-Gbit/s is implemented over a 28-cm wireless link by utilizing
QAM-4 signal. The looped-back AWG module is a stepwise delay network with
discrete time delays. To increase the number of delay time steps per area on-chip, a
wavelength-tuned bidirectional integrated beamformer with a doubled delay time
resolution is designed as the core delay system unit, which is more beneficial for
remotely-controlling the beam steering. Additionally, size-reducing designs on
the device-level are implemented as well. Firstly, employing the compact silicon
integration technique, a silicon-on-insulator-based (SOI-based) transmission-type
AWG is demonstrated experimentally utilizing the advantages of this technology.
Next, a more compact reflection-type AWG is proposed and implemented using the
advantages of both the compact Indium-phosphide Membrane on Silicon (IMOS)
technology and a footprint-reduced architecture. This structure design enables an
extra 35% size-reduction and only 1.1-dB extra loss compared with the transmission-
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type AWG. Moreover, a single-element tunable broadband bidirectional optical true-
time-delay network (OTTDN) is proposed and its proof-of-concept is experimentally
implemented in IMOS platform with a 20-GHz double-sided bandwidth and a
+13-ps delay range. It can be applied to both optically-controlled mm-wave beam
steering and optically-controlled RF-OAM multiplexing.

As to RF-OAM multiplexing, except for OTTDN-based methods, a wider-bandwidth
phased array is proposed, designed, and realized. An optical passive 90°-hybrid-
based multi-OAM-mode generator is proposed by using an on-chip-filter-based
mode selector. A multi-mode OAM generator is designed which by changing the
wavelength of the signal can switch between three OAM modes (0 and +1 order
modes) at ~18 GHz. Furthermore, a thermally-controlled 1-by-4 tunable optical
mm-wave phased array with an on-chip optical filter for both mm-wave OAM
multiplexer and demultiplexer is proposed and fabricated. Two types of required
dual-port filters are implemented as well, which are a A tuned cascaded MZI-based
filter and a thermally-controlled optical interleaver.

Next to RF indoor communication, another main theme of this Ph.D. thesis is
indoor OWC. The research work addresses two aspects: I) line-of-sight (LOS) OWC;
IT) non-line-of-sight (NLOS) OWC. For LOS OWC, a novel crosstalk-mitigated trans-
mission scheme in an AWG-based 2D infrared (IR) beam-steered OWC system is
proposed by creating polarization orthogonality between the odd and even AWG
channels. This technique can mitigate the inter-channel spectral overlap and a
wavelength misalignment between AWG and laser. A 20-Gbit/s IR OWC trans-
mission with PAM-4 signal has been experimentally demonstrated over a 1.2-m
free-space link. Besides, an optical receiver with a field-of-view of 18°-by-360° is
experimentally investigated by using the proposed concept of cyclically arranged
optical beam steering. A 40-Gbit/s data-rate is successfully transmitted over 1-km
single-mode fibre and a 0.5-m free-space link. Another significant topic of the OWC
research is indoor diffused NLOS ultra-high-capacity OWC using techniques from
basic physics. For the first time, an energy-efficient NLOS OWC scheme (at A=1550
nm) has been designed and implemented experimentally whereby light is steered
around obstacles after reflecting off a diffuse surface. The diffusely reflected light
to the receiver can be power-enhanced by >17-dB and steered within an angular
range of 20°, which breaks the NLOS limitation of OWC. Moreover, an 8-times
taster NLOS OWC system with a 3-dB-FOV of >50°has been established. A further
record-breaking NLOS data-rate of 40 Gbit/s is implemented with an extended
double-sided angular range of >80° over a 25-cm diffuse link by using the faster
Transmission Matrix algorithm. These technical schemes boost the development of
high capacity indoor wireless access networks.

Finally, a free-space optical field measurement system is designed and is verified
in an optical far-field measurement of on-chip optical gratings.
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INTRODUCTION
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Fig. 1.1 Global devices and connections growth in Cisco Visual Networking Index [1].

With the fast development of smart terminals such as smartphones, tablet com-
puters, laptops, etc., and emerging new applications (e.g., Internet of Things (IoT),
virtual reality (VR), video streaming and other real-time services), wireless data
traffic has increased at over 50% per year according to the newest Cisco Visual
Networking Index (2018-2023) [1]. Fig. 1.1 shows the forecast of global devices and
connections growth from CISCO. Globally, the number of devices and connections
are growing fast with a compound annual growth rate (CAGR) of 10 percent, where
machine-to-machine (M2M) connections and smartphones will be the two fastest-
growing categories. This demand is expected to increase as the IoT becomes a reality,
and the predicted number of connected devices grows to 100 billion by 2025 [2] as
presented in Fig. 1.2.

By 2021 more than half of 17 billion connected devices will be mobile, 65% of
the IP traffic will be from mobile devices, 80% of the internet traffic will be video.
Current wireless networks cannot adequately meet the quickly rising demand for
wireless connectivity. In 2020, CISCO made the forecast for the global mobile devices
connection growth rates as described in Fig. 1.3. By 2023, there were 8.8 billion
global mobile devices and connections in 2018, which will grow to 13.1 billion by
2023 with 8.7 billion handheld or personal mobile-ready devices and 4.4 billion M2M
connections at a CAGR of 8%. Mobile devices are evolving to higher-generation
network connectivity (forth-generation (4G) LTE and now also fifth-generation-and-
beyond (5G-and-beyond)). The global mobile 4G connections will grow from 3.7
billion in 2018 to 6.0 billion by 2023 at a CAGR of 10% as shown in Fig. 1.4. 5G
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connections will appear on the scene in 2019 and will grow over 100-fold from
about 13 million to 1.4 billion by 2023. Combining device capabilities with faster
and more intelligent networks will contribute to increased wireless traffic. Wireless
communication is becoming more demanding than ever before.

8% CAGR 14
2018-2023 " = Smartphones (46%, 41%)

——
—
- EE— = Phablets (9%, 11%)
E— u M2M (13%, 34%)
—
Billions of = Nonsmartphones (27%, 11%)
Devices 5 Tablets (2%, 2%)
m PCs (2%, 2%)
m Other Portable Devices
(0.1%, 0.1%)
* Smartphone category
including phablets

2018 2019 2020 2021 2022 2023 * Figures (n) refer to 2018,

2023 device share

oo

N &

o

Source: Cisco Annual Internet Report, 2018-2023

Fig. 1.3 Global mobile device and connection growth according the statistics from CISCO [1].

1.1 Indoor wireless communication I: Current systems

As a significant application domain of wireless communication, indoor scenario is
attracting more and more attention. With the advent of the Information age, the way
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Fig. 1.4 higher-generation network connectivity growth according the statistics from CISCO [1].

in which we work and live is changed entirely, having more advanced technologies
for the improvement of the working environment such as remote video meetings
and using more smart mobile devices for both work and entertainment. It generates
huge wireless data traffic loads notably in indoor environments. According to the
statistics from IEEE Future Networks, nearly 80% of the mobile traffic volume is
generated indoors [3]. Conceivably, the percentage of indoor wireless traffic will be
even higher in the near future. Current wireless communication systems that can
cover indoor applications are the mobile 4G LTE communication system and IEEE
802.11 Wireless Fidelity (WiFi) systems.

1.1.1 Mobile communication systems

Mobile wireless communication has started its technology origination, revolution,
and evolution since early 1970. The first generation (1G) mobile communication
mainly supplied telephone calls, by analog cell phones with a speed up to 2.4
kbit/s. 1G includes Nordic Mobile Telephone(NMT), Total Access Communication
System (TACS), and Advanced Mobile Phone System (AMPS) offering handover and
roaming capability. But it has small capacity and poor voice links [4, 5]. The second-
generation (2G) mobile wireless communication was launched in the early 1990s,
and is based on digital technologies offering digital voice and simple text and picture
messages. 2G comprises several mobile systems such as Global System for Mobile
Communications (GSM), Digital AMPS (D-AMPS) and Code-division multiple
access/Interim Standard 95 (CDMAOne) [6]. As the first 2G system, the GSM
standard uses Time-division Multiple Access (TDMA) technique and is operated in
the 900 and 1800 MHz bands. By using the General Packet Radio Service (GPRS)
based on GSM technology, 2G can provide data rates from 56 kbit/s up to 384
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kbit/s (normally <0.5 Mbit/s). The third-generation (3G) mobile communication
supports a ubiquitous wireless communication standard for all countries under the
coordination of the International Telecommunication Union (ITU). Two main types of
3G systems are CDMA2000 and WCDMA, which have been developed from CDMA
and GSM systems, respectively. The other standard uses Time Division-Synchronous
Code Division Multiple Access (TD-SCDMA). In this system, the mobile broadband
communication is implemented with optimized audio- and video- streaming. The
4G mobile communication includes Long-Term Evolution (LTE) and LTE advanced,
aims to provide faster and better mobile broadband experiences. The Orthogonal
Frequency Division Multiple access (OFDMA) technique is implemented in 4G by
dividing the channel in narrowbands to transmit data packets with better robustness
against channel impairments and greater efficiency [7]. The LTE services were first
launched by major North American carriers in September 2010 [8].

For the upcoming 5G mobile communication, there are higher requirements, such
as higher capacity, massive connectivity, lower latency, low energy-consumption,
high data security, high user quality-of-experience, and high reliability. The key
requirements of 5G are listed below [9]:

High data rate: 5G mobile networks must have the capability to support a 10-Gb/s
peak data rate, which is several orders of magnitude higher than 4G.
High-density connectivity: 5G will support connectivity to massive amounts of
mobile devices; 10 to 100 times more devices will be connected compared to the 4G
network [10]. The mobile data volume per area will be 1000 times higher than that
of the 4G wireless networks.

Low energy-consumption: Consuming less energy will be a significant request in
5G networks. More than 90% reduction in energy-consumption is required com-
pared to current 4G networks [10].

Low latency: The end-to-end latency will have to be in the one-millisecond level
compared to the average latency of around 50 ms for 4G.

In the next decades, our society will be more and more information-driven,
aided by nearly unlimited wireless connectivity [11]. As a result, the 5G-beyond
network has to be much faster than the current 4G/5G mobile networks. Besides,
the next-generation mobile network needs to support different types of applications
enabled by advanced technologies. Fig. 1.5 presents potential applications, trends,
and supported technologies. With the advanced requirements such as wireless brain-
computer interactions, more stringent new requirements will be put on data volumes,
connectivity, energy-consumption, and latency. Besides, The mobile network is
typically the outdoor public network. For fast increasing demand for indoor wireless
connectivity, next to the mobile network, there also needs to be indoor wireless local
area networks (WLANS). Thus the mobile network will need to have some special
types of characteristics to support the next-generation wireless communication.

As a vision of the future, some new trends are analyzed as follows:

IoT networks: As the main enablers of the IoT, 5G is being deployed all over the
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Fig. 1.5 6G vision: Applications, trends, and technologies introduced by Walid Saad et al. in [1].

world. Hence, the IoT networks are expected to be a significant characteristic of
5G-beyond. A large number of devices such as smartphones, laptops, wiring equip-
ment, and personalized health sensors will connect to the network.

Tiny-cell networks: The high-dense tiny-cell networks have been proposed as one
of the core characteristics to obtain the continued growth in wireless capacity. These
tiny cells allow a much larger number of connected devices and have a higher uti-
lization ratio of spatial and spectral resources.

Ultra-high speed: 5G-beyond systems are also expected to be x100 or x1000 faster
than current 5G by using multiple techniques such as massive multiple-input and
multiple-output (MIMO) algorithms, advanced coding and modulation schemes,
spatial division multiplexing (SDM) and so on. To tackle the almost exhausted radio
spectrum, new spectrum bands are being opened, e.g. sub-THz ones stretching the
spectrum up to 300 GHz.

Less energy-consumption: The next-generation mobile network is required to be
more energy-efficient due to the ultra-large number of user devices and the ex-
tremely high wireless data capacity. The consumed energy per bit of information
should be largely reduced as we know that the current 5G network should use 90%
less energy per bit than 4G. Nevertheless, this does mean the 5G mobile network
will consume less power. In contrast, the total energy consumption will increase
due to the much larger data rate, exponentially-increasing number of user devices,
and IoT networks. New technologies from both physical-level and network-level
are desired to continuously improve energy efficiency.
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Offloading of the heavy traffic to indoors: According to the research of IEEE Future
Networks, nearly 80% of the mobile traffic volume is generated indoors [3]. Offload-
ing this volume of data to indoor environment by WLANs will be an important
characteristic of 5G-beyond networks.

Even though the 5G-beyond (e.g. 6G) specifications have not yet been exactly
identified, many researchers have started working on it [11-15]. The 5G-beyond
mobile network will attract a great deal of attention soon. Some organizations
and countries already started 6G research projects. For example, in April 2018, the
Academy of Finland announced a research program, “6Genesis-the 6G-Enabled
Wireless Smart Society & Ecosystem” to develop the areas such as wireless con-
nectivity and distributed intelligent computing as well as other novel applications
through a joint effort of the University of Oulu and Nokia [16]. Addressing also
the upcoming privacy concerns,the European Commission has invested in studies
into the the potential techniques capabilities in of quantum technology technologies
studies for 6G and beyond [17].

As mentioned above, most wireless connectivity will occur in an indoor environ-
ment. One of these significant research issues is the next-generation indoor wireless
network. Next to the mobile network, an indoor WLAN is also promising solution
as an extension for the mobile coverage indoor, such as the one that uses lightwaves.
Therefore, advanced techniques that can provide faster wireless connectivity are
worth being researched.

1.1.2 WiFi

WiFi is a family of wireless networking technologies which, which is commonly
used for local area networking of devices and Internet access. Unsurprisingly, over
50% of all wireless data typically goes through a WiFi hotspot. As a widely-used and
also a cost-efficient indoor wireless connectivity means, WiFi has been continuouslly
evolving — typically resulting in faster speed and wider coverage since it was first
released to the market in 1997 [18]. Almost at the same time, two WiFi standards
were released, namely 802.11b and 802.11a. As the original 802.11 standard, 802.11b
uses the 2.4-GHz frequency band and supports a theoretical maximum data-rate of
11 Mbit/s with complementary code keying modulation format covering a range
up to 150 feet [19]. The components’ cost is low, but the standard is the slowest
of all the 802.11 standards. 802.11a introduces the orthogonal frequency division
multiplexing (OFDM) technique for the wireless signal generation [20]. It allows
a much larger bandwidth than 802.11b with a theoretical maximum speed of 54
Mbit/s. Besides, it employs the less crowded 5-GHz frequency band, and has more
channels with a bandwidth of 16.6 MHz, thus making it less prone to interference.
To balance the cost and speed, a new standard 802.11g was then introduced at the
same speed as 802.11a (54 Mbit/s) but at lower-cost [21]. It operates in the more
crowded 2.4-GHz band with higher power and higher-quality coverage. In 2009,
WiFi became even faster and more reliable in order to meet the ever-increasing
demand for indoor wireless data traffic. A more advanced WiFi standard, namely



Chapter 1: Introduction 7

802.11n, supports a theoretical maximum transfer rate of 300 Mbit/s (and can go up
to 600 Mbit/s when using four antennas) operating in both the 2.4-GHz and 5-GHz
bands [22]. In the 802.11n standard, the more powerful MIMO technique together
with an antenna array at one or at both ends of the link is utilized. In 2013, the
current version of the WiFi standard 802.11ac was published with a speed ranging
from 433 Mbit/s up to several gigabits per second in the 5-GHz band [23]. To meet
the rapid growth of wireless data traffic, more spatial streams (up to 8) are supported
and the channel-bandwidth has been doubled to 80 MHz (160 MHz optional). More
importantly, the concept of beamforming was first applied, where the radio signal
could be directed at a specific area. Now the more advanced IEEE 802.11ax-2019 is
being proposed and will succeed both IEEE 802.11n-2009 and IEEE 802.11ac-2013 as
the next high-throughput Wireless Local Area Network (WLAN) amendment [24].
For dense deployments, throughput speeds are 4 times higher than IEEE 802.11ac,
with a 75% latency reduction.

In 2018, to simplify the names of different WiFi standards, the WiFi Alliance
took steps to rename the used WiFi-versions as WiFi 1 to WiFi 5. This classification
is supposed to help make it easier for consumers to understand. However, the
demand for higher data rate never stops, what is the future of WiFi? The IEEE
802.11ad protocol was published in 2012 operating in the 60-GHz band and supports
an ultra-high-speed connection within a room [25]. It is seen as a complement to
existing low-frequency WiFi. Similarly, the IEEE802.15.3¢ standard has been defined
to enable data rates in excess of 5 Gb/s using the 60 GHz band [26]. All these
versions of the faster WiFi relay on the development of the physical-level techniques.
Therefore, no metter mobile communication systems or WiFi systems, advanced
technologies are needed to support a faster wireless communication standard.

1.2 Indoor wireless communication II: Advanced
technologies

Indoor wireless services occur in a room, such as homes, offices, classrooms, indus-
trial manufacturing halls, and shopping malls. Up to now, nearly 80% of the mobile
traffic volume is generated indoors [3, 27]. Hence, indoor wireless communication
already plays a significant role in daily life and this role will become ever more im-
portant. However, the current wireless communication networks supporting indoor
applications, no matter using mobile communication systems or WiFi systems, are
being challenged due to the overall increased demand for higher quality wireless
services including higher data speeds and higher data volumes. More advanced
techniques from different levels such as new frequency resources and advanced
coding methods are needed to improve the current wireless systems. In this section,
we review a number of promising advanced physical-level wireless technologies.
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1.2.1 mm-wave beam steering

With the rapid evolution of our information-society, the limited spectrum allocated
to current radio communication will be exhausted very quickly. New radio spec-
trum bands are being opened such as millimeter-wave (mm-wave), Terahertz (THz)
signals. Mm-wave with large bandwidth from 30 GHz to 300 GHz is being proposed
for multi-gigabit per second wireless communication services [28]. Actually, the
attention was fixed on 28 GHz, 38 GHz, 60 GHz, 71-76 GHz, and 81-86 GHz [29-31].
A large amount of unoccupied spectrum has been of particular interest for next-
generation ultra-high-speed transmission. However, mm-waves propagate only by
line-of-sight (LOS) paths. They are not reflected by the ionosphere nor do they travel
along with the earth as ground waves like lower frequency radio waves do [32]. At
typical power densities, they are blocked by building walls and suffer significant
attenuation passing through foliage. [32, 33]. Absorption by atmospheric gases is a
significant factor throughout the band and increases with frequency. To overcome
these inherent problems, advanced massive MIMO combined with beamforming an-
tenna array technologies have been introduced [34]. And it is expected to play a key
role in 5G wireless communication systems. The antenna-array-based beamforming
using narrow mm-wave beams can steer the mm-wave signals only there where and
when needed. On one hand, mm-wave beamforming improves energy efficiency
by utilizing the steered beams. On the other hand, it minimizes spatial interference
and therefore improves the spatial capacity. In 2014, Samsung proposed and demon-
strated a mm-wave communication empowered by beam-steering [35], which is
based on electronic devices. For broadband beam-steering, true-time delay (TTD) is
required to minimize beam squint. However, the required low-loss and broadband
TTD at mm-waves are hard to be implemented using electronic integrated circuits in
the CMOS platform, which is limited by the high loss of silicon at high frequencies
and the narrow bandwidth. Photonic methods e.g. using optical true-time delay
(OTTD) with inherent low loss and broad bandwidth is applied to solve the prob-
lems both on integrated circuit-level [36-40] and system-level [41-43]. Compared to
the bulk-optics components-based optical true time delay lines (OTDLs), integrated
OTDLs are more attractive because of their stable performance and compact system
integration [38]. Currently, many methods based on integrated optics are investi-
gated such as the ring resonator-based tunable OTDL [39, 44] and the OTDLs based
on optical switches [36, 45]. Photonics-enabled mm-wave beamforming/steering
will be a promising candidate for indoor wireless solutions.

1.2.2 Terahertz communications

With radio wireless communication shifting towards beyond-mm-wave frequen-
cies, ultra-high-speed THz communication has a strong potential to support the
tremendous increase in the demand for wireless bandwidth. The THz frequency
band ranges from 0.1 to 10 THz, which is the last span of the radio spectrum and is
generally considered as the THz-gap. The THz band is envisioned to be able to pro-
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vide users with up to Tbit/s data speeds to satisfy extremely high throughput, low
latency and completely new application scenarios [46—48]. It is expected to become
a reality within the next 5-10 years [49]. Due to the tight spectrum regulation, with
most bands below 300 GHz already allocated, the yet unregulated bandwidth above
300 GHz appears to be attractive for accommodating ultra-high-speed, short-range,
indoor THz communication systems [50, 48].

1.2.3 Radio frequency orbital angular momentum

A promising way for opening a new spatial multiplexing degree of freedom, next
to the utilization of a higher frequency, is the orbital angular momentum (OAM)
multiplexing technique which is proposed to further boost the capacity-increase for
radio wireless communication [51, 52]. It builds on the basic physical properties
of electromagnetic (EM) fields, and can support in principle an infinite number of
spatial channels. Thus it has the potential to greatly extend the capacity of radio
wireless communication without requiring more radio spectrum. The concept of
using OAM in wireless connectivity was first proposed in 2004 [53]. Further OAM
technology investigations and its applications in optical wireless communication
(OWC) have since thenreceived much interest. In 2011, high-volume optical OAM
multiplexing was proposed to realize terabit data transmission [54, 55]. Meanwhile,
OAM in the radio frequency domain (RF-OAM) also shows promising application
prospects. Almost at the same time, RF-OAM has been studied simulations and
generated by a circular antenna array (CAA) by using electrical phase shifters [56].
However, limitations caused by electrical devices such as the limited spectral width,
high loss, and the limited resolution of the phase-shift are still causing problems
[57, 58]. Thanks to the advanced photonic methods, broadband RF-OAM modes can
be generated by an OTTD system together with a CAA [59, 60]. Photonics-based
OAM multiplexing in the radio domain is another promising candidate for solving
the indoor wireless communication congestion.

1.2.4 Optical wireless communications

In general, RF-based wireless communication is limited by the limited radio spec-
trum available, by strong interference effects, strict regulations and so on. Just
RF-based wireless communication technologies are insufficient to satisfy the de-
mand of the higher-volume wireless services. Therefore, researchers are working
hard on opening up a new spectrum that can fulfill the exponential growth. Ultra-
wide bandwidth optical communication is considered to be a promising solution.
In the optical domain, without requiring licensing fees,the vast frequency regions
are available, which can be disclosed by optical wireless communication (OWC)
technology. OWC is a form of optical communication in which ultraviolet (UV),
visible and infrared light is used to carry a communication signal in free space
[61, 62]. UV is rarely applied in indoor scenarios, amongst others due to eye safety
issues and lack of suitable fast sources and detectors. According to wavelength,
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indoor OWC can be divided into two main types: visible light (VL) and infrared
(IR) light wireless communications [62, 63]. OWC in the VL spectrum spans over a
range between 400 nm (750 THz) and 700 nm (430 THz) [64-66]. OWC operating
in the IR spectrum commonly centers at 850 nm (353 THz), 1310 nm (229 THz)
and 1550 nm (193 THz) in a Point-to-Point configuration, and is widely reported
[62, 63]. In terms of practical system implementation, which combines various
technologies and wavelength domains in one system, OWC can be divided into
four main technologies, namely visible light communication (VLC), light fidelity
(LiFi) building on illumination light sources, optical camera communication (OCC),
and free-space optics communication (FSOC) [9, 64, 67, 68, 62]. VLC normally uses
light-emitting diodes (LEDs) as transmitters and photodetectors (PDs) as receivers.
Only VL is used as the communication carrier with broadcasting or sub-broadcasting
indoor coverage. Beyond 10-Gbit/s data rate has been realized using LED-based
wavelength division multiplexing. [69]. Similar to WiFi technology, LiFi provides
wireless connectivity at sub-Gbit/s speeds, but along with illumination using LEDs
or diffuse laser diodes (LDs) as transmitters and PDs as receivers [9, 67]. For the
wireless downlink, VL is mandatory, while the uplink can be VL or IR light. Due to
the lack of high-power LEDs in most user equipment, e.g. smartphones, the uplink
communication in both VLC and LiFi cannot perform at high data rates [67]. OCC
uses a LED-array/-lamp as a transmitter and a camera or an imaging sensor as
the receiver [70]. The OCC technique has attracted particular interest for indoor
functions such as localization, motion capture, IoT communication, and intelligent
transportation systems. As a supplementary technique to high-speed OWC based on
photo-detectors, communication through image sensors as receivers does not need
much modification of the current infrastructure, which reduces the implementation
complexity and cost. The normally-used communication medium is VL or IR light.
However, all the above technologies are mainly based on the broadcast mode and
can only support short-reach and up to a few gigabits per second data rate. The
broadcast connections determine that the source’s energy cannot be fully captured at
the receiver. To achieve higher capacity and energy-efficiency, a narrow-beam-based
(normally pencil-beam) FSOC together with accurate beam steering techniques has
been proposed and experimentally researched. Several research activities have been
reported to carry above 100 gigabits per second speed for indoor OWC transmission
with high energy-efficiency [71, 62, 72-74].

Currently, many advanced techniques such as mm-wave beam steering, RF-
OAM, and OWC are aiming at a higher speed, lower energy consumption, low cost,
and higher safety, privacy and reliability. And a large number of problems need to
be solved to realize this. In this thesis, new solutions from several aspects mentioned
above are proposed to boost indoor high-speed wireless connectivity.
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1.3 Organization and contributions of the dissertation

In general, indoor wireless communication networks are evolving towards a higher
speed. It is almost impossible that a single technique can support ultra-high-speed
wireless communication alone. An indoor wireless communication system is a com-
plicated network that requires the integration of separate technologies. For example,
the lower frequency spectrum (like WiFi) may be used for indoor large-scale cov-
erage and low-speed but reliable connections. The high-frequency domain such as
mm-wave and optical-wave can aim at providing high-speed transmission. Hence,
different ways of extending wireless connectivity are to be explored. This disser-
tation focuses on the wireless capacity extension by utilizing photonics-enabled
physical-level technologies. The photonics-enabled methods not only provide broad-
band and low-loss solutions for wireless communication, but they are compliant
with the well-established fibre networks as well, and can therefore build on the
wealth of mature proven fiber-optic technologies.

The main contributions of this thesis are organized in a number of chapters and
sections, according to the technology types, as follows below.

Chapter 2 presents an overview of the photonics-enabled indoor wireless commu-
nication technologies. Further discussions are given from two aspects: RF techniques
including OAM multiplexing, mm-wave beam-steering, THz, and optical methods
such as VLC, LiFj, IR light beam steering. The state-of-the-art of these schemes,
demonstrated in recent publications, is introduced.

Chapter 3 discusses the proposed RF-OAM multiplexing technology. OAM
generation enabled by optical true-time delay networks and an optical phased array
are presented, respectively. For the former, a single-element-tuned bidirectional
optical delay network (ODN) is proposed and implemented in the IMOS platform.
Furthermore, the concept of a broad bandwidth optical multiple RF-OAM-mode
generator using an optical phased array is proposed. Two types of integrated designs,
namely passive phased array and active phased array, are introduced in silicon on
an insulator (SOI) platform (from IMEC).

Chapter 4 introduces the optically-controlled mm-wave beam steering technique.
A 38-GHz integrated mm-wave wireless beamformer and the beam steering sys-
tem are proposed and experimentally characterized by using the novel integrated
looped-back arrayed waveguide grating-based (AWG-based) ODN. Moreover, the
key element — an AWG is further studied. An normal transmission-type AWG
is designed and realized in the SOI platform, and a reflection-type AWG in the
IMOS platform is demonstrated for the first time, which enables a size-reduced
beamformer.

Chapter 5 presents LOS indoor OWC solutions for communication performance
improvement. A novel crosstalk-mitigated scheme for the AWG-based 2-D IR
beam-steered OWC system is experimentally discussed by creating polarization
orthogonality between the odd and even AWG channels. This technique can tolerate
the crosstalk from the inter-channel spectral overlap and the wavelength misalign-
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ment between AWG and laser. Besides, a cyclically arranged optical beam steering
concept is proposed by introducing the concept of “Rotating 1-D grating”. A novel
optical receiver architecture is experimentally demonstrated with a field-of-view of
18°-by-360°.

Chapter 6 starts from the long-term challenge of non-line-of-sight (NLOS) OWC
for indoor applications. For the first time, an energy-efficient NLOS OWC scheme
has been designed and implemented experimentally whereby light is steered around
obstacles after reflecting off a diffuse surface. The diffuse light to the receiver
can be intensity-enhanced by >17-dB and steered in an angular range of 20°. In
the second stage of the research, further experimental establishment of a record-
breaking 40-Gbit/s NLOS beam-steered OWC is presented. An average 18-dB-
power-enhancement and a double-side-range of > 80° are employed over a 25-cm
free-space link. The 8-times faster Transmission Matrix algorithm is introduced and
implemented.

Chapter 7 describes a free-space optical field measurement system. First, moti-
vation is explained. Then the system design including functional speciations and
detailed parameters is shown. Further measurement for a free-space-spread opti-
cal grating antenna is conducted. This system can be used for free-space-radiated
optical far-field characterization.

Finally, Chapter 8 summarizes the findings of this thesis and includes a section
that discusses the possible areas for improvements, which could be further pursued
in future work on the photonics-enabled indoor wireless communication techniques.



CHAPTER 2

PHOTONICS-ENABLED INDOOR WIRELESS
COMMUNICATION: TECHNOLOGIES AND
STATE-OF-THE-ART

Indoor networks, being a significant part of 5G-and-beyond networks, are becoming
more and more congested due to the ever-increasing number of connected smart
devices. They have to carry a large variety of services, with widely differing needs
regarding, e.g., bandwidth, latency, burstiness, quality of service, and security. On
the other hand, they also need to support both wire-bound and wireless connectivity
at low cost and low energy consumption levels [75]. Moreover different from
access networks that are owned by a network operator and need to be installed by
professionals conforming to standards such as those in passive optical networks
(PON), an indoor network,is mainly privately owned and is required to be easy to
install. Without requiring professionals, the users decide which equipment to install
and bear all the relevant costs. Hence, the design and the technical implementation of
indoor networks are quite different from those of operator-owned outdoor networks.
Indoor networks are predominantly a mixture of different network technologies
such as coaxial cable networks, WiFi networks, and the upcoming LiFi networks.
However, the coexistence of different types of networks has brought many lim-
itations on installation and maintenance, on upgrading to new services, and on
the interoperation between multiple platforms [75]. Moreover, these networks are
bandwidth-limited, which seriously hinders the development of 5G-and-beyond for
indoor applications. As we know, optical fibre has arrived at the doorsteps of our
homes and offices in fiber-to-the-home (FTTH) access networks, but it has not made
significant inroads yet the indoor networks. This means its huge capabilities are yet
to be extended up to users” devices. The bandwidth demand of the indoor networks
is exponentially increasing and may even exceed the demand in access lines, for
example, the ultra-high-speed data transfer of an extremely high-definition video. A
novel converged indoor network architecture is required to tackle these problems.
An optical fibre-based broadband network architecture is regarded as an en-
couraging solution owing to the fibre’s inherent characteristics of low cost, high
bandwidth, low loss, light weigth, small diameter, and immunity to electromagnetic
interference [76]. Optical fibre is to be deployed into our rooms. Then, making the
link from fibre to the users’ devices, the connection can be established using either
wired or wireless methods. For the wire-bond cases, the connection is usually serv-
ing the less-frequently moving devices such as televisions, printers, and desktops.
While, with the fast increase of the numbers of smart mobile devices/sensors in the
upcoming 5G-and-beyond and the afterward IoT networks, wireless connectivity
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may dominate the indoor data communication. Thus investigations on this issue
need to be done both academically and industrially [1, 27, 67]. Currently, indoor
wireless networks are evolving towards faster data transfer using well-established
tibre-optic networks. However, today’s reality is that almost all current mobile ter-
minals are electronic devices, implying a huge bandwidth gap between the optical
signal (optical fibre) and the radio signal (users” devices). Signals in the optical do-
main need to be down-converted to the RF domain. Hence, how to extend the indoor
wireless capacity utilizing high-bandwidth photonic methods will be a long-term
goal for researchers.

The wireless bandwidth can be significantly extended by using advanced multi-
plexing schemes and higher carrier frequencies, where photonic techniques can play
a significant role in overcoming the bandwidth bottleneck. The main idea is to move
more bandwidth-limited procedures, e.g., the signal processing (delay or phase
shift), to the optical domain or to use optical links instead of RF links [57, 58]. Until
now, two main types of high-speed solutions — I) RF-based; II) light-wave-based
wireless solutions, have been widely investigated. And many advanced solutions
have been proposed and experimentally verified.

2.1 Radio-frequency wireless communication

Upgrading current RF systems may be the most direct way of achieving a higher
bandwidth. The improvements can be done by using advanced (de)multiplexing
methods such as spatial division multiplexing, sepctrally multiplexing higher fre-
quency waves, and new coding/modulating techniques. In this section, my research
is focused on the physical-layer RF-solutions, reviewing new techniques and analyz-
ing challenges.

2.1.1 RF-OAM

The OAM, as the inherent physical property of EM fields, describes the spatial
distribution of the EM field [77]. OAM modes lie within an unbounded mode space
with each mode orthogonal to all of the others. The physical orthogonality could
potentially provide a low computational-complexity compared to the conventional
MIMO technique using digital signal processing. The concept of OAM mode division
multiplexing for wireless communication was first proposed for OWC [53]. Then
the OAM-based OWC attracted great interest due to its potential of providing
infinite numbers of spatial channels. Normally, EM beams carrying OAM can be
described in the spatial azimuthal phase term exp(il¢)(1==£1), in which ¢ refers
to the azimuth angle and ! determines the topological charge of the OAM mode
[78]. In 2011 and 2012, high-capacity optical OAM transmission was experimentally
demonstrated by J. Wang and his colleagues, respectively [54, 55]. Since then, a
large variety of effort was paid in optical OAM (de)multiplexing. Meanwhile,
researchers realized that it is possible to implement the RF-OAM (de)multiplexing
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Fig. 2.1 (a) Experimental setup of the OAM radio beam collimating by the intensity controlled mask; (b)
Photograph of the real array antennas with four elements; (c) Photograph of the real intensity controlled
mask [78].

due to the same physical properties as light. The first simulation work on RF-OAM
multiplexing was done in 2010, which was carried out by a CAA using electronic
methods [56]. Then further experimental implementations were reported with
different radio frequencies such as 5.8 GHz, 10 GHz, and 60 GHz [79-82]. Normally,
there are two main types of antennas to generate the RF-OAM modes, namely the
phase-mask-based method and the CAA-based scheme. With the first method by
passing through or reflecting off a phase mask, the induced angular phase differences
between parts of the RF beam could produce the RFF-OAM modes using a commercial
antenna as the source [52]. Due to the fixed phase mask, the OAM mode is not
reconfigurable. In the second method, a CAA with specific phase differences induced
between the antenna elements is utilized to obtain the RF-OAM beams [56], which
enables a reconfigurable multimode-generator. Hence, the CAA-based RF-OAM
multiplexing gives a more promising prospect. To generate RF-OAM modes, an
accurate broadband phase shift is required, which means all frequencies should be
with the same phase [79]. However, due to the limited bandwidth, high loss, and the
low resolution of phase-shift, it is not an easy task for electronic technology alone to
support the broadband RF-OAM multiplexing [57, 58].

In 2013, X. Gao et al. proposed, theoretically analyzed and numerically simulated
a photonics-based RF-OAM generation [59]. From there, OTTDs were first applied
in the realization of electrical phase shifters for RE-OAM modes excitation. OTTD
has advantages of low loss, small size, lightweight,and immunity to electromagnetic
interference. In 2014, they implemented the first experimental verification of a CAA-
based RF-OAM generator by using OTTDs as shown in Fig. 2.1 [78]. This scheme
employs a four-antenna CAA generating a 20-GHz OAM radio beam with the
OAM topological charge of +1. Four OTTDs composed of bulk-optics components
provide high-resolution time delays for the CAA by tuning a liquid crystal spatial
light modulator (LCSLM). First, the four wavelengths carried the same signal are
diffracted into different directions by means of an optical grating. By adding a
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Fig. 2.2 Schematic diagram of the proposed dual-mode RF-OAM generator [83].

series of linear optical phase shifts, specific optical delays will be created. To get
four different delays, the slope of the linear phase is differently set wavelength-by-
wavelength. Finally, a multi-channel optical filter is used to map the wavelength-
dependent time delays to different antenna elements. This method allows a wider-
bandwidth RF-OAM mode.

In 2019, they extended their work, generating double RF-OAM modes based
on the same principles as presented in Fig. 2.2 [83]. By utilizing an improved
experimental architecture — a newly introduced dual-parallel Mach-Zehnder mod-
ulator carrying 17-GHz and 19-GHz RF signals simultaneously, the dual-mode
RF-OAM could be radiated through a single CAA. Meanwhile, the experiment also
implemented the beam steering of RF-OAM beams. The 17-GHz OAM beam with
topological charge L = 1 is continuously steered to two dimensional (2D) directions
(:,0°,0°), (:,0°,1.70°), (:,0°,3.87°), (:,0°,6.17°), and (:,0°,7.80°), with good vortex
properties. The 19-GHz OAM beam with topological charge L = —1 is steered from
(:,0°,0°) to (:,0°, —6.72°). This an important improvement in the photonic RF-OAM
generation. But it still has some limits on reconfigurable multi-mode generation
due to its frequency-dependence. It is difficult to control the time delay of different
modes individually. In 2015, B. Liu et al. experimentally investigated the RF-OAM
demultiplexer based on X. Gao’s work [84]. 10-GHz RF-OAM signals with OAM
topological charges of 0, 1 and 2 were recovered with a sidemode suppression ratio
of —20 dB. The separately studied RE-OAM multiplexing and de-multiplexing prove
the effectiveness of the OTTD method.
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In 2019, J. Huang and his colleagues introduced the optical phase shifter (OPS) to
broadband RF-OAM mode generation and the mode quality of the CAA-based OAM
was evaluated as well [85]. This work enables a higher-quality spatial distribution
of the OAM modes. As described above, the OTTD-based OAM excitation is not
broadband phase shift, thus the bandwidth is still limited. OPS can produce higher-
quality RF-OAM modes, which enables lower inter-mode crosstalk. In this scheme,
a dual-arm I/Q modulator acts as the key phase shift component, where one arm
is for data modulation, while the other is non-data-loaded. By changing the phase
on one arm, the phase difference in the optical domain will finally transfer to RF
signals.

Compared to the above bulk-optics components-based OTDL/OPS, integrated
OTDL/OPS, however, is more attractive because of their stable performance and
compact system integration [38]. This dissertation will investigate further improve-
ments using photonic integrated circuit (PIC) technologies, which are detailed in
Chapter 3.

2.1.2 Mm-wave beam steering

In addition to multiplexing methods, increasing the carrier frequency towards
mm-wave is another effective way of exploring the huge bandwidth for indoor
applications [86, 35]. There are two main technical challenges for indoor communica-
tion at mm-wave frequencies: one is the high penetration loss through walls, which
makes inter-room connection/coverage difficult (but on the other hand also reduces
crosstalk between rooms and improves privacy); the other is the small electrical aper-
ture inherent to the high antenna gain needed [38, 33]. For the former, fibre-wireless
systems with low-loss fibres connected to different rooms and multiple remote
antennas linking fibre to free-space can solve the inter-room wireless coverage
problem. In terms of the required high antenna gain, advanced beam-forming/-
steering techniques based on antenna arrays are able to break this bottleneck [75, 35].
Communication using mm-waves integrated with energy-efficient beam steering
technology has been widely studied [87, 88].

In today’s networks, the wireless signal is typically radiated into all directionsin a
given area. No matter whether there is a terminal user in this direction, the energy is
always delivered. By spatially focusing the radio signal only into a narrow direction
where and when needed, the required energy consumption for data transmission
can be effectively reduced. Moreover, RF interference can be minimized, which
enables that the parallel data streams transmitted into different directions are carried
on the same frequency carrier. A phased array antenna (PAA) with beam steering
can provide fast and energy-efficient indoor mobile wireless connections. To take the
advantages of broadband mm-wave beam steering communications, TTD is required
to enable a squint-free beam steering [89]. However, electronic integrated circuits
(for instance complementary metal-oxide-semiconductor (CMOS) circuits) suffer
from a high loss at high frequencies. OTTD with its inherent low loss and broad
bandwidth can be used to solve these problems [36, 37, 90]. Compared to the tunable
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Fig. 2.3 (a)lmplementation of the integrated beamformer and (b) a photograph of the fabricated beam-
former [91].

OTDLs composed of bulk-optics components, which may limit the applications due
to their large size and reduced stability, the integrated tunable OTDLs are more
attractive because they can be integrated into a single chip [38].

Currently, several types of optically controlled mm-wave beamformers using
PICs are being investigated based on: I) switched delay lines; II) optical ring res-
onators (ORRs); III) complementary phased shifted spectra (CPSS); VI) looped-back
AWG. The concept of switched tunability is simple and easy to implement. In 1996, E.
J. Murphy et al. proposed the half-integrated switched OTDLs. In this design, the op-
tical switches were put on separate lithium niobate chips, which are interconnected
by precisely manufactured lengths of polarization-maintaining fibres with delays in
multiples of 44 ps [92]. In 2004, F. M. Soares and his colleagues designed, fabricated
and characterized an integrated switched optical beamformer for a four-element
PAA in an InP platform (COBRA) [91]. The fully integrated beamformer is shown
in Fig. 2.3. Four wavelengths are first demultiplexed to different switched delay
units via an AWG. Hereafter, each wavelength goes through a sequence of four
cascaded Mach-Zehnder-Interferometer (MZI) switches connected to each other by
three bypass-lines and three delay-lines with a length ratio of 1:2:4. The lengths of
the delay-lines are linearly increasing for the different wavelengths. In this way, the
time delay can be set separately for each wavelength. Finally, the four optical signals
will feedback and combine into an output waveguide through the same AWG.

Benefitted by simple and reliable architecture, the switched delay networks were
further developed in different platforms for performance improvement. For example,
in 2013, R. L. Moreira experimentally demonstrated a 4-bit programmable delay line
with an ultra-low loss in the Si3N4 platform [94]. Soon, ]. Xie et al. reported an even
higher 7-bit reconfigurable OTDL using the standard CMOS fabrication processes
on a SOI wafer, which was shown in Fig. 2.4 [93]. Variable optical attenuators were
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Fig. 2.4 (a) Topologic structure of the silicon N-bit OTDL. (b) 3D view of the single-armmodulated MZI
used as an optical switch. (c) Cross-sectional view of the p-i-n diode for optical phase tuning and optical
power attenuation [93].

embedded to suppress the inter-symbol crosstalk caused by the finite extinction ratio
of switches. In 2017, a further tunability-improved switched OTDL was realized on
a 60-nm-thick silicon waveguide platform [95]. By combining an ORR array and an
MZI switch array, the OTDL could provide continuous tunability.

Different from the switch-based OTDLs that only provide limited tuning res-
olution, ORR-based OTDLs can support a continuously tunable time delay for
mm-wave beam steering. The basic ORR structure has a single-bus layout, which
contains a recirculating waveguide coupled in parallel to a straight waveguide.
The group delay response of ORRs, which is periodic and bell-shaped, generates a
narrowband time delay window [96, 97]. The time delay can be varied by tuning
the coupling coefficient between the straight and ring waveguide. In 2006, the first
ORR-based optical beam steering network was proposed and analyzed in principle
[39]. In this scheme, based on the cascaded ORR architecture, a 1-by-8 binary tree
topology ODN was reported as described in Fig. 2.5.

In 2007, L. Zhuang in the same research group experimentally demonstrated the
on-chip ORR-based ODN for mm-wave beam steering [44]. Group delay responses
at each output of the network were measured and a linearly increased delay was ob-
tained as well. In 2014, a completed mm-wave beam steering communication system
was implemented [98]. Fig. 2.6 depicts the schematic of the microwave photonics
(MWP) beam steering system. The proposed beamformer not only demonstrated
an ORR-based beamformer but also designed an optical sideband manipulator.
N. M. Tessema et al. realized a tunable integrated ORR-based ODN for satellite
communication in the 20-GHz band with 5-GHz RF delay bandwidth in the year
of 2016 [99]. The true time delay circuit consists of an optical side band filter for
single side band modulation and an optical ring resonator for broadband time delay.
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Fig. 2.6 A schematic of the MWP beamformer system proposed by L. Zhuang in [98].

Two methods of optical delay tuning are investigated: 1) optical wavelength and
2) thermo-optic delay tuning. The wavelength controlled tuning enables a large
delay tuning range and can be done remotely from a distant location. The close to
a linear phase measurements can be used for full beam-scanning of radio signals
with frequencies in the 20 GHz band. The thermal control results in a 5 GHz RF
delay bandwidth. A proof-of-concept 2 x 1 beamforming is demonstrated in the 20
GHz band. The design presented here can be employed to realize multi-beams for
multi-users serviced by multiple satellites.

In 2019, L. Bliek et al. realized the automatic delay adjustment of the ORR-based
photonic beamformer [100]. In a real beam steering system, the large number of
actuators makes manual tuning practically impossible. This work showed a demo
solution, which is essential for real-life applications.

Recently, a novel integrated OTDL was reported by the researchers from ETH
Zurich [101]. Their design relies on the splitting and combining of complementary
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Fig. 2.7 Implementation of a TTD by a CPSS module based on a delay interferometer (DI). A signal is
split into two complementary spectra (i) and (ii) by a DI. The inset (iii) shows the magnitude and phase
responses of this configuration for different CPSS phases.[101].

phased shifted spectra (CPSS), allowing a large bandwidth and a low complex-
ity. Moreover, the ultra-short settling time in the order of tens of picoseconds was
achieved by using high-speed phase modulators. Fig. 2.7 presents an on-chip
CPSS-based tunable OTDL with a three-stage architecture. First of all, a delay
interferometer-based 1-by-2 optical filter is used to generate complementary spec-
trum 1 and 2 at its two outputs, respectively. Then two complementary spectra
recombine through a 3-dB optical coupler. Its output signal will generate the re-
quired time delay by changing the phase of one complementary spectrum (1 or 2).
In 2016, an ultra-fast mm-wave beam steering system with a settling time of <50
ps was experimentally demonstrated using the proposed CPSS-based OTDLs [102].
This dual-element antenna beam steering system proves the effectiveness of the
CPSS-based beamformer.

However, all the techniques mentioned above require active tuning elements
at the antenna (or beamformer) site to achieve a reconfigurable beamformer. Such
active adjustment may complicate the design of the beamformer. To simplify the
architecture of the antenna and also to provide flexible connection control, in 2014, a
centralized and remotely-tuned scheme was proposed for optically controlled 2-D
radio beam steering as shown in Fig. 2.8 [37]. The concept features steering the
beam in the 2-D area by tuning just one parameter, namely the wavelength A of the
input light. By using an integrated optical circuit that uses jointly TTD elements
with a large free spectral range (FSR) and TTD elements with a small FSR, the single-
parameter tuning can be implemented. The used TTD element is a looped-back
AWG supporting flexible delay tuning. The antenna site thus can be compact and
robust, requiring minimum installation effort. Besides, the fully passive does not
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Fig. 2.8 Wavelength-tunable 2D beam steering using a combination of TTD stages with a large FSR and
TTD stages with a small FSR [37].

contain active elements and thus requires very little to no maintenance. Moreover,
the remotely-tuned method eases the control algorithms for fast beam steering and
releases the burden of comprehensive electronic signal processing at the antenna
site. So far, the AWG-based integrated delay lines are reported, but the required
on-chip delay networks and the associated issues such as the size-reduction and
the delay resolution improvement, have not been addressed. In this dissertation,
the novel solutions for the advanced delay element design, the system design, and
further implementations will be discussed in Chapter 4.

2.2 Optical wireless communication

The idea of OWC became very interesting by making use of earlier achievements in
optical components, with the invention of the laser [103], IR Light Emitting Diode
(LED) [104], and fiber optics in the 1960’s. In the 90’s, optical communication using
visible light lasers, was widely investigated in the communication between satellites
and the earth’s ground [105]. After the year 2000, FSOC gained interest and was ap-
plied to many different areas employing wavelengths from 1 up to 10 ym [106-109].
More recently, due to its prominent bandwidth advantage, OWC is seen as an access
technology, complementary to radio for high-speed short-range communication
in 5G-and-beyond networks [110]. Generally, there are four types of OWC, which
are VLC, LiFi, FSOC, and OCC [62]. For indoor applications, only the first three
types are extensively researched and implemented. The related technologies will be
reviewed in the following sections.
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Fig. 2.9 Experimental setup of VLC system in [111].

2.21 Visible light communication using LED lighting

The VLC technology combines both communication and illumination by piggy-
backing communication on the existing lighting infrastructure based on LEDs. It was
driven by the progress of white LEDs for solid-state lighting [112]. In 1999, G. Pang
et al. reported an audio broadcast transmission from a 441-LED-composed (visible
light) transmitter [113]. Also, Y. Tanaka and T. Komine did the VLC experiments
using white LED in 2001 and 2004, respectively [114, 115]. In 2015, X. Huang et al.
did a 2.28-Gbit/s VLC transmission with a white LED over a 1.5-m free-space link
[111] as shown in Fig. 2.9. In their experiment, an extended modulation bandwidth
of 600 MHz was obtained by using a pre-equalization circuit. Also, adaptive bit
loading, power allocation, and OFDM signals were introduced to boost the capacity.
The transmission distance can go up to 3 m with 1-Gbit/s data rate.

_____________________ Free Space < 'a{\i!l-—a
T —————— RGBYJED .- | R i
(- it r . -mmtEi) Red
EA Bias M/ = Green
<] | ) Blue
B0 PN Rl 5
pck 7 T
_ _ CAPModulation _ _ _ _ _ _ _ CAP Demodulation  __ _ _ _
f Hybrid Equalizer
o H "
I Data| 5 2+ = . E s
"in | 2| € s z £
] =2 S |3 g ©
| =3 < |e7 (wE @
S|4 C e (=) €
L1515 glial 5|2
I : = : Q uf 100, 200 300 400 500 600
\_ _ _ _ _—_ ____ T Aeemmemmemee — Frequency (MHz)

Fig. 2.10 Experimental setup of the WDM VLC system employing high-order CAP and the hybrid post
equalizer [116].

Another technical realization is based on the technique of Wavelength Division
Multiplexing (WDM) using Red+Green+Blue+Yellow (RGBY) LEDs. An 8-Gbit/s
WDM VLC transmission using Carrier-less Amplitude and Phase (CAP) modulation
were employed by Y. Wang et al. in 2015 [116]. A commercial four-wavelength LED
(RGBY) was used to transfer a WDM signal over a 1-m indoor free-space distance.
Fig. 2.10 describes the system setup. By using a passive equalizer, the modulation
bandwidth was improved from 25 MHz to 320 MHz. A reflection cup with a 60°
divergence angle was applied to the RGB LED to decrease the beam angle of the
LED for longer transmission distance.
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In 2016, a record speed of 11.28 Gbit/s (net bit rate 10.4 Gb/s) at an illumination
level of 984 Ix was demonstrated by H. Chun et al. with RGB LEDs (Red RC-LED
with 4 Gbit/s, Green LED with 2.558 Gbit/s and Blue LED with 4.724 Gbit/s) over
1.5-m reach as depicted in Fig. 2.11 [69]. In this work, the impact of different color
combinations on VLC WDM was investigated for the first time. In other words, it
took into account the color properties of the generated light and realized simultane-
ous WDM reception. The —3-dB bandwidth of each LED is approximately 100 MHz.
Also in 2016, a record transmission data rate of 5 Gbit/s with OFDM modulation
format and by employing a single micro-LED, was reported by R.X.G. Ferreira [117]
over an approximately 75-cm apart. These blue-emitting micro-LEDs were shown to
have very high electrical-to-optical modulation bandwidths, exceeding 800 MHz.

222 Light-fidelity (LiFi)

As mentioned above, VLC uses LEDs to transmit data wirelessly by using intensity
modulation at the transmitter and direct-detection photodiode at the receiver. This
fits in the IEEE standard 802.15.7 for short-range OWC in local and metropolitan area
networks [119]. VLC has been conceived as a point-to-point (P2P) data communica-
tion technique — essentially as a cable replacement. Light-fidelity (LiFi) in contrast
describes a complete wireless networking system [120]. It includes bi-directional
multiuser communication, i.e. point-to-multipoint and multipoint-to-point commu-
nication. LiFi also involves a multiple-access-points-based wireless network with
very small optical attocells and a seamless handover. This means that LiFi enables
tull user mobility, and therefore forms a new layer within the existing heteroge-
neous wireless networks [118, 120]. Fig. 2.12 illustrates the principal techniques
that are needed to create LiFi networks [118]. At the core are novel devices such as
micro-LEDs and single-photon avalanche diodes. These are embedded in optical
front-ends and subsystems which are basically the research area of VLC. LiFi also
requires other supporting layers including the channel model, link-level algorithms,
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Fig. 2.12 The principal building blocks of LiFi and its application areas proposed by Harald Haas [118].

Medium access control (MAC) protocols, interference mitigation & security, and net-
working & protocols to extend VLC (point-to-point) into a fully networked system.
Therefore, LiFi is an advanced bi-directional full-duplex system solution. Currently,
Fraunhofer HHI already presents the next-generation of Gigabit VLC modules for
indoor LiFi systems [121]. Outstanding features are the smaller form factor, lower
energy consumption, enhanced coverage, and multi-user access. The peak data rate
can go up to 1 Gbit/s.

2.2.3 IR light communication using steered beams

The spectrum of infrared light used for high-speed optical fibre communication,
roughly from 1500 nm to 1600 nm, has a bandwidth of 12.5 THz. For the IR light,
a wealth of mature high-speed optical devices are available (e.g. laser diodes,
photodetectors, optical modulators) for optical fibre communication systems. Optical
wireless communication can build on this legacy. Besides, infrared light used for fibre
communication is relatively ‘eye-safe’. For a Class 1 laser, the allowed maximum
continuous wave (CW) power for visible light is about 0.5 mW, whereas, for infrared
light beyond 1400 nm, the number can go up to 10 mW [122]. Eye safety regulations
allow infrared light beams to carry much higher power than visible light beams in
optical free-space area [122]. As we know, light in vacuum has a higher speed than
any other media with a speed of 299792458 m /s. Compared with beams guided in an
optical waveguide such as a silica fibre, free-space optical beams experiance a lower
latency and can offer higher bandwidth. Besides, many other advantages provided
by its ability of being confined to narrow light beams [123]. By uing a collimated
light beam, the spatial reach can be largely extended. Also because of the utilization
of directed narrow beams, only the user who sent the request can received the light
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signal, which enables higher data privacy and higher energy efficiency. Due to the
avoidance of the broadcast access, the power of a transmitter can be significantly
higher than the radiated way. Thus its SNR is much better. Moreover, compared
to comprehensive phased array antenna structures supported by complex signal
processing, especially the so-called massive MIMO antennas in 5G networks, simple
optical lens or concave merrors can easier yield >40dB gain than massive electrical
antennas.

To obtain a clear view of different types of OWC, an overview comparison is
done. LiFi is a network design, which is different from the physical P2P or point-to-
multipoint (P2MP) communications such as VLC and IR light communication. The
comparison only between VLC and the IR beam-steered communication has been
made. This work is done by Prof. A. M. J. Koonen from the Eindhoven University
of Technology in [124] as shown in Fig. 2.13. For VLC, the capacity per user (can
be up to 10.4 Gbit/s ) is shared due to its broadcast connectivity, while the IR
beam-steered communication does not need to share the capacity and speeds up
to 112 Gbit/s have been shown. In terms of the reach, VLC is normally applied to
short to medium distance (several meters), which is shorter than that of IR light
communication (can be from several meters to a very long distance). It should be
pointed out that both of them are suited for short-reach indoor applications. Then
the energy consumption is compared. VLC normally requires high radiated power
(watt-level)which is definitely beyond the limit regulated by eye safety, while an
IR beam is only below 10 mW, which is limited by the eye-safety regulation [125].
When comparing carrier frequency and average bandwidth, it is obvious that VLC
has a higher carrier frequency in the wavelength range of 400-700 nm, with a 320-
THz bandwidth, which is much higher than 20.9 THz of IR light communication
(the carrier is from 1460 to 1625 nm). Such two bandwidths are large enough for
suppling the high-speed indoor connectivity. As to the safety aspects, normally the
VLC can penetrate eyes, which is less safe than the IR beam (does not penetrate
eyes). Both visible light and IR light have a good privacy level. Compared to IR light
communication, VLC can be embedded into the well-established LED illumination
systems, which will largely reduce the cost of the infrastructure. The IR beam
steering system, however, requires a new indoor (fiber) infrastructure. Currently;,
VLC being standardized by IEEE for further practical applications (IEEE 802.15.7).
And the first generation of products is already available on the market. In contrast,
the IR optical wireless communicaiton has not been regulated yet and the study is
still in the laboratory-stage.

In general, the IR beam-steered optical wireless communication can provide a
more effective solution for high-speed, high-security, energy-efficient indoor wireless
connections. A large amount of research has been reported for advanced IR beam
steering schemes and further transmission systems. In this section, the beam-steered
optical wireless systems proposed in the recent past will be presented.
Mirror-steered beam steering:
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Fig. 2.13 The comparison between VLC and IR light beam-steered communication [124].

The first type of beam-steered OWC system is the mechanically-steered mirror-based
beam steering, which was first demonstrated in the year 2010 by K. Wang and his
colleagues. In this system, a hybrid optical-radio wireless system was proposed
for incorporating a high bandwidth LOS FSOC system and RF localization [126]
as shown in Fig. 2.14, where IR light is for the duplex data transmission (uplink
and downlink) and the RF frequency is used for localization. The 2.5-Gbit/s data
transmission over 1.2 m distance using a Compound Parabolic Concentrator (CPC)
receiver showed the feasibility of the mirror-based beam steering system in an indoor
environment. Based on the same mechanism, in 2011 and 2015, K. Wang et. al further
improved the system from a four-wavelength (1550.12 nm, 1550.92 nm, 1551.72
nm, and 1552.52 nm) WDM downlink transmission with 4-by-12.5 Gbit/s [127] to
full-duplex communication with 10-Gbit/s downlink (1550.92 nm) and 2-Gbit/s
uplink (850 nm) data rate using micro-electro-mechanical system (MEMS) based
steering mirrors [128]. The earlier MEMS-based optical beam steering experiment
was reported by P. Brandl et al. in 2013 as described in Fig. 2.15. They proposed the
MEMS-based beam steering together with an adaptive focus in order to steer and
to control the divergence of the beam [129]. By using a directly-modulated VCSEL
laser and a receiver chip, a 3-Gbit/s wireless transmission over a 7-m free-space link
was implemented.

Spatial-light-modulator-based beam steering:

A. Gomez et al. from the University of Oxford, in 2015, proposed a 2D bi-directional
beam-steered system at 1550 nm by using Spatial Light Modulators (SLMs) and
WDM techniques (with seven wavelengths) as shown in Fig. 2.16 [74]. A steering
angle of 3° was achieved by tuning the SLM alone and the coverage can be further
extended to +30° with a novel angle magnifier. The SLM will generate a blaze
profile to change the beam direction. Their transmission took six wavelengths to
deliver a maximum of 224 Gbit/s over a 3-m free-space link. In 2016, they made a
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performance-improved optical beam steering system with a record capacity of 416
Gbit/s [71].

Diffraction grating-based beam steering:

Different from the above two types of IR beam-steered communications (mirror-
steered and SLM-based), which require an active control either mechanical adjust-
ment or voltage change, the diffraction grating-based beam steering is a fully passive
scheme, using wavelength tuning. In the years 2004 and 2013, the wavelength-tuned
beam steering communication system was experimentally demonstrated using a
single grating by K. Liang and C.W. Oh, respectively [130, 131]. K. Liang et al.
proposed the concept of wavelength space-division multiplexing in their scheme.
By changing the wavelength of the light illuminated on the dispersive grating, the
beam can be steered in a 1D direction with a dispersive angle of ~ 10° over a range
of 30 nm (1530 nm - 1560 nm). 1-Gbit/s data rate over a 4.5-m free-space link with a
receiver field-of-view (FoV) of 12° was achieved. C.W. Oh et al. extended this work
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with a higher capacity of 10 Gbit/s and a larger steering angle of 17.16°. In 2015 and
2016, C.W. Oh, A. M. J. Koonen and their colleagues did further work on developing
2D beam steering systems [132, 133]. By using two 2D cascaded gratings acting as
the steering module, a capacity of 42.8 Gbit/s per-channel was achieved over 2.5 m
distance with a steering angle of 5.61° x 12.66° (wavelength tuning between 1529
nm and 1611 nm). The maximum path loss is 14.6 dB. Then the performance was
improved with an optical path loss of <6.15 dB by using a transmission grating and
a reflection grating. Fig. 2.17 presents the beam steering system.
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Fig. 2.17 2D beam-steered system experiment proposed in [133].
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AWG router-based beam steering:

Recently, an advanced beam steering approach that requires less alignment effort
was proposed by using AWG router (AWGR) modules which are readily available
commercially as shown in Fig. 2.18 [134-137]. Enabled by a passive high port count
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AWG feeding a 2D fibre array (N-by-M) and a lens, a large area coverage can be
accomplished in an indoor IR light beam steering system. The N-by-M output fibres
of the AWGR are arranged in an N-by-M 2D fiber array, which is put in the object
plane of a lens. The position of the fibre in the object plane determines in which
2D direction its corresponding beam is emitted after the lens. The first concept was
introduced by Prof. A.M.]. Koonen from the Eindhoven University of Technology in
2016 [134] and a transmission system is experimentally implemented with a data
rate of 10 Gbit/s over 2.4-m free-space distance [135]. Soon they improved systems’
performance with a capacity increasing from 10 Gbit/s to 35 Gbit/s (OOK signal)
[138] and further to 112 Gbit/s (PAM-4 signal) [73]. And in 2018, a size-reducing
scheme of the beam steering module was proposed and analyzed by Prof. A.M.].
Koonen et al. with defocusing the fiber array [137].
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Fig. 2.18 The AWGR-based beam steering system in [135].

However, for these methods proposed above, the issues of increasing the capacity
with higher spectral efficiency, designing a new receiver with wider field-of-view,
and reducing the size of the steering modules with higher system stability are still
challenges. In this dissertation, new solutions will be proposed for the LOS problems
and a detailed discussion of experiments is given in Chapter 5.

2.24 Non-line-of-sight optical wireless communication

OWC has been proposed to support a faster indoor wireless connectivity due to its
immunity to EM interference, high level of privacy, relatively-easy installation, and
a huge license-free spectrum. Moreover, it can offer a large aggregated capacity by
means of spatial re-use. However, an essential limitation of the OWC system:s is
the blocking of direct transmission by obstacles, named as the NLOS OWC. Until
now, many NLOS OWC solutions for indoor applications have been based on broad-
cast (or sub-broadcast) wireless communication using LED-sources/LD-sources in
visible light/infrared light wavelength domain, diffuse reflection links via rough
surfaces, and free-space photodiodes [139-141]. For these types of NLOS OWC, the
transmission speed is usually at a relatively low level mainly due to the multi-path
condition (multi-reflection) and the low signal-to-noise-ratio (SNR) [140]. In 2018, a
state-of-art MIMO OWC system including the NLOS-link evaluation for a smart fac-
tory is demonstrated by researchers from Fraunhofer Heinrich-Hertz-Institute with
a relatively stable connection speed of only 1 Mbit/s [142]. In general, the proposed
solutions for the NLOS environment do not address the diffusion mechanism itself
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but instead focus on the compensation of diffuse losses by increasing the system
power, using multiple streams, and selecting the highly-sensitive detectors. But the
transmitted optical power could not be unlimited due to the eye-safety regulations
[125]. Also, energy-efficiency is hard to be guaranteed. These inherent problems will
be a long-standing challenge for ultra-high capacity and power-efficient NLOS OWC.
In Chapter 6, a breakthrough method will be proposed, analyzed, experimentally
demonstrated and discussed for the energy-efficient NLOS.

2.3 Chapter Summary

In this chapter, photonics-enabled indoor wireless communication technologies are
reviewed from two aspects, namely RF wireless communication and light-wave
wireless communication. In the RF area, OAM multiplexing and mm-wave beam
steering, as the promising solutions, are introduced. Moreover, in Chapter 3 and
Chapter 4, new advanced solutions will be proposed and discussed. For OWC, the
state-of-the-art of the widely studied VLC, LiFi, and IR beam-steered communication
is given. Through the technical comparison between VLC and the IR beam steering,
we know that the IR beam steering has the potential of providing energy-efficient
ultra-high-speed indoor wireless connectivity. Then in Chapter 5 and Chapter 6
many advanced solutions have been proposed and experimentally verified.



CHAPTER 3

OPTICALLY CONTROLLED RADIO FREQUENCY
OAM MULTIPLEXING

As a new multiplexing dimension, OAM by means of radio frequency can provide
a potentially huge wireless capacity by providing infinite spatial channels. OAM
is associated with the helicoidal phase profile in the plane perpendicular to the
propagation direction. Different OAM modes are orthogonal to each other. There-
fore, in optics and radio regimes, OAM has recently been widely considered for
high-capacity communications [143, 60]. In this chapter, the issue of RF-OAM multi-
plexing is discussed by using the CAA technique. Then the optical integrated delay
network and the phase shift network are investigated on chip-level.

3.1 Ring phased array for OAM generation

In the microwave regime, a CAA can be used to excite OAM modes as described in
Chapter 2. Compared with methods using a spatial phase plate (SPP), which can
only generate a single OAM mode per SPP, a CAA can support a transformation
between multiple OAM modes by correctly setting the phase differences between the
antenna elements. A CAA-based method is more flexible and feasible in RF-OAM
applications. The principle of OAM mode generation using a CAA is explained
in [51, 56, 85]. Here, the requirement for a CAA is briefly explained. A geometric
configuration of an N-element CAA for RF-OAM excitation is shown in Fig. 3.1. N
ideal antennas with progressive phases are distributed equidistantly around a circle.
In principle, the number of antenna elements (N) determines the largest OAM mode
(Inax) and can be expressed as:

A progressive phase shift is added to different branches of an RF signal before
being launched to a CAA, as shown in Fig. 3.1. The step phase shift is given by:

ANe = —2mnl/N (3.2)

where 1 is the index of the excited OAM mode. In a 4-element CAA system, the
allowed OAM modes are 1=0 and 1=+1, totally three modes. For the fundamental
mode, each antenna should have the same phase. For 1=+1 and 1=—1, the required
step phase shift is —90° and 90°, respectively. The 4-antenna system is discussed in
detail in Section 3.3.
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[ Phase shift array }

Fig. 3.1 The geometry of an N-element circular antenna array used for RF-OAM generation/detection.

3.2 Single-element-tuned bidirectional optical delay
network

As described in [59], OTDLs, especially integrated OTDLSs, can produce broadband
time delay when converting the signal from the optical domain to the electrical
domain. For an RF signal, this time delay can work as phase shift within a certain
bandwidth range. R. Bonjour et al. proposed a novel broadband tunable OTDL
that relies on the splitting and combining of CPSS [101]. It is a promising technique
for broadband OAM generation. However, this design is a single delay line, not a
compact multiport network which is more frequently used in practical applications.
Normally, the required delay array is realized by simply merging individual delay
lines. In this part, a more compact two-port optical delay network is proposed and
demonstrated. A tunable bidirectional optical time delay can be achieved by tuning
a single phase-element.

3.2.1 Working Principles

Figure 3.2 (a) shows a conventional CPSS-based optical RF phase shifter, which
is composed of three parts, namely the delay interferometer, the phase (¢) shifter,
and the coupler (1-by-2 coupler). A detailed analysis has been done in [101]. This
design can be regarded as a 1-by-1 network, whose matrix transfer function can be
presented as follows without taking the loss into consideration:

-
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But in my design, the output port is added to two by replacing the 1-by-2 coupler
with a 2-by-2 coupler at the output side, and changing the input 50:50 coupler into a
tunable coupler as shown in Fig. 3.2 (b). Its expression is shown as:

(@i 1-delay interferometer | 2@ | 3- !
i ishifteriicoupler;

At

X

i Out

O 50:50coupler — Waveguide == Phase shifter /L. Delay waveguide

Fig. 3.2 (a) The conventional CPSS-based optical tunable delay line; (b) the architecture of the proposed
optical time delay array.
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(3.4)
where, T is the transmission matrix (2-by-1) of the tunable coupler. We set T;; as
a
Ta = [al] (35)
2

where, a? + a5 = 1. Then equation 3.4 can be wrote as

1 —aq — ]'az . e*jZT(Atf 4 ejq) . (111 _ ja2 X e*jZT(Atf

Hy port =5 . i Y .
Pt 0 | —jay tap e PN B (]ﬁ1 +ay-e ]271Atf)

(3.6)

Whena; = ap = %, the same setting as that in [101], the simulation responses of

the two outputs (Chl and Ch2) are shown in Fig. 3.3. Here, the FSR is defined as the
inverse of At (FSR=1/At). Fig. 3.3 (a) presents the intensity responses of Ch1l and
Ch2. They are complemental in the frequency domain. When changing the phase of
@ from 20° to 80°, the bandwidth of Ch2 increases a little bit, but Ch1 changes rapidly
(bandwidth decrease) with the fast growth of power loss. Their phase responses
have a similar changing trend when increasing time delay. The linear area of the
phase response of Chl trends to be narrower when increasing ¢. Therefore, Ch1 and
Ch2 cannot be broadband simultaneously. Such a direct dual-port design cannot
support broadband applications.

However, by changing the power splitting ratio of the input 1-by-2 coupler, a
broadband dual-port bidirectional tunable delay network can be implemented by
using single-element adjustment. When a4, : a5 is set as 1:3, the simulation results
according to equation 3.6 are presented in Fig. 3.4. When tuning ¢, the time delay
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Fig. 3.3 (a) The intensity response (b) the phase response of the direct dual-port design of the CPSS-based
ODN.

of Ch2 changes much faster than that of Chl as described in Fig. 3.4 (b). The
different changing trends enable an increase of their relative time delay between two
output ports, which implements the concept of a dual-port tunable delay network.
As for the intensity response, Ch2 has similar bandwidth as that in Fig. 3.3, but
the narrow bandwidth of Ch1 in Fig. 3.3 is significantly extended due to its plat
intensity response. Both of the two channels can support broadband applications
with a maximum 8.3-dB power imbalance in principle in Fig. 3.4 (a). It should
be pointed out that this power imbalance can be reduced by selecting a higher
power splitting ratio of a:b, but the bandwidth may be reduced as well. Besides, the
idea of bidirectional time delay can be achieved by tuning the same phase factor ¢.
Simulation results in Fig. 3.4 (c) and (d) depict the exchanged responses between
Ch1 and Ch2 by tuning the phase to a different range (from 210° to 185°). If we
define the delay in Fig. 3.4 (b) is positive, then the time delay in Fig. 3.4 (d) is
negative.

3.2.2 Chip design

Design in principle:

As analyzed above, the bidirectional tunable dual-port ODN can be realized via
power-splitting control. Here, a complete design is given in Fig. 3.5. An MZI-
based tunable power splitter is introduced for phase tuning (¢1). Its matrix transfer
function is

,]’ 1 1 . i
L L 1 0 —= 1 _]_|_e]fP1

Hspliter = \? \—/]E ' {0 gj‘P1:| ' [f] ) {1 —j-ef"’l] 37)
V2 V2 V2

where, g1 means a tunable phase shifter, which can be a thermally-controlled metal
heater or a fast phase modulator. From the results, we know that the two output
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Fig. 3.4 (a)-(b) The simulated intensity and phase responses of the proposed broadband time delay net-
work with positive delays; (c)-(d) The simulated intensity and phase responses of the proposed broad-
band delay network with negative delays.

signals are in phase but with different amplitudes, which satisfy the requirement for
the amplitude/phase response in equation 3.5.

IMOS chip:

Then the idea is verified experimentally by using an on-chip design in Indium-
phosphide-Membrane-on-Silicon (IMOS) platform as shown in Fig. 3.6. IMOS
technology is explained in Chapter 4. In this design, an alternative design is used
to implement the proof-of-concept of the ODN. Different from the scheme that
using a tunable coupler mentioned above, here, we make use of power loss of the
on-chip delay path to obtain the required imbalanced power setting. As presented
in the topological structure, a normal 50:50 optical coupler is used to split the input
light into different paths. By utilizing the inherent higher loss in the delay path,
an imbalanced power ratio between two paths (the Blue path has lower power
and the Red path has higher power) can be obtained. These two signals will pass
afterward modules of Ty, Tps, and T3, which are the same as the theoretical analysis
above. An alternative chip is depicted according to its topological structure. In the
beginning, this chip is designed for a cascaded ORR-based optical delay network.
Meanwhile, it can be used to prove our idea. First, the input light is split into two
parts (the Blue one and the Red one). Then the Red one is fed into the coupler of T,
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Fig. 3.5 A complete design of the proposed dual-port bidirectional tunable time delay network.

directly and the Blue one goes into the delay unit Ty;, which brings higher power
loss than the Red channel. The loss comes from the cascaded rings, the waveguides
(~20 dB/cm caused by imperfect fabrication), and the unused power (-3 dB in
principle). To implement a concept of the waveguide-based time delay, the light
in Blue channel is controlled to go through directly without going into the ORR
rings by properly setting the phase ¢; and ¢;. Finally, the delayed signal is fed into
the coupler of Tc; as well. This delayed path is topologically equal to a delayed
waveguide with relatively high loss. Thanks to the power loss in the delay path, the
required power assignment is maintained. The bidirectional tunable ODN can be
achieved by changing the phase factor of Tj,.

ORR ring
P4
T Tp
With high loss
in delay path
: Topological o o
| (3] “
structure 2 <
I o
50:50 3
> MG 2 ORR ring
,,,,,,,,,,,,, |

Fig. 3.6 The mask layout of the alternative bidirectional delay network.

3.2.3 Experimental setup

Fig. 3.7 presents the experimental setup. An optical carrier is first fed into a 40-GHz
Mach-Zehnder modulator (MZM) via a polarization controller (PC-1) which yields



38 3.3 Optical phase shift network for RF-OAM

a power-optimized input. The MZM is modulated by a radio signal generated
by a vector network analyzer (VNA) and is biased at the quadrature point (~2.0
V). An erbium-doped fiber amplifier (EDFA) is used to amplify the optical signal.
Another PC (PC-2) is employed to align the polarization state to the transverse
electric polarization. Then the light is vertically coupled in and out via a pair of
cleaved single-mode fibre (CF). The proposed dual-port bidirectional time delay
network is thermally biased /controlled by a heater controller. The two output ports
are measured by mechanically moving the position of the output CFE. Finally, the
light is detected by a photodetector and is fed back to the VNA. The VNA sweeps a
frequency range from 1 GHz to 10 GHz.

VNA

Laser PC-1 l EDFA PC-2 o PD
Dual-port 7 "

*ﬁ '<E> D b delay network JQ\\}*
MZM CF-in | 1 CF-out

Heater
1 controller }

Fig. 3.7 The experimental setup.

3.2.4 Results and discussion

This part will discuss the experimental results. Fig. 3.8 (a) and (b) describe the
measured optical spectra at Outl and Out2 when changing the phase of ¢ via
applying different voltages to a heater. The used optical light is at A=1530.95 nm.
When increasing the voltage from 0.87 V to 0.97 V with a 0.02-V increment, the
measured optical power of Ch1 decreases from -3.9 dB to -5.2 dB (1.3-dB fluctuation).
While the power of Ch2 increases from -9.9 dB to -5.6 dB. Thus the maximum optical
power imbalance between Chl and Ch2 is around 6 dB. The measured intensity
responses of the two channels well match the trends in simulation analysis. Then
the bidirectional delay performance is given in Fig. 3.8 (c) and (d). When the voltage
is between 0.87 V and 0.97 V, Ch2 exists a negative time delay compared to Chl. The
relative time delay will exchange if the voltage is set in the range from 1.26 V to
1.33 V. The measured continuous delay ranges are +13.3 ps and -13.1 ps respectively.
This experiment proves the effectiveness of the proposed single-element-tuned
bidirectional dual-port ODN.

3.3 Optical phase shift network for RF-OAM

For broadband RF-OAM multiplexing, the broadband phase shift is needed. More-
over, it is the multi-port phase shift network that supports the required phase settings



Chapter 3: Optically controlled radio frequency OAM multiplexing 39

—— i ' h2 ‘ 097V
Q=" S 04 "
6 I :

a 087V o

Z 8¢ 089V 4 T 8]

5 Y 5

@ -107 TV, @ -10

g 0.97V g

%121 £ 12|

c [

® ®©

=147 =147
16 1 -16f

Optical Spectrum Optical Spectrum
-18 : : : -18 : :
1530.6 1530.8 1531 1531.2 1530.6 1530.8 1531
Wavelength (nm Wavelength (nm)

© (. Wavelengin(nm) (@ elength |
150 r 1 150
100 {__100¢

3 8

& 90 15
@ @

2 o0 A=)

@ @

0 0

g -50 8

o o

-100
-150
0 2 4 6 8 10 0 2 4 6 8 10

Frequency (GHz) Frequency (GHz)

Fig. 3.8 (a)-(b) The measured optical spectra of Ch1 and Ch2; (c)-(d) the measured phase responses of Chl
and Ch2 with positive and negative time delays.

for a CAA. However, it is very hard work to generate accurate phased arrays using
bulk-optics components such as fibre-based systems. The phased array on a single
chip is considered as a promising solution due to its accurate phase control using
photonic integrated technologies. In this section, novel integrated phased arrays
for RF-OAM generation including wavelength-controlled and thermally controlled
schemes are presented.

3.3.1 Multi-OAM-mode generator I: Passive phased array

Principles:

Based on a CAA structure, a reconfigurable passive phased array is proposed for
multi-OAM-mode generation. This passive generator aims at realizing a 4-element
CAA system, which can support three OAM modes, namely, the fundamental (0
order) mode and the 1 order mode. By tuning the optical wavelength, the produced
OAM mode can be switched between the three modes without any active control
at the antenna side (including a CAA and a photonic phased array). The idea
is presented in Fig. 3.9. An on-chip phased array is composed of two stages: I)



40 3.3 Optical phase shift network for RF-OAM

(a) (b)

D Interleaver filter: frequency response

Bar
Cross
Midy AR

B ] {1 o

180°

Ii;;

Mo

—I—I— Optical
filter
1 | A A

Phase difference between OAM: 0_]__]_

two wavelengths

90°

B

Optical 90° Hybrid

Fig. 3.9 The wavelength-switched three-mode OAM generator.

two-port optical filter; II) 2-by-4 passive optical phased array. For the first stage,
the frequency responses at two output ports should be complementary and have
a very sharp filter-shape to split two closed wavelengths. As shown in Fig. 3.9 (a),
two phase-locked wavelengths (A; and A;) with a certain frequency spacing (This
depends on the application.) are fed into an optical filter and are wavelength-split
to different paths with greatly suppressing the unwanted wavelength (e.g. < —20
dB). Then each output is delivered to an input port of an optical 90° hybrid, which is
widely used in a current optical coherent receiver [144, 145]. The 90° hybrid can be a
4-by-4 multimode interferometer (MMI) only using channel 1 (Ch-1) and channel 3
(Ch-3) as input ports. When the electric field of the two signals (E,, and E),) are set
as the input components of the 4-by-4 MMI coupler, each output field of the coupler
is represented by using the phase relationship as shown in Fig. 3.8 [146].

E, 1 0 e /74 0| TE,
E| BG4 0 1 0 0
Ey| = VR i o 1 o] T |E,, (38)
E4 0 0 0B/4) o 0

where y/ky.4 indicates the power splitting coefficient of the 4-by-4 MMI coupler.
Suppose the coupler has an ideal power splitting and subtract any constant phase
offset, the output phase relationship between the signal E,, and the signal E,, is
Ex, + Ej,, Ex, +JEA,, Ex, — JEA,, and E,, — E,, for the output from Ch-1 to Ch-4,
respectively. Thus after a photodiode, the normalized phases of detected four RF
signals are 0°, 90°, 270°, and 180°, which are then fed to a 4-element CAA. A non-hop
phase can be implemented by exchanging Ch-3 and Ch4 using the wire bonding
technology. In this case, a CAA can provide the OAM mode of +1 order. When
exchanging the order of E,, and E,, (E,, for Ch-3 and E,, for Ch-1), the obtained
normalized phase is 0°, —90°, —270°, and —180°, respectively. Accordingly, the
OAM mode is -1 (as shown in Fig. 3.9 (b)). This operation can be achieved by
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shifting the two wavelengths simultaneously to a different frequency domain of the
two-port filter, which can be an interleaver filter as described in Fig. 3.9 (b). When
the two signals go into the same path of the filter, they will experience the same
optical phase change. Thus there is no phase difference between four detected RF
signals. This case respects the fundamental OAM mode.

Chip design I: interleaver & 4-by-4 MMI:
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Fig. 3.10 The mask layout of the 90°-hybrid-based OAM generator.

A 90°-hybrid-based OAM generator is designed and fabricated using silicon
technology in IMEC platform as shown in Fig. 3.10. It is composed of two parts,
namely the two-port interleaver filter and the 4-by-4 MMI. For the first part, a
verified architecture of embedding ORRs into an MZI is utilized [147, 148]. An input
signal is first to split into two parts via a 2-by-2 MMI, each of which is fed into
an ORR (ORR-1 or ORR-2). The ORR uses a typical reconfigurable design, with
a heater (Heater-1) for ring phase shift and a heater (Heater-2) for the adjustment
of the coupling coefficient. In the lower path of the MZI, the same ORR structure
(ORR-2) is introduced. Then the two ORR outputs are recombined via a delayed
interference waveguide with an extra heater (Heater-5) for phase shift. The delayed
waveguide is required to be half-lengthed of the ring. The outputs of the interleaver
filter are named as the bar port and the cross port. By properly controlling heaters
(set the phase shift), the spectrally complementary responses at bar and cross ports
can be obtained. The phase shift caused by heaters can be implemented by changing
the index of the waveguide via tuning the temperature of the Tungsten heater [148].
Simulated interleaver frequency responses at two outputs are presented in the inset
of Fig. 3.10. The coupling ratios of ORRs used are 0.96 and 0.94 with 0.2 power
loss in the ring, respectively. The phase shifts in ORRs (Heater-1 and Heater-2) and
delayed waveguide (Heater-5) are set as 0°, 180°, and 0°. Then the split signals are
fed into the port 1 and 3 of a 4-by-4 MMI, which will provide the required phases
for a 4-element CAA.
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Fig. 3.11 The mask layout of the passive 3-mode OAM generator.

Chip design II: Cascaded MZI & 4-by-4 MMI:

Different from an interleaver filter that requires thermal control at the antenna side,
an MZI-based passive filter is proposed to simplify the phased array. Fig. 3.11
describes the mask layout of the passive OAM generator. It utilizes cascaded MZI
filters with different FSRs, in which the MZI with small FSR is for the switch between
the fundamental mode and higher modes (£1) while the MZI with large FSR is for
the switch between modes of 1=1 and I=—1. The lengths of the delayed waveguides
in different MZI stages are set as 200 ym and 2200 ym, with which the filter can split
two 18-GHz-spacing wavelengths. In this design, the target signal bandwidth is 2
GHz @18-GHz carrier. The filter’s FSR can be changed according to the target RF
carrier. The insets I and II show the frequency responses of MZI filters (I for MZI
with large FSR, II for MZI with small FSR). Inset III describes the spectral responses
at points of a (red), b (green), and c (blue). When A; and A; are delivered to the
point a and b respectively, the obtained phase relationship of the four outputs (MMI)
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can generate the OAM mode of 1=+1. Then shift the wavelength by a half smaller
FSR (left or right), A1 and A, will exchange the output ports (from a/b to b/a). The
relative OAM mode is also changed to 1=—1. To obtain the fundamental OAM mode,
the used two wavelengths are required to be delivered to point ¢ simultaneously.
Thus no phase difference exists between the four RF signals.

3.3.2 Multi-OAM-mode generator II: Direct optical synthesis
phased array

Principles:

However, an MMI-based optical passive phased array cannot be phase-changed once
being fabricated and it can only support a 4-element CAA system. Besides, it may
suffer from the fabrication error, which can cause phase errors. As a complementary
scheme, the direct optical synthesis phased array that can provide any phase shift is
proposed to support a larger-element-count CAA and mitigate phase errors. Enabled
by a mental heater, the required broadband phase shift can be realized as shown in
Fig. 3.12. First, the input two wavelengths are split into two paths (Path-1 and Path-
2) via an optical interleaver filter (shown above). Then the wavelength in Path-1 will
go through a phase shift system, which is composed of four heaters and a four-port
power splitter. The heaters here act as phase shifters (0-277) by using the thermally-
caused index change. To reduce the energy consumption of the heaters, the cascaded
architecture is utilized. This design allows phase accumulation from multi-stage
heaters, thus it can spread the required phase shift to different heating elements,
releasing the pressure on a single heater. The other signal in Path-2 will be split into
four in-phase parts in principle and each one will combine with the corresponding
signal that originated from Path-1. The optical phase relationship (0°, 90°, 180°, and
270°,) between the two wavelengths will be passed to RF signals. Different from
the passive waveguide-based scheme, this fully reconfigurable method can provide
continuously tunable phases for OAM activation and can mitigate phase errors
caused by fabrication. Meanwhile, there are two ways of OAM-mode switching.
The first one is the pure thermally-controlled phased array, which can provide the
continuous phase shift from o to 27t. The other type is the wavelength-tuned switch
that is mentioned in Section 3.3.1.

Chip design:

Fig. 3.13 presents the mask layout of the proposed heater-based phased array. Here,
a 4-output phased array using an on-chip interleaver filter is introduced as an
example. The thermally-controlled phased array is composed of two similar 1-by-4
optical splitters using three 1-by-2 MMIs. The simpler one equals to a 1-by-4 power
splitter with in-phase outputs. The other one introduces four heaters for phase
tuning. Finally, the eight signals are combined in pairs via four 1-by-2 MMIs to
generate four outputs. Besides, as mentioned above, the interleaver filter can be
replaced by a simpler cascaded MZI-based filter.
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Fig. 3.13 The mask layout of the thermally-tuned optical phased array.

3.3.3 Discussion

In this section, several optical phased arrays are proposed for broadband RF-OAM
multiplexing. The chip is fabricated using a silicon photonic technology. For a
passive phased array, the expected phase error can be below five degrees, which is
reasonable performance and has been proved experimentally [146]. Active designs
can eliminate these phase errors by carefully setting the voltage of phase shifters.
But such adjustment will introduce extra unstable factors to the system, which
requires more effort such as algorithmic control to keep stable. The passive method
enables a simpler/lower-cost architecture but supports only three OAM modes. In
contract, the active method can easily enlarge the supported quantities of OAM
modes and eliminate phase errors in the passive scheme with sacrificing system
complexity. They are complementary methods and can be selected according to
practical applications. As for the filter type, we can expect a similar conclusion - a
passive filter presents a simpler and interruption-less system but it has a narrow
bandwidth due to its gradually filtering shape. An interleaver filter can provide
a very sharp filter with a bandwidth-extended “flat-top” response. But its system
complexity increases.
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In terms of the real implementation including system control and chip fabrication,
a completed passive scheme (a passive filter and a phased array) is more technically
practical for the first-generation RFE-OAM application. Upgraded active design with
higher performance and a more complicated architecture will be then considered.

3.4 Chapter Summary

RF-OAM provides new freedom of mode multiplexing, which can definitely extend
indoor wireless capacity. This chapter discusses the integrated-photonics-enabled
RF-OAM activation using a reconfigurable CAA method. To provide the required
phase shift, two ways — optical time delay-based generation and the generation
utilizing an optical phased array, are investigated. In the first scheme, a novel
single-element-tuned bidirectional ODN is proposed, simulation proved, and ex-
perimentally demonstrated. Enabled by an imbalanced power-control, a compact
dual-port broadband delay array is achieved with a 20-GHz double-sided band-
width and a +13-ps continuous tunable delay range. The bidirectional tunable time
delay between two outputs is implemented by selecting different phase shift areas.
Moreover, to obtain broadband OAM modes, a phased array is needed. A series of
integrated phased array designs are proposed - an optical 90° hybrid-based passive
phased array and a thermally-controlled phased array. The passive design could
support the switch of three OAM modes of 1=0 and 1=%1 by changing the optical
wavelength. Meanwhile, as a complementary scheme to support a higher-count
antenna system and mitigate phase errors from fabrication, the thermally-tuned
phased array is proposed. It can provide two types of OAM mode switch — the pure
thermal control and the wavelength control. These integrated-photonics-enabled
time delay arrays and phased arrays provide new solutions for the applications of
RF-OAM mode multiplexing.



CHAPTER 4

OPTICALLY WAVELENGTH-CONTROLLED
MM-WAVE BEAM STEERING

As described in Section 2.3, the wavelength-tunable 2D beam steering is of many
advantages. On the one hand, no active tuning elements at the antenna side are
required, which reduces the complexity, the interference, and the installation efforts
of antennas. On the other hand, by using the well-established indoor fibre-wireless
networks, multiple wavelengths can be delivered from a control center to antennas
to tune beam directions. This physical-layer procedure releases the burden of the
comprehensive calculation and control of antennas. For a control center, the fast
beam steering could be done by using fast tunable or switched laser diodes. My
research is mainly focused on photonics-enabled RF phased arrays, in which the
integrated optical mm-wave beamformer is especially significant. In this chapter, I
will first explain the working principle of the key tunable delay module — looped-
back AWG. Then novel on-chip delay networks are reported and discussed. In
addition, advanced AWG architecture design is presented as well.

4.1 Looped-back AWG-based beamformer on-chip

First of all, as the most significant element, a looped-back AWG is described in
principle in Fig. 4.1. It is composed of a regular AWG and four feedback waveguide
paths connecting inputs and outputs. An extra pair of input/output waveguides is
selected as the bidirectional in-port and out-port. This architecture is topologically
equivalent to two AWGs in series where the AWG acts as both a wavelength multi-
plexer and a de-multiplexer. Thus it is an almost half-sized and fabrication-tolerant
design. Its delay is tp with respect to the wavelength of Ay, which will go directly
to the out-port. It names as the through path. The corresponding feedback paths
are set in an increment of At. The delay response respecting to the spectrum of the
looped-back AWG is also shown (measured time delay at out port) on the right
part. Due to AWG's spectrally cyclic characteristic, the time delay response of a
looped-back AWG is also cyclic. Within one free spectral region (FSR), each wave-
length (from Ag to A4) is split into a different feedback loop according to the inherent
wavelength-division feature of the AWG [149] and experiences an individual time
delay (from tz) to té) + 3At). However, the inherent large delay difference (té) — to) be-
tween the through-path and the looped-back path causes the spatially-discontinuous
beam steering. In practical ODNS, a specially designed optical interface before each
output port is necessary for delay calibration. By changing the input wavelength, a
step-wise time delay can be obtained.
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Fig. 4.1 The looped-back AWG

The looped-back AWG is a stepwise tunable time delay module and its time
delay resolution (the number of discrete delays) is determined by the number of
looped-back paths. Normally, a higher delay resolution means a more flexible
beamformer. For realistic applications, it is the ODN (system) that is frequently used,
which normally takes a large area on a photonic chip. The size of the designs is
becoming more concerned especially in the monolithic integration, which tends to
require a much smaller architecture. Therefore, the delay resolution per area on-chip
is an essential evaluating factor and it is positively correlated with the performance
of an ODN. To obtain a higher time delay resolution per area, two methods are
utilized - reducing chip size and increasing delay density. Reducing the chip size
especially the size of an AWG will increase the integration scale and system stability.
Thus sized-reduced AWGs are first investigated in this section. In general, there
are two types of solutions. The first one is selecting a more compact integration
technology, and the other one is designing a novel architecture that allows a smaller
footprint. They are discussed separately. As to the increase of the delay density, a
system-level design is demonstrated.

4.1.1 Device-level design I: SOI-based transmission-type AWG

As described above, a more compact integration technology will help reduce the
size of the looped-back-AWG-based delay module. SOI technology is a promising
compact integration solution due to its high-density integration, excellent passive
performance, high-quality devices (modulators and photodiodes), and low-cost
properties. This silicon integration platform leverages the existing complementary
metal-oxide-semiconductor (CMOS) ecosystem, including front-end and back-end
processes. Furthermore, silicon is a transparent material with wavelengths of 1.3 ym
and 1.55 ym and is therefore particularly compatible with InP lasers and SMF fibres.
In this section, the transmission-type AWG in the SOI platform is discussed.

The typical single-mode waveguide:
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Fig. 4.2 The cross-section of the standard SOI passive waveguide.

Due to the ultra-high index difference between the waveguide core and cladding,
a high confinement structure can be implemented with a bending radius being
as small as 2 ym [150]. Fig. 4.2 describes the cross-section of the used standard
SOI passive waveguide. The top layer is a silicon membrane embedded into the
benzocyclobutene (refractive index=1.54), which is the cladding layer. Passive
waveguides/architectures are fabricated in the silicon layer. A standard single-mode
waveguide has a width of 500 nm and a thickness of 220 nm. Then a thick SiO;
layer is used to confine the light in the waveguide (silicon). The bottom layer is the
substrate (Silicon). A passive waveguide is fabricated by using EBL and dry etching
technologies. Because of the ultrahigh § and ultrasmall cross-section of Si nanowires,
the AWG performance (especially the crosstalk) is very sensitive to the size variation
of waveguides. A very small thickness variation (<5 nm) will cause remarkable
phase errors. And the accumulated phase error consequently leads to large crosstalk
[150]. Thus it is not an easy task to obtain a high-performance AWG.
The mask layout of the AWG:
Fig. 4.3 presents the mask layout of the AWG in SOI platform. This chip is fabricated
by the researchers from Sun Yat-sen University, Guangzhou, China. This is a 6-by-6
on-chip transmission-type AWG with an asymmetric design. For each input/output
port, a grating coupler (optimized at TE mode) is utilized for the coupling from
the chip to a single-mode fibre. In order to reduce the radiation mode activation, a
400-um taper is introduced to guide the light from 0.5 ym to 12 ym. The oriented
coupling angle is designed at around 8°. The asymmetric design of the input/output
aperture size aims at obtaining a flat-top AWG response [149]. The input aperture
size is 4.02 ym and the output is set as 2.52 ym. FPR is ~110.4 micrometers long
with Roland-Circle-shaped configuration, which is widely used in current AWGs
[151]. The AWG has a whole size of ~367 ym x 540 ym. 31 arrayed waveguides are
utilized to obtain an accurate image on the output plane.
Measurement results:
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Fig. 4.4 (a) shows the measurement setup. An amplified spontaneous emission light
source that covers the whole C-band (1530 nm to 1565 nm) is polarization-filtered
by a polarization beam splitter (PBS). The polarization state of the filtered light is
further aligned to the TE mode by using a PC and is fed into a chip system including
two vertically coupling single-mode fibres and a device under-tested (DUT) (a chip).
An optical spectrum analyzer is utilized to measure the frequency response of the
AWG. The normalized amplitude response of the transmission-type AWG using
3" waveguide on the right side as the input port is depicted in Fig. 4.4 (b). The
measured power loss is around 2.6 dB (the two highest channels) with an acceptable
2.9-dB power imbalance between the six channels. The measured channel spacing
is ~3.5 nm. Inter-channel crosstalk is around -13.6 dB for the third channel. The
implemented performance is acceptable.

4.1.2 Device-level design II: IMOS-based reflection-type AWG

To reduce the size of AWGs, selecting a more compact integration technology and
designing a novel architecture that allows a smaller size, as mentioned above, will
help increase the delay resolution per area. Addressing these two aspects in a
scheme, a reflection-type AWG (R-AWG) (de)multiplexer in an advanced Indium-
phosphide-Membrane-on-Silicon (IMOS) platform is proposed and experimentally
demonstrated for a becoming-smaller target. IMOS technology is a quite new
photonic integration platform, which enables a much higher density integration
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Fig. 4.4 (a) The measurement system; (b) the measured 3"-port-input AWG response.

than the traditional InP platform. Meanwhile, the idea of using reflection in arrayed
waveguides could provide a half-sized AWG in principle. Therefore, this scheme
meets the requirements of the technology and the architecture, simultaneously. By
using high reflection photonic crystal reflectors (PCRs), the first IMOS R-AWG
is implemented. It enables a 35% size-reduced footprint at a cost of 1.1-dB extra
loss compared with the traditional transmission-type AWG (T-AWG) that has the
same spectral parameters. Compared with silicon-nanowire R-AWGs, an acceptable
performance (680 ym x 190 ym, 6.7-dB loss, and 10-dB crosstalk) is obtained. The
ultra-small 5.4-by-0.7 yum? PCR can realize > 90% reflectivity. Besides, the length
reduction of the arrayed waveguide will contribute to minimizing the accumulated
phase error caused by the variation-sensitive waveguides.

Technology:

First, I simply introduce the advanced IMOS technology. The detailed information
can be found in [152]. With the rising requirements of higher bit-rate data transport
and massive computing, the electronic integrated circuits alone cannot support [153].
In order to deal with these challenges, photonic integrated circuits have been created
using different materials. A popular one is the SOI technology, which has attracted
wide attention and many high-quality photonic devices such as high-speed modula-
tors and photodetectors are implemented [154, 155]. However, due to the indirect
bandgap feature of silicon, the integration of optical sources and amplifiers cannot be
easily realized on such chips. Several approaches are proposed to solve this problem
such as using an off-chip light source, designing III-V lasers/amplifiers/detectors,
and coupling light between these devices and silicon waveguides [156-158]. How-
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ever, in monolithic integration, the size of devices on-chip is required to be much
smaller. Thus the coupling between III-V sections and silicon waveguides is ineffi-
cient [152]. To solve these problems, the novel IMOS platform has been proposed
[152, 159, 160], in which the silicon membrane for waveguide on SOI platforms is
replaced by an InP-membrane. Monolithic integration of active and passive com-
ponents is possible by using a single III-V membrane. This technique can solve
many problems such as the coupling between active and passive components and
the alignment with respect to the underlying silicon circuits [159]. Moreover, passive
devices such as typical single-mode waveguides (width: 0.4 ym) and waveguide
bends (minimum radius: 5 ym) can realize comparable footprint as the ones in SOI
platforms, which support very high-density integration. Currently, many passive
and active components in IMOS platform have been demonstrated with a fully ac-
ceptable performance [152]. Fig. 4.5 describes the cross-section of a standard IMOS
passive waveguide. The top is an InP-based membrane photonic layer, in which
both IMOS passive waveguides and active lasers/semiconductor optical amplifiers
have been fabricated [159]. A standard single-mode waveguide has a width of 400
nm and a thickness of 300 nm. The divinylsiloxane-bis-benzocyclobutene (DVS-BCB,
refractive index=1.5) is used as the adhesive polymer with a thickness of ~2 ym.
The bottom layer is the substrate (Silicon). Passive waveguides are fabricated by
using Electron-beam lithography (EBL) and dry etching technologies.

Operational principles:

Fig. 4.6 (a) explains the working principle of the R-AWG. In terms of the layout, a T-
AWG is usually symmetrical such as the architecture as shown here. The input light
will go through two identical half-layouts. Thus the same function can be achieved
by using the half layout and reflectors at the end of each arrayed waveguide as
presented in the right part of Fig. 4.6 (a). Because the light in R-AWG passes the
same structure twice, which is logically equivalent to a T-AWG. The R-AWG allows a
more flexible adjustment of the grating order [149]. Fig. 4.6 (b) shows the schematic
configuration of the proposed IMOS-based R-AWG (de)multiplexer. This device is
fabricated in one of the IMOS Multi-Project-Wafer (MPW) runs carried out by our
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Fig. 4.6 (a) The layout comparison between a T-AWG and a R-AWG; (b) The schematic configuration of
the proposed IMOS-based R-AWG (de)multiplexer. FPR: free propagation region.

research department - Institute for Photonic Integration, Eindhoven University of
Technology. The R-AWG contains 8 input/output waveguides, in which anyone
can be selected as the input port. The vertically-coupled light via a surface grating
will be firstly fed into a fan-in area which is composed of a taper array. The fan-
in architecture helps increase the power coupling efficiency from a single-mode
rectangle waveguide (400-nm width) to a slab waveguide, which is called the free
propagation region (FPR). Then the light will be coupled to a fan-out structure
followed by a plurality of arrayed waveguides, waveguide bends, and PCRs. Finally,
a taper is used to minimize the end reflection of the transmission light. The radius
of the bending is 10 ym. In fact, the waveguide bends can be removed and thus it
contributes to minimizing the accumulated phase error. Here, the bends are reserved
to analyze the performance of PCRs in the comparison in Fig. 4.8 (a).

Reflector:

The key component of realizing an R-AWG is the ultra-small PCR which is a standard
building block in IMOS platform. As presented in Fig. 4.6 (b), the size of the PCR
is 0.7-uym wide and 5.4-ym long, with 15 deep-etched holes along the central axis.
The inter-hole spacing is set at 0.36 ym and the minor and major axis diameters
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Fig. 4.7 The reflectivity of the reflecting structure (including the photonic crystal reflector, taper and the
single-mode waveguide)

of ellipse-shaped holes is 0.266 ym and 0.172 um, respectively. At each end, the
hole is slowly getting smaller in order to reduce the scattering at the interface (from
the waveguide to PCR). In our design, the light is coupled into the proposed PCR
(width: 0.7 ym) from a typical single-mode waveguide (0.4 ym), thus a simple linear
taper is employed in between to suppress radiation modes. The similar PCRs in the
IMOS platform have been reported as high reflectivity mirrors for laser cavities [159].
The simulation results using Lumerical three dimensional (3-D) finite-difference
time-domain (FDTD) method (mesh accuracy is set as 6) are depicted in Fig. 4.7. The
reflectivity can be > 90% in a broad wavelength range of >200 nm, especially in the
C band (1530 nm-1565 nm), > 95% light can be reflected.

Results and discussions:

Fig. 4.8 (a) Photo of the fabricated IMOS-based T-AWG and R-AWG (de)multiplexers; (b) Photo of the
measurement of the designed R-AWG using vertically-aligned fibres.
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To demonstrate the effectiveness of the designed IMOS R-AWG by using PCRs, a
set of T- AWG, and R-AWG with the same spectral parameters are fabricated on the
same chip. In both designs, end spacing between adjacent input/output waveguides
is 3.7 ym and the length of FPR is 130 ym. The spacing between fan-out waveguides
and the number of arrayed waveguides is 2.5 ym and 32 respectively. In terms of
frequency response, the designed central wavelength is set at 1550 nm with 4-nm
channel spacing and a 32-nm FSR. Fig. 4.8 (a) presents the fabricated T-AWG and
R-AWG on the InP-membrane. It is obvious that the size of the R-AWG (129200
um?) has been reduced compared with 8-by-8 T-AWG (199650 um?). By halving the
FPR area and the length of arrayed waveguides, 35% of the size is reduced. The
separate waveguides with a grating coupler on each end (next to the AWGs) are
used to calibrate the coupling loss of the grating couplers. In the T-AWG, because
the 4" input waveguide is designed for other applications, the 5 input waveguide
is selected as the input port in our measurement. While, in the R-AWG, the 1% and
4" input waveguides are input ports. Fig. 4.8 (b) shows the measurement of the
R-AWG. The input/output cleaved single-mode fibres are aligned vertically and
their coupling angle is about 9.5°. Due to the limitation of the measurement system,
only 5-8t" input/output waveguides are measured according to the two input
ports.

Fig. 4.9 (a) shows the measurement setup. An amplified spontaneous emission
light source that covers the whole C-band (1530 nm to 1565 nm) is polarization-
filtered by a PBS. The polarization state of the output light is further aligned to the
TE mode by using a PC and is fed into the chip measurement system including two
vertically coupling single-mode fibres and the DUT. An optical spectrum analyzer
(OSA) is utilized to measure the frequency response of the AWGs. The normalized
amplitude response of the T-AWG using 5 waveguide as the input port is depicted
in Fig. 4.9 (b). The power loss is 5.6 dB (including the couple-in/-out loss) with an
acceptable 3-dB power imbalance between the central and edge channels as shown
in Fig. 4.9 (c). The measured channel spacing (4 nm) perfectly matches the designed
value. While the FSR experiences 1-dB increase from the designed 32 nm to the
fabricated 33 nm. Inter-channel crosstalk is around -11.4 dB. The size-reduced R-
AWG implements the same 4-nm channel spacing, 3-dB output amplitude variation,
and 10-dB crosstalk. Only 1.1-dB extra loss is introduced after fabrication. Because
the input port number is 4 (5 in T-AWG), there is a wavelength blue shift of 4-nm
(one channel spacing) compared to the T-AWG’s response. The response is noisier
than the relative T-AWG. One possible contribution to the response is the higher-
order mode excitation due to the non-vertical sidewalls in the fabricated photonic
crystal reflector. When the input port is changed to the first, the cyclic response
can be observed as shown in Fig. 4.9 (d). Usually, the power loss increases with
the distance increase off the central input waveguide. Here the loss is 9.4 dB with
a 2.8-dB increase. The wavelength blue shift is 12 nm and the cross talk is 11.4
dB. Other parameters such as the channel spacing (4 nm), the power uniformity (3
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dB), and the FSR (33 nm) are maintained. The R-AWG proves an effective way of
reducing the footprint.

4.1.3 System-level resolution-doubled beamformer I: spatially
switch

At the system level, optical delay networks with a higher delay density are demon-
strated. Based on a looped-back AWG, a spatially-switched integrated tunable
optical mm-wave beamformer is proposed and experimentally demonstrated with a
doubled delay resolution. This beamformer is a fully integrated ODN, which does
an important exploration on the on-chip system-level. Meanwhile, it provides a
new way of doubling the time delay resolution without changing the complex time
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delay component. Here, the delay resolution is defined as the number of available
discrete time delays. Actually, increasing the delay resolution and thus increasing
the number of steered spatial channels is always a problem. Generally speaking, the
delay resolution is determined by the number of feedback loops inside a looped-back
AWG. Once a looped-back AWG is fabricated completely, the available stepwise
time delays cannot be changed anymore. Therefore, this scheme is a significant
improvement for the limited discrete-time delays. Enabled by extending the positive
delay to its negative counterpart, a specially designed bi-directional ODN (Bi-ODN)
can provide a doubled delay resolution. This integrated Bi-ODN is fabricated in
a generic InP platform and experimentally characterized. The measured insertion
loss (IL) of the 2-by-2 Bi-ODN is <17.5 dB that contains the losses of a looped-back
AWG (6.4 dB), a bidirectional hybrid coupler (BHC, 7.94 dB) and a multimode in-
terferometer (MMI, 3 dB). An imbalance of ~1-ps between positive and negative
delays has been implemented. This technique also supports single-wavelength
tuning for steering multiple beams. Moreover, two passive BHCs are experimentally
investigated as well.

Principles:
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Fig. 4.10 (a) the positive-delayed ODN; (b) the principle of the Bi-ODN; (c) the mask layout of the Bi-ODN.

The principle of Bi-ODN for mm-wave beam steering is schematically shown in
Fig. 4.10. Fig. 4.10 (a) presents the regular positive ODN, where the delay of each
output is successively increased. This is a 1-by-4 network and each output is put in
a separate offset delay line. When a signal is fed into the right port, the delays at the
four outputs are disordered due to the mismatched offset delays, which means it only
supports a one-way working mode. The right part of Fig. 4.10 (a) describes the delay
response of a 1-by-2 ODN. The offset delay of Out-1 is set between tE) and té) + 3At,

here it is set as tz) + 1.5At. Then the relative delays of Out-2 are 0.5At, —0.5At, 1.5At,
and —1.5At, respectively. Thus the delay resolution is 4. In contrast, the resolution-
doubled Bi-ODN is shown in Fig. 4.10 (b). A specially designed passive BHC
with bidirectional offset delay line structure replaces the regular couplers in Fig.
4.10 (a). The dual-input ODN not only doubles the resolution without changing
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the looped-back AWG but also supports simultaneous multi-beam steering using
a single wavelength. From the delay response of the 1-by-2 network, the delay
resolution grows from N (N=4) to 2N by extending the negative delays. Here N is
the number of discrete delays in a looped-back AWG. When signals are separately
fed into the ODN from different inputs at the same time, the ODN'’s output is the
so-called radio multi-beam steering. Fig. 4.10 (c) describes the mask layout of the
1-by-2 Bi-ODN. Two spot-size converters (SSCs) at the chip input are used to enable
better lateral fibre coupling. The coupled light is then split into two paths by a BHC,
which includes two 2-by-2 MMIs. One path is for PD-1 (Out-1) with an offset delay.
The other branch goes into the looped-back AWG and tits output is also split via
another MMI-based BHC. The output of PD-2 (Out-2) experiences a different offset
delay. The symmetrical design allows a bidirectional operation. Out-1 and Out-2 are
optical ports reserved for measurement, which can be removed in the final design.

Chip measurement:
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Fig. 4.11 (a) the measurement setup; (b) the mask layout and the simplified logically mapping of the
BHCs.

In this part, the measured results are shown and technically analyzed. Fig. 4.11 (a)
presents the measurement setup of the two BHCs. 5.00-dBm optical power generated
by a laser is first amplified to 12.88 dBm via an Erbium-doped fibre amplifier (EDFA).
A PC is employed to enable a pure transverse electric (TE) or transverse magnetic
(TM) polarization state in order to get the minimum insertion loss. Then the light is
laterally coupled into a waveguide through a cleaved single-mode fibre (CF). The
same CF is placed aiming to couple light from the chip to a fibre. Finally, the light is
launched into a power meter. The mask layout of the measured structures is shown
in Fig. 4.11 (b) and the tested ILs are given in the table at the bottom of Fig. 4.11 (b).
First of all, the waveguide (WG) including two SSCs is measured as the reference
and its IL is 2.51 dB. Then move to the BHC-1, which is composed of two 1-by-2
MMIs and one 2-by-2 MML. Since port 2 and 3 are functionally equivalent, we select
port 3 as the output. The ILs from 1 to 3 and 4 to 3is 9.18 dB and 10.45 dB, with a 1.27
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dB power difference. Similarly, in the BHC-2 design using two 2-by-2 MMIs, the ILs
from 3 to 2 and 4 to 2 are 9.84 dB and 10.38dB, with a smaller power imbalance (0.54
dB<1.27 dB). Excluding SSC’s IL, the pure losses are 6.67 dB and 7.94 dB for BHC-1,
and 7.33 dB and 7.87 dB for BHC-2. Therefore, BHC-2 has better performance. In Fig.
4.11 (b), the right part shows their simplified structures that logically mapped to our
designs. This imbalance is mainly caused by the 2-by-2 MMI connected to outputs
(PD and Out-1). In fact, in the final design, it can be replaced by 1-by-2 MMI, which
provides better bidirectional performance.
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Fig. 4.12 (a) the measurement setup; (b) the mask layout of the Bi-ODN; (c) the measured insertion loss
of the ODN; (d) the measured delay response of the Bi-ODN.

The measurement setup of the proposed Bi-ODN is shown in Fig. 4.12 (a). A
5.00-dBm optical carrier is first fed into a 40-GHz Mach-Zehnder modulator (MZM)
through PC-1 which yields a power-optimized input. The MZM is modulated by
a radio signal generated by a vector network analyzer (VNA) and biased at the
quadrature point (~2.0 V). An EDFA is used to boost the power to 13.70 dBm. PC-2
is employed to align the polarization state. Then the light is laterally coupled into a
waveguide through a CF. At the output port, a lensed single-mode fibre (LF) replaces
the CF aiming to optimize the coupling. Finally, the light is detected by a PD and fed
back to the VNA. The VNA sweeps a large frequency range from 1 GHz to 20 GHz.
The spectrum center of the AWG is designed at 1550 nm and its free spectral range
is 8 nm (1000 GHz) with a 1.6-nm (200-GHz) channel spacing. The measured loss
of the Bi-ODN (shown in Fig. 4.12 (b)) is depicted in Fig. 4.12 (c). From the results,
there is a 2.6-dB loss difference between the path from In-1 to Out-2 (~17.5 dB)
and the path from In-2 to Out-2 (~14.9 dB). This difference is mainly caused by the
mismatch of the two offset delay lines. The loss-fluctuation of the cross paths (In-1 ->
Out-2 and In-2 -> Out-1) is less than 4 dB. Moreover, they have highly-consistent loss
curves with a <1-dB difference, which is well-matched with our design. Excluding
the CF-chip-LF loss (usually >5 dB), the measured loss of the through path (In-1
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-> Out-1) is 10 dB including the 6-dB loss of an MMI and the 2.25-dB loss of an
offset delay waveguide. The cross path (In-1 -> Out-2) experiences a <17-dB loss
which is comprised of the losses of MMIs (9 dB), a looped-back AWG (6.4 dB), and
waveguides. Fig. 4.12 (d) provides the measured normalized TTD of the ODN. First
of all, the delay of Out-1 (for Antenna-1) is normalized to 0 ps. When a signal is fed
into the ODN from In-1, the stepwise relative delays between Out-1 and Out-2 (for
Antenna-2) are 24.3 ps, 19.7 ps, 16.0 ps, 10.8 ps. The maximum tuning range of Out-2
is 13.4 ps which is a little bit higher than designed (12.5 ps). When changing the
input port to In-2, the stepwise relative delays between Out-1 and Out-2 are -24.8 ps,
-20.1 ps, -16.9 ps, -11.7 ps. The tuning range is 13.1 ps. The extended positive and
negative delays can realize resolution-doubled mm-wave beam steering as shown
in Fig. 4.12 (d) (dual-antenna system). An imbalance of ~1 ps is experimentally
implemented.

4.1.4 System-level resolution-doubled beamformer II:
wavelength tuning

It should be pointed out that the design above only shows an initial concept. The
completely passive-based wavelength-controlled bidirectional mm-wave beam-
former needs to improve further. In the next part, an upgraded design is proposed
for the passive target. An entirely wavelength-controlled integrated Bi-ODN for
mm-wave beam steering utilizing a specially designed bidirectional optical interface,
a looped-back AWG delay line, and an AWG router. By including a positive delay in
addition to its negative counterpart, the delay resolution is also doubled. Thanks to
the AWG router, a passive single-input Bi-ODN is built, which potentially supports
multi-port wavelength-switching of a scaled-up network.

Principles:

In the upgraded Bi-ODN as shown in Fig. 4.13, an AWG router switches the input
signal to different output waveguides with respect to its wavelength. And each
output channel spectrally covers at least an FSR of the looped-back AWG (>32 nm).
Then the wavelengths are split into two groups I) A1 to A4 for channel-I; II) A¢ to Ag
for channel-II. Therefore, the Bi-ODN not only doubles the resolution via the same
looped-back AWG but also supports completely wavelength tuning. This means, at
the local side, no active tuning element is required and thus there is no controlling
information delivery, which allows a more reliable and flexible network.

Chip measurement:

Fig. 4.14 (a) shows the mask layout of the 1-by-2 Bi-ODN. One spot-size converter on-
chip is used to optimize the lateral fibre-to-chip coupling. The coupled light is first
A-switched to Path-1 or Path-2 via an AWG router. Then it is split into two paths by
a BHC (as shown in Fig. 4.11, which contains two 2-by-2 multimode interferometers
(MMIs) and two offset delay waveguides. One path is for the electrical Out-1 (or the
optical Out-1) through an offset delay waveguide. The other branch is guided into
the looped-back AWG followed by another BHC. The parameters of this AWG are
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Fig. 4.14 (a) The mask layout of the A-switched Bi-ODN; (b) The measuring system of the structure on
chip; (c) The measured amplitude response of two optical outputs.

as follows: 8-nm FSR with 1.6-nm channel spacing. It should be pointed out that the
optical outputs will be removed in practical applications. Thus the measured optical
loss will be reduced by 3 dB as well. Two electrical outputs are used to convert
the optical signal to mm-wave signals. The individual optical waveguide (‘wg’ in
Fig. 4.14 (a)) is used for power normalization. The intensity response is measured
using the setup shown in Fig. 4.14 (b) and the results” analysis is depicted in Fig.
4.14 (c). In this section, an optical power loss respecting to the wavelength at two
output waveguide ends is measured. First of all, a 5-dBm optical source is amplified
to 13 dBm by using an EDFA and then is fed into a PBS. Here, the PBS acts as a
polarization state filter to eliminate unwanted signals. Furthermore, a fibre PC is
utilized to optimize the optical fibre-to-grating coupling by tuning its polarization
state to the TE mode. Then the light is laterally coupled into an SSC through a
CF. Because optical outputs are standard single-mode waveguides, not SSCs. A
lensed fibre is required to compensate for the relatively higher loss caused by the
waveguide-to-fibre mode mismatching. Finally, the light is collected by an optical
power meter.
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The measured normalized intensity as a function of the wavelength is shown in
Fig. 4.14 (c). It is clear that the channel spacing of the proposed AWG router is ~16
nm and each channel spectrally covers at least six sub-channels which corresponds
to the wavelength range of a looped-back AWG. The central wavelengths of 1543.85
nm, 1545.45 nm, 1547.05 nm, 1548.65 nm, 1550.25 nm, 1551.85 nm are switched to
the upper output path (Path-1) of the AWG router, and the measured losses are -30.2
dB, -26.1 dB, -25.4 dB, -21.2 dB, -25.6 dB and -26.5 dB respectively. The losses of
the wavelengths switched to Path-2 (1556.65 nm, 1558.25 nm, 1559.85 nm, 1561.45
nm, 1563.05 nm and 1564.65 nm) are -22.9 dB, -25.5 dB, -24.4 dB, -26.2 dB, -27.5
dB and -30.2 dB. The two power-highest wavelengths (1548.65 nm and 1556.65
nm) correspond to non-looped AWGR paths and the others with relatively lower
powers are looped-back paths. The measured loss includes the -5.5-dB fibre-to-
waveguide coupling loss and the AWG router’s filtering loss which can be mitigated
by designing a larger port-bandwidth. Excluding the -10-dB loss from Path-1 to
Out-1 (including two MMIs and an offset delay waveguide) and the -5.5-dB coupling
loss, the insertion loss of the AWG router is only -2 dB. The looped-back AWG has
a ~-6.5-dB power loss. For the 1-by-2 ODN measurement, the minimum peak-
to-null intensity difference is ~14.3 dB. One main contributor is the interference
impact. Because the looped-back architecture is different from the normal AWG
module in [40]. For a given wavelength, the light is first split into different channels
(same as non-looped AWG), and the signal loops back and combines again, thus the
measured light signal is the addition of vector signals from several neighboring paths
(mainly two adjacent paths). When a wavelength located in the overlapping area
of adjacent channels’ responses, the interference effect becomes stronger. Besides,
the polarization state and the wavelength-sweeping resolution may also affect the
measurement. However, it should be pointed out that these measured values (e.g.
14.3 dB) are not the channel crosstalk of AWG. The crosstalk is still <-25 dB [40]. This
result is used to show the location of each looped sub-channel and its corresponding
power loss.

By selecting a certain wavelength, a relative delay can be obtained. The measured
time delay response of the proposed Bi-ODN is shown in Fig. 4.15. In Fig. 4.15 (a), a
5-dBm optical carrier is first fed into a 40-GHz MZM via PC-1 which yields a power-
optimized input. The MZM is modulated by a radio signal generated by a VNA and
is biased at the quadrature point (~2.0 V). An EDFA is used to boost optical power
to 13 dBm. PBS and PC-2 are employed to align the polarization state as described
in Fig. 4.15 (b). Then the light is laterally coupled in and out through a pair of CF
and LF. Finally, the light is detected by a photodetector and fed back to the VNA.
The VNA sweeps a frequency range from 1 GHz to 10 GHz. Fig. 4.15 (b) provides
the measured normalized true-time delay of the Bi-ODN. First of all, the time delay
of Out-1 (optical Out-1) is normalized to 0 ps. When the selected wavelength is
located in Path-1 of the AWG router, Out-2 has a positive time delay compared to
Out-1, and the relative delay is 10.00 ps (1547.05 nm), 16.94 ps (1545.45 nm), 19.69
ps (1551.85 nm), 23.60 ps (1550.25 nm), and -47.48 ps (1548.65 nm), respectively.
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Fig. 4.15 (a) The measuring setup of the time delay response; (b) The measured time delay of the two
optical output ports.

The largest opposite delay comes from the non-feedback path where the light goes
through the AWG once time. Similarly, by tuning the wavelength to Path-2, the
light will firstly go to Out-2 then Out-1 and thus the relative time delay is negative.
The accomplished stepwise delays are -10.22 ps (1563.05 nm), -15.38 ps (1561.45
nm), -18.82 ps (1559.85 nm), -21.89 ps (1558.25 nm), and 48.57 ps (1556.65 nm). The
designed tuning range is 12.5 ps. The measured values are 13.60 ps and -11.68 ps
with errors of 8.80% and 6.56%, respectively. The extended positive and negative
delays can realize resolution-doubled mm-wave beam steering as shown in Fig. 4.15
(b) (dual-antenna system).

4.2 38-GHz mm-wave transmission system

After discussing the beamformer on-chip, its performance is evaluated in a 38-GHz
mm-wave beam steering system. The beamformer used is the proposed purely
wavelength-tunable Bi-ODN, which is a 1-by-2 network allowing a dual-antenna
beam steering system.

4.2.1 Experimental setup

As the resolution-doubled concept is already proved on chip-level in Section 4.1.2,
in this part, the system experiment only tests the positive time delays in order
to simplify the system operation. The proof-of-concept 38-GHz mm-wave beam
steering system is depicted in Fig. 4.16. A 10-dBm optical carrier is first fed into
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Fig. 4.16 The proof-of-concept experimental setup of the 38-GHz mm-wave fibre-wireless link. (a) The
optical spectrum before EDFA-1; (b) The optical spectrum after EDFA-1; (c) photos of the mm-wave
wireless link.

a 40-GHz MZM (MZM-a) via PC-1 which yields the power-optimized input. The
MZM-a drove by a 19-GHz clock signal is biased at the null point to generate optical
carrier suppression. Then the 38-GHz mm-wave carrier can be obtained by beating
the two 19-GHz sidebands as shown in Fig. 4.16 (a). After power compensation
enabled by EDFA-1 (presented in Fig. 4.16 (b)) and polarization state optimization
via PC-2, a 2-GSa/s baud rate QAM-4 signal with a 2-GHz radio carrier is modulated
onto the optical domain by a 10G-class MZM. This radio signal is generated by an
arbitrary waveform generator (AWG-sig in Fig. 4.16). Before being delivered to
the proposed Bi-ODN, the signal is pre-amplified to 12 dBm due to the high chip-
loss. Two EDFAs (EDFA-3 and EDFA-4) are employed to make power-balanced
mm-wave signals, which are then detected by a pair of photodetectors. The required
38-GHz carrier frequency is obtained after the optical-to-electrical conversion. The
converted signals are amplified by two 40-GHz bandpass amplifiers (EA-1 and EA-2,
bandwidth 36 GHz - 40 GHz). EA-1 and EA-2 separately connect to two identical
38-GHz aperture antennas (Tx-1 and Tx-2) to spread the data signals wirelessly. The
center-to-center distance between Tx-1 and Tx-2 is set at 40 mm and the receiving
antenna (Rx) is put at the forward distance of 280 mm. By moving the Rx antenna
laterally, the measurement at different lateral distances can be implemented. The
power is measured by an electrical spectrum analyzer (ESA, 0-67 GHz) without
amplification. For the data transmission part, the received QAM-4 signal is firstly
amplified by a 38-GHz amplifier and is down-converted to baseband enabled by
a mixer and a 38-GHz local oscillator with 23-dBm output power. Finally, the
baseband signal is analyzed by a digital phosphor oscilloscope (DPO) to calculate
the error vector magnitude (EVM). Fig. 4.16 (c) presents the 38-GHz mm-wave
wireless communication link.
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4.2.2 Results and discussions

In this section, the detailed experimental results will be shown and discussed.
Firstly, the mm-wave power distribution of each antenna only transmitting 38-GHz
single-frequency carrier is measured in order to obtain the spatial coverage of each
antenna and the overlapping area in-between in the lateral direction. As shown in
Fig. 4.17, the measured main lobe of the antenna spreads around 17 cm and the
overlapping area is 14 cm. Thus in mm-wave beam steering measurement, the
selected measuring span is 15 cm (From -7.5 cm to 7.5 cm). For each antenna, the
average received electrical power in the main lobe is ~-28.65 dBm.
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Fig. 4.17 The measured power distribution of the two antennas

For an arrayed antenna wireless system, the basic expression of the array factor
can be described as [38]:

AF(G) — ZN:1111 % e(*]’X,BXnXdXSiHG) (41)

n

where 0 is the arriving angle from Tx to Rx. N is the number of Tx antennas. f is the
propagation constant and d is the spacing of Tx antennas. The assumption behind
Eq. (1) is that the forward distance is much longer than the element antenna distance
d, which results in the same arrival angle (f). In our wireless link, the forward
distance (280 mm) is not that long for the antenna spacing (40 mm). Thus the extra
phase compensation is added in the simulation. The engaged aperture antennas can
be considered as semi-omnidirectional antennas. In our experiment, the distance of
40 mm between Tx antennas is much larger than one half of the wavelength (3.95
mm). Thus the side lobes of the phased array antennas exist, resulting in more than
one peak in the beam profile. It should be pointed out that the side lobes can be
easily avoided by using patch antennas.

Fig. 4.18 (a)-(b) present the simulated and measured 38-GHz mm-wave power
versus the lateral offset (referred to as “X-axis offset’) curves transmitting a single-
frequency signal (38-GHz carrier) without loading QAM-4 signal. In the simulation,
the amplitude coefficients are set to 1 and 0.92 respectively according to the practical
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Fig. 4.18 The received power versus x-axis offset curves

radio powers, and the average power is normalized to the received average values
in the experiment. The lateral beam distribution spatially shifts when changing the
phase difference converted from the time delay of the Bi-ODN. The phase shifts of
the 38-GHz mm-wave are 67.57°, 132.54°, and 186.02° respecting the relative delays
of 6.94 ps, 9.69 ps, and 13.60ps respectively. The peak moves from right side (x-axis
= 0.5 cm) to left side (x-axis = -2 cm). The power difference between peak and null
points is around 17 dB and the measured average peak power is -22.50 dBm with
5.85 dB higher than the single antenna case, which perfectly matches the theoretical
gain of 6 dB. We can clearly see that the phase shift between the measured red curve
(1547.05 nm) and the green one (1550.25 nm) is almost 7r, which matches well with
the simulation result ( 186.1° shift for 38-GHz mm-wave). Thus a very high accurate
mm-wave beam steering system can be experimentally demonstrated by utilizing
our designed Bi-ODN. In Fig. 4.18 (c)-(f), the simulated and experimental results are
separated to allow a better illustration of the trends. The measured power versus
x-axis offset curve (dot) and its simulated counterpart (line) are presented one by
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one according to the wavelength. The experimental results match well with the
simulated results in terms of peak/null locations and their periodicities.
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Fig. 4.19 The received power versus x-axis offset curves

Then the data transmission performance is evaluated by loading a QAM-4 signal
and introducing an extra electrical pre-amplifier. Measured EVM values of the
QAM-4 signal on a 38-GHz mm-wave using 1551.85 nm are shown in Fig. 4.19 (a).
Fig. 4.19 (b) is the measured power distribution after amplification. We can clearly
see that the EVM curve agrees well with the power curve, indicating that the beam
steering induced power variance affects the quality of the received QAM-4 signal
enormously. When the mm-wave beam goes directly to the receiving antenna, the
EVMs can be 11.9% (x-axis = -1 cm) and the constellations are well converged as
shown in the inset photo next to this point. As shown in Fig. 4.19 (b), an around
18-dB power drop at the null point (x-axis = 1.5 cm) compared with the peak value.
The received power is -8.2 dBm and the corresponding EVM number is reduced to
27.1%. The data rate of the QAM-4 signal is 4 Gbit/s.

4.3 Chapter summary

In this chapter, the photonics-enabled mm-wave beam steering communication is
experimentally implemented, in which the totally integrated looped-back AWG-
based beamformer is designed and tested in a 38-GHz mm-wave beam steering
system with accurate time delays (error < 10%). Moreover, to achieve compact ODN
integration, the size-reduced R-AWG is investigated in a novel platform - IMOS.
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These works contribute to the improvement of the indoor mm-wave beam steering
on both integrated system-level and component-level.



CHAPTER 5

LINE-OF-SIGHT BEAM-STEERED INDOOR
OPTICAL WIRELESS COMMUNICATIONS

IR light wireless communication using steered narrow beams is regarded as an
emerging approach for high-speed indoor wireless connectivity. Different from
the broadcast-based VLC, the energy-efficiency is significantly improved by using
narrow beams and bringing them where and when needed. In addition, the IR laser
with a narrow linewidth enables a large modulation bandwidth, which is the basis of
a large-capacity transmission. Meanwhile, the aggregate capacity can be extremely
extended via frequency re-use in separate, dense tiny communication cells. While
there are still many technical problems that need to be solved. In this chapter, new
solutions from the levels of the transmission-scheme design and the FoV-extension
design will be proposed.

5.1 Crosstalk-mitigation scheme for AWGR-based
optical beam steering

To satisfy the exponential bandwidth increase in indoor wireless networks, beam-
steered indoor IR light OWC employing narrow pencil beams is of increasing interest.
Recently, A. M. ]J. Koonen et al. propose an easier assembling and less alignment
passive-steering scheme - a wavelength-controlled 2D IR beam steering system using
a high port-count AWGR [136]. In this scheme, the AWGR module determines the
spatial resolution and the spectral efficiency of the beam steering system. Fig. 5.1
(a) shows the schematic architecture of the proposed system. The low-cost intensity
modulation/direct detection (IM-DD) is used, which is common in access networks.
An electrical signal is modulated onto an optical carrier provided by a tunable laser
via an MZM. After power adjustment (by an EDFA), the output fibres of the AWGR
are arranged in a 2D fibre array that is located in the focal plane of a lens. The position
of a fibre in the focal plane determines the 2D direction in which the corresponding
beam is steered through the lens. In other words, the light from each output port
of the AWGR covers a certain area at a certain angle. Such a A-switched system
has a simple architecture and more importantly it is a remotely tuning architecture
that benefits centralized network management. With the increase of the spatial
coverage and transport capacity per channel, an AWGR with a higher port-count
and a wider channel bandwidth is of great demand. Considering a limited spectral
range (e.g. 35 nm for C band), the port count (or spatial resolution) is compromised
with the channel bandwidth. Fig. 5.1 (b) presents a normal AWGR response. It is
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Fig. 5.1 (a) AWGR-based 2-dimensional IR beam steering system; (b) the normal AWGR response; (c) the
improved ‘Flat-top” design.

clear that the most direct way of increasing the port-count is to reduce the channel
spacing. Meanwhile, to avoid the inter-channel crosstalk, a spectral guard band
is inserted between adjacent AWGR channels, which inevitably causes the waste
of spectral resources. Thus the channel bandwidth is further shrunk. Currently, a
general solution is to reduce the AWGR'’s channel grid (e.g. from a 50-GHz grid to
12.5-GHz grid) and at the same time, to shape the channel response from ‘Gaussian’
to ‘Flat-top’ to increase the available channel bandwidth as depicted in Fig. 5.1 (c)
[149, 161-163]. The 1-dB bandwidth can be extended from 31% to > 65% of the
channel spacing [149]. Nevertheless, this ‘Flat-top” design leads to higher crosstalk
which requires a larger guard band between adjacent channels to mitigate, thus the
improved spectral efficiency is weakened again. As to the Gaussian-shaped AWG,
the guard band for crosstalk reduction cannot be avoided either.

To solve these problems, the following concept is proposed. By creating polariza-
tion orthogonality between odd and even channels, a very high crosstalk tolerance
between spectrally overlapping AWGR channels can be achieved because two sig-
nals with orthogonal polarization states will not beat with each other upon the
detection. The signal with the crosstalk on the orthogonal polarization state will
not generate a mixing product and direct current (DC) crosstalk can be deleted
by an ac-coupled detector. Hence, such overlap means higher spectral efficiency.
The technique can also resist the wavelength misalignment between AWGRs and
light source outputs. The constraint on high wavelength-stability tunable lasers is
also relieved. Moreover, in items of AWGR design, the higher port-count can be
implemented simply by reducing the spatial gap between output waveguides on a
chip, which allows a low-complexity and high port-count AWGR design.
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5.1.1 Operational principles
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Fig. 5.2 The operating principle of the AWGR-based 2D IR beam steering no-crosstalk transmission
scheme; (a) the input optical spectrum of the PBC even channel; (b) the input optical spectrum of PBC
odd channel; (c) the combined optical spectrum after PBC; (d)-(e) the optical spectrum of channel n and
n+1; (f)-(g) The electrical spectra of detected photocurrent. Tun. LD: tunable laser; PBC: polarization
beam combiner; PD: photodiode

In traditional IR beam-steered OWC systems, the signal that is fed into the AWGR
module is not specially polarization-designed and non-spectrally-overlapped to
avoid the inter-channel crosstalk of an AWGR. To increase the spectral efficiency
and the port-count of an AWGR, the crosstalk mitigated method is employed. Fig.
5.2 shows the operational principle. A low-cost IM-DD transmission method with a
single polarization state is utilized. In this scheme, an input signal is split into two
groups - even and odd channels according to the spectral response of the AWGR
as shown in Fig. 5.2 (a) and (b). The adjacent channels are set to be spectrally
overlapped to show the crosstalk. While the polarization states of even and odd
groups are orthogonally set enabled by a polarization beam combiner (PBC). Fig.
5.2 (a)-(c) present the spectra before and after the PBC. Due to the filtering of the
AWGSR, the signal is A-split and then steered to different directions by a lens. For
the channels of A,, and A, 1, they contain the target signal and the so-called optical
‘crosstalk” from adjacent channels with the orthogonal polarization state as shown
in Fig. 5.2 (d)-(e). Then the received signal is detected by a photodiode and the
photocurrent can be presented as (for a unity responsivity detector)

~ ~ ~ ~ 2
In - Ec,n,x + Es,n,x + Ec,n+1,y + Es,n+1,y + Ec,nfl,y + Es,nfl,y (5‘1)

where,E. ,, x and E; ,, x is the carrier and 51gna1 in nt" (w1th x-polarization state)
channel, respectively. E, n+1y and E, 1y Ecn 1y and Esn 1y are the crosstalk
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(including carriers and signals with the y-polarization state) between (1 + 1)
channel and (7 — 1) channel. Because two orthogonal polarization states do not
affect each other upon detection, we have

I, = |Ecnx+Esnx| + cn+1y+Esn+1y+Ecn 1y+Esn Ly
= |Ec,n,x| +‘Es,n,x’ +2m{ES,7/l,XEc/n,x}

~ 2 ~ ~
Es,n+1,y ‘ + 2%{ Es,n+1,y E::k,n—l—l,y}

:

~ 2
Ec,nJrl,y‘ +

~ 2 ~ 2 ~ ~
Ec,n—l,y‘ + Es,n—l,y‘ +2%{Es,n—1,ij,n71,y}

2%{Es,n+1,ygj,n71,y} + Zm{gs,n—l-l,ygj,nfl,y}
Zm{gc,n—kl,ygj,n—l,y} + zm{gcz”"‘lrygzn—l/y} (5'2)

+ o+ + 4

generated by the target carrier, which does not affect the signal. The second item
|Esnx|* is the inherent signal-to-signal beat interference (SSBI) generated by the
target signal, and the third item 29R{E, , xE{,, ..} is the recovered signal. The SSBI
item is the noise that reduces the signal-to-noise ratio of the system. In a typical IM-
DD system, the optical carrier is high-power-biased to suppress itself inherent SSBI
[164] Thus E.,, > Esux. The other items are crosstalk, in which the DC components

2
of [E Ec,n_l,y‘ are easy to be removed. Due to the filtering of the AWGR,

2
Ecnt1 Y ‘ and
the cross signal is smaller than the target signal (E ;; » > ES,nJrl,y, Espnx > Es,n—l,y)-
2 - 2
‘ Es,n—l,y‘

The cross SSBI items of and

Esni1y are also suppressed to a very

low level that can be neglected. Similarly, 29%{E5,n+1,yf::* } can be ignored.

s,n—1y
2R{Ecnt1,yEl,_1,} is located at the frequency of twice channel spacing, which
will not impact the baseband signal. In addition, the cross carriers (the central
wavelengths) are filtered to a very low power-level compared to the target carrier

(Ecnx > E, n+1ys Ecnx > EC n—1y, normally >20 dB). The left four beating crosstalk

items, are at least 20-dB lower than the target signal component (29%{E5,n,xEC,n,x}).
Therefore, compared to the traditional IM-DD system, all electrical crosstalk items
can be controlled at a very limited level. For A, channel, similar results can be
obtained.

5.1.2 Benefits

By introducing the crosstalk-mitigated transmission method into an AWGR-based
IR beam-steered OWC system, many improvements and technical advantages can
be obtained.
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Fig. 5.3 (a) The traditional AWGR response with large spectral guard band; (b) The Guard-band-reduced
AWGR response for crosstalk-mitigated IR beam steering system.

Fig. 5.3 (a) presents the spectral response of a commercial AWG [165]. The crosstalk
limit is set at -28 dB and the measured 3-dB bandwidth is 6 GHz. From 1549.85
nm to 1550.2 nm, there are three AWG channels with 12.5-GHz channel spacing.
Usually, the energy of a signal is mainly in the passband (e.g. 3-dB bandwidth) but
there is still spectrum leakage such as the sideband of the signal and the frequency
offset of the signal in real communication systems. To reduce crosstalk (here is -28
dB), the spectral guard band requires to be large enough, which inevitably causes
a waste of spectral resources. However, by creating polarization orthogonality
between odd and even channels, the so-called optical crosstalk can be mitigated
in the electrical domain with a largely reduced optical guard band as presented in
Fig. 5.3 (b). To suppress the crosstalk components, adjacent cross carriers should be
highly suppressed, here a -28-dB suppression ratio is maintained. With the decrease
of the inter-channel spectral guard band, optical crosstalk will increase to -6 dB. For
the traditional method, this optical crosstalk cannot be canceled but using a large
guard band. However, for the proposed orthogonally-designed scheme, crosstalk
can be neglected. It is clear that the available 3-dB bandwidth is not reduced when
decreasing the channel spacing to 8.7 GHz, which means higher spectral efficiency
(an increase from 48% to 69%). Meanwhile, a compact spectrum can support a
higher port-count AWGR, which directly increases the spatial resolution of the IR
steered OWC system. In Fig. 5.3 (b), an extra port can be added within the same
spectral region of 0.45 nm. Besides, the 3-dB bandwidth can be further extended
when a flat-top design is utilized, which potentially allows higher spectral efficiency.
A low-complexity solution of the high port-number AWGR:

Fig. 5.4 (a) shows the mask layout of an AWGR. It contains input and output
waveguides, free propagation regions (FPRs) and arrayed waveguides [166]. The
tapered waveguides are utilized between typical narrow waveguides and an FPR
to obtain proper input/output apertures. The input light is firstly fed into a FPR,
propagates in this slab waveguide, and couples into arrayed waveguides as shown
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Fig. 5.4 (a) The mask layout of a U-shaped AWG; (b) the connection between the crosstalk and adjacent
waveguide spacing. FPR: free propagation region.

in the left inset figure. Through a set of arrayed waveguides with a constant length
difference which determines the diffraction order of the grating, the light field
distribution at the input aperture will be recovered in the image plane according
to the wavelength as described in the right inset figure. As presented in Fig. 5.4
(b), the input mode profile will finally image on the image plane. And because
the focusing field has a certain width, the single-wavelength light may couple into
adjacent output waveguides (or even farther waveguides) when the gap is not large
enough, which causes spectral crosstalk. Thus the gap in current AWGRs cannot be
too small to move closer.

Generally speaking, a higher port-count AWGR has many requirements such as a
larger FPR, more arrayed waveguides, a higher diffraction order, and so on [149]. So
using a widely proved AWGR design (layout and parameters) can reduce complexity
and improve reliability. In AWGR design, reducing the spatial distance between
input/output waveguides on the image plane is a direct way to increase port-count.
Fortunately, for the proposed method, higher optical crosstalk is not a problem
anymore. Although the same AWGR layout is used, the port number can be further
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increased by reducing the gap between 1/O waveguides. Thus well-established
AWGR designs can be still used for adding more I/O ports, without causing extra
designing and fabricating problems. This technique provides a low-complexity
solution of the high port-count AWGR.

Wavelength misalignment:

The wavelength misalignment between an AWGR and a laser is an important issue
that may affect system performance. It is caused by many reasons such as the laser
wavelength shift, the AWGR’s thermally-caused spectral-shift and the mismatch
due to fabrication error. The frequency mismatch can be up to several GHz [165] (e.g.
Kylia AWG/25GHz, the channel center offset 1.25 GHz and thermal offset ~6.25
GHz). For a large channel spacing (e.g. 100 GHz or 200 GHz), the impact is very
limited. But when the channel spacing becomes smaller (e.g. 25 GHz or 50 GHz),
the performance will be sensitive to such wavelength mismatch. The proposed
crosstalk-mitigation is a promising method for solving this problem.

5.1.3 Experimental setup
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Fig. 5.5 (a) Experimental setup; (b) spectra before and after AWGR. LD: tunable laser; MZM: Mach-
Zehnder modulator; AWG: arbitrary waveform generator; EA: electrical amplifier; OC: optical coupler;
PBC: polarization beam combiner; X/Y-Pol.; X/Y-polarization; PC: polarization controller; VOA: variable
optical attenuator.
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Fig. 5.5 (a) shows the schematic setup. For the experimental demonstration
of the proposed scheme, a 4-level pulse amplitude modulation (PAM-4) signal is
used. Three adjacent AWGR channels (1549.92 nm, 1550.02 nm, and 1550.12nm)
named Ch7 to Ch9 are utilized, in which Ch8 will be discussed in detail. For the
two side channels, two individual tunable lasers (LD-1 and LD-2) are combined
through an optical coupler (OC) and then are fed into MZM-1 driven by a PAM-4
signal. The central channel utilizes a third LD (LD-3) and a second MZM (MZM-2)
to de-correlate adjacent signals. The PAM-4 signal is generated by an arbitrary
waveform generator (AWGe) running at 10 GSa/s, and amplified by an electrical
amplifier (EA). The double-sideband main lobe bandwidth and the data rate is
20 GHz and 20 Gbit/s, respectively. The modulated signal is A-switched to two
input ports of a PBC. And they carry odd and even channels of the AWGR. The
combined signal is amplified by an EDFA. Then the specially designed signal is
split into different channels and sent to a 1.2-m free-space link (~2.5-dB loss) via a
collimator. The receiver consists of a collimator followed by a commercial avalanche
photodiode (APD, DSC-R402). A variable optical attenuator (VOA) is introduced
only for performance measurement. It can be removed in real applications. The
detected signal is sampled by a digital phosphor oscilloscope (DPO) at a sampling
rate of 25 GSa/s. Fig. 5.5 (b) shows the optical spectra before and after the AWGR.
Ch8 is the target channel with a channel-spacing of 12.5 GHz. The spectra of Ch8
after AWGR show the signal and the crosstalk strength by switching the LD on and
off. The strength of carrier leakage is -26.3 dB (Ch9) and -37.0 dB (Ch?), respectively.
This is mainly caused by the spectral response of the AWGR as shown in Fig. 5.6 (a).

5.1.4 Experimental results and discussions

A Gaussian-shaped commercial AWGR is used to evaluate the effectiveness of our
crosstalk-mitigated transmission scheme as shown in Fig. 5.6 (a). The AWGR has
12.5-GHz channel spacing with a 6.7-dB loss. Three channels are selected in this
experiment, and the used optical carrier is set at the center of each channel. For two
adjacent carriers, the measured crosstalk into Ch8 is -36.4 dB (from Ch7) and -27.3 dB
(from Ch9), respectively, which is well-matched to the crosstalk in Fig. 5.6 (b). Then
we fix the wavelengths and 10-GBaud /s modulation baud rate in our measurement.
By changing received optical power, the bit error rate (BER) versus received power
curves are measured to evaluate the system performance. To discuss the relationship
between crosstalk and the polarization state, an OC is employed as a combiner
before AWGR. An extra PC is introduced to shift the relative polarization state to the
same or the orthogonal state. The results are shown in Fig. 5.6 (b). The crosstalk is
rather high when adjacent channels have the same polarization state, which is much
higher than that has an orthogonal state. There is an apparent error flow in the curve
with a high BER level (7 x 1072 — 2 x 10~2). For the orthogonal state, crosstalk is
largely reduced and thus BER is improved to ~ 5 x 1074, which allows a 20-Gbit/s
data transmission. This proves that an orthogonal polarization state can significantly
mitigate crosstalk. But an OC cannot enable the stable crosstalk mitigation due to its
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Fig. 5.6 (a) The AWGR response used in this experiment; (b) the measured BER versus received power
curves with and without crosstalk mitigation; (c) the electrical spectra under each condition. BER: bit
error rate; Tx signal: transmitted signal; Rx signal: received signal. pol.: polarization.

polarization-sensitivity to external interference. A PBC is used in our scheme, and its
performance is measured as well. From the results, using a PBC has a very close BER
performance to that using an OC in the orthogonal condition. Moreover, we also
compare the crosstalk mitigation method with that without crosstalk (turn off Ch7
and Ch9). A very limited BER decrease is obtained, which means the vast majority
of crosstalk is mitigated. To further validate the effectiveness of this method, more
intuitive pieces of evidence (received electrical spectra) are presented in Fig. 5.6
(c). The red one is our transmitted PAM-4 signal, and after the transmission, the
received signal (cyan) is filtered mainly by the AWGR. When turning off Ch8, a very
high crosstalk component (blue) can be obtained, leading to the performance drop.
However, after the crosstalk mitigation, the crosstalk component is only a little bit
higher than the no crosstalk case.

Different modulation rates are also explored as shown in Fig. 5.7. 10 GBaud/s,
8 GBaud/s, and 6 GBaud/s is measured separately. The BER performance of a
PBC-based system improves along with the decrease of baud rate, obtaining 3-
dB (from 10 GBaud/s to 8 GBaud/s) and 2.2-dB (from 8 GBaud/s to 6 GBaud/s)
receiver responsivity improvement at the BER level of 1 x 103, respectively. This
improvement is mainly due to the less AWGR filtering, which allows less signal
distortion. In contrast, the improvement without crosstalk mitigation is very limited.
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Fig. 5.7 (a) The measured BER performance using 10 GBaud/s, 8 GBaud/s, and 6 GBaud/s, respectively;
(b) the measured spectra after AWGR with Ch8 on and off, respectively.

The performance improvement in cases with the crosstalk mitigation is much faster
than that without mitigation when signal bandwidth is reduced. Fig. 5.7 (b) depicts
the optical spectra under Ch8-on/-off cases using different bandwidths. For a 10-
GBaud/s PAM-4 signal, the crosstalk comes from both the main lobe and the first
side lobe of two adjacent PAM-4 signals. The crosstalk of an 8-GBaud/s signal
is mainly caused by the two first side lobes. While the source of crosstalk in a
6-GBaud/s system is the first and second side lobes.

Two 4.4-GHz electrical filters are introduced before electrical amplifiers to analyze
the influence of side lobes of a PAM-4 signal. As shown in Fig. 5.8 (c), the insets are
the transmitted electrical spectra with and without a filter. After filtering, the side
lobes of the PAM-4 signal are significantly reduced but the main lobe has limited
impact. For each condition, the same and orthogonal polarization state setting is
measured, respectively as shown in Fig. 5.8 (a). When a filter is applied, the BER
performance without crosstalk mitigation is improved from ~ 6 x 103 to ~ 3 x 10~*
at a -11-dBm power level. In contrast, the performance with crosstalk mitigation has
a responsivity decrease of 0.1 dB, which is caused by the impact of slightly filtering.
Fig. 5.8 (b) describes the optical spectra with and without the filter. ~9.7-dB crosstalk
drop is achieved due to the filtering. The detailed electrical spectra are presented in
Fig. 5.8 (c). It is clear that the filter reduces some crosstalk. However, the residual
crosstalk still apparently reduces the transmission performance compared with the
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proposed crosstalk mitigation method, especially in the high signal-to-noise region
(high received power).

5.1.5 Conclusion

Current AWGR-based OWC systems have a low spectral efficiency, which limits
the number of users. This dissertation proposes to create polarization orthogonality
between adjacent AWGR channels to produce a very high crosstalk tolerance. As
two signals with orthogonal polarization states will not beat with each other in
a photodiode. The optical crosstalk on the orthogonal polarization state will not
generate a mixed beat note after detection and thus crosstalk in the electrical do-
main can be largely mitigated. By reducing the spectral guard band or even setting
spectral overlap, such a tradeoff between a higher port number and a large channel
bandwidth of an AWGR is broken. Moreover, the port number can be increased by
simply shortening the spatial gap between adjacent output waveguides on a chip.
The proposed method can also tolerate the wavelength misalignment between an
AWGR and a laser, which relaxes the pressure of designing low crosstalk AWGRs
and high wavelength stable lasers. A 20-Gbit/s data rate OWC system using PAM-4
format has been experimentally demonstrated over a 1.2-m free-space link. Experi-
mental results show that our proposed scheme can significantly reduce inter-channel
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crosstalk. This method not only can be used in our AWG-based beam-steered OWC
system but also can be applied in traditional WDM access networks.

5.2 2D beam steerer on-chip using high port-count
AWGR
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Fig. 5.9 The on-chip AWGR-based beam steerer.

As mentioned above, a 2D beam steerer using a high port-count AWGR and a
fibre array followed by a lens can realize a remotely-controlled passive optical beam
steering system. But so far, such a system is based on bulk-components, especially
the rectangular fibre array. On the one hand, this will be sensitive to vibration, which
may change the physical axis. The position change will further impact the coverage
of each beam, thus the system performance may not be maintained. On the other
hand, the beam steerer or transmitter is still large. A more compact architecture is of
demand for practical applications. Integrated photonic technology is introduced to
implement an on-chip beam steerer.

Fig. 5.9 presents the mask layout of the on-chip AWGR-based beam steerer
in the SOI platform. This a collaboration project between Eindhoven University
of Technology (TU/e), The Netherlands, and Ghent University (UGent), Belgium.
The design is fabricated using the IMEC Multi-project wafer (MPW) run, in which
we (from TU/e) propose the idea, lead the system and mask layout design, and
tinalize the verification of the beam steering system. The researchers from UGent
provide the large port-count AWGR modules in the IMEC platform. This on-chip
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system contains a 5-by-36 AWGR and a 6-by-6 rectangular grating coupler array.
Two central AWGR ports are selected as the inputs of the beam steerer. A standard
grating coupler building block in IMEC platform is used for light couple-in/-out.
Due to the large port-count (36), the AWGR is also large with a length of ~2360
pm, a width of ~742 ym, and an FPR length of ~445 ym. Meanwhile, 136 arrayed
waveguides are utilized to obtain an accurate image on the output plane and to
reduce power loss. The outputs of the AWGR connect to a 36-element grating array,
where each element is a focusing grating coupler optimized at the TE mode. The
spacing in between is 100 um. The light is radiated to free space with a certain
oriented angle from the perpendicular direction.

Because the output is originally designed for the coupling from grating to single-
mode fibre, the suggested mode field and coupling efficiency need to be re-evaluated.
Fig. 5.10 shows the simulated far-field distribution @1550 nm of the grating coupler
using the Lumerical FDTD solution with a mesh accuracy of 5. The oriented angle is
at around 8°. Then the radiated light is steered to different directions via a lens.

LI

Fig. 5.10 The far-field of the grating coupler.

5.3 Cyclically arranged optical beam steering

As mentioned above, OWC using narrow steered beams can boost the aggregate
capacity for indoor mobile wireless connectivity. To guarantee an uninterrupted
data connection, large angular coverage of transmitters/receivers is of demand.
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Therefore, reconfigurable transmitters/receivers with a large FoV is a promising
solution. An SLM could steer an optical beam without mechanical movement, which
has been applied to indoor IR light beam steering systems [167, 168, 74]. Compared
to other means, an SLM has highly repeatable performance, high tolerance from
the device and atmosphere. An SLM also does not limit the signal’s bandwidth
[167]. So far, A. Gomez et al. already extend the FoV from 3° (only using an SLM)
to 60° by introducing an extra lens system as an angle magnifier (AM) [74]. Such
an AM concept is attractive since it can directly increase the FoV of different kinds
of systems. However, until now, most SLM-based methods implement 2D beam
steering by using the concept of a 2D grating in the Cartesian coordinate, such as
the beam steering using regular gratings. For a simple 1D grating, if we assume its
number of grating lobes is N, when extending it to 2D, the number of grating lobes
is NxN. As the number increase, its power efficiency decreases. The covered range
of grating lobes or the FoV is traded off with power efficiency. Additionally, it is not
easy to implement beam steering at (quasi-) continuous angle due to the discrete
diffraction orders of a simple grating and the fixed pixel size of an SLM. This results
in only certain discrete angles in a steering area. Here, we proposed another 2D
beam steering scheme named cyclically arranged optical beam steering (CAO-BS)
to break the trade-off between FoV and power efficiency. Traditional 2D gratings
extend optical beam in Cartesian coordinate (1D grating in horizontal + 1D grating
in vertical), while CAO-BS extends optical beam in polar coordinate (1D grating +
angular rotation). Since only 1D grating is engaged, the power efficiency increases
with the decrease of the number of grating lobes. In polar coordinate, the angular
rotation in an SLM is quasi-continuous in a range of full 27t. Even though the idea
of CAO-BS has never been explored for indoor OWC systems, a similar idea to use
rotation as the freedom for beam steering is studied in Risley Prisms [169, 170]. Based
on the CAO-BS concept, an FoV of 18° is experimentally demonstrated by using a
reflective SLM and a simple 1D grating. The OWC transmission using a 40-Gbit/s
OOK data is also experimentally implemented over a 1-km standard single-mode
tibre and 0.5-m free space. This quasi-continuous +9° FoV greatly releases the
pressure on alignment and thus provides a promising solution for indoor OWC
systems.

5.3.1 Principle of cyclically arranged 1D grating

Fig. 5.11 shows the concept of SLM-based 2D CAO-BS. The general diffraction
pattern is presented in Fig. 5.11 (a). By changing the grating pitch, we can alter the
pointing direction of the first order beam, which is the common meaning of 1D beam
steering as shown in Fig. 5.11 (b). In terms of the 1D case, the operational principle
of CAO-BS is the same as a conventional method. As shown in Fig. 5.11 (c), for a
traditional 2D beam steering, a 1D grating is extended to a 2D grating, while for
CAO-BS, a cyclical rotation is applied to a 1D grating as shown in Fig. 5.11 (d). This
avoids further power splitting in another dimension, which enables higher power
efficiency.



82 5.3 Cyclically arranged optical beam steering

Diffraction (b) Direction
pattern adjustment
_----"3d
i S|
:::::_,‘____,,___,_,. s--
A R |1 — 0

@

Input

Beam

Rectangular (d)
rotation _.-p

Beam array

©

Fig. 5.11 The concept of SLM-based cyclically arranged optical beams teering; (a) the general 1D grating
diffraction; (b) grating pitch adjustment; (c) 2D beam steering using 2D grating; (d) cyclically arranged
optical 2D beam steering. SLM: spatial light modulator; d: The distance between central and first order
spots.

Even though a 1D grating can be quasi-continuously rotated in the angle dimen-
sion, the angle of a 1D grating is still discrete due to the limitation of the pixel size of
the SLM, leading to some unreachable directions. As suggested in [74], for an SLM,
the maximum deflection angle « of the first order in full angle is determined by pixel
pitch A of an SLM and a laser wavelength A, which is presented as « = A/A. In
the reported system in [74], A of SLM device is ~20 ym and the wavelength is 1060
nm. Thus the maximum « is ~3.04 degree. In practice, once the SLM is selected, A
cannot be changed. To avoid the gap between two discrete angles, a new structure
that can meet this requirement is proposed as shown in Fig. 5.12.

5.3.2 Cyclically arranged optical receiver

Fig. 5.12 (a) illustrates a general diffraction pattern used in optical beam steering.
L is the distance between an SLM and a receiver, which is an essential factor in
our scheme. As we discussed above, we could clearly see an unreachable area
between central spot and first-order grating lobes. However, when we reduce L to
L' (L' < L), for instance around 10 mm in our experiment, the grating lobes can
be quite close to the central spot as shown in Fig. 5.12 (b). If we decrease L further,
the uniformness will be better. When all grating lobes are close enough to fall in
the coupling region (aperture) of a collimator, a wide-FoV receiver without obvious
blind spots can be realized as shown in Fig. 5.12 (c). Optical beams in different
directions (illustrated by different colors) are projected to the grating. Elliptical rings
with different colors represent input signals at different angles. When the angle of
the input signal changes along one direction (eg. horizontal direction in Fig. 5.12 (c)),
a linear beam will shift a certain angle in the same direction as well. But a part of the
beam still falls in the coupling area of the collimator. This radiated beam ensures a
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Fig. 5.12 The principle of the SLM-based receiver that supports 2D continuous-angle beam steering (a)
general grating diffraction; (b) demonstration of the continuous beam; (c) 1D receiver; and (d) 2D receiver.
L: The distance between the diffraction beam and grating; B: The angle between the incident plane and
the horizontal plane.

stable optical connection without a blind area in a certain angular range. Fig. 5.12 (d)
shows the 2D principle. For arbitrary input light within the FoV of the 1D grating,
the grating is rotated to match the input direction by updating the phase profile of
the SLM. For instance, when an incident plane rotates B degree anticlockwise, the
grating angle should have the same rotation to make sure it is perpendicular to the
new incident plane as shown in Fig. 5.12 (d). In this experiment, we demonstrate an
optical receiver based on a reflective SLM produced by HOLOEYE (PLUTO Phase
Only SLM). It should be pointed out that for our receiving structure, the reflective
SLM is the same as the transmission-type in terms of function.

5.3.3 [Experimental setup and results

The experimental setup is illustrated in Fig. 5.13 (a). A laser with a narrow band-
width (<100 kHz) is employed for the optical carrier with a wavelength of 1550 nm.
A 40-Gbit/s OOK signal is generated from a commercial transmitter (SHF10000B)
and is amplified by a boosting amplifier (EDFA-1) before being delivered over a
1-km single-mode fibre. The 1-km standard single-mode fibre (SSMF) stands for
the distance from a central controlling room to a user room in an indoor scenario.
The SLM used here is a polarization-sensitive device. So a PC is introduced to align
the polarization state to optimize the modulation efficiency of the SLM. The light is
fed into a transmitting collimator (NA=0.28) and transmitted over 0.5-m free space
before illuminating the SLM. The incident angle can be tuned as shown in Fig. 5.14.
This free space link is used to emulate the distance between an access point and
a terminal user. A lens with a focal length of 200 mm is employed to adjust the
spot size. A compact receiver can be achieved by using a specially designed lens
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Fig. 5.13 Experimental setup (a) the whole transmission system and (b) the real free-space link. ATT: opti-
cal attenuator; EDFA: erbium-doped fibre amplifier; SSMF: standard single-mode fibre; PC: polarization
controller.

system. The reflective SLM has 1920x1080 active pixels and an 8-uym pixel pitch.
The spatially modulated light wave is collected by a smaller collimator (NA=0.16)
and then coupled into a single-mode fibre. The distance between this collimator
and screen is 10 mm. To compensate for the insertion loss including the imperfect
alignment loss, a pre-amplifier (EDFA-2) is used. An optical attenuator is introduced
to measure the BER versus received optical power curves.

The experimental results are analyzed as shown in Fig. 5.14, 5.15, and 5.16. As
discussed in Fig. 5.12 (d), the uniformness of reflective beams are evaluated by a
movable multimode fibre (as a receiver) with a small aperture (¢ = 62.5 ym). Such a
small aperture allows a relatively accurate measurement of the power distribution.
The location and angle of the receiver (multimode fibre) are adjusted while fixing
the transmitting collimator. The adjusting step of the location is 0.5 mm within
a range of ~10 mm. A tiny angular adjustment is needed to optimize the power
collection. The results are shown in Fig. 5.14. We set the input power is 9 dBm, and
the measured power is between -34.5 dBm and -37.8 dBm. The variation is less than
3.3 dB, which presents a quite uniform power distribution along a line. As expected,
there is no apparent blind spot.

Then a receiving collimator with a NA=0.16 replaces the multimode fibre. The
other conditions are fixed, including input power and configurations of the free-
space optical system. The transmitting collimator is then tuned to five different
angles of —9°, —4.5°, 0°, 4.5°and 9°. The corresponding received power is -25.01
dBm, -23.1 dBm, -19 dBm, -25.6 dBm, and -22.7 dBm respectively as shown in
Fig. 5.15. The power variation is less than 6.6 dB, which proves that the proposed
method can provide relatively stable connectivity within an 18° angular range. In
our experiment, the power loss is 33 dB, which is mainly due to the limited overlap
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Fig. 5.14 Power distribution of the linear beam.

area between the converted beam and the receiving aperture. This power loss can
be significantly reduced by increasing the active area of a collimator or replacing a
collimator with a photodetector. Besides, an imperfect optical alignment can also
contribute to such high loss. A well-designed/-optimized optical system is required
for further loss-reduction.
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Fig. 5.15 Received power versus receiving angle curves.

The BER performance of the system is tested by transmitting a 40-Gbit/s OOK
signal. In this experiment, we select—9°, 0°, and 9° input angles to evaluate the
system transmission performance. The measured BER curves are shown in Fig. 5.16.
At the limit of BER=1 x 10~ ?, the received power at the angle of —9°, 0°, and 9° is
-7.8 dBm, -7.4 dBm, and -7.0 dBm respectively. As a reference, the corresponding
received power of the optical back-to-back (OBTB) case is -9.2 dBm. The received
sensitivity at the angle of 0° is the highest among the three transmissions. It shows
1.4-dB degradation compared with an OBTB condition. This is mainly caused by
the noise from the boosting amplifier (EDFA-1) and the pre-amplifier (EDFA-2).
The difference in receiving sensitivity between the angle of 0° and 9° is 0.4 dB. The
receiving sensitivity at —9° is 0.8-dB lower than that at 0°. This coincides well with
the power imbalance shown in Fig. 5.15. Such imbalance may be caused by the
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angle-dependent properties of an SLM. As shown in the lower part of Fig. 5.16, the
eye diagrams in the cases of OBTB, —9°, 0°, and 9° are all measured at 0 dBm. No
drastic change in rising/falling edges is observed, which suggests that an optical
link does not affect the electrical bandwidth significantly.
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Fig. 5.16 Received power versus receiving angle curves and measured eye diagrams.

5.3.4 Conclusion

To conclude, a novel 2D beam steering scheme named CAO-BS is proposed to break
the trade-off between FoV and power efficiency in grating applications. Different
from traditional 2D gratings, CAO-BS extends the optical 1D beam steering to 2D in
polar coordinate (1D grating + angular rotation). Since only 1D grating is engaged,
the power efficiency increases with the reduction of the number of grating lobes.
Moreover, in polar coordinate, an angle rotation in an SLM is quasi-continuous
in a range of full 277. Based on this concept, a wide FoV receiver is demonstrated
utilizing an SLM and a conventional collimator. An FoV of 18°-by-360° is realized
without using mechanical movement. It can be further extended to ~ 140°-by-360°
when an angle magnifier mentioned in section 5.3.2 is applied. In addition, a 40-
Gbit/s bit-rate OOK transmission experiment is demonstrated over a 1-km standard
single-mode fibre and a 0.5-m free-space link. We believe this technique can provide
a promising solution for indoor OWC systems.
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5.4 Chapter summary

In this chapter, two novel LOS OWC solutions are proposed for indoor applications.
One is the advanced transmission scheme with larger indoor spatial coverage and
higher spectral efficiency. By creating polarization orthogonality between adjacent
AWGR channels, an ultra-high crosstalk-tolerant OWC transmission in an AWGR-
based beam steering system is experimentally investigated. The other is a novel
rotating-1D-grating-based OWC receiver. The concept is introduced by comparing
it with a traditional 2D grating solution. It can significantly reduce power consump-
tion. And a further FoV-extended receiver is proposed with an FoV of 18°. These
improvements provide new technical solutions for an indoor beam-steered OWC.



CHAPTER 6

NON-LINE-OF-SIGHT INDOOR OPTICAL
WIRELESS COMMUNICATION

As discussed in Chapter 5, wireless communication by means of light (a.k.a. OWC)
can bring a breakthrough in communication capabilities, both in terms of ultra-high
capacity per user and in terms of electromagnetic interference-free communication.
However, one fundamental challenge for OWC arises when the direct pathway
between a transmitter and a receiver is obstructed by an obstacle. In indoor appli-
cations, an NLOS link could potentially be established using light that is diffusely
reflected off a scattering material (e.g., a ceiling or a wall). When an optical beam is
incident on a rough surface, the light is scattered in a disordered manner, resulting
in the near-isotropic, speckled intensity distribution of the diffusely reflected light.
Therefore, at the receiver end, the intensity of the diffused light is inherently much
lower than that of a collimated incident light beam arriving directly at the receiver.
As described in Chapter 2, most current solutions for this issue are based on a broad-
cast connection and have a low transmission speed. As a long-standing challenge,
such diffuse losses critically hinder a wide application of OWC. In this chapter, the
work is focused on the first experimental implementation of NLOS OWC and its
further performance improvement.

6.1 First generation beam-reconfigurable indoor
NLOS OWC

In this section, a novel solution for this challenge is presented. We enhance the light
intensity of a diffuse NLOS link by means of wavefront shaping [171, 172], which
is a well-known technique in the field of scattering optics with applications in, for
instance, deep-tissue microscopy [173, 174], micro-manipulation [175] and quantum
secure authentication [176]. This technique allows light to be focused through and
inside opaque materials by controlling the wavefront of the light using an SLM,
greatly enhancing the light intensity at a desired location (or direction). Here, we
use wavefront shaping to establish a diffuse NLOS free-space link by spatially
controlling the wavefront of the light incident on a diffuse reflector, maximizing the
diffuse optical power at an OWC receiver. The diffuse NLOS link is directionally
adjustable, which is essential in an indoor beam-steered OWC system. We are the
first to introduce wavefront shaping to address NLOS issues in an OWC system to
the best of our knowledge. We demonstrate this technique experimentally, which
we have dubbed ‘coherent array optical transmitter” (CAO-Tx). Using the proposed
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CAO-Tx, a record data rate of 30 Gbit/s is implemented over a diffuse link with an
angular range of 20°. First, the operation principle of the CAO-Tx is explained, and
then an experimental setup is detailed. Experimental results are shown and analyzed
in the next part. Finally, practical challenges are discussed for future applications.

6.1.1 Operational principles

In Fig. 6.1 (a), an indoor use case for CAO-Tx is depicted. From the access point
(CAO-Tx), the narrow light beams loaded with user data are sent to the wireless
terminals. Usually, the user data is transmitted from an information server to
an access point via an indoor fibre network. In some cases, a direct high-speed
connection between CAO-Tx and a terminal can be established via a LOS path.
However, when the direct pathway is obstructed, the light can instead be directed
to a diffuse reflection ceiling/wall to establish an indirect NLOS pathway to the
device (right example: diffuse reflection in Fig. 6.1). However, the light incident on a
diffusely reflecting object will be scattered in many different directions, as shown in
Fig. 6.1 (b). Therefore, an OWC detector at a long distance from the diffuse reflector
will collect a small part of the diffused light.

To overcome this problem, CAO-Tx integrated an SLM allows the control over
the phase of the field E;, which is incident on a diffuse reflecting surface. The SLM
is divided into N different segments and each of which can be separately controlled.
Now, the scattered field reaching a detector can be described by:

Ey, = Y Nty.Eq (6.1)

where t;, is an element of the scattering matrix T, connecting the N number of
incident field segments E, to the detected field E;. Here, all elements of the matrix T
are assumed to be random complex variables, and as a result, all scattered waves
tpaEq will have a random phase [172, 177]. All of these randomly scattered waves
interfere, forming a complex intensity pattern known as a speckle pattern.
Assuming that the scattering material does not change during the optimization,
we can modulate the phase of E; to optimize the intensity at the detector. To
maximize the intensity ]Eb]2, we use the stepwise sequential wavefront-shaping
algorithm [172, 177], where the phases of the incident field segments are modulated
between 0 and 277 in a stepwise fashion. As a result, the intensity measured at the
detector will vary as a function of 6,, the phase of a single input segment a:

12
I,(62) = |Ep|” = |Ever + tpaEae™ (6.2)

with reference field

N I 1
Eef =Y o thaEa (6.3)
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Fig. 6.1 (a) Indoor use case of the coherent array optical transmitter. In the absence of a direct LOS path,
diffusely reflected light can be focused to the OWC detector of the wireless device. (b) Basic principles
of wavefront shaping: a diffuse reflecting surface is illuminated with a flat wavefront, and the light is
randomly scattered in all directions. Only a small fraction of the light reaches the detector. (c) By means
of an SLM, the phases of different segments of the incident light are modulated to maximize the intensity
at the detector.

The intensity at the detector is maximized when E,,r and tpaEqe'%e are in phase, i.e.,
0, =arg(Eer)-arg(tp,Eq). This procedure is repeated for all input field segments,
and finally the optimized phase of all incident field segments is applied to the SLM,
resulting in an enhancement of the light intensity at the position of the detector
(see Fig. 6.1 (c)). To enhance the light intensity at a different detector position, the
algorithm is performed again to find the new ideal phase pattern.

The diffusely reflected light can be focused to any location in the room as long as
the OWC detector is capable of measuring the intensity of the SLM-modulated light
during the optimization process. The scattered light can also be focused on multiple
detectors simultaneously by superimposing multiple ideal phase patterns on the
SLM [177]. The theoretical intensity enhancement at the detector is independent of
the properties of the scattering material. The only limiting factor is the SNR at the
receiver [178]. The losses of the diffuse link over large distances can be compensated
by optimizing for a larger number of SLM segments since the intensity enhancement
increases linearly with N [172]. Once the diffuse link with required optical power is
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Fig. 6.2 (a) Schematic drawing of the experimental setup;(b) the photo of free-space link. AWGe: ar-
bitrary waveform generator; EDFA: Erbium-doped Fibre Amplifier; PC: polarization controller; SLM:
spatial light modulator; OLO: optical local oscillator BPD: Balanced Photodiodes; VOA: variable optical
attenuator; ADC/DAC: analog-to-digital converter/digital-to-analog converter; DPO: digital phosphor
oscilloscope

obtained using the proposed CAO-Tx, high-speed OWC signals can be transmitted
to the receiver.

6.1.2 Experimental setup

The schematic of the transmission system:

The description of a 30-Gbit/s indoor NLOS beam reconfigurable OWC system
enabled by the CAO-Tx method is to proceed. Fig. 6.2 depicts the experimental
setup and detailed parameters. In our experiment, a widely used electrical 30-Gbit/s
OFDM signal is generated by an AWGe. DSP flow and parameters can be found in
the part of Digital Signal Processing. This OFDM signal is then modulated onto an
optical carrier via an optical transmitter including an extra cavity laser and an optical
IQ modulator (It is introduced Section 1.1.2). The optical signal is amplified via
an EDFA (EDFA-1). A 1-km bend-insensitive single-mode fibre is used to emulate
the distance for an indoor application. Afterward, a PC (PC-1) is used to align the
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polarization state of the optical signal to the polarization axis of the SLM before a
collimator. The collimated Gaussian beam is then incident on the SLM (HOLOEYE,
PLUTO Phase Only SLM). The angle between an incident beam and a reflected beam
is 45°. To match the size of the Gaussian beam, 1024 x 1024 pixels are activated,
which are further grouped into segments of 128 x 128 pixels, yielding a total of 8 x 8
segments. All pixels in a segment are simultaneously modulated from 0 to 277 in the
increment of 7t /4. After the phase modulation of these segments, a lens (f = 200 mm)
focuses the modulated beam onto a diffuse reflection barrier, which emulates the
rough surface (ceilings or walls) in indoor scenarios. Here, two types of scattering
samples are tested: I) a Thorlabs polystyrene screen (EDU-VS1/M); II) a sandblasted
aluminum film. The angle between the SLM-modulated beam and the normal of
the barrier is —22.5°, and we define the principal reflection angle as +22.5°, (i.e., the
angle of reflection equals the angle of incidence).

To collect the diffusely reflected optical signal, the light is coupled into a fibre
using a collimator. The receiving fibre is mounted on a movable stage, allowing the
receiving angle/distance to be varied. An optical power meter is used to provide
feedback for the wavefront-shaping algorithm to enhance the light intensity at the
receiver. The received optical signal is pre-amplified via a second EDFA (EDFA-2)
before being detected by an optical coherent receiver. Finally, the detected signal is
sampled by a real-time oscilloscope operating at a 50-GSa/s sampling rate. The sam-
pled signal is then processed through an offline digital signal-processing algorithm,
and the binary signal is ultimately recovered.

The transmitter/receiver of optical coherent OFDM:

An electrical OFDM signal is generated by an AWGe with a 12-GSa/s sampling
rate. Its bandwidth is ~ 9.2 GHz with 16-ary quadrature amplitude modulation
(16QAM), and the net bit rate is 30 Gbit/s. The detailed calculation of the net bit
rate is presented in the part of “Digital signal processing”. Through an optical
IQ modulator, an OFDM signal is modulated onto an optical carrier provided
by an external cavity laser (ECL). Here, the optical spectrum-efficient quadrature
amplitude modulation is employed. The in-phase (I) and quadrature (Q) components
are separately modulated onto the optical carrier enabled by 3 bias voltages, in which
Bias-1 and Bias-2 are used for a carrier-suppression modulation [144] and Bias-3 is to
obtain a 90° phase shift for generating the quadrature carrier. The central wavelength
of the optical carrier can be flexibly set. The coherent detection is employed to obtain
higher responsivity and spectrum efficiency [145]. A variable optical attenuator
(VOA) is placed between EDFA-2 and the receiver to adjust the received power. An
extra ECL with 14-dBm power is used as an optical local oscillator (OLO). Another
PC (PC-2) is utilized to align the signal polarization state and the OLO polarization
state. Through an optical hybrid component, the four outputs are detected by two
balanced photodiodes. The phase difference between the signal and OLO of the four
outputs (top-to-bottom) is 0°, 180°, 90°, and 270°, respectively [145].

Digital signal processing
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Fig. 6.3 Offline digital signal processing.

Fig. 6.3 presents the offline DSP. A pseudo-random binary sequence (PRBS) is used
as a data source. The data is mapped to complex number symbols for data-loaded
subcarriers. Here, a 16QAM mapping method is employed due to the data capacity
and channel quality. Then the signal is converted from the frequency domain to the
time domain by utilizing a 256-point inverse fast Fourier transform (IFFT), in which
188 subcarriers are loaded with data and seven subcarriers are unloaded to avoid the
DC and low-frequency interference. Two subcarriers are selected as pilots for phase
noise estimation and the other 59 subcarriers on the edges are also data-unloaded.
Thus the bandwidth of the OFDM-16QAM signal is [144]

12 x (188 + 7 +2)/256 ~ 9.23(GHz) (6.4)

where 12 means the 12-GSa/s sample rate of the AWGe, 256 stands for the total
number of subcarriers.

A cyclic prefix (CP) is inserted between two OFDM symbols and its length is
1/16 IFFT size. Parallel-to-Serial conversion is to convert the signal into a data
sequence. Five OFDM training symbols are periodically inserted in front of each
frame, which is followed by 400 payload symbols. Finally, a 128-bit sequence for
time synchronization is added. The net bit rate is:

12 x 186/256 x 0.93 x (15/16) x (400/405) x 4 ~ 30.35(Gbit/s) (6.5)

where 0.93 is the net bit rate excluding the FEC overhead. The terms of 15/16 and
400/405 stands for the net information eliminating the CP redundancy and the
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training symbol redundancy, respectively. 4 means 4 bit per symbol for the 16-QAM
signal.

To demodulate the signal, the same procedure and distortion compensation
algorithms are performed in reverse. A received signal is firstly down-sampled,
then frequency offset needs to be compensated. A frame synchronization algorithm
is used to extract a frame of the OFDM signal for offline processing. Training
symbols are used for channel estimation. Afterwards, Serial-to-Parallel conversion,
CP removal, FFT are employed to convert the signal into the frequency domain and
channel equalization is utilized to compensate channel impairment. Pilot subcarriers
are aimed at compensating phase noise. Aided by these procedures, the 16-QAM
signal is recovered and then is de-mapped to binary data.

6.1.3 Results and analysis

Material discussion:
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Fig. 6.4 Reflectors/materials. (a) the photos of the two proposed samples; (b) comparison of the measured
BRDFs of both samples in logarithmic scale; (c) and (d) are the measured BDRFs in mw, respectively.

In my diffuse NLOS communication system, the angular coverage is mainly deter-
mined by the scattering angle range of the diffuse reflector. In the experiments, we
tested our method using two different materials: I) a polystyrene screen (Thorlabs
EDU-VS1/M) and II) a sandblasted aluminum film. Photos of the scattering samples
are shown in Fig. 6.4 (a). To characterize the scattering response of these materials,
we measured the bi-directional reflectance distribution function (BRDF) for an in-
cident angle of —22.5°. BRDF describes how much optical power is back scattered
into a given reflection angle. We measure BRDFs of the two samples by using an
optical power meter with a round active area (3-mm diameter) at a distance of 70
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mm from the sample. The laser power incident on the sample was set to 9 dBm at
the wavelength of 1550 nm. The measured BRDFs for the polystyrene screen and the
sandblasted aluminum film are shown in Fig. 6.4 (c) and Fig. 6.4 (d), respectively.
A comparison in between is presented in Fig. 6.4 (b). Here, the measured angle is
offset to the normal direction of the diffuse reflector. As shown in Fig. 6.4 (c), the
polystyrene screen scatters the diffuse reflected light in a wide range of reflection
angles (£31°). But the received power within this angular range is relatively low
(~ —33 dBm). In contrast, the sandblasted aluminum sample has a much higher
received power (10.42-dB increase at peak point), while sacrificing angular coverage
(£16°). These results demonstrate a tradeoff between angular coverage and received
power.

Enhancement of received power:
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Fig. 6.5 (a)-(b) The measured power versus various reflection angles before and after wavefront shaping
by using the THORLABS standard diffuse sample and the sandblasted aluminum, respectively; (c) the
measured power versus various distances before and after wavefront shaping.

To evaluate the effectiveness of CAO-Tx, we compare cases with and without wave-
front shaping. We use the optical power arriving at the receiver as a figure of merit.
The enhancement of received power induced by wavefront shaping is shown in
Fig. 6.5. First, the optimization experiment is performed on the polystyrene screen.
To explore the performance of focusing and beam steering (direction tuning), the
optical power is measured at a 0.43-m distance for an angle ranging from —15° to 45°
(offset to the principal reflection angle, similarly hereinafter). Each measurement is
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performed at three different spots on the diffuse reflector, and the results are shown
in Fig. 6.5 (a). It can be seen that the reflected power slightly decreases along with
the angle increase, with a 4-dB half-angle range of ~ 30°. Within this range, the
enhanced intensity remains constant, as expected theoretically, and an average gain
of 14 dB is achieved. The power before wavefront shaping fluctuates strongly due
to the position change of the spot on the diffuse reflector. This effect is caused by a
random speckle distribution of the scattered light. However, the optimized power is
not impacted by this effect, showing position-independent.

A similar measurement is also performed on the sandblasted aluminum film.
The distance between the diffuse reflector and the optical receiver is fixed at 0.11 m.
The optical power is measured at an angular offset ranging from —17° to 17°. Each
measurement is performed at four different spots on the diffuse reflector. Before
wavefront shaping, the received power at 0° offset intensely fluctuates from -59.1
dBm to -43.9 dBm. In contrast, the received power can always be enhanced to
a relatively stable level (1.5-dB fluctuation). An 11.7-dB average enhancement is
observed (from -51.5 dBm to -39.8 dBm). When the receiver is located at a dark point
(-59.1 dBm), a maximum gain of 18.3 dB can be obtained. This result proves that, even
when the receiver is located at a dark spot, the wavefront-shaping algorithm can
effectively refocus the diffusely reflected light to a receiver. A similar enhancement is
obtained for other angles, in which the power after wavefront shaping is optimized
to ~ —42.8 £ 0.8 dBm for a —10° offset and ~-43.8 + 1.2 dBm for a 10° offset.

Additionally, the distance between the reflector and the receiver is varied from
0.11 m to 1.5 m while keeping the receiver angle fixed at 0°. The measured power-
to-distance curve is depicted in Fig. 6.5 (c). Again, we can see that, although the
signal power decreases with the increasing distance, signal enhancement obtained
by wavefront shaping is approximately constant.

The experimental results of these two diffuse materials prove the effectiveness
of power enhancement in a diffuse link achieved by wavefront shaping. Because
ceilings and walls are general diffuse-reflectors [179], this method is expected to
be effective as well. Compared with the isotropically scattering polystyrene screen
(enhanced power: -60 dBm @ 0.43 m in Fig. 6.5 (a)), the received power of the
sandblasted aluminium has a 18-dB improvement (~-42.2 dBm @ 0.44 m in Fig.
6.5 (c)). Although the angular coverage becomes narrower, the received power is
much higher. Therefore, we use the sandblasted aluminum reflector in our data
transmission experiment.

Record data rate over a diffused link:

In this experiment, a record 30-Gbit/s data rate is achieved in a diffused NLOS
OWC system. Fig. 6.6 (a) presents the normalized optical spectra (normalized
to the same noise level) before and after wavefront shaping to show the optical
SNR improvement. The spectrum of the OBTB case without the free-space link
serves as a reference with 43.12-dB normalized peak power. The peak values of
the spectra before and after wavefront shaping are 3.50 dB and 22.92 dB with a
19.42-dB improvement. To evaluate the transmission performance, the Q factor as a
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Fig. 6.6 (a) The measured optical spectra; (b) the measured Q factor as a function of the received power;
(c) and (d) the RF spectra before (OBTB) and after wavefront shaping.

function of received power by adjusting a VOA is measured as shown in Fig. 6.6 (b).
Here, the Q factor is defined as the electrical SNR [164]. 8 x 8 segments are further
divided into 16 x 16 segments to achieve a higher power gain for the transmission.
Compared to the incident power to the reflector (~10 dBm), the diffuse reflection
sample introduces a >60-dB loss (-50.9 dBm at the received collimator) at 0° offset,
which greatly reduces power efficiency. After wave-front shaping, the power can
be enhanced to -29.9 dBm with a 20.9-dB gain. When the angle is shifted to +10°,
the power is enhanced from -54.40 dBm and -52.10 dBm to -34.50 dBm and -34.78
dBm, respectively. Except for the curve of the default OBTB case (13.7 dBm after
fibre), two more reference curves are measured for the OBTB cases, but with the
power (after fibre) attenuated to -29.9 dBm (0°) and -34.5 dBm (£10°). We assess
power penalties at the FEC threshold of 3.8 x 1073 (Q=15.17 dB). Power penalties
between focusing cases and their references (Reference (0° and Reference +10°)
are less than 1.5 dB. This suggests that the diffuse NLOS link does not introduce
notable impairment. The power penalty between the case of 0° and the cases of
+10° is 8 dB, which is the same as the penalty between the OBTB case and the cases
of Reference +10°. The 4.6-dB power difference results in an 8-dB power penalty
when the received power is low ( -30 dBm). This suggests that the improvement
of received power by using CAO-Tx is critically important for diffuse NLOS links.
Moreover, the received RF spectra, which are generated from the digital Fourier
transform of the sampled OFDM signal, for the OBTB case (without the free-space
link) and the diffuse focused case is shown in Fig. 6.6 (c) and 6.6 (d), respectively.
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For wireless communication, a significant limit in an NLOS scenario is frequency
fading, as depicted in the inset in Fig. 6.6 (d). Typical frequency spectra with (w/)
and without (w/o) fading are located on the left and right sides, respectively. In a
fading spectrum, the faded part usually causes serious inter-symbol interference in
the time domain. Such interference plays a major role in the system performance
degradation, rather than the low received power [180-182]. Compared with the
OBTB case (shown in Fig. 6.6 (c)), no frequency fading is found for the focusing case
(shown in Fig. 6.6 (d)). This absence of frequency fading can be attributed to the
limited illuminated area on the diffuse reflector, causing negligible multiple path
delays. The shaped wavefront is projected to a spot with a diameter of approximately
1.5 mm. Consequently, the time delay between the shortest and longest path from
the transmitter cannot exceed 10 ps. For the OFDM signal used in our experiment,
its cyclic prefix length is 1.333 us, which is much larger than the maximum time
delay. Therefore, inter-symbol interference is not a limiting factor in the proposed
system.

Analysis of the link performance:

In Table-I (in Fig. 6.7), system performance versus time is evaluated. The measure-
ment is performed over three time periods (every 2 seconds) and each contains three
Q calculations [164] (calculate every 9.6 us) at an angular offset of 0°. The results
show that the Q factor fluctuates within a very small range of <0.4 dB, which means
the system is stable in time domain. Table-II describes the best performance when a
receiver is located at 0° and £10° respectively. When an angle offset increases by
10°, transmission performance declines and the Q value is just near the threshold
of 3.8 x 1073 (Q=15.17 dB). Thus the experimentally demonstrated steered angle
range is 20°. The constellations at different times and angles are shown in Fig. 6.5 to
further evaluate the system’s performance.

Table-I Q factor versus time (0 degree) Table-II Q factor versus angle (0s)
Time Q (SNR) Time Q (SNR) Time Q (SNR) Angle Q (SNR)
0Os 16.02dB 2s 16.01dB 4s 15.86dB 0° 16.02dB
0s+9.6 us | 15.62dB 25+9.6 us 15.98dB 4s+9.6 us 15.87dB 10° 15.25dB
0s+19.2 us | 15.66dB 2s+19.2 us | 15.79dB 4s+19.2 us | 15.83dB -10° 15.20dB

2s @ 0° 0s @ 10° 0s @ -10°
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Fig. 6.7 The constellations at different measurement times and detection ang]les.

Then the Q-to-subcarrier distribution at the moment of 0 s is provided in Fig. 6.8.
The subcarriers occupy a frequency range of 9.23 GHz (from -4.615 GHz to 4.615
GHz). Due to the bandwidth limit of the system and the low-frequency impact, the
Q factor of some subcarriers is reduced. The system’s Q factor is defined as the
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Fig. 6.8 Q factor versus subcarrier.

average value of all subcarriers, which determines the whole transmission capacity.
The average Q factor is above the transmission limit of the QAM-16 signal.

6.1.4 Discussions

The angular range of beam focusing/steering:

In this experiment, we demonstrated the focusing of diffusely reflected light over an
angular range of 20° using a sandblasted aluminum reflector. To achieve a larger
angular range, we may either select a proper incident angle on the diffuse reflector
through a mechanical scheme or use a more isotropically scattering sample. Using
a more isotropically scattering sample, such as the polystyrene screen (Thorlabs
EDU-VS1/M) or a white painted wall, will greatly extend the angular range of our
method. However, larger angular coverage will also result in a higher loss of optical
power.

Focus enhancement:

The fundamental limit here is the decrease in light intensity as the detector is moved
further away from the diffuse reflecting surface. The intensity decrease can be
compensated by optimizing for more SLM segments because the focus enhancement
is proportional to N [177]. Recently, intensity enhancements as high as a factor
of 100,000 have been reported [183]. Furthermore, the distance from the surface
to the receiver can be shortened by projecting the SLM pattern on a reflecting
surface close to the terminal devices. Besides, it is worth noting that the focus
enhancement enabled by wavefront shaping will be roughly equal for both types of
diffuse reflection materials, as is experimentally demonstrated in Fig. 6.5 (a) and (b).
Adaption to environment variation:

If the surface structure of the scattering ceiling or wall were to change, or any other
change in the free-space path, such as airflow or dust particles, were to occur, a
new SLM phase pattern can be updated using the wavefront shaping algorithm to
re-establish a new NLOS link.
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The speed of beam focusing/steering;:

Separate controlling more SLM segments will increase the optimization time. In our
experiment, the wavefront optimization of 8 x 8 segments, to enhance the optical
power at the optical receiver, required approximately 400 seconds to complete. This
optimization time is too long for most practical applications. However, by efficiently
synchronizing the SLM and the detector, this process can become significantly faster.
Additionally, here we used a liquid-crystal SLM with a maximum updating rate of
60 Hz, whereas alternatively, a digital mirror device could be used to modulate the
wavefront of the light, which can be up to 3 orders of magnitude faster. Blochet et al.
were able to optimize wavefronts at a rate of 4.1 kHz (0.244 ms per SLM segment)
[184]. The potential of realizing the higher gain and faster optimization could meet
the requirements of indoor applications. In indoor applications, diffuse reflectors
(the ceiling and walls) are usually stable. Therefore, pre-scanning can help accelerate
the beam focusing/steering process.

Optical spectral region for the proposed scheme:

Currently the spectral region of our method is limited by optical components, such
as the SLM, collimators, and so on. In our experiment, the working spectral regions
of these components are limited to a wavelength range of 1520-1620 nm. However,
wavefront shaping has been widely investigated for visible and near-infrared light
applications [177]. Our experimental setup can therefore easily be adjusted to work
for a broader range of laser wavelengths.

Scaling up the data rate:

The net data rate of 30 Gbit/s can be further improved by using greater bandwidth
or/and more advanced modulation formats. In our experiment, the modulated
laser light had a bandwidth of 9.23 GHz. This is far below the upper limit on
the bandwidth, which depends on the amount of time a light pulse spends in a
scattering medium [171]. For strongly scattering samples, this time is on the order
of picoseconds [185], which means that a modulated beam with a bandwidth of 100
GHz can still be efficiently focused without a large reduction in enhancement.
Implementation of an optical receiver:

As for the transceiver, the combination of IQ modulation and coherent detection
is introduced to double the spectrum efficiency and raise detecting sensitivity. In
practical applications, any modulating/detecting type is allowed as long as it can
meet the requirements, such as cost, power responsivity, and available spectrum
resource. The cost of coherent detection can be dramatically reduced by photonic
integrated circuit technology for future applications [186].

6.1.5 Conclusion

In summary, a novel method of OWC for NLOS data transmission is proposed.
By spatially modulating the light incident on a rough ceiling/wall, the diffusely
reflected light to the OWC receiver is focused. The focusing capability of a diffusely
reflected beam at distances of 0.11 m to 1.5 m is experimentally measured. A record-
breaking 30-Gbit/s OFDM signal is transmitted over an indoor diffuse NLOS link
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with a >17-dB gain, in an angular range of 20°, and over a distance of 0.11 m from
the diffuse reflector. The practical issues, such as the operation spectrum, coverage,
environment adaption, focusing speed, higher data rate, and implementation of
receivers, are discussed as well. We believe that this method, which breaks the NLOS
limitation of OWC, will provide a new direction in this field.

6.2 Second generation beam-reconfigurable indoor
NLOS OWC

A beam reconfigurable NLOS OWC system enabled by diffuse reflection focusing
(DRF) brings a new idea [187]. Its key is to allocate diffuse reflection in a small area
with wavefront shaping. Since the diffused area is limited, the multi-path effect is
controlled at a very low level. Moreover, enabled by wavefront shaping, the diffused
light beam can be focused and steered to the different terminal users. In the first
generation implementation, a proof-of-concept is proposed and verified, but there
are still many problems that need to be solved for realistic applications. The most
significant issue is how to increase the speed of intensity optimization. A faster
wavefront shaping algorithm is required to provide a real-time user-tracking NLOS
communication system. Besides, the beam-steered angular range has to be wider
for larger indoor spatial coverage. A significant performance improvement of the
power enhancement is needed as well.

In this section, the previous work presented above is extensively extended,
demonstrating a more realistic diffuse NLOS OWC system. This work is also
based on narrow-beam-steered infrared light communication, in which light sig-
nals are brought only where and when needed. It can be more power-efficient
and offers better privacy protection. By using a general (also standard) material—-
Thorlabs polystyrene screen (EDU-VS1/M), an average 18-dB-power-enhancement
with a double-side angular-range of >80° is implemented over a 25-cm free-space
link. The experimental results show significantly-high/-stable energy-efficiency-
improvements. The highest 40-Gbit/s diffuse NLOS data rate, to the best of our
knowledge, is achieved by using low-cost optical IM-DD and the OOK modulation
format. As a key technique, the Transmission-Matrix (TM) algorithm enables a faster
power-enhancement procedure with only 513 iterations, which shortens the focusing
time to one-eighth of that in the first-generation indoor NLOS OWC.

6.2.1 Transmission matrix algorithm

As described in Section 6.1, the diffuse light is enhanced by using wavefront shaping,
where the input beam is divided into N segments (connects to a vector T) that can
be individually phase-modulated by using an SLM. Here, N is 256 (thus T is a
256 x 1 vector). The TM algorithm is utilized to find the optimized phase matrix
(each pixel is in 0-27) for the transmitter-to-receiver power enhancement. This
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phase-optimization is operated segment-by-segment. In the TM method, for each
segment, the algorithm iteratively sets the phase retardation to 0, 27r/3, and 47t/3.
Next, it measures the corresponding intensities at the m'" receiver’s position as I7,
I,Z,{T/ 3 and Iﬁf/ 3. The transmission matrix elements can be estimated as equation 6.6
up to a multiplicative factor that can be eliminated as the factors are equal for all
elements of the matrix [188].

tan = (219, — I27/3 — ID7/3) /6 + V/Bi(I/? — I,7/3) /6 (6.6)

By measuring the transmission matrix for certain receiving position of m, we can
obtain the matching phase mask Frun (applied to the SLM screen) by calculating the
conjugate transpose matrix of the transmission matrix ,,,. TM method is operated
as follows:

1. For a given receiving position m, do steps 2—4 for all input channels;

2. Set the phase retardation of the segment n with respect to others to 19, 123,
and I}7/3;

3. Measure the 19, 127/3 'and I37™/3 intensities, respectively;
4. Set tyy = (219, — I° — I;7?) /6 + V3i(I57° — I7/3) /6;
5. Set the SLM phase map according to the phases of ton-

Normally, the TM algorithm only requires three measurements per segment to
calculate the optimum phase map. But I, can be measured for all segments with
a single measurement (all phases can be set to zero). The TM matrix will yield the
optimum phase map after only 2N+1 measurements. Here is 513.

6.2.2 Experimental setup

Figure 6.9 describes a 40-Gbit/s indoor NLOS OWC system enabled by CAO-Tx. In
this experiment, a laser at 1550 nm is used as the optical source with 6-dBm output
power. A 40-GBaud/s OOK signal is modulated onto the optical carrier by an SHF
transceiver (SHF 46210C). The output signal is amplified via an EDFA (EDFA-1)
to 10 dBm (the radiated power from collimator). Afterward, a PC (PC-1) and a
polarizer are used to align the polarization state between the free-space light and the
SLM. A collimated Gaussian beam is then incident on the SLM (HOLOEYE, PLUTO
Phase Only SLM). 1024 pixels on the SLM screen are activated, which are further
grouped into segments of 128 x 128 pixels, yielding a total of 16 x 16 segments. All
pixels in a segment are simultaneously modulated by the same phase within 0 to
27t. After the phase modulation, a lens (Edmund Optics: ACH-NIR 50 x 150 NIR)
is utilized to adjust the beam size onto a diffusion surface (e.g. ceilings or walls),
which emulates the rough surface in an indoor scenario. Here, a standard material-
Thorlabs polystyrene screen (EDU-VS1/M) is applied. Detailed information can be
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Fig. 6.9 (a) Experimental setup; (b) the photo of the NLOS link. EDFA: Erbium-doped Fibre Amplifier;
PC: polarization controller; SLM: spatial light modulator; Tx: transmitter; Rx: receiver.

found on its website. The angle between the SLM-modulated beam and the normal
of the diffusion surface is ~ 17.5°, and we define the normal of the diffusion surface
as 0° as shown in Fig. 6.9 (b). Thus the incident angle is defined as —17.5°. To
match a fibre/waveguide-based high-speed photodetector, the diffusely reflected
light is coupled into a single-mode fibre using a collimator (ZC618FC-C) which
is 25-cm far from the surface. The receiving fibre is mounted on a movable stage,
allowing an angle change. An optical power meter is used to provide feedback
for the wavefront-shaping algorithm to enhance light intensity at the receiver. The
received optical signal is pre-amplified via a second EDFA (EDFA-2) before detection.
An optical filter is used to eliminate out-of-band noise. Finally, the signal is detected
and processed in the SHF transceiver.

6.2.3 Results and discussions

Algorithm comparison:
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Fig. 6.10 The performance of the (a) enhancement; (b) time-consumption

In this part, we will discuss the speed and performance of the newly introduced TM
algorithm by comparing it to the continuous sequential (CS) algorithm, which
is widely used in optical wavefront shaping. Firstly, the activated area of the
SLM screen is divided into 16 x 16 segments and each segment will do the phase-
optimization. For the CS scheme, each segment is phase-modulated from 0 to 277
in increments of 7, 7t/2,7/4, and 71/8 respectively to search the power-optimized
phase. Then repeat this procedure segment-by-segment until obtaining the com-
pleted 16 x 16 phase map, which is the final mask for a certain angle enhancement.
The required number of iterations for single enhancement is 512, 1024, 2048, and
4096, respectively. Hence, the smaller the increment is used the slower the opti-
mization will be. While, for the TM method, the required number of iterations is
tixed at 513 (2N+1, if the matrix size is changed, this number will change as well.).
The target phase is not obtained directly but obtained through calculation. In the
experiment, five cases are compared under the same experimental conditions. Be-
fore enhancement, originally received power is -49.6 dBm. After that, the power is
changed to -32.8 dBm (TM), -32.9 dBm (CS-7t/8), -33.27 dBm (CS-71/4), -34.0 dBm
(CS-1/2), and -37.5 dBm (CS-m), respectively. Obviously, TM and CS-7t/8 have the
almost same performance, under which the performance of the time-consumption
is evaluated by using the number of iterations. As shown in Fig. 6.10 (b), TM only
takes one-eighth of the time of CS-71/8's.

Enhancement evaluation:

Enabled by the TM method, the optimization is explored in a large angular range
(>90° single-side span) as presented in Fig. 6.9 (b). Using the parameters in section
6.2.2, the light intensity before and after enhancement is measured, sweeping a >90°
range. Fig. 6.11 depicts the measured power before and after optimization with
different incident angles. When the incident angle is fixed at —17.5°, the measured
power before enhancement is random between -42.9 dBm and -62.2 dBm, which
is mainly due to a diffusion-surface-caused random intensity pattern. After the
enhancement, the power curve becomes very smooth with a measured 3-dB (from
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Fig. 6.11 The measured algorithm performance. The measured power enhancement performance (a) with
—17.5° (b) with —40° (c) with —60° incident angles.

-32 dBm to -35 dBm) angular range of >40°. The average intensity improvement
is above 18 dB, which significantly improves the signal-to-noise ratio of a diffuse
NLOS link. Then an incident angle of —40° and —60° is tested, respectively. The
similar power enhancement can be obtained — an average power gain is 13.40 dB and
12.10 dB but with a loss increase of ~4-dB and ~10-dB, respectively. The angular
range shifts towards a larger angle direction as well. Hence, properly increasing the
incident angle can help extend the angular range. If we change the incident angle to
their positive counterpart such as 17.5°, then a range from —43° to 0° can be also
covered. This means the double-side coverage is at least >80°.

Transmission investigation:

Finally, the data transmission is conducted at four receiving directions/angles (10°,
20°, 30°, and 40°) with —17.5° incident angle). BER curves are depicted in Fig. 6.12
(a). It is clear that the BER performance at the limit of 1 x 1072 does not experience
an apparent decrease when increasing the receiving angle (<0.4 dB). >40° single-side
coverage range can be experimentally achieved at a 40-Gbit/s data rate. Fig. 6.12 (b)
presents the optical spectra before and after enhancement at the receiver side.
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6.2.4 Conclusion

A new record 40-Gbit/s (data rate) NLOS beam-steered OWC system by the pro-
posed diffuse reflection focusing is experimentally implemented. Faster TM en-
hancement controlling algorithm is introduced with only 513 iterations. An average
18-dB-power-enhancement and a double-side-range of >80° are employed over a
25-cm free-space link. All these features exhibit its great potential for high-speed
indoor wireless communications.

6.3 Chapter summary

Normally, current NLOS wireless communication for indoor applications is mainly
based on the diffusely-reflected broadcast light, which does not address the diffusion
mechanism itself. It is less energy-efficient and relatively low-speed. In this chapter,
a breakthrough method, namely DRE, has been proposed, analyzed, experimentally
demonstrated and discussed for the energy-efficient NLOS OWC. Using general ma-
terial and wavefront shaping algorithm, a record 40-Gbit/s data rate is implemented
for the first time, which provides a new idea to overcome the speed bottleneck for
NLOS indoor wireless connectivity.



CHAPTER 7

FREE-SPACE OPTICAL FIELD MEASUREMENT
SYSTEM

Free-space light is becoming more attractive due to its wide application in LiFi,
OWC, and Lidar. The measurement of the free-space optical field radiated from a
generator (e.g. free-space radiating lasers or gratings) is frequently required, not
only its intensity but its phase response as well. Especially for optical antennas
on-chip for optical beamforming or Lidar, the measurement of its field distribution
is a significant evaluation of the performance. In terms of our research, direct
motivation is the spatial FOV measurement of grating-based optical antennas on a
tiny photonic chip, which requires a complicated system including both mechanical
and optical designs. But the available commercial products do not exactly meet the
requirements of the measurement. Therefore, we designed our own tool/equipment.
In this chapter, I will show a system that can measure free-space optical patterns,
introducing the functional design and parameters in detail. Then the characterization
in an application in Lidar measurement is also presented.

7.1 System design

system parameters:

Fig. 7.1 depicts the optical free-space measurement system. At the bottom, it
is a base that carries the whole architecture and weight. Inside the station, there
is a central control unit with an interactive interface - a touch screen. Through the
control panel, users can input their orders to control the turntable to rotate in the
horizontal direction and the swing arm to sway in the vertical direction. It also
supports mode switching between automatic and manually-controlled movement,
which is discussed in the part of system control mode. In the center, it is a non-
rotating central supporting platform that carries optical antennas (or chips) and
their affiliated optical/mechanical architectures. The diameter of the platform is 400
mm and the height is tunable in a 110-mm range as shown in 7.1 (b). The required
horizontal rotation is realized by a turntable under this platform. The turntable
is drove by a 400-W servo motor which is further controlled by a programmable
logic controller (PLC, Matsushita AFPXHC40T). It supports a full angular rotation
of 0-360° with an accuracy of 0.4°. The turntable carries a 300-mm-high swing arm
with two legs supporting a maximum +90° adjustment in the vertical direction. This
movement is implemented by another servo motor with an angular accuracy of 0.3°.
At the right above, a tunable holder for optical detectors is mounted onto the swing
arm. The holder can be adjusted to any position along the swingarm manually. The
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height from the detector to the device under test (DUT) can be shifted between 150
mm to 260 mm for the pattern measurement at different distances. It should be
pointed out that the DUT should be put at the center of the rotating axis of the swing
arm as shown in Fig. 7.1 (the red-point position). Besides, two sensors are installed
to prevent the turntable and the swing arm from going beyond the utmost positions.

At the beginning of our design, the probable applications were considered.
First, the detector holder can be changed by other options such as a camera and a
tibre-based collector. Moreover, the current holder can support different types of
detectors. Considering the demand for a longer measurement distance, the swing
arm is designed as a combination of three individual parts - two legs and a beam.
The height of the swing arm can be extended by replacing longer legs. For some
cases that require a single-leg swing arm with a larger operational space, the current
structure can be changed using a single driving leg. The maximum load torque is
3.8 n-m. To protect the motor when the load is too heavy, the dual-leg architecture is
needed.

Tunable detector .
holder «| Tunable horizontal

Position

300 mm
~150-260 mm

Swing arm Sensors fou" | o8

oo
controtler protection
\ 400 mm 0-110 mm

3 = il
—»Supporting base \
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=

Horizontal
rotation controller

0

3 Control panel —
Fig. 7.1 The system setup.

system controlling mode:

The control of the optical field measurement system is implemented by two
servo motors. Their controlling mode can be divided into three types, namely the
automatic movement, the manual movement, and the joint movement. For the first
two types, they are valid for the separate control of the turntable and the swing arm.
In the automatic mode, a user needs to set a start position (angle) and a stop position
(angle), then the servo motor can automatically move according to the set range.
The moving speed is tunable with a maximum value of 10°/s. The manual control
has a similar speed setting, but the user has to manually sweep a certain range. In
addition, this measurement system can also support a joint movement of the two
motors, which enables an automatic sweeping of a hemispherical surface.
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Fig. 7.2 Schematic of the measurement setup (illustrative,not-to-scale). The distance between the camera
and the device under test is measured from the camera sensor to the wafer upper surface [189].

7.2 Characterization

The feasibility of the free-space optical field measurement system is proved in the
measurement of InP-based grating antennas [189, 190]. This system is first applied to
the direct far-field characterization of grating antennas on-chip as shown in Fig. 7.2.
An infrared camera is utilized to capture the optical far-field image. It is mounted to
a swing arm capable of +90° swing at a 52-cm radius, and the chip is mounted at
the rotation center. In this application, a single-leg swing arm is used to increase the
distance between the detector and the DUT. By scanning the camera and stitching
the captured images, a far-field pattern and a steer map can be obtained.
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Fig.7.3 Measured far-field pattern of the grating antenna. (a): Far-field beam profile (dotted) and gaussian
fit (red line) showing a FWHM of below 0.1°. Inset: Original far-field image captured by the camera and
the pixelaveraging region (white, illustrative). The cross-sectional beam profile was 5 pixel-averaged. (b):
Steer map of the grating antenna by tuning the input wavelength. [190].

Antennas based on waveguide surface gratings is a type of optical phased arrays.
The width of the emitted beam, quantified by the divergence angle at full width
half maximum (FWHM)), is a significant factor to evaluate the quality of the grating-
based antenna. As shown in Fig. 7.3 (a), the FWHM obtained is 0.088° at ~10° angle,
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combining with a steering range of ~12° by tuning the wavelength in a range of
~100 nm as presented in Fig. 7.3 (b). This experiment proves the effectiveness of the
proposed optical field measurement system.

7.3 Chapter Summary

In conclusion, this chapter introduces a free-space optical field measurement system.
By selecting different detectors, it supports multiple applications such as the pattern
measurement of optical phased antennas and LED /laser sources. If the detector is
an RF antenna, then field characterization of an RF antenna can be implemented as
well. By using the designed system, a far-field measurement of an on-chip optical
phased antenna is achieved.



CHAPTER 8
SUMMARY AND FUTURE OUTLOOK

8.1 Summary

In this research work, efforts have been made towards innovative indoor wireless
communication techniques realizing a very high capacity by means of advanced
photonic methods. The explorations and achievements have been made by deploy-
ing several novel technologies including the mode/spatial multiplexing utilizing RF
waves and the beam-steered LOS/NLOS communication utilizing optical waves. A
free-space optical field measurement system is designed and experimentally verified
as well.

The first innovative technique is the OAM multiplexing using RF waves. The
key findings from the research in this direction are:

* A bi-directional tunable integrated optical delay network for CAA-based
RF-OAM activation is proposed, simulated and experimentally demonstrated
in this dissertation. Enabled by an imbalanced power-control, a compact 1-by-2
broadband time delay array is achieved with a 20-GHz double-sided band-
width and a delay range continuously tunable over +13-ps. The bi-directional
tunable delay between two outputs is implemented by tuning a single phase-
element, which enables a simpler controlling architecture. To the best of our
knowledge, this is the first time that such a compact bi-directional ODN con-
cept is proposed. As a basic building block, it can be used to build more
complex true time delay networks for a high antenna-count RF-OAM gen-
eration. This work is presented in Chapter 3. Besides, it should be pointed
out that, the novel bi-directional ODN can also be applied to generate the
necessary delays for mm-wave beam steering in Chapter 4.

* A series of optical phased antenna arrays for broadband CAA-based RF-OAM
activation is proposed and chip-designed in photonic integrated circuit tech-
nology in order to obtain broader band OAM modes.

— The optical 90° Hybrid-based passive phased array is proposed to sup-
port the switch between three OAM modes of 1=0 and 1=41 by changing
the optical wavelength. In this architecture, it enables a remote control
without requiring any active controlling elements at the antenna side,
which reduces the complexity of antennas. To obtain the optical phase
shift and transfer it to RF signals, an optical filter on-chip is needed to
split two phase-locked wavelengths before going into the passive phased
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array. As to the filter design, two types are introduced - a filter utilizing
cascaded MZIs (with different FSRs) and a filter utilizing MZI and ORRs.
The former is a passive design with narrow bandwidth, while the latter is
based on thermal optics (active control) with relatively higher bandwidth.
Thus in terms of the whole network, the optical 90° hybrid-based phased
array techniques are purely passive and half passive methods. Even for
the half passive scheme, the active control needs to be set only once at the
beginning of the system initialization.

The other type is the thermally-controlled phased array. As a fully re-
configurable scheme to support a higher antenna-count system, it can
provide continuous phase shit and mitigate the phase error from fabri-
cation. Two types of OAM mode switch — the thermal control and the
wavelength control can be supported. By using the thermal controlling
method, a user can access any supported OAM mode by the CAAs. But
for the wavelength tuning mode, it is only valid for two modes — the
positive and the counterpart negative ones. Similarly, the corresponding
on-chip filter can be selected in the two types mentioned above. Thus
such a kind of phased arrays requires frequent active-control. There will
be a tradeoff between the supported number of OAM modes and the
complexity of the antenna control.

The second innovative technique is the mm-wave beam steering utilizing inte-

grated photonic tunable delay networks. The key findings from the research in this
direction are:

* The first achievement is the realization of the looped-back AWG-based beam-
former on-chip. It is a stepwise-tunable optical true-time delay network in-
cluding a looped-back AWG and delay-offset waveguides. This work is based
on photonic chip-level techniques aiming to implement a higher delay reso-
lution per area, comprising the investigation of chip size reduction and the
investigation of resolution increase from basic component designs to system
designs.

— First, by using a compact integrated technology — SOI photonic integrated

circuits, a size-reduced transmission-type 5-by-5 AWG is experimentally
implemented with a size of 367 ym-by-540 ym. Enabled by the integrated
technology, the size-reduced basic component (AWG) can help improve
the resolution density on-chip.

The second one is a further improvement on basic AWG design to reduce
its footprint. In addition to the benefit of a similar compact integrated tech-
nology — IMOS photonic integrated circuits, a reflection-type architecture
is introduced to the AWG design as well. Considering the double-fold re-
duction, the IMOS-based reflection-type AWG further shrinks the area on
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a chip. By using high reflection photonic crystal reflectors, the reflection-
type AWG is implemented with a size of 680 ym x 190 ym and yields a
performance of 6.7-dB insertion loss and 10-dB crosstalk attenuation. It en-
ables a 35% size-reduced footprint at a cost of 1.1-dB extra loss compared
with the traditional transmission-type AWG. The ultra-small 5.4-by-0.7
pm? PCR can realize > 90% reflectivity.

— Then an architecture improvement is made to double the delay reso-
lution of the looped-back-AWG-based dual-port beamformer from the
on-chip system-level. Enabled by extending the positive delay to its nega-
tive counterpart using the spatially-switching method, a doubled delay
time resolution in a specially designed bi-directional beamformer can
be obtained. It is fabricated in a generic InP platform and is experimen-
tally characterized. The measured IL of the delay network is <17.5 dB
(a looped-back AWG (6.4 dB), a bi-directional hybrid coupler (7.94 dB)
and a multimode interferometer (3 dB)). An imbalance of ~1-ps between
positive and negative delays has been implemented.

— Based on the spatially-switched dual-port beamformer, which requires
an active control, an upgraded design is proposed for the purely passive
target. By introducing an extra AWGR with two outputs connecting to
the two spatially separate inputs of the beamformer mentioned above, a
wavelength-tuned design is achieved with doubled delay resolution. It
reduces the complexity of the antenna side.

* The proposed purely wavelength-tunable dual-port beamformer on-chip is
evaluated in a 38-GHz mm-wave beam steering system with very high accuracy.
It proves the effectiveness of the integrated optical mm-wave beamformer.

The third innovative technique is the beam-steered LOS communication utiliz-
ing optical waves. The key findings from the research in this direction are:

* The first improvement is the implementation of a crosstalk-mitigation scheme
for the AWGR-based optical beam steering system. In this system, the 2D
square-arranged output fibre array of an AWGR followed by a lens with
high aperture can steer the optical beams from different fibres to different 2D
directions. The spatial coverage is determined by the port-count of the AWGR.
By creating polarization orthogonality between the odd and even channels, a
very high crosstalk tolerance between spectrally overlapping AWGR channels
can be achieved. Such overlap means higher spectral efficiency, which provides
a new solution for a higher port-count AWGR because it can be implemented
simply by reducing the spatial gap between output waveguides on a chip,
which allows a low-complexity high port-count AWGR design. A 20-Gbit/s
data rate OWC capacity using PAM-4 format has been obtained over 1.2-m
free-space link. Moreover, the AWGR and the following 6-by-6 fibre array (100
pm spacing) are put into a photonic chip using the silicon photonic integration
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technology, which allows an extremely small transmitter. Together with a
size-reduced lens, the AWGR-based beam steerer can be made very compact.

An energy-efficient optical beam steering scheme generating optical gratings
on an SLM is proposed by using Polar coordinate (1D grating + angular rota-
tion) instead of the traditional Cartesian coordinate (1D grating in horizontal
+ 1D grating in vertical). In polar coordinate, the angle rotation in an SLM is
quasi-continuous in a range of full 277. Based on the concept of the rotation
gratings, a FoV of 18° is experimentally demonstrated by using a reflective
SLM and a simple 1D grating. An optical wireless transmission speed of 40-
Gbit/s is also implemented using OOK data over 1-km standard single-mode
fibre and 0.5-m free space.

The fourth innovative technique is the beam-steered NLOS communication

utilizing optical waves. The key findings from the research in this direction are:

e For the first time, a breakthrough solution for the long-term challenge of the

indoor NLOS OWC has been proposed by using diffuse reflection (a rough
surface) and an optical wavefront shaping technique. By spatially modulating
the light incident on a rough ceiling/wall, the light diffusely reflected towards
the receiver is focused. The focusing capability of a diffusely reflected beam at
distances of 0.11 m to 1.5 m is experimentally measured. A record-breaking
30-Gbit/s OFDM signal is transmitted over an indoor diffuse NLOS link with
a >17-dB gain, in an angular range of 20°, and over a distance of 0.11 m from
the diffuse reflector.

Then the extensively improved NLOS OWC system is demonstrated by the
proposed diffuse reflection focusing. In this work, the performance has been
enhanced with a higher record 40-Gbit/s data rate, a faster TM enhancement
controlling algorithm (requires only 513 iterations), a larger average 18-dB-
power enhancement, a wider double-side-range of >80°, and a longer 25-cm
free-space link. All these features exhibit its great potential for high-speed
indoor wireless communications.

Finally, a free-space optical field measurement system is designed and imple-

mented in this dissertation. It can be used to measure the far field distribution of an
optical free-space radiated antenna and an electrical antenna with flexiable architec-
ture adjustment such as measuring distance tuning and receiver replacement. The
mechanical design is presented in detail and the effectiveness of the measurement
system is verified in a far-field measurement of an on-chip optical phased antenna.

8.2 Future outlook

A number of points for future work regarding the first technique of the optically
controlled OAM multiplexing using RF waves are:
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¢ To implement the photonic time-delay-based RF-OAM activation using a

CAA, tunable integrated optical delay arrays are needed. The following are
the recommendations regarding future research directions:
(I) Utilize multiple individual integrated OTDLs to compose a multi-port
delay array for a CAA, which is very simple but may increase the size of
beamformer and cannot easily implement the bi-directional time delay; (II)
Utilize the proposed concept of the more compact bi-directional ODN. The
dual-port array needs to be extended to support the large antenna-count RF-
OAM generation. The network layout has to be specially designed towards a
larger-scale network, where the aspects of port-count, insertion loss, chip size,
energy consumption, and bi-directional settings need to be considered. Further
research on how to increase the tunable delay range and how to reduce the
power imbalance between the two output ports is recommended. This may
be achieved by properly setting the available bandwidth and the power split
radio. Besides, a CAA is another necessary element that can be newly designed
or for which a commercial one can be selected. Then the system demonstration
needs to be made to evaluate the feasibility of the time-delay-based RF-OAM
activation.

* For a higher quality RF-OAM mode that requires broadband optical phased
arrays, passive and active phased arrays are proposed for different application
environments. The recommendations regarding future research directions are:
Currently, the optical 90° Hybrid-based passive phased array can support
a four-antenna system and thus three OAM modes. There are still several
challenges. The first one is the phase error that may be caused by fabrication
and imperfect designs. Thus the 90° Hybrid design needs to be improved.
Normally there are two types — 4-by-4 MMI and a combination of individual
1-by-2/2-by-2 MMIs. For the former, it has more accurate phases but it is
not easy to do the design. The latter is relatively easier and smaller but is
more sensitive to fabrication errors [146]. The other challenge is the imple-
mentation of a complementary optical filter on-chip such as the interleaver
and the cascaded MZI-based filter. The existing filters are recommended to be
characterized and further structure/parameter changes may be required for
better performance or different applications. For example, the filter should be
able to have a very sharp spectral shape and a small FSR to split two closely
spaced wavelengths. To provide more ports to a larger antenna-count (>4)
CAA, how to enlarge the passive array dimension and support multi-mode
switching is still a challenge. Fortunately, the thermally-controlled phased
array can maintain the requirement of the scaled-up array. This fully reconfig-
urable scheme requires many active controls that might complicate the antenna
side and reduce system stability. A better system controlling algorithm may
help solve this problem. In terms of the heater-based thermal controller, its
operational speed is very limited and thus it is hard to support high-speed
applications. A faster phase shift will be a new trend, which can be solved
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by replacing the thermal controller with a high-speed modulator. This might
bring an even more complicated antenna, thus further research is needed.

Topics for future work regarding the second technique of the optically-controlled
looped-back-AWG-based mm-wave beam steering are:

* The performance of a single AWG is essential for the optical mm-wave beam-
former. Its parameters such as size, channel crosstalk, channel spacing, and
port-count needed to be further improved. Since a large-scale 2D delay array
is required for 2D mm-wave beam steering, the chip size needs to be densely
integrated. Thus the reflection-type AWG using compact integrated technolo-
gies provides a promising solution. To increase the number of discrete delays,
the AWG needs a higher port-count. This can be achieved by narrowing the
channel spacing and/or increasing chip size. But it may affect other parameters
such as increasing the channel crosstalk, hence the design of advanced AWGs
needs to be further investigated.

* Besides, the structure layout on system-level requires further research. In this
thesis, we only demonstrate the dual-port bi-directional 1D delay network.
Extending the network from 1D to 2D is necessary for 2D mm-wave beam
steering, which requires two types of AWG with different FSRs and each one
is for a separate dimension. Taking the extension of the delay network into
consideration, the design of the looped-back-AWG-based 2D delay network
will be very different due to the impacts of wavelength misalignment, fabri-
cation errors, system loss, power imbalance, and so on. Thermally-controlled
compensation might help solve the misalignment problem. But more advanced
(maybe more complicated) on-chip system-level circuits are needed to tackle
problems of the loss and the power split ratio.

* The transmitter realization combining the photonic beamformer and the
electronic antenna sub-system is the third aspect that needs to be paid more
effort to. Normally, O/E conversion via a photodiode is done on a chip, and
the connection can be done through wire bonding. But the antenna sub-system
is separate and requires a large amount of work in the electrical domain such
as the design of amplifiers and antennas.

Topics for future work regarding the third technique of the beam-steered LOS OWC
are:

¢ For indoor OWC, a transmitter with a large spatial coverage is required for a
realistic system. To increase the coverage of an AWGR-based 2D beam steering
system, it requires a high port-count AWGR. By using the proposed crosstalk
mitigation scheme in Chapter 5, the channel spacing of an AWGR can be
reduced, which allows a higher port-count. Current commercial AWGRs aims
at the telecom applications with wide channel spacing and small crosstalk. So
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a port-count-increased AWGR can be designed by reducing channel spacing
with higher crosstalk. Such an AWGR could increase the 2D coverage of the
beam steering system without introducing apparent distortion to the signals.
Moreover, the on-chip AWGR-based 2D beam steerer is proposed and being
fabricated in IMEC platform, which enables a more compact transmitter. The
chip measurement and the further system assembly (beam steerer and a small
lens) and measurement need to be paid further efforts.

* A receiver with wider FoV is one of the most significant elements at the user
side. In Chapter 5, the rotated-grating-based receiver with an 18° FoV is
demonstrated. But the power loss is pretty high, which needs to be reduced via
finer alignment and architecture improvement such as changing a reflection-
type SLM and increasing the lens’s aperture. Besides, a small photodiode array
as a receiver can improve the FoV with relatively high bandwidth.

Topics for future work regarding the fourth technique of the beam-steered NLOS
OWC are:

e The beam reconfigurable NLOS OWC system enabled by diffuse reflection
focusing implemented in Chapter 6 brings a breakthrough high-speed (40
Gbit/s) NLOS optical wireless communication for indoor. As a new research
area, many technical issues need to be investigated. From the perspective of
realistic applications, the first improvement should be on the speed of build-
ing the NLOS link (focus the diffuse light with high power optimization).
Although, the Transmission Matrix algorithm has been applied and has an
8-times faster adjustment compared with the first-generation system, it still
requires a faster rebuild of an NLOS link to keep tracking of the users” move-
ment. More advanced techniques such as faster algorithms, pre-scanning, and
faster equipment can be used to further accelerate this procedure. Further
research is needed for the material selection of the diffuse reflector, which
requires low cost and a high reflection ratio (reduced power loss). There is a
tradeoff between the steered angular range of the NLOS link and the received
optical power for a fixed incident angle. Normally, a larger angular range
means a lower received power. Thus the angular coverage needs to be further
discussed in future research. To increase the angular range without sacrificing
received power, changing the incident angle of the light illuminated onto a
rough surface mentioned in Chapter 6 would help. The multi-transmitter
architecture might also help to extend the spatial coverage. Another factor is
the reach of the NLOS link, which is limited by the received power. Using
a detector with higher sensitivity and reducing the length of the NLOS link
by steering the light beam to the rough surface that is close to the user can
enlarge its working distance. Based on a faster diffuse light focusing, the higher
power enhancement (with inherent high time-consumption drawback) can
be considered as an option for increasing the energy-efficiency of the NLOS
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link. Of course, the transmission speed needs to be further increased by using
higher bandwidth modulators, higher-order modulation formats, and more
advanced DSP algorithms.

As to the optical field measurement system, higher accuracy of the mechanical
movement is needed, which can be implemented by using a higher-quality servo
motor. Besides, an extremely accurate optical alignment needs further research
because it involves both careful optical alignment and mechanical alignment. Over-
sampling and advanced DSP techniques might improve the alignment accuracy.
The mechanical architecture still needs to be updated in order to support more
complicated applications.
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