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SUMMARY

This work is part of the Beam-steered Reconfigurable Optical Wireless System
for Energy-efficient communication (BROWSE) project, funded by the European
Research Council (ERC) as an Advanced Investigator Grant project within the
Seventh Framework Program. The main objective of the BROWSE project is to
realize an indoor wireless communication network by employing a revolution-
ary combination of free-space optical beam diversity techniques, an intelligently
routed optical fiber network platform, and flexible radio communication tech-
niques, which will increase the available wireless bandwidth by several orders of
magnitude and reduce the power consumption.

Driven by the ever increasing number of wireless devices and the growing
demand for bandwidth-hungry services such as uncompressed 4K/8K ultrahigh-
definition (UHD)-TV, a booming volume of wireless data has to be carried by
indoor networks. The interference among these devices is severely impacting the
throughput. This introduces immense pressure on current indoor networks that
rely heavily on wireless-fidelity (Wi-Fi) (at 2.5 and 5 GHz) techniques. The large
bandwidths available in 60-GHz and higher radio frequency (RF) bands have
gained significant interest to tackle this problem. Using spatial multiplexing by
means of steered narrow radio beams, high-speed wireless links can be provided
to the individual users with reduced interference between them. In recent years,
interest in optical-wireless communication (OWC) as a promising alternative to
RF techniques has been increasing significantly thanks to its unsurpassed high
carrier frequencies and huge unlicensed bandwidths. The visible and infrared
regions are currently under large scale investigation. Due to limited modulation
bandwidth of light-emitting diodes (LEDs), that are also used for widespread
illumination, 10 Gb/s and higher transmission speeds are beyond the capability
of visible light communication (VLC). Infrared optical-wireless communication
(IOWC) systems using narrow beams can provide large capacities as well as the
benefit of deploying the mature and widely available fiber-optic components in
consumer and telecom markets, and hence, a seamless integration into the future
fiber-to-the-home (FTTH) infrastructure. It can solve the looming RF spectrum
crunch and interference problems in indoor environments.

Hence, in this dissertation, we combine dynamically routed infrared pencil
beams and 60-GHz radio-over-fiber (RoF) techniques to realize flexible indoor
wireless communication networks with unsurpassed capacity. The specifications
of the routing functions, and requirements for the optical-cross-connect (OXC)
hosting these functions have been defined. Following the design and testing of the
OXC, network architectures employing the previously designed two-dimensional
(2D) gratings-based optical beam steering module and different combinations of
infrared pencil beams and 60 GHz radio systems have been designed, realized
and experimentally verified.
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First, a hybrid system employing infrared pencil beams for the downstream,
and 60-GHz radio followed by a robust RoF system for the upstream is demon-
strated. After the network architecture has been developed, experimental valida-
tion is done. Transmission rates of 50 Gb/s and 35 Gb/s are achieved for the
downstream and the upstream, respectively. Efficient use of the optical sources
and modulators needed is made by implementing the wavelength reuse concept
and sub-carrier multiplexing (SCM) (since 60-GHz radio signals occupy 7 GHz in
bandwidth) for the upstream RoF communication.

Next, an all-optical-wireless system is proposed to achieve symmetric high-
speed communication using an optical carrier recovery technique at the user
terminals by means of a semiconductor optical amplifier (SOA). Transmission
rates of >40 Gb/s per user are achieved in both directions. In an effort to reduce
power-consumption/cost at the user terminal, half-duplex operation of this sys-
tem where an optical source is shared between the downstream and upstream
communications in different time slots (hence no optical carrier recovery needed)
is developed using a reflective transceiver at the user terminal that can transmit
and receive in different time slots without any change in configuration. This may
give a better compromise between the hardware complexity and the performance
of the system.

It is known that optical wireless links are prone to link outages due to line-
of-sight (LOS) blocking. In tandem with the all-optical, or hybrid system, a radio
system is developed in order to provide the user a lower speed alternative in case
of optical-wireless link failures due to LOS blocking. We demonstrate a shared
full-duplex capacity of 40 Gb/s using a 60-GHz radio fallback system, in addition
to the full-duplex capacity of 40 Gb/s per user for the optical-wireless links. A net-
work architecture with centralized light sources has been implemented. Moreover,
OWC with pencil beams requires the accuracy of the localization system to be <10
cm for the beam to be received by the user, which is difficult to achieve with the
current radio-based techniques. Hence, together with radio-based localization,
an optical localization system is demonstrated to meet the required accuracy for
the localization. The use of broad amplified spontaneous emission (ASE) noise
from the SOA at the user’s device, in cooperation with narrowband filtering func-
tionality of the 2D gratings-based beam steering module is demonstrated for this
purpose.

Finally, indoor optical networks typically require simple and low cost sys-
tems with binary modulation formats. Oftentimes, on-off-keying (OOK)-direct-
detection (DD) transceiver designs are preferred. However, OOK is known to
be spectrally inefficient. To improve the spectral efficiency of the wireless chan-
nels while retaining cost-efficiency, the use of another binary modulation format,
namely differential phase-shift-keying (DPSK) is demonstrated experimentally. A
spectral efficiency of twice that of OOK can be achieved using DPSK.

In conclusion, this thesis aims at realizing hybrid radio/optical wireless, and
all-optical-wireless dynamic ultrahigh capacity indoor wireless communication
systems, with centralized network architectures, employing an OXC and 2D
gratings-based infrared pencil-beam steering. Bidirectional transmission rates
of up to 50 Gb/s per user have been achieved, hence presenting a future-proof
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solution to the indoor wireless data explosion. The OXC allows us to follow
users when they move to another room and require new connections, and provide
capacity-on-demand and cost-efficiency by sharing transceivers between the users.
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CHAPTER 1

INTRODUCTION

Wireless communication has become a popular communication method for users
because of its obvious mobility advantages, and has been evolving very rapidly.
However, it is facing the challenging reality that the number of wireless devices
connected to the network is increasing exponentially. This is exacerbated by
the so called internet of things (IOT) phenomenon, where a variety of wireless
devices such as laptops, tablet computers, smart phones, wireless sensors, etc.
are connected to the Internet to serve us with broadband data communications,
reliable monitoring of environmental conditions and health status, etc. everywhere
every time. Each year several new devices in different form factors and increased
capabilities and intelligence are introduced in the market. Already presently, there
are about four times more devices connected to the Internet than there are people
on earth [1]. According to Cisco the number of connected devices will grow even
more, reaching about 50 billion by 2020 (see table 1.1). This is one of the primary
contributors to global mobile traffic growth.

Moreover, in this era of hyperconnectivity, video traffic has been exploding
since the 2000s, becoming the largest traffic on the Internet in 2010 [2]. As shown
in Fig. 1.1 starting from 2012, most of the Internet traffic has been video. Because
video content has much higher bit rates than other content types, mobile video
will account for an overwhelming majority of the total Internet traffic by 2021
[3]. High-definition video contents such as high-definition (HD)-TV, high-quality
video conferencing, and three-dimensional video, holographic imaging, virtual
reality, etc. are also growing very rapidly in popularity, sending the high data rate
requirement (per user) through the roof. The impact of such a huge scale increase
in the traffic volume on wireless systems, therefore, is enormous. With about 80%

Table 1.1 Evolution of the number of connected wireless devices with respect to
world’s population [1]

Year
World

population
(Billion)

Connected
devices
(Billion)

Connected
devices per

person

2003 6.3 0.5 0.08
2010 6.8 12.5 1.84
2015 7.2 25 3.47
2020 7.6 50 6.58
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of this traffic being generated and terminated at indoor locations [4], the impact
is even more substantial on the indoor wireless networks, which mainly use the
unlicensed industrial scientific and medical (ISM) frequency bands in the 2.4 GHz
and 5 GHz regions. Fig. 1.2 shows the allocation of the spectrum in the United
States by the Federal Communications Commission (FCC) within the 2.5 GHz
and 5 GHz regions. The radio frequency (RF) spectrum is getting congested, and
interference issues are reducing the total throughput alarmingly.
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Fig. 1.1 Growth of video traffic with respect to the total Internet traffic [3]

Fig. 1.2 Spectrum allocation within the ISM 2.4 GHz and 5 GHz bands [5]
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4 1.1 Evolution of Wireless Communication

1.1 Evolution of Wireless Communication

Wireless communication has been evolving very fast in order to cope with the ever-
increasing volume of traffic. Fig. 1.3 shows the evolution of mobile communication
starting from the first generation. The transmission speeds that the subsequent
generations can provide are significantly higher than their predecessors. Wireless-
fidelity (Wi-Fi) has also been evolving similarly since the end of 1990s, when
wireless traffic began to shift towards Internet protocol (IP) based data. The 802.11
standards have been improved steadily with respect to speed as shown in Fig.
1.4. According to Edholm’s law of bandwidth [6], wireless transmission rates are
quickly approaching that of wired connections. Hence, we may even see wireless
replacing wireline completely for the last meter connection to users in the future,
as up to now wireline was often needed for high-capacity service delivery. Within
the next ten years, 1000-fold capacity growth is foreseen in the upcoming 5G
wireless networks with respect to today’s 4G long-term evolution (LTE) wireless
networks with larger bandwidths [7]. This undoubtedly requires a move towards
higher frequency ranges such as millimeter-wave (MMW) frequencies or higher
since the current wireless systems cannot provide the required bandwidth.
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In indoor environments, Wi-Fi has been the dominant communication method.
In the past, various solutions have been applied to meet increasing bandwidth
requirements, including acquisition of underused licensed sub-bands which are
costly [9]. Pico-cells and femto-cells have also been proposed and implemented
[10] to improve the Wi-Fi capacity. Digital signal processing and advanced modu-
lation formats are being employed to increase the spectral efficiency of the current
Wi-Fi networks in the 2.4 GHz and 5 GHz bands, which increase the cost and
energy consumption. Ultimately, the inherently-limited bandwidth in these fre-
quency regions limits the achievable transmission speeds to about 1 Gb/s (for the
most recent IEEE 802.11ac Wi-Fi standard) [11].

Higher RF bands (MMW region or higher) are being investigated as potentially
future-proof solutions. 60-GHz or higher frequency bands provide unlicensed
bandwidth of more than 7-GHz which can be utilized to support high capacity
links to the users. Because of the high carrier frequencies (and hence, higher path
losses and lesser capability to penetrate walls), these regions usually support the
femto-cells/picocells concept which allow greater reuse of the spectrum. They
are ideal to establish very high throughput indoor wireless networks, where
each room represents a pico-cell or femto-cell. Moreover, using radio beam-
forming techniques the high-speed wireless links can be provided to subsets or
even individual users with reduced interference between them [12]. Dynamically
routed radio-over-fiber (RoF) systems play an important role in interconnecting
the radio access points (RAPs) serving the wireless users with each other and with
a central site in a cost-efficient way [13].

An even greater step forward can be taken by moving away from the RF region
entirely and using THz carrier frequencies. In the RF domain, THz communication
technologies are being investigated in the research community [14, 15]. However,
since they occupy a middle ground between microwaves and infrared light waves,
known as the “terahertz gap”, significant challenges still exist both from the device
and the communication perspectives that must be addressed before they can
become a viable option [16]. On the other hand, optical-wireless communication
(OWC) is a promising alternative to combat the bandwidth crisis in the radio
domain [17]. With its unsurpassed carrier frequencies (200 THz - 750 THz), the
optical spectrum offers THzs of unregulated bandwidth. This will undoubtedly
provide a future-proof solution to the wireless traffic explosion. The visible and
infrared light regions can be exploited widely for wireless communication because
of the availability of low-cost transceivers in the market. Beam-steered infrared
optical-wireless communication (IOWC), in particular, can provide ultra-high data
rates to individual users [17]. Due to their short wavelengths, optical waves do
not penetrate walls, and therefore, provide high physical security. They are also
immune to electromagnetic interference (EMI).

Hence, it is inevitable that future wireless communication networks will be
based on higher frequency bands. More specifically, MMW communication and
beam-steered IOWC are proven to be prominent alternatives to solve the looming
RF bandwidth crisis in current wireless networks. This thesis presents a number
of dynamic networking solutions by using different combinations of these two
techniques. Experimental demonstration of several hybrid configurations has also
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been presented in the coming chapters. The main contributions and organization
of the thesis are presented in the following section.

1.2 Contribution and Organization of the
Dissertation

The research work reported in this thesis has been carried out within the Beam-
steered Reconfigurable Optical Wireless System for Energy-efficient communica-
tion (BROWSE) project, funded in the Advanced Investigator Grant programme
of the European Research Council in the European Union’s 7th Framework Pro-
gramme, at Eindhoven University of Technology. The thesis investigates and
demonstrates ultrahigh-speed indoor wireless communication systems employing
various combinations of infrared and 60-GHz radio techniques.

1.2.1 Main Contributions of the Dissertation

The main objective of this thesis is to realize dynamically routed ultrahigh-capacity
bidirectional indoor wireless communication networks using optical-wireless and
MMW radio techniques, equipped with localization and tracking functionality.
Hence, in line with the main objective, the key contributions of the dissertation
are the following.

• Different indoor fiber distribution mechanisms are investigated, including
analysis of the specifications and requirements of the dynamic routing
functions. Network architectures employing access points consisting of 2D
gratings based optical beam steering modules, and interconnected with
each other using an indoor fiber backbone network and dynamic optical-
cross-connect (OXC) are studied.

• A bidirectional indoor wireless network employing steered infrared narrow
beams for the downstream and MMW-radio for the upstream is demon-
strated. A photonic integrated cross connect is implemented to achieve
dynamic routing of wireless signals. A robust and transparent RoF system
is designed for the upstream communication.

• A dynamic all-optical wireless communication system resulting in multi-
Gbps bidirectional transmission capacities is realized using the reversibility
principle of lightpaths and optical carrier reuse techniques. Data erasure
and remodulation of an optical carrier are based on nonlinear optical effects
in a semiconductor optical amplifier device which allows for photonic
integration. Since pencil beams are implemented for the communication,
the network allows unsurpassed full-duplex capacities per user.
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• Simplicity is a very critical requirement in indoor networks. Hence, study of
two of the most popular binary modulation formats, on-off-keying (OOK)
and differential phase-shift-keying (DPSK) is carried out including experi-
mental demonstration. In the proposed IOWC system DPSK modulation
can be converted to a duobinary modulation by the narrowband filtering
functionality of the 2D gratings beam steering module (with a bandwidth
of 10 GHz). At a data rate of 10 Gb/s, OOK has a 2 dB better receiver
sensitivity than DPSK-to-duobinary. However, for data rates ≥14 Gb/s,
DPSK-to-duobinary is proposed instead of OOK as the preferred binary
modulation format. Since duobinary is known to double the spectral effi-
ciency of the channel with respect to OOK, the optical-wireless system can
achieve data transmission speeds twice what can be achieved by traditional
OOK systems without any change at the user terminal.

• To tackle link failures because of line-of-sight (LOS) blocking, a MMW pro-
tection mechanism is demonstrated to provide the users a lower speed alter-
native during outages in the otical-wireless links. Additionally, multicasting
functionality is incorporated with the all-optical wireless communication
system which is backed up with a MMW fallback system.

• A localization concept employing both radio and optical techniques is
demonstrated in order to meet the accuracy requirements of the beam
steering mechanism. This system allows us to harvest the best features of
the optical and radio techniques.

1.2.2 Organization of the Dissertation

Different wireless systems addressing different issues have been investigated in
this thesis and categorized in the coming chapters, according to their respective
challenges, as follows:

In Chapter 2, background information on the techniques that can be used
in future ultrahigh-speed wireless communications is presented. The switching
methodologies that can be implemented to provide dynamicity to these wireless
communication techniques are also discussed.

Chapter 3 presents an overview of the BROWSE project, of which this work is
one part. The sub-projects, and various components making up BROWSE are ex-
plained. Detailed description of the main components, including the beam steering
mechanism and the phased-array-antenna (PAA) design for the 60-GHz system is
given in this chapter. The description also includes theoretical backgrounds.

Chapter 4 discusses and demonstrates a hybrid dynamic wireless communi-
cation system using OWC for the downstream and 60-GHz radio for the upstream.
The use of a a reflective electroabsorption modulator (REAM) integrated with a
semiconductor optical amplifier (SOA) (REAM-SOA) at RAPs for upstream RoF
applications with centralized light sources is investigated in detail. Experimental
demonstration of the system is carried out using a photonic-integrated OXC chip.
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A dynamic bidirectional all-optical-wireless communication system employ-
ing the two-dimensional (2D) beam steering module described in Chapter 3 (and
also implemented in Chapter 4) is demonstrated in Chapter 5. Characterization
of the optical pencil-beams implemented for the wireless communication is also
carried out in this chapter. Promising experimental results are presented by imple-
menting optical carrier reuse concept.

Chapter 6 demonstrates how the lower capacity radio systems can be uti-
lized as complementary solutions to link outages in the higher capacity OWC
channels. It is well-known that light-waves are prone to link interruptions be-
cause of LOS blocking. By implementing the radio channels as backup when this
happens, complete connection interruptions to the users can be avoided. This
allows us to exploit the best features of both systems, including the use of radio
and optical localization techniques together to improve the accuracy of the beam
steering. This chapter discusses and experimentally demonstrates how this can be
achieved. Moreover, multicasting capability of services sent from a central site is
incorporated in the network to allow more flexibility.

Chapter 7 discusses various modulation formats that can be implemented in
the all-optical-wireless communication system described in Chapter 5. Although
advanced modulation formats provide higher capacities, oftentimes, binary modu-
lation formats (which require less power consumption, and do not need extensive
digital signal processing, hence offer lower latency) are preferred in indoor net-
works because of their simplicity and low implementation costs, which is of
paramount importance in last meter communications. The chapter demonstrates
the experimental evaluation of two of the popular binary modulation formats,
OOK and DPSK for use in the proposed 2D gratings based beam steered OWC
system.

Finally, Chapter 8 summarizes the findings of this thesis, and discusses recom-
mendations for possible future works in the area to improve the results obtained,
or add more functionalities.



CHAPTER 2

STATE-OF-THE-ART IN
ULTRAHIGH-CAPACITY INDOOR

WIRELESS COMMUNICATION

In the past decade, Wi-Fi based on the IEEE 802.11a/b/g/n standards has been a
popular access method for indoor wireless users. Due to its huge success, currently
wireless electronic devices that support Wi-Fi are ubiquitous. However, Wi-Fi uses
the 2.4 or 5 GHz unlicensed RF bands which provide a bandwidth of less than 500
MHz as shown in Fig. 2.1. Wireless communication is emerging to a new phase
where the focus shifted from voice to multimedia services. Moreover, due to its
extensive usage, Wi-Fi is becoming heavily saturated, especially in public places
like shopping malls, schools, and airports.

Fig. 2.1 Frequency band allocation in the USA [18]

To circumvent this, radio beam forming mechanisms, to confine the radio
coverage to small pico-cells with reduced interference among each other, in com-
bination with massive multiple-input multiple-output (MIMO) based cellular
systems are being utilized [19]. However, the average data rate is still limited to
1 Gb/s. Future wireless users will have multiple broadband and personalized
services delivered to them. Hence, a booming volume of wireless data has to
be carried by future wireless networks. Additionally, the interference among
these devices severely impacts the throughput. These challenges necessitate next
generation wireless communications (future 5G and beyond) to move towards
higher frequency ranges that can provide higher bandwidths such as MMW fre-
quencies or higher. As shown in the frequency allocation in Fig. 2.1, the available
bandwidth in MMW bands above 60-GHz is several 10s of GHz. Higher carrier fre-
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quencies such as the infrared and visible light regions provide THzs of unlicensed
bandwidth that can be harvested for indoor wireless communication.

2.1 Millimeter-Wave Radio Wireless
Communication

Wireless bandwidth demand and interference among devices in indoor networks is
exceeding the capabilities of traditional radio techniques, which are predominantly
of Wi-Fi based. Recently, the MMW (30 GHz to 300 GHz) region has gained
much attention in the wireless communication community because of the huge
unexploited and license free bandwidth [20, 21]. Historically, because of the
relatively high propagation losses (see Fig. 2.2) and expensive components, the
mm-wave bands were mostly used for outdoor point-to-point back-haul links
[22]. However, since the radio coverage in indoor environments is inherently
limited to the roomsize cells, it can also be used to form MMW pico-cells that
can deliver bandwidth hungry services such as UHD-video to the users. The
60-GHz, 70/80-GHz, and 90-GHz bands are good candidates for high-capacity
indoor wireless communication (see Fig. 2.1). However, their implementation
depends on the ability to realize low-cost and energy-efficient transceivers.
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Fig. 2.2 Average MMW atmospheric attenuation [18]

The 60-GHz region has attracted a lot of research attention from industry as
well as academia because of the available 7-GHz unlicensed bandwidth [23, 24]. A
key benefit of 60-GHz wireless compared to the 70/80-GHz and higher frequency
technologies is that, being a lower frequency band, it can generally be realized
at lower costs. Complementary metal-oxide semiconductor (CMOS) based radio
building blocks such as transceivers, power amplifiers (PAs), low-noise amplifiers
(LNAs), mixers, etc. are more mature and readily available at 60-GHz than the
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higher MMW frequencies. For outdoor applications, high propagation losses
(propagation loss increase with the square of the frequency) as well as high water
and oxygen absorption in this frequency band (see Fig. 2.2) limit its reach. Hence,
its application are mostly in short distance communication. As a result, cells will
be smaller resulting in a smaller number of wireless users sharing the bandwidth
within a given radio cell. Hence, the total throughput is increased significantly
as the high density of cells allows greater reuse of the radio frequency. This of
course means that a large number of antenna sites are needed to be installed.
However, the price and power requirements for these antenna sites and consumer
devices can be met because of the introduction of relatively cheap and power-
efficient CMOS processing for semiconductor manufacturing of 60-GHz band
devices [25]. Its feasibility and commercial realization is further strengthened by
several industrial and standardization efforts such as the Institute of Electrical
and Electronic Engineers (IEEE) 802.15.3c [26] for wireless personal area networks
(WPANs), the IEEE 802.11ad for multigigabit per second Wi-Fi [12], the wirelessHD
1.1 standard for high definition wireless [27], and the ECMA standard [28].

The major challenge then is to efficiently manage the large number of cells
and provide a robust and high capacity distribution network to carry the expected
huge volume of wireless traffic from these cells. Moreover, indoor networks are
privately owned and, as a result the overall installation and operational costs
should be borne by the users. Thus, the two conflicting requirements: cost and
bandwidth should be addressed with future-proof techniques for the success of
MMW radio communication systems.

2.2 Millimeter-Wave Radio-over-Fiber
Transmission

Indoor networks inherently support pico-cells due to their spatial isolation feature
enabled by the high attenuation of walls, especially for high-frequency MMW
bands. The large number of cells allows higher frequency reuse, and hence,
increased throughput. The increase in the total throughput because of pico-cells
necessitates a high-capacity distribution backbone network. Moreover, the antenna
sites, where cost-efficiency is a critical requirement, should be as simple as possible.

It is widely recognized that optical fiber based backbone networks are the most
viable candidates to solve the distribution network bottleneck in a future-proof
way. Their unprecedented bandwidth, very low losses, and insusceptibility for
electro magnetic (EM) interference make optical fibers the ideal media to deploy
a high capacity distribution network to pico-cells [29–31]. They can be deployed
together with the power line to share the same ducts, which can give major savings
in installation costs. Additionally, optical fibers are fully transparent to signal
formats, and hence, can carry a large variety of wire-bound and wireless services,
with widely differing bandwidth, quality of service, and reliability requirements
at low costs and low energy-consumption.
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A technique called RoF communication allows the realization of simple and
cost-efficient antenna sites for users by employing a centralized network archi-
tecture [13, 32]. Optical fiber offers significantly longer ranges without requiring
any active devices, longevity and low maintenance costs, which make it an attrac-
tive medium to transport radio signals to a RAP. Network functionalities such
as routing, and control and management are performed in the central site. All
remote signal processing units including frequency up-conversion and baseband
signal processing are moved from the RAPs to the central site. The RAPs merely
serve as interfaces between the optical and wireless media by converting from/to
optical to/from MMW radio signals. The power consumption, installation and
maintenance costs will be largely reduced at the RAPs. Moreover, scalability and
upgrade will not be an issue since new radio standards require only changes at
the central site and not at the RAPs.

The basis of a RoF transmission is the heterodyning principle using a photo-
diode. Heterodyning is a technique that creates new frequencies, called hetero-
dynes, by mixing two frequencies in a nonlinear signal-processing device such
as a vacuum tube, transistor, or diode. Typically, only one of the generated sum
and difference frequencies is desired, and the other signal is filtered out. In the
past decade, various MMW RoF techniques have been investigated [33, 34]. The
straight forward technique is using two light sources separated in frequency by
that of the intended MMW signal, with the baseband data modulated on one
of them, as shown in Fig. 2.3 [35, 36]. At the RAP a photodetector generates
the MMW radio signal by heterodyning the two signals. Note that all the signal
sources, including the distributed-feedback (DFB) laser shown at the RAP in Fig.
2.3, can be kept at the central site to realize a centralized architecture. A power
amplifier can be used to boost the transmitted power by the antenna. The pho-
tocurrent generated by a photodetector, I(t), is related to the input optical signal
power via its responsivity, R as:

I(t) = R Pin (2.1)

where Pin is the power of the input optical signal. The incoming optical signal
to the photodiode will have a signal and local oscillator (LO) component, whose
electric fields can be described as:

Esig(t) = Esig cos
(
2π fsig t + φsig

)
ELO(t) = ELO cos(2π fLO t)

(2.2)

Esig and ELO are the electric field amplitudes, fsig and fLO are the frequencies
of the signal and LO components, respectively, and φsig is the phase of the signal
component. Note that Esig(t) has been modulated by the data signal to be sent to
the wireless user. The input optical power to the photodiode is given by:
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Fig. 2.3 Schematic of a RoF transmission using two light sources separated in fre-
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Pin = |Esig(t) + ELO(t)|2

=
1
2
|Esig|2 +

1
2
|ELO|2

+ 2|EsigELO|cos(2π fsigt + φsig)cos(2π fLOt)

(2.3)

The photocurrent by the photodiode is then given by:

I(t) = R
(

1
2
|Esig|2 +

1
2
|ELO|2

)
+ 2R|EsigELO|cos(2π fsigt + φsig)cos(2π fLOt)

(2.4)

The first two terms in (2.4) are equivalent to the direct current (DC) (average)
photocurrent, whereas the third term is time varying and creates the sum and
difference frequencies. In the optical regime (with THz carrier frequencies) the
sum frequency will be too high to pass through the subsequent electronics. The
DC photocurrent can be filtered out using a high-pass filter or a DC blocking
capacitor. Hence, taking only the third term, the time varying photocurrent can be
expressed as:

I(t) = 2R|EsigELO|cos(2π fsigt + φsig)cos(2π fLOt)

= R|EsigELO|cos(2π( fsig − fLO)t + φsig)
(2.5)
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In (2.5), the signal at the sum frequency is ignored. Hence, by selecting
appropriate frequencies (or wavelengths) for the signal and LO component, a
signal at any MMW RF carrier can be generated.
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Fig. 2.4 Schematic of a RoF transmission using a notch filter for optical carrier sup-
pression

In the RoF configuration shown in Fig. 2.3 (i.e., using two laser sources), the
phase and wavelength of the LO signal might need to be monitored carefully
in order to avoid signal fading and fluctuation because of phase and frequency
imbalance. External cavity lasers (ECLs) with very small linewidths are essential
to generate a MMW signal with low phase noise. To avoid these requirements,
a RoF system using a single laser source and double sideband modulation with
suppressed carrier is commonly adopted as shown in Fig. 2.4. Self-heterodyning
at the photodiode then generates the MMW signal at twice the frequency of the
drive signal. Optical carrier suppression can be realized by either using a notch
filter [37] or an optical interleaver [38]. As shown in Fig. 2.5, it can also be
achieved by using a double drive Mach-Zehnder modulator (MZM) biased at its
minimum transmission point [39]. A major advantage of this approach is that the
downstream optical carrier can also be used to transport the upstream data by
implementing appropriate filtering as illustrated in Fig. 2.4 and Fig. 2.5.

Another way to generate two optical tones whose beating results in a MMW
band is to use light sources with multiple spectral lines, such as Fabry–Pérot (FP)
lasers [40], mode-locked lasers [41], or super-continuum sources [42]. And yet
another way is the optical frequency multiplication (OFM) technique [32]. In
OFM, the light source is periodically swept by a relatively low frequency using
a phase modulator. The resulting phase modulated signal is then converted to
intensity modulated signal containing many harmonics of the sweep frequency
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using an interferometric filter such as a Mach-Zehnder interferometer. The data is
modulated on the envelope of this signal, hence after photo-detection, a simple
electrical bandpass/highpass filter can select the desired MMW signal. Since
the OFM technique involves phase modulation it is very robust against fiber
dispersion, and suppresses laser phase noise [32].

Fig. 2.3, Fig. 2.4, and Fig. 2.5 also depict the upstream RoF transmission. A
DFB laser source can be implemented at the RAP to transport the down-converted
MMW signal to the central site. This DFB laser can also be used as the LO
signal source to generate the downstream MMW signal (see Fig. 2.3). The down-
conversion may not be necessary if an optical modulator with a bandwidth equal
to the MMW frequency is used. However, a centralized architecture is mostly
deployed, in which all the signal generation and processing is performed at the
central site, with the access points (APs) performing only the opto-electronic
conversion. This alleviates the need for costly control of signal sources at the
remote sites. One of the unmodulated optical tones in the downstream is usually
used as an upstream carrier [34]. Moreover, if down conversion is necessary, the
RF LO needed can be delivered to the RAP optically [32]. Although duplex fibers
can be installed (one for each direction) as shown in Fig. 2.4, typically, a single fiber
is used between the central site and any RAP for the downstream and upstream
communications as illustrated in Fig. 2.3 and 2.5 to reduce capital expenditure
(CAPEX) and operational expenditure (OPEX) of the system.
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2.3 Optical-Wireless Communication

Wireless devices and systems have been expanding due to the success of RF tech-
nologies. However, the electromagnetic spectrum in the RF domain is reaching its
limits in capacity due to wide scale deployments, and is costly due to exclusive
licensing and regulations. Further, the demand for RF spectrum continues to
outstrip supply. Consequently, other viable options such as the upper parts of the
electromagnetic spectrum need to be considered for future wireless communica-
tions.

A promising alternative to RF technologies for indoor wireless access is optical
free-space communication (i.e., using light). Light waves provide unsurpassed
high carrier frequencies in an unlicensed spectrum, thus allowing plenty of room
for spectrum sharing. OWC is a form of optical communication in which un-
guided light in the visible (390 - 750 nm) [43], infrared (750 - 2000 nm) [44], or
ultraviolet (200 - 280 nm) [45] spectrum is used to transmit data. OWC systems
bring a huge unlicensed optical bandwidth, physical security, and immunity from
electromagnetic interference to the wireless arena.

Even though it is the earliest form of communication, by using beacon fires,
smoke signals and reflected sunlight to transmit messages, it started progressing
more significantly only after the invention of compact light-emitting diodes (LEDs)
[46, 47] and the ruby laser [48] in the 1960s. At that time, the interest was mainly
limited to military and space applications including inter-satellite and deep-space
links [49]. In the late 70s and early 80s semiconductor laser technology began
to show promise for application in free-space laser communications. Free-space
optics (FSO) technologies began to attract interest in civil applications such as
standard telecommunication [50–52], in addition to military [53, 54], undersea [55]
and inter-satellite [56] communications after the year 2000.

The visible and infrared regions are currently under intense investigation for
high-capacity indoor wireless communication.

2.3.1 Visible Light Communication

Visible light communication (VLC) is a subset of OWC that uses the visible light
spectrum between 400 and 800 THz (780–375 nm). Using VLC, we can take
advantage of the ubiquitous lighting devices such as indoor/outdoor lamps, traffic
signs, car head/tail lights etc. to transmit data together with illumination in a
cost-efficient way. Moreover, using visible light is considered to be less dangerous
for high-power applications because humans can perceive it and act to protect
their eyes from damage.

Due to their long lifetime and low power consumption, white LEDs are be-
coming more competitive with traditional lamps for lighting purposes [57]. This
makes these LEDs ideal candidates to piggyback data over the illumination light
as illustrated in Fig. 2.6, although fluorescent lamps could also be used for low-
speed applications. Laser diodes can also be employed taking in to consideration
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eye-safety requirements. Hence, VLC using LEDs has attracted a lot of attention
in the research community [58, 59].

Fig. 2.6 Visible light communication system with LEDs used for illumination (Source:
https://www.theengineer.co.uk/issues/14-february-2011/light-reading-visible-
light-communications)

Due to the long carrier recombination lifetime in the semiconductor material,
the -3dB bandwidth of LEDs is generally limited to 10-20 MHz (100 MHz in
case of µLEDs or RC-LEDs). Thus, they can only support Mbps communication
speeds using binary modulation formats. Gbps communication speeds are also
possible by using advanced modulation formats such as orthogonal frequency-
division-multiplexing (OFDM) [60]. Based on the speed of the VLC link and the
distance between the central site and the VLC site, power over Ethernet, power line
cables, or optical fiber technologies can be employed as the underlined distribution
network.

Recent progress in VLC include standardization efforts such as the IEEE
802.15.7 to provide bi-directional multiuser communication and user mobility [61].
This standardization process is conducted within IEEE Wireless Personal Area
Networks working group (802.15). The term light-fidelity (Li-Fi), first introduced
by Harald Haas [62], is now widely used in the community to describe a VLC
system.
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2.3.2 Infrared Optical-Wireless Communication

Wireless infrared communication refers to the use of light wave in the near infrared
band (750 - 2000 nm) as a transmission medium for communication. The wide
availability of laser diodes and silicon photodiodes operating in this band is the
primary reason for its popularity. Infrared lasers are mostly used as light sources,
although LEDs may also be employed. The narrow beam from lasers allows high
bandwidth transmission capabilities. In particular, infrared OWC operating in the
O-C-L bands (1260 nm to 1630 nm) allows deploying optical components readily
available from fiber-optic transmission industry at low costs. When the infrared
OWC using O-C-L bands is implemented in indoor environments, link adaptation
requirements between the wired (such as the fiber-to-the-home (FTTH) system)
and wireless networks can be removed, since the same wavelengths are used for
the wired and wireless communications. This simplifies the access points in the
rooms, where cost and power consumption are needed to be as low as possible.

The bandwidth of a laser based infrared OWC system is mainly limited by
eye-safety constraints and transceiver bandwidths. Eye safety is a concern because
the cornea is transparent from the near infrared to the near violet region. Hence,
the retina is sensitive to damage from light sources transmitting in these bands.
Since the near infrared is outside the visible range of light, the eye does not protect
itself from damage by closing the iris. Hence, infrared wireless communication
is subject to eye-safety regulations by the IEC-60825 and ANSI-Z136 standards
[63, 64].

Optical 
Beam Steerer

Fig. 2.7 Indoor wireless communication using infrared narrow beams
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Wavelengths above 1400 nm never reach the retina since they are principally
absorbed by the cornea, and to some extent, the aqueous and vitreous humours
[65]. The damage threshold for these wavelengths is, therefore, higher than
the visible light regime leading to a more relaxed constraint on the permissible
transmission power and beam width [66–69]. Moreover, the proven low-loss
optical fiber technology can be implemented to realize the indoor distribution
infrastructure. This eases integration with the current FTTH technologies which
are predominantly implemented with wavelengths of 1260 - 1630 nm. The high-
speed signal sent from the central office in the FTTH network can be redirected to
the indoor free-space link using the commercially available low-cost optical fiber
communication devices.

Energy-efficient and high capacity IOWC system can be realized by imple-
menting very narrow beams for the communication. Since the individual beams
are directed to only the intended users, this OWC system is also physically secure,
and it increases the degree of spectrum reuse even within the same room. This
increases the total throughput enormously while also removing any interference
between neighboring users. The main challenge then is in directing these high
capacity links to the users, bridging the gap between the users and the fiber infras-
tructure. A beam steering mechanism is necessary in order to route the beams to
the users. The main considerations for the selection of a beam-steering method
include ability to steer multiple beams simultaneously, power-efficiency, steering
coverage, steering time, reliability, simplicity and cost-efficiency.

2.3.3 Beam-Steering Mechanisms for Infrared
Narrow-Beam Based Wireless Communication

Various beam steering methods have been reported throughout the years, each
with its specific benefits and drawbacks in terms of power consumption, steering
coverage, steering time, steering complexity, maintenance and control require-
ments, etc. Refractive and diffractive optical elements and optical phased arrays
are popular techniques to achieve beam steering. Steering mechanisms can be
generally grouped into two large categories; active and passive methods [70].
Active steering elements are so called because local powering is needed to operate
the beam steering module, whereas passive steering methods do not require local
powering with the steering controlled remotely.

Some of the active beam steering techniques include, optical phased arrays
[71–73], electromagnetic or electrothermal or electrostatic actuated mirrors [74–76],
liquid crystals [77, 78], photonic integrated circuit phased arrays [79–81], electro-
optic beam deflectors [82], and acourso-optic deflectors [83]. Mostly implemented
in spectroscopy and interferometry, passive beam-steering techniques are usually
wavelength dependent and are implemented with tunable optical sources to con-
trol the steering. For communication, a one-dimensional beam scanning method
was first introduced by Filiniski et al in 1982 using passive dispersive components
such as prisms and gratings [84]. Other techniques include holographic deflectors
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[85], arrayed waveguide gratings [86, 87], and diffraction gratings [88, 89], and
virtually immaged phased array [90]. Detailed review of beam steering techniques
is given in [70], which is one of the subprojects in the BROWSE project that deals
with the design of the beam steering module.

In this thesis, the passive diffraction gratings based module proposed by
Koonen [91], in cooperation with remote wavelength-tuned sources at a central
site, is implemented for 2-dimensional optical beam steering. Since wavelengths
1400 - 1630 nm are implemented, an optical fiber distribution network (which
introduces very low losses at these wavelengths) can be used to connect the
access points with the central site, as illustrated in Fig. 2.8. The steering module
is designed considering key characteristics such as the ease of installation, fast
steering speed, low power consumption, ability for simultaneous steering, low
loss in the wavelength range of operation, good accuracy and reliability, and wide
coverage area. The details of this beam steering mechanism is given in [70].

1

R2 PRA21

R1

R3

PRA11

PRA31

PRA12

RG

FTTH

Fig. 2.8 Indoor IOWC using passive wavelength-based beam steering devices inter-
connected with optical fibers

Although IOWC with narrow beams can provide ultrahigh data rates per
user, important challenges still exist that must be addressed. It is well-known that
light waves are prone to blockage, which results in loss of connection. While this
means that they are insensitive to eavesdropping, it also brings a requirement to
provide other means of communication when LOS blocking happens. Diffused
systems can be implemented, but the link capacity will be greatly reduced because
of inter-symbol interference (ISI) issues. Moreover, background light from lamps
and sunlight increase the noise and degrade the communication unless care has to
be taken at the receiver side, such as filtering. Another limitation to narrow beam
based OWC is that it is also sensitive to misalignments between the transmitter and
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receiver, unless a receiver with a large field-of-view (FoV) is used which will also
increase the amount of background light coupled to the receiver. For this reason,
currently, the receiver is an active area of research in OWC. Additionally, OWC
has to be governed by the skin- and eye-safety regulations enforced by ANSI-Z136
and IEC-60825 standards regarding the transmitted power of the optical beams
for indoor applications, which is more constrained for narrow beams.

Fig. 2.9 summarizes the wireless transmission reaches and data rates that can
be achieved by the microwave, millimeter-wave, infrared and visible regions in
the electromagnetic spectrum.
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Fig. 2.9 Comparison of wireless access technologies [18]

2.4 Terahertz Communication

Wireless data rates have doubled every eighteen months over the last three decades
and are quickly approaching the capacity of wired communication systems [6].
It is generally agreed that future wireless networks will have to operate at much
higher frequencies to cope with this ever increasing traffic volume. However, the
total allocated bandwidth in MMW frequencies, such as 60-GHz and ~70–95 GHz
is ~7–9 GHz [92], which will ultimately limit the total throughput of the channel to
an insufficient level for the increasing demand. Hence, it is obvious that the use of
the THz range (0.1–10 THz) or above is mandatory when the minimum required
bandwidth reaches several tens of GHz [93].

The terahertz band can offer several THzs of bandwidth which is orders of
magnitude above that of MMW systems, while the frequency of operation is at
least one order of magnitude below that of FSO systems [14, 94]. This has attracted



22 2.5 Dynamic Routing of Wireless Signals

attention toward terahertz waves for potential use in wireless communications,
especially the 275 - 3000 GHz frequency band which has not been licensed [15, 16,
93]. Like MMW signals, terahertz radiation can penetrate a wide variety of non-
conducting materials such as clothing, paper, cardboard, wood, masonry, plastic
and ceramics. However, since the path loss is higher, it requires more directive
LOS links. It occupies a middle ground between microwaves and infrared light
waves known as the “terahertz gap” being too high to be considered RF but too
low to be considered light [16]. Some applications of terahertz communications
include front- and back-hauling of base stations in femto-cells, wireless local
area networks in smart offices and smart homes, wireless connections in data
centers, device-to-device communications, etc [15]. The highly directive nature
of the communication allows greater frequency reuse and higher capacities in
indoor networks over several rooms using simple modulation formats such as
amplitude-shift-keying (ASK).

The generation and modulation of coherent electromagnetic signals in tera-
hertz frequency range by the conventional electronic devices used to generate
radio waves and microwaves is currently not possible [93], requiring the devel-
opment of new devices and techniques. Photonics-based systems can solve this
issue with optical-to-terahertz conversion using photomixing, which allows the
use of high-speed modulation and demodulation techniques from optical coherent
network technologies which have been widely deployed in fiber-optic commu-
nication systems [93]. A unique feature of using photonic devices relies on the
possibility to address multi-carrier transmission easily by adding optical laser
lines to the optical driving signals. At the receiver, unitraveling-carrier (UTC)
photodiodes are usually implemented for the optical-to-terahertz conversion.

However, significant challenges still exist both from the device and the com-
munication perspectives that require innovative solutions and even a revision of
the well-established concepts in wireless communications. We are still far from
having low-cost and compact terahertz emitters and receivers. Developing the
technology for a short-range terahertz communication system will be challenging
and represents a multidisciplinary and long-term task. Consequently, although
there has been recent progresses, such as standardization efforts in the IEEE802.15
Terahertz Interest Group [95], it is still in its infancy. Hence, the present technology
has to be further developed in the years to come and a lot of problems need to be
solved before this system materializes.

2.5 Dynamic Routing of Wireless Signals

Network reconfigurability is essential in any network. In either optical-wireless or
RoF systems, dynamic routing is key for ensuring capacity-on-demand which is
needed to meet changes in traffic patterns, to minimize power consumption, and
to cope with user mobility and wireless link failures in a cost-efficient manner. Elec-
tronic switching, which has been studied extensively, can be implemented for this
purpose. However, the necessary optical-electrical-optical (O/E/O) conversion
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makes it dependent on the data rate and protocol, which limits its dynamicity and
scalability. Optical switches enable routing of the optical signal without the need
for O/E/O conversion, which result in a transparent switch with reduced size and
power consumption, increased speed and throughput, and reduced overall cost.
Moreover, scalability is not an issue since the optical switches do not need to be
replaced during system upgrade or when new wireless standards are introduced.
Hence, optical switches are essential ingredients in indoor optical/radio-wireless
networks to provide dynamicity. Some of the various optical switching fabrics
that exist currently are described below.

1. Micro-electro-mechanical system (MEMS) switch: MEMS-based switches
use tiny mirrors, membranes or planar moving waveguides to redirect
optical beams to the desired output ports [96]. MEMS is an attractive tech-
nology for optical switching since it provides intrinsic characteristics such
as low-loss, low crosstalk, wavelength and polarization transparency and
large-port-count at the lowest cost per port [97]. The MEMS fabrication tech-
nology is based on established semiconductor processes for manufacturing
highly accurate miniaturized devices [98]. The actuation forces that move
the mirrors may be electrostatic, electromagnetic or thermal. As a result,
MEMS devices are usually compact and consume low power. Moreover, a
batch fabrication process allows high-volume production, where thousands
of devices can be built on a single silicon wafer [97, 98]. Two approaches
exist for MEMS based optical switches: digital (2D) [96] and analog (3D)
[98]. In digital MEMS the mirrors are turned either on or off using electric
voltages, sending the input optical signal to two different paths (correspond-
ing to the on and off states). multiple mirrors can be assembled to create an
n×n optical switch. In the analog MEMS technology, each mirror is tilted to
any direction using varying electric voltages allowing to switch the input
signal to any output port in three dimensions. As a result, it is easier to
create large port-count optical switches using 3D MEMS architecture [98].
Fig. 2.10 show a schematic of 1×4 MEMS based optical switch using analog
tilting mirror. A MEMS switch with larger port-counts can be realized by
cascading lower port-count switches in series or parallel.

2. Electro-optic switch: Electro-optical switches realize optical switching func-
tions by using electro-optic effects in materials such as Lithium-Niobate
(LiNbO3), which offer relatively faster switching speed [99]. LiNbO3
switches use directional couplers whose coupling ratios are regulated by
varying the refractive index of the LiNbO3 by the applied voltage as shown
in Fig. 2.11. This change in the coupling ratio directs the light to the desired
output port. The speed of LiNbO3 switches is typically less than a nanosec-
ond, limited by the capacitance of the electrode configuration for the bias
voltage. The major drawbacks of electro-optic switches are high insertion
loss and high crosstalk.

3. SOA-based switch: SOA-based switches are based on SOA gates that can
be turned on or off by controlling their bias currents [100, 101]. When
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Fig. 2.10 Schematic of a MEMS mirror based optical switch

+V

Input 1

Input 2

Output 1

Output 2

Electrodes

Fig. 2.11 An electro-optic switch

there is no bias current, the SOA device absorbs the input signals since
there is no population inversion, and when the SOA is biased, it amplifies
the input signals. This combination of amplification in the on-state and
absorption in the off-state makes this device capable of optical switching
with very high extinction ratios. SOA gate based switches are attractive
because of the possibility of integration with other components such as
lasers and modulators resulting in a compact device. The presence of active
components (the SOAs) also help to overcome insertion losses. Additionally,
they tend to be fast, energy-efficient, and multicast capable. An example
4×4 SOA-gate switch is shown in Fig. 2.12. The switch is fabricated on a 4
mm × 6 mm area as described in details in Chapter 4 [102].

4. Liquid-crystal switch: Liquid-crystal optical switches [103, 104] are based
on altering the optical properties of a liquid-crystal material by applying
a suitable voltage to act on the orientation of the molecules (see Fig. 2.13).
Certain molecules can take up a certain mean relative orientation in the
liquid-crystal phase due to their permanent electrical dipole moment. These
orientations, controlled by the applied electric filed, change the polarization
state of the incident light. The change of polarization in combination with
polarization selective beam splitters allows optical space switching. Liquid-
crystal holographic optical switches have advantages of constant insertion
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6mm 

4mm

Fig. 2.12 4×4×4λ OXC chip [102]

losses when the number of channels is increased. However, these switches
are polarization dependent. A polarization diversity mechanism must be
implemented to treat each polarization state independently, which makes
them more complex. On the other hand, they are very reliable, since no
moving part is involved, and their optical performance is satisfactory. How-
ever, care must be taken with regard to temperature: extreme temperatures
affect their operations [105].
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Fig. 2.13 Optical switching using liquid crystal cells

5. Thermo-optic switch: These switches are based on waveguide thermo-
optic effect where variation of temperature of the waveguide results in
variation in the refractive index. Their switching speed is in the order of a
millisecond. There are two categories of thermo-optic switches: interfero-
metric and digital optical switches. Interferometric switches are based on
Mach-Zehnder interferometer (MZI) configuration, shown in Fig. 2.14a,
where heating one arm of the interferometer causes its refractive index
to change, creating a phase difference between the light beams passing
via the two arms [106]. The power on an output port is then minimized
or maximized, depending on whether the interference is constructive or
destructive. Hence, switching to the desired port is achieved by controlling
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Fig. 2.14 Thermo-optic switches

the temperature of the arms of the MZI. Digital optical switches are gener-
ally made of silica on silicon [107]. As depicted in Fig. 2.14b, these switches
consist of two interacting waveguide arms through which light propagates.
Heating one of the arms changes its refractive index, creating a phase offset
between the beams passing through the two arms. The amount of the
phase difference determines the output port the signal is switched to [105].
Thermo-optical switches are generally small in size and allows integration
with other optical elements on the same chip using the same technology.
Their major drawbacks include the need for high-driving-power as well as
high-power dissipation, which necessitate forced cooling.

6. Opto-optical switch: Opto-optical switches rely on the intensity dependent
ultrafast non-linear effects such as self-phase modulation (SPM), cross-
phase modulation (XPM) and four-wave mixing (FWM) to realize optical
switching [108]. These switches can be optical-fiber based or semiconductor
based depending on the non-linear medium used. Since they are also
controlled optically they are called all-optical switches. Because of issues
such as non-linear distortions, especially when multiple optical signals are
present, these switches are usually not implemented in large scale networks.
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7. Acousto-optic switch: The operation of acousto-optic switches is based on
the acousto-optic effect in some bulk materials such as TeO2 [109, 110], in
which ultrasonic waves are used to deflect light [111]. Since these switches
are controlled by sound waves their switching speed is in the order of
microseconds (limited by the speed of the sound wave).

Polarization
beam splitter

Polarization
beam splitter

TE

TM

TE

TM

Input Output 1

Output 2

Fig. 2.15 A schematic of an acousto-optic switch

8. Opto-mechanical switch: These switches are the first commercially avail-
able optical switches in which the switching is performed by some mechani-
cal means, such as prisms, mirrors, and directional couplers. Although they
exhibit low insertion and polarization-dependent losses, and switching
speeds in the order of milliseconds, they are difficult to scale to larger port-
count switches which limit their applicability to mainly in fiber protection
and very-low-port-count wavelength add/drop modules. Moreover, as
with most mechanical components, long-term reliability is a concern.

The suitability of these switching fabrics is determined by factors such as
insertion loss, optical bandwidth, crosstalk, switching speed, power consumption,
size/scalability and cost [105, 112], which are defined below.

• Insertion loss: the fraction of the optical signal power that is lost because of
the structure of the device. The insertion loss consists of coupling losses,
propagation losses and excess losses. Moreover, it should be the same for
all input-output connections for better scalability and uniformity.

• Crosstalk: the inverse of the ratio of the power at a specific output port
coming from the desired input port to the power coming from all other
input ports. Crosstalk measures the signal interference between channels.
Low crosstalk is desirable for high quality switching.

• Extinction ratio (ER): the ratio of the output power in the on-state to the
output power in the off-state, the larger the better.

• Polarization dependent loss (PDL): the insertion loss associated with the
polarization states of the input optical signal. When it is not equal for the
two orthogonal polarization states, the switch is said to be polarization
sensitive. When it is very high, it harms transmission reliability, hence
requiring polarization controllers [112].
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• Size: the dimensions of the optical switch, including its packaging. Compact
and small-scale optical switches are ideal for large scale implementation.

• Switching speed: the time period from the moment the command is given
to the switch to change state to the moment the switched optical signal
achieves more than 90 percent of its final output power.

• Wavelength transparency (or optical bandwidth): a measure of the flexibility
with regard to the wavelength of operation. Transparency to input optical
signal wavelength gives more operating window to increase/optimize the
fiber capacity.

• Scalability: the ability to form a larger switch from smaller ones. The
scalability of a switch depends on the insertion loss, ER, crosstalk etc. Hence,
these parameters should be optimized to achieve a switching mechanism
that can scale more easily.

Table 2.1 compares and summarizes the above switching fabrics with regard
to different characteristics [105, 112].

2.6 Chapter Conclusion

The main techniques that are being investigated for future wireless communication
were discussed in this chapter. Due to the bandwidth shortage in the lower
frequency regions, 60-GHz and higher frequency bands are considered to be the
main candidates to cope with the ever increasing number of wireless devices and
continued requirements for high data rates. RoF techniques allow to simplify the
RAPs by centralizing main network functionalities and signal sources, making the
RAPs more cost-efficient for the users. Moreover, OWC systems provide THzs
of communication bandwidth, which makes them ideal candidates for future
wireless communication.

The last section has discussed the optical switching technologies available
to achieve dynamic routing functionality which is key to provide capacity-on-
demand. The suitability of a switching mechanism is determined taking into
account the cost, insertion loss, crosstalk, ER, switching speed scalability and opti-
cal bandwidth, among other things. A compact optical switch which is transparent
to wavelength, and introduces low insertion losses and low crosstalk (high ER),
low PDL with a fast switching speed is beneficial. However, finding all these
attributes in one switching fabric is usually difficult, as demonstrated in Table
2.1. Thus, the suitable switching technology is chosen based on the most stringent
requirements of the network.
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CHAPTER 3

THE BROWSE SYSTEM

The work reported in this dissertation is part of the BROWSE Advanced Grant
project, funded by the European Research Council (ERC) within the Seventh
Framework Program (FP7) [113]. The main objective of the project is to realize
an indoor wireless communication network by employing a revolutionary com-
bination of free-space optical beam diversity techniques, an intelligently routed
optical fiber backbone network, and flexible radio communication techniques. The
system is aided with a central management and control system to dynamically
tailor the wireless capacity to the users’ service requirements at varying locations,
and support user mobility.

The main challenge of the project is in combining novel free-space optical
communication techniques with intelligent signal routing through an optical fiber
backbone network and advanced radio communication techniques. In facing this
challenge, the BROWSE project proposes to deploy narrowly confined optical
pencil beams aided by fast beam steering for ultra-high capacity interference-
free communication, intelligent signal routing through an optical fiber backbone
network, advanced radio techniques for accurate device localization, and an
autonomic network management and control system for the tracking of users, for
overall routing of services and for service delivery tailoring.

The BROWSE project has been divided into five subprojects:

1. Free-space optical communication using pencil beams

The objective of this subproject is the implementation of directive optical
pencil beams steered in two dimensions to the users using a passive module
for downstream wireless communication. As a single narrow optical beam
may be obstructed, this subproject aims to investigate the deployment of
multiple optical pencil beams, each providing an ultrahigh data capacity,
which are emitted from multiple APs in the room. These multiple APs will
also be used for device localization and tracking by means of remote control
from the central communications controller (CCC).

2. Format-transparent dynamical optical signal routing

In this subproject, dynamic routing techniques via an indoor fiber backbone
network and advanced RoF techniques are explored. The main objective
is the implementation of a format-transparent optical routing mechanism
for the downstream OWC to dynamically allocate capacity among the cells
(such as the various rooms in a building) as well as robust MMW RoF
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techniques which are able to handle a wide variety of radio signals for the
upstream communication from the user.

3. Advanced radio communication and localization techniques

As the upstream communication from the users is sent wirelessly by us-
ing MMW radio signals, this subproject investigates radio beam steering
techniques using a PAA system to maximize the data capacity per user.
Moreover, the use of narrowly confined optical beams in the downstream
wireless links requires user localization and tracking. Hence, this subproject
also aims at implementing accurate device localization techniques using
the PAA system. User location information could be obtained from the
upstream radio link via the multiple PAA based APs.

4. Autonomic network management and control

This subproject deals with the management and control loop required
by the BROWSE system. The subproject aims at implementing suitable
protocols, routing algorithms and autonomous resource management to
localize and track users, to control signal routing to different rooms and
steering coordination inside a room, and to monitor quality of service (QoS)
and quality of experience (QoE).

5. System integration, performance analysis and validation

The four subprojects form their own subsystems in BROWSE. Hence, the
objective of this subproject is to integrate, evaluate and validate the four
subprojects mentioned above and develop an integrated system.

This dissertation addresses the second subproject. The main objective of this
dissertation is to realize a high-capacity indoor wireless communication system
by combining steered optical pencil beams for downstream and 60-GHz radio
followed by a diligent RoF system for upstream communications, assisted with a
dynamic routing mechanism over an optical fiber backbone network to support
capacity on-demand and energy-efficient operation.

The proposed architecture of the in-building hybrid optical/radio wireless
system in BROWSE is shown in Fig. 3.1. It mainly consists of a residential gateway
(RG) which interfaces the indoor fiber-wireless network with the outdoor access
network, the tunable transceivers, the CCC for the indoor control and management
(C&M) and the OXC for dynamic routing over the fiber backbone network, the
APs (termed as pencil radiating antennas (PRAs)), and the user terminals. Each
room is equipped with one or more PRAs to direct wireless signals to/from the
individual users. In addition to the 2D optical beam-steering modules, the PRAs
consist of a PAA system for receiving upstream radio wireless signals, as well as
electrical-to-optical conversion modules for the RoF communication. Each of these
components are explained in detail below.
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Fig. 3.1 Indoor network architecture

3.1 Residential Gateway

The RG interfaces the outdoor access network with the indoor fiber-wireless
network and performs the in-building network management and control. It hosts
the OXC for dynamic routing and the CCC for the C&M. As illustrated in Fig. 3.1,
data signals from the access network are transported to the BROWSE home using
FTTH technology. Autonomous network C&M protocols and routing algorithms
are installed at the CCC.

Since a passive wavelength-based beam steering is implemented, tunable
lasers (TLs) are needed to cope with user mobility and traffic dynamicity. To
handle multiple users, each with its own beam, multiple TLs (or an on-chip
integrated array of TLs) can be implemented. On-chip tunable sampled grating
distributed Bragg reflector (DBR) and DFB laser diode arrays have been reported
in [114] and [115], respectively. These TLs are kept at the RG where the OXC plays
a very important role in sharing, e.g. by time-slot multiplexing, among the users in
the system for overall cost/energy efficiency and to support capacity on-demand.
Several wavelengths can be provided to a room simultaneously as needed by
the number of devices. To reduce the number of TLs needed, one may opt for
a time-slotted system in which one TL serves one user at a specific wavelength
during one time-slot and another user during a different time-slot, where the laser
changes its wavelength in the guard time between these time-slots [116]. This is
facilitated by the fast tuning speeds of the lasers which reduce the guard time
needed.
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3.1.1 Optical Cross Connect

Network functionalities such as reconfigurability and reliability are essential in
any network. The OXC is a key component in the BROWSE system to ensure
capacity-on-demand and to handle user mobility. Each PRA, which serves multiple
users, is connected to a port of the OXC using a single-mode optical fiber cable.
Optionally, we may share a port of the OXC among PRAs by implementing
waveband-multiplexing at the RG and demultiplexing the wavelengths near the
PRAs [117]. Using the OXC, the relatively expensive components, notably the
TLs, can be shared between the indoor users at the same time or different times,
thereby reducing the overall energy consumption and cost.
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Fig. 3.2 OXC design for dynamic routing of optical wireless signals steered to the
individual users using 2D gratings

Hence, the design of the OXC is important. To cope with traffic dynamicity and
user mobility, the OXC should be transparent to wavelength, bitrate and protocol.
This is because in the BROWSE system, where a crossed pair of diffraction gratings
is used to steer beams [89], each location in a room corresponds to a unique
wavelength. The OXC should also allow routing from any input port to any
output port independently of how other input signals are routed. Based on these
requirements a design for the OXC for use in our system is shown in Fig. 3.2.
An m×n OXC can be constructed from m 1×n optical switches and m n×1 optical
couplers. Each switch acts only on a single input optical signal at a time and is
controlled by the CCC.

Various switching fabrics exist that can be considered for the OXC design.
These include MEMS mirrors [96, 118], liquid crystals [119], thermo-optics [120],
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and SOA gates [100]. The suitability of these switching fabrics is determined by
factors such as insertion loss, optical bandwidth, crosstalk, switching speed, power
consumption, size/scalability and cost [105, 112]. Detailed description of these
attributes and switching fabrics is given in section 2.5 in Chapter 2. SOA gate based
switches are highly attractive because of the possibility of circuit integration with
other components such as lasers and modulators resulting in a compact device.
The presence of the SOAs also helps to overcome insertion losses. Moroever, they
tend to be fast and energy-efficient. Hence, the experiments in this thesis are
performed using an SOA gating-switch based OXC.

3.1.2 Central Communications Controller

The BROWSE system poses stringent requirements on the C&M plane. In the
CCC a multitude of diverse resources must be discovered, orchestrated and actu-
ated upon within specific time scales, in order to ensure stability and optimum
operation of the indoor network and its service delivery.

Autonomic network management techniques, protocols and methodologies
[121, 122] are deployed at the CCC for the development of the control system by
combining cognitive monitoring techniques with semantic modelling of resources
and policy-based management. Machine-learning is also implemented to monitor
user QoE management. The main components of the C&M at the CCC are shown
in Fig. 3.3. The autonomic manager tackles the C&M problem as one of monitoring
and controlling. It is influenced by QoE monitoring information as well as by a set
of high-level policies.

Most of the components are influenced by the learning and reasoning component.
Based on historical observation of the system performance, QoE of the users will be
recorded and actuated upon. The system behavioural and the QoS-QoE mapping
models are continuously refined and evolved by means of the learning and reasoning
component.

Physical-layer information from the network, such as user localization and
tracking information, monitoring and resource utilization should be gathered in
real-time. In order to determine the best control action in real time, a dynamic
semantic model of the system behavior is matched with the monitored data.
The control actions are then turned into physical-layer operations such as beam
steering and traffic routing in the fiber backbone network.

All aspects of the CCC in BROWSE [113], including localization processes and
QoE monitoring are part of subproject 4 which is detailed in [123].

3.2 Pencil Radiating Antenna

In the wireless communication medium, we use free-space LOS pencil beams for
the downstream, and 60-GHz radio and RoF techniques for the upstream. For
eye safety considerations, infrared wavelengths above 1400 nm are chosen for the
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Fig. 3.3 Main components of the CCC [113]

OWC communication as these wavelengths are absorbed by the transparent part
of the eye before they reach the retina which means higher maximum permissible
exposure (MPE) than would be allowed for visible light [124]. Up to 10 mW is
permitted according to ANZI Z-136 and IEC 60825 standards. Depending on
the size of the coverage area, each room is equipped with one or more PRAs
comprising 2D optical and radio beam-steering modules, for the downstream and
upstream communications, respectively.

A passive diffraction gratings based beam steering device is implemented for
downstream optical beam steering. To realize 2D beam steering, two diffraction
gratings can be cascaded perpendicularly [89]. The steering is controlled remotely
by the CCC. In the upstream, where the wireless link is implemented using
60-GHz radio techniques, an integrated 60-GHz PAAs system is deployed for
communication as well as user localization.

The optical pencil beam steering concept, as proposed by Prof. Koonen in
[91, 125] and the PAA design as described in [126] are explained in more details
the following sections.
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3.2.1 2D Gratings-Based Beam-Steerer

The main challenge in a narrow beam LOS free-space communication is in directing
the beams to the users. In order to support multiple users at the same time a multi-
beam steering method is necessary in order to route the beams to different users
simultaneously. Desirable characteristics for selecting a steering method include
the ease of installation, enabling plug-and-play (without any local processing
and local powering), fast steering speed, low power consumption, ability for
simultaneous steering, low loss in the wavelength range of operation, accuracy
and reliability, good coverage area, and easy scaling for the steering of many
beams individually.

In BROWSE, considering the key characteristics stated above, Prof. Koonen
proposed the use of passive diffraction gratings for optical beam steering, in
cooperation with remote wavelength-tuned sources at the RG [91]. Arrays of
TLs or DFB laser diodes (that are shared among the users using the OXC) can be
implemented as optical sources to serve the users with appropriate wavelengths
for the beam steering. To realize 2D beam steering, two diffraction gratings can
be cascaded perpendicularly [89], with one of the gratings having a larger free
spectral range (FSR) than the other. Since the device is passive and the gratings
diffract different wavelengths to different directions, the steering can be controlled
remotely by the CCC (by tuning the wavelengths) and local powering at the PRA
can be avoided.

The designed beam steering module is shown in Figure 3.4 [125, 127]. It is
constructed by cascading two diffraction gratings perpendicularly to provide 2D
angular beam steering. One of these gratings has a relatively low diffractive power,
while the other one has a high diffractive power. The optical signal out of the
feeder fiber is collimated into a narrow beam. The beam is continuously swept
in one dimension by changing the wavelength over less than the large FSR of
the low-dispersive element, whereas it is swept multiple times in the orthogonal
dimension when it traverses multiple small FSRs of the other highly dispersive
element.

grating 1
(small FSR, 
diffraction θ)

grating 2
(large FSR, 
diffraction ψ)

ψ

θ2D diffracted
light beams

optical fiber lens

Fig. 3.4 Crossed gratings for 2D optical beam steering (as proposed by Koonen [89, 91,
125])
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The basics of the beam-steering module stem from the fact that it is diffraction
gratings based, where light beams passing through it interfere destructively and
constructively to form patterns of bright and dark spots. The locations of the spots
where the diffracted light beams constructively interfere can be calculated from
the grating equation for transmission and reflection gratings (see Fig. 3.5) [70].

Reflection grating Transmition grating

Grating normal

θi

θi

θ0θ1
θ0

Fig. 3.5 Diffraction patterns for reflection and transmission gratings [70]

mλ = d(n1 sin θi ± n2 sin θm) (3.1)

where m is the diffraction order, λ is the wavelength of interest, d is the period
of the grating or distance between two neighboring grooves, θi and θm are the
incident and diffraction angles measured from the grating normal, respectively,
and n1 and n2 are the refractive indices of the medium of incident and diffracted
beams, respectively (typically these media are the same, so n1 = n2). The ±
operation is dependent on the angle with reference to the optical axis.

Most of the optical power is confined in the zero-th order (non-diffracted
mode) which occurs when θi = θm. In order to optimize for maximum optical
power in a desired diffraction order or angle, other than the zero-th order, a blazed
grating is used.

Taking the derivative of (3.1) with respect of λ (where θi is kept constant) and
rearranging, we get:

dθ

dλ
=

m
d sin θm

(3.2)

which is the angular dispersion. Combining (3.1) and (3.2), we obtain the
general angular dispersion equation:

dθ

dλ
=

sin θi ± sin θm

λ cos θm
(3.3)

For a Littrow configuration, where θi is equal to θm, the grating equation (3.1)
reduces to [128]:
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mλ = 2d(tan θm) (3.4)

and the angular dispersion can be further reduced to:

dθ

dλ
=

2 tan θm

λ
(3.5)

When the angle of incidence is changing, we have:

m dλ = d(cos θidθi ± cos θmdθm) (3.6)

Since in Littrow configuration, θi = θm,

dθm

dλ
=

m
2d cos θm

(3.7)

Combining (3.4) and (3.7), we can see that the angular dispersion is only half
that of the angle obtained using fixed angle of incidence [128]:

dθm

dλ
=

tan θm

λ
(3.8)

When
λ

d
<< 1, a large number of diffraction orders exists. The grating’s

resolution is defined as the minimum wavelength difference which the grating is
able to resolve. Generally, the smaller the grating period, the higher the resolution
will be. High resolution means high angular dispersion.

The FSR of a diffraction grating is defined as the largest wavelength range for
a given order that does not overlap with an adjacent order. If the (m+1)-th order of
λ and m-th order of λ + ∆λ lie at the same diffraction angle, then the FSR is given
as:

FSR = ∆λ =
λ

m
(3.9)

The diffraction angle can be calculated from the grating equation in (3.1) as:

θm = arcsin
(

sin θi −
mλ

d

)
(3.10)

For the BROWSE beam steering module, with two diffraction gratings cas-
caded perpendicularly, the diffraction angles in the x-axis and y-axis can be calcu-
lated by writing the grating equation in two dimensions.

θx,m = arcsin
(

sin θx,i −
m1λ

d1

)

ψy,m = arcsin
(

sin ψy,i −
m2λ

d2

) (3.11)
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where d1 and d2 are the periods, m1 and m2 are the diffraction orders, θx,i and
ψy,i are the incident angles, θx,m and ψy,m are the diffraction angles of the first and
second gratings, respectively.

In order to realize 2D scanning using cascaded diffraction gratings, a basic
requirement is that one of the gratings have multiple orders smaller FSR than the
other. This also requires the highly dispersive grating to work at higher orders.
For a specific wavelength range, this can be achieved by implementing a blazed
grating with large blaze angle or a larger number of grooves (corresponding to
smaller grating period). Blazed gratings which have a large blaze angle are known
as echelle gratings. In order to avoid overlapping beams, the FSR of the less-
dispersive grating should accommodate at least the full range of wavelengths
which comprises many orders accommodated by the high-dispersive grating [70].
In this way the (θ, ψ) plane can be covered by spots of different wavelengths,
where the first grating steers the beam in θ direction and the second grating steers
it in ψ direction.

All important aspects of the diffraction gratings based beam steering module,
including specifications, grating selection and characterization, beam characteri-
zation, spectral response, steering range, etc. are explained in great detail in [70]
which was carried out under the framework of BROWSE in subproject 1.

3.2.2 Phased-Array-Antenna Design for 60-GHz
Radio Communication

The location of the users must first be determined in order to be able to direct
the individual optical pencil beams to the intended users. In BROWSE the use
of PAA techniques in the 60-GHz region is studied for this purpose. Moreover,
the 60-GHz region provides 7-GHz unlicensed bandwidth (57 – 64 GHz) which
makes it well-suitable for high-capacity upstream per user using beam forming
techniques [129].

An integrated multi-beam, 60-GHz PAA system providing distinctive tunable
nulls in the radiation pattern has been designed and is being tested to localize
multiple users and to receive high capacity upstream radio signals from multiple
users distinctively [126, 130]. Phase shifters and/or time delay circuits are essential
components in the signal processing of phased array systems. In order to optimally
benefit from the spatial filtering of phased array systems, the phase shifting and
combining of signals should occur as close to the antenna as possible, hence
preferably, in the analog domain. However, since typically analog phase shifters
and time delay circuits tend to be large and power-consuming [131, 132], and
traditionally the signal path for each array element requires its own phase shifter,
it is challenging to realize low-cost and high-volume phased array systems.

In the BROWSE system, where communication with narrow radio beams is
implemented compact phased array systems that are able to support wideband
communication are required. Hence, an interpolation based wideband beam
forming architecture is designed using true time delay (TTD) circuits. In this beam
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Fig. 3.6 Interpolation based beamforming architecture [126].
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forming architecture, the number of true time delays can be dramatically reduced
to 3 for a 2-dimensional array independent of the number of array elements [126].
This can be compared with conventional phased antenna arrays, where the number
of true time delays equals the number of antenna elements. Fig. 3.6 illustrates this
interpolation based beam forming at the transmitter and receiver. The design is
based on the fact that any of the individual antenna signals can be represented by
a weighted sum of two base signals. In other words, the time delay corresponding
to the phase shift required for any antenna signal can be implemented through
the time delays corresponding to the base signals used for the interpolation. The
variable gain amplifiers (VGAs) in Fig. 3.6 provide weighted sum coefficients for
the delay on each path. It should be noted that more than two base signals can be
used for the interpolation based beamforming technique. In this case the antenna
signals can be represented by any two base signals; the two base signals that are
the closest may allow more compactness, and reduced loss e.t.c [126].

All aspects of the radio wireless communication, including localization and
PAA system design are part of subproject 3 which is still ongoing (another PhD
student is working on it).

3.3 User Terminal

Optical access networks, and especially indoor networks typically require simple,
low cost, yet high performance and reliable systems. Mostly, binary modulation
based optical transmitter and direct-detection (DD) based receiver designs are
preferred.

In the BROWSE system, where the downstream and upstream communica-
tions are implemented with LOS optical pencil beams and 60-GHz radio, respec-
tively, the mobile device is equipped with a DD optical receiver and a 60-GHz
PAA-based integrated transmitter. Adaptive optics can be used at the user terminal
to maximize the received optical power in the downstream.

Multiple PRAs may be deployed to tackle LOS blocking in the optical-wireless
links, where another PRA can establish a LOS path when the path from a PRA is
blocked. By using adaptive optics, the user’s receiving device can point to a differ-
ent PRA in case of LOS blocking in the path to the current PRA. Additionally, Wi-Fi
or other radio bands such as the MMW can be implemented as a bi-directional
fallback link, in cases where it is not possible to provide LOS optical paths. Hence,
the mobile user can also be equipped with radio receivers for fallback scenarios.

3.4 User Localization

Users must be quickly localized (and tracked when they move) in order to ad-
equately direct the optical pencil beams and set up (and keep) the connections.
In an OWC system based on pencil beams of diameter <10 cm, the localization
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system needs to be very precise for the beam to be received by the user. Already
matured radio localization techniques [133–135] can be implemented for coarse
localization. For example, in [136], Winkler et al. have presented the capability of
achieving accuracies of up to 30 cm using 60-GHz radio based localization. Then,
fine-tuning can be implemented optically by means of wavelength tuning.

Upon entering a room, the user is firstly detected upon initiation by a wake-up
signal from the user’s transmitter or by active search of users by the PRAs using
the 60-GHz system. Then, the approximate position of the user is determined. For
the coarse localization, strong algorithms in combination with machine learning
techniques can be used to speed up the process and determine more accurate
positions [123]. Finally, beam-steering can be performed from one spot to the next
by tuning the TL from one wavelength to another until the device is found and
the best wavelength is registered by the CCC.

Estimate
localization

Steer beam to
user location

Select 
PRA

Quality
monitoring

Allocate
Resources

User 
detected?

Obstacle?

Connection
lost?

Degradation?

Detect
Users

Yes

Fig. 3.7 Network control and management loop in BROWSE [123]

In the BROWSE system, multiple PRAs are implemented for adequate cov-
erage and to provide alternative optical-wireless paths to the user. When LOS
blocking happens because of obstacles, fore example, localization with respect to
another (preferably the closest) PRA can be performed in the same way as the
first, as described in the flow chart shown in Fig. 3.7. Resource allocation such as
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time-slots (in case of time-slotted OWC [116, 137]) and 60-GHz radio channel is
then implemented.

Bandwidth requirements of the user can be extracted from the user’s behav-
ioral patterns and by online learning techniques in the quality monitoring phase
[123]. Feedback from the user, is monitored and studied in order to discover
service degradation. When there is service degredation because of LOS blocking
or user movement, the beam steering is performed again in search of a new wave-
length. If there is a shadowing, the localization will be performed again using a
different PRA. Alternatively, the 60-GHz system can also be used for downstream
fallback in case of LOS blocking. User tracking may be implemented by means of
machine learning techniques, where the system could (partially) predict the user’s
movement.

3.5 Chapter Conclusion

In this chapter, the main sub-projects and components of the BROWSE project have
been discussed. BROWSE consists of five separate work packages which must
eventually be integrated into a comprehensive intelligent high-capacity system to
realize a dynamic and scalable ultrahigh-capacity indoor wireless services delivery.

The main hardware components of the BROWSE system are the RG, which
hosts the CCC for overall network management and control, the OXC for dynamic
routing, the tunable transceivers to provide the necessary wavelengths for the
beam steering per room, the indoor fiber backbone network, and the PRAs which
comprise optical and radio beam steering devices. Crossed diffraction gratings and
a 60-GHz PAA system are implemented for the optical and radio beam steering,
respectively.



CHAPTER 4

DYNAMIC HYBRID
OPTICAL/RADIO-WIRELESS
COMMUNICATION SYSTEM

So far, the majority of the research work on ultrahigh-capacity IOWC mainly
focused on static single-direction communication without considering major net-
work functionalities such as reconfigurability, bidirectionality, and user mobility.
Such functions are key for ensuring capacity-on-demand which is needed to meet
changes in traffic patterns, to minimize power consumption, and to cope with
indoor mobility.

In this chapter, a novel hybrid optical/radio-wireless communication system
that can provide ultrahigh capacities per user is demonstrated by using steered
infrared beams for the downstream and 60-GHz radio for the upstream. Because of
the THzs of carrier frequencies, IOWC systems using directional collimated beams
bring a huge unlicensed optical bandwidth, physical security, and immunity from
electromagnetic interference to the wireless arena as well as longer reach [89,
138]. 60-GHz radio has also attracted attention because of the 7 GHz unlicensed
bandwidth, which can be exploited to provide high speed upstream capacity using
advanced modulation formats. Using beam-forming techniques the whole 7 GHz
bandwidth can be provided to a small number of users within a femto-cell [12].
Dynamically routed RoF systems play an important role in transporting these
broadband services from the RAPs fixed in every room to the central site.

4.1 Heterogeneous Network Architecture

Figure 4.1 depicts the proposed hybrid indoor network architecture. Dynamic rout-
ing of downstream signals to the individual rooms via an optical fiber backbone
network is performed using an OXC in the RG. Each room is equipped with one
or more PRAs to direct wireless signals to/from the individual users. The wireless
channels in the downstream are realized by deploying LOS infrared optical pencil
beams with wavelengths beyond 1.4 µm, where eye safety regulations allow higher
beam powers than in the visible range; up to 10 mW is allowed according to ANSI
Z-136 and IEC 60825 standards [63, 64]. In the upstream, a 60-GHz radio-wireless
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communication system is realized by using radio beam-forming techniques using
an integrated PAA system [126].

An optical beam steering mechanism is needed at the PRAs to direct each
beam to the individual users. So, a beam steering module was designed using a
crossed pair of diffraction gratings [127], and is investigated in detail in [70] as
described in Chapter 3. Since the beam steering is wavelength based, TLs are used
at the RG to provide the wavelengths required for the beam steering. The OXC
plays a very important role in sharing the TLs among multiple users in multiple
rooms to reduce the overall cost of the system. Time-slotting may be applied to
share the TLs between multiple users for further reduction of the number of TLs,
and thus further reducing costs, as demonstrated in [116]. In this mechanism, a
TL serves a user at a specific wavelength during a specific time slot and another
user at a different wavelength during a different time slot.

Users must be localized, and tracked when they move, in order to successfully
set up, and keep, the steered-beam connections. Already matured radio localiza-
tion techniques [133, 134, 136] can be implemented for this purpose. The steps
of the localization process implemented in the BROWSE project are explained
briefly in Chapter 3 and discussed in detail in [123]. The RG also hosts the CCC to
carry out the indoor network management and control functions including user
localization and tracking. A single optical fiber can be used for both upstream
and downstream communications using optical circulators. Hence, installation
becomes much simpler for home/building owners.

Implemented with spectrally-efficient modulation formats, the 7-GHz unli-
censed bandwidth in the 60-GHz region (57 – 64 GHz) is well-suitable for high-
capacity upstream per user (using beam forming techniques) [129] as well as
accurate user localization [133]. A multi-beam PAA providing distinctive tunable
nulls in the radiation pattern is employed at the PRAs to receive radio signals
from multiple users distinctively. The sub-carrier multiplexing (SCM) module (see
the inset in Fig. 4.1) then combines these users together, after putting them on
different subcarriers using arrays of local oscillators and mixers. The PAA, power
amplifiers, LNAs, and phase shifters can be integrated together to realize a com-
pact 60-GHz solution at the PRAs [126, 130]. The composite signal is modulated
on to an optical carrier, sent from the RG and separated from the downstream
optical-wireless signals at the PRA using a fiber Bragg grating (FBG), for upstream
transmission. Using a multicast capable OXC, one laser source multicasting its
output to the PRAs can be used to transport upstream radio signals from multiple
PRAs. A REAM-SOA is used for upstream optical modulation of the radio signals
on a robust SCM-RoF system. A REAM-SOA has great potential as a wavelength-
agnostic, low-loss and high-speed transmitter for indoor applications, especially, at
RAPs where cost-efficiency and simplicity are of paramount importance [33, 139].
This device provides similar performances as a REAM, but over a wide range
of input optical powers and wavelengths. This mitigates the need for accurate
control of the input signal, especially at remote sites where simplicity is strictly
required.

It is well known that the dynamic range (DR) of an RoF link is affected, mainly
by the non-linearity of the optical modulator used [140]. This, in addition to the
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bandwidth of the REAM-SOA, limits the number of users that can be multiplexed.
The DR of the REAM-SOA (whose transfer function is exponential with respect to
voltage) can be improved by operating it at a higher bias current and higher input
optical power as demonstrated in section 4.1.4. Multiple users can be supported
using more than one REAM-SOA (integrated together on the same chip) at the
PRAs (in cooperation with multiple light sources located at the RG and shared
between the PRAs). A detailed study of the REAM-SOA transmitter for use in
analog systems, especially at RAPs, is given in section 4.1.4.

4.1.1 Dynamically Routed Downstream
Optical-Wireless Communication System

Using optical pencil beams for wireless communications allows us to provide
ultrahigh non-shared capacities to individual users. However, a beam steering
mechanism is needed at the PRAs to direct each beam to the appropriate user.
Several approaches have been proposed for this purpose including MEMS mirrors
[141], acousto-optic deflectors [142], on-chip grating modules [79, 143], and spatial
light modulators (SLMs) [144, 145]. However, these devices have drawbacks such
as the need for local powering, slow steering speed, small steering angles and the
need for separate control channels. Using remotely controlled passive dispersion
components for this purpose was proven to be beneficial since local powering is
not needed and control complexity is reduced [87, 146].

The 2D beam steering module (by cascading two diffraction gratings perpen-
dicularly) that was designed previously by Koonen et al [70, 91, 127] is imple-
mented as the beam steering module in the proposed system. The wavelength of
the incoming signal determines the user which the beam is directed to. Hence,
no separate control channel is required for the steering. A large number of users
can be supported by using multiple beams, each at a different wavelength, and
these can be transported to the PRA by a single fiber by means of well-established
wavelength division multiplexing techniques. As described in Chapter 3 and
detialed in [70], to realize 2D steering, the first grating was designed to have an
FSR multiple times larger than that of the second grating.

The 2D beam steering module was designed by cascading a reflective blazed
grating (blaze angle 80.7°) of 13.33 grooves/mm with an FSR of ~16 nm with a
fused silica transmission grating of 1000 grooves/mm with an FSR of ~125 nm
perpendicularly (see Fig. 3.4) [147]. With this arrangement a coverage angle of
5.6°×12.2° can be achieved as shown in Fig. 4.2 without angular magnification,
corresponding to a 24.5 cm × 53.4 cm area at a free-space distance of 2.5 m. The
steering module has an optical loss of approximately 6 dB and a −3-dB pass-
bandwidth of approximately 10 GHz (measured using the amplified spontaneous
emission (ASE) noise output of the REAM-SOA) (see Fig. 6.10 in Chapter 6).
The 2D gratings module showed only <0.3 dB polarization dependence at 1550
nm wavelength. The loss includes all end-to-end losses, including alignment and
reflection losses. The spectral width is limited by the dispersion of the two gratings
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Fig. 4.2 Calculated 2D beam scanning using crossed gratings [70, 89]

and the small aperture of the receiver collimator implemented to focus the narrow
optical beam onto the single-mode fiber (SMF)-pigtailed photoreceiver. In this
dissertation, a SMF-pigtailed triplet lens collimator from Thorlabs (TC18FC-1550)
with a focal length of 18.36 mm at a wavelength of 1550 nm is deployed as the
collimator. The diameter of the opening aperture of the collimator is 10 mm.
Although the collimator has excellent efficiency, its reception angle is very limited
(FoV < 0.034°), thus requiring careful alignment at the receiving end. In order to
aid the alignment of the receiver collimator with the incoming beam, an automatic
alignment system described in section 4.10 in [70] is employed at the receiver. In
order to be able to move the collimator in four degrees-of-freedom to obtain the
peak power position, the alignment system involves a horizontal translation in
the x-axis, a vertical translation in the y-axis, a horizontal rotation θ and a vertical
rotation φ. The x- and y-translations are enabled by actuators, whereas the θ-
rotation is driven by a motorized worm wheel, and the φ-rotation stage is enabled
by a goniometer. The alignment algorithm is implemented with LABVIEW as
explained in [70]. In practical bidirectional communication systems, receivers
with a wider FoV are essential and the position of the receivers is determined by
radio or optical localization techniques [134, 148, 149]. The details of the beam
characterization and the optics involved are given in Chapter 5.
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4.1.2 SOA-Gate Based OXC Chip for Dynamic
Routing

Dynamic routing is crucial to support capacity-on-demand to the users and to
share the TLs among all the users in the proposed system. Integrated opto-
electronic circuit technology offers a radical reduction in physical size and as-
sembly complexity of the routing device. SOA-gating based optical switches are
considered to be very attractive based on speed, multicast capability, and scala-
bility in capacity and connectivity [150]. The combination of amplification in the
on-state and absorption in the off-state achieves optical switching with very high
extinction ratios.
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Fig. 4.3 Schematic of an OXC using SOA-gating switches

A schematic of a modular OXC device using SOA-gating switches is shown in
Fig. 4.3 [151]. The OXC forwards any of the M inputs to any of the N output ports
according to the switching control signals provided by the control plane. Each
input-to-output path consists of a 1:N splitter (to broadcast the input signals to N
wavelength selective switchs (WSSs)), a WSS (to select the wavelengths to pass to
the output port), and an M:1 combiner (to combine all the signals that should go
to the same output port). Each WSS comprises SOA-gate switches sandwiched
between two identical arrayed waveguide gratings (AWGrs) to select one or more
wavelength channels and forward them to the output ports. The first and second
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AWGrs act as wavelength demultiplexer, and multiplexer, respectively. Turning
on or off the SOA-gates determines which wavelength channel is forwarded to the
output port or is blocked. The number of SOA-gate switches on each WSS depends
on the number of ports of the AWGrs which is designed taking the channel
bandwidth into consideration. If the OXC needs only to act on a single wavelength
signal per input port, wavelength selectivity will not be required, hence the
WSS block can be replaced by a single SOA-gate switch. Multicast operation
is also possible with this architecture. The wide spectral width capability of the
SOAs enables broadband operation. In the OXC, the switching modules operate
in an independent and parallel way to each other, which introduces important
features such as distributed control for the optical switch which makes the control
complexity and the switching time (latency) of the entire OXC independent of the
port count and equal to the switching time of a single module. Furthermore, scaling
the port count leads to a linear increase in components and energy consumption,
by employing copies of the identical modules [151].
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Fig. 4.4 4×4×4λ OXC chip [102]
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Fig. 4.5 Experimental setup for characterizing the 4×4 OXC chip

Using the architecture described above and shown in Fig. 4.3, a 4×4×4λ (4
input fibers × 4 output fibers × 4 wavelengths) OXC chip was designed and
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fabricated in indium phosphide (InP) technology by Calabretta et al at the Electro-
optical Communications group in Eindhoven University of Technology [102]. The
dimension of the chip is 6 mm × 4 mm. Fabrication of the chip was realized
employing the multi-project wafer run in the JEPPIX platform [102]. Booster SOAs
are included at the input ports to tackle insertion losses, mainly from the AWGrs.
The 1:4 splitters (and 4:1 combiners) were realized by cascading 1×2 multimode
interference (MMI) couplers. The SOA-gates are similar with the booster SOAs,
but with a shorter length for operation as gating devices to forward/block an
optical signal passing through them. The AWGrs have an FSR of 15 nm and are
designed with channel bandwidth of 1.4 nm and channel spacing of 4 nm, taking
into consideration the limited cell size (6 mm × 4 mm) offered in the multi-project
wafer run. Fig. 4.4 shows the microscopic image of the fabricated OXC chip.
The details about the design and fabrication process of the OXC can be found in
[102, 152, 153].

This OXC chip can be used to route downstream optical-wireless signals to
the intended PRAs in the proposed indoor wireless system. It is characterized by
the output spectra, because of the AWGrs, shown in Fig. 4.7 measured using an
experimental setup depicted in Fig. 4.5 using an erbium doped fiber amplifier
(EDFA) as an ASE noise source. In the experiment, the booster SOA was biased at
100 mA while any gating-SOA was biased at 40 mA. The booster SOA provides
the necessary gain to reduce insertion losses from the passive components on the
chip such as the splitters and AWGrs. The small-signal gain of this booster SOA
was about 20 dB. The −3-dB bandwidth of the gain provided by the booster SOA
(and gating SOAs) was measured to be ~65 nm (see Fig. 4.6 and Fig. 4.7). This
may limit the coverage area that can be supported in the proposed optical-wireless
system, which needs a wavelength range of ~130 nm (1500 - 1630 nm) for adequate
coverage. Two similar OXC chips, where the maximum-gain wavelengths of the
SOAs are detuned by ~65 nm, may be cascaded in parallel to realize the required
wavelength range for the optical-wireless coverage.

1

Fig. 4.6 ASE output of the booster SOA in the OXC chip at a bias current of 100 mA

The OXC chip can operate in a wavelength range of 1450 −1600 nm (See, Fig.
4.7), albeit with different amounts of losses due to the parabolic nature of the
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Fig. 4.7 Output spectra at one of the output ports of the 4×4 OXC chip using an EDFA
source at the input (Note: The four gating SOAs are designated as SOA O, P, Q, R)

gain curve of the booster SOA as shown in Fig. 4.6. Because the waveguides
after the first AWGr (which demultiplexes the input wavelengths) were not fully
resolved during fabrication, substantial optical power coupling between two of
the channels (represented by SOAs P and R in Fig. 4.7) was measured. Hence,
a crosstalk can be observed between the paths represented by these channels.
This crosstalk could be reduced by carefully resolving the waveguides during
fabrication.
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The ER and crosstalk between the channels is evaluated using the setup shown
in Fig.4.5, using four signals at the input port. The total input optical power was
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1

ER ~35 dB

Loss ~16 dB

Fig. 4.9 Insertion loss of the 4×4 OXC chip when there is only one input signal of
power -4 dBm

+2 dBm (corresponding to -4 dBm for the individual signals). The OXC chip
can achieve a crosstalk <−30 dB and ER of >35 dB for all working input-output
connections (see Fig. 4.8). The fiber-to-fiber loss incurred by the OXC chip on every
input−output connection was approximately 25 dB. If we deduct the unavoidable
coupling loss of 12 dB (6 dB per port), then the on-chip loss will amount to 13
dB (including the gain provided by the gating SOAs). When only a single input
optical signal (with a power of -4 dBm) was present at the input port, the loss
reduced to about 4 dB (not including the coupling losses) as shown in Fig. 4.9.
This is because of the non-linearity of the gain provided by the SOA when the
total power of the input signals is high (four input signals have higher combined
power than one input signal when the power per signal is the same, which reduces
the gain provided by the booster). The insertion loss may be reduced (or even
insertion gains may be achieved) by applying lower input power levels, however
this also enhances the ASE noise added by the booster SOA. Hence, a compromise
is needed on the insertion loss and the noise figure provided by the OXC chip.

4.1.3 Subcarrier Multiplexed Upstream RoF
Communication

In the proposed system, the wireless channel in the upstream is realized by im-
plementing 60-GHz radio signals using a multi-beam PAA at the PRAs to receive
radio signals from multiple users distinctively. The PAA based beam-forming
guarantees that the whole 7 GHz bandwidth is provided to individual users. In
order to transport the radio signals from each PRA to the RG, sub-carrier multi-
plexed radio-over-fiber (SCM-RoF) transmission is implemented. SCM is a scheme
for combining many different signals using subcarriers by frequency division
multiplexing so that they can be transmitted together on a single wavelength [154].
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The SCM-RoF transmission can be achieved by putting the 60-GHz radio signals
on different RF subcarriers by using an array of LOs and 60-GHz mixers a shown
in Fig. 4.10a, so that they are represented by different frequency components in the
optical signal. At the receiver, demultiplexing of the radio signals can be achieved
by using another set of LOs and mixers (see Fig. 4.10b).
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Fig. 4.10 Subcarrier multiplexing: (a) at the transmitter, and (b) at the receiver for
upstream RoF transmission

The SCM technology has been popularized in fiber optic systems for appli-
cations such as analog cable television (CATV) distribution [155] and local area
optical networks [156]. The same approach is implemented in the proposed 60-
GHz RoF system since, optical links are known to provide orders of magnitude
higher bandwidth than the 60-GHz radio signals. The SCM technique enables full
utilization of the network infrastructure as well as the broad bandwidth of the
optical fiber, hence allowing us to increase the spectral efficiency of the optical
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link necessary to transport the radio signals, which results in a higher overall
cost-efficiency.

An optical modulator with good linearity is necessary to realize SCM. High-
performance upstream SCM-RoF systems are usually realized by external mod-
ulation, due to reduced relative intensity noise and chirp, and high modulation
bandwidth. REAMs are very good candidates to obtain low-cost external optical
modulation for analog RoF links at the RAPs [33] because of advantages such as
small size, low driving voltage, large bandwidth, and ease of monolithic integra-
tion with other optical components. SOAs can be integrated with the REAMs to
tackle the insertion losses introduced by the REAMs. This composite device is
named a REAM-SOA. We implemented a REAM-SOA as a transmitter to SCM-RoF
signals in the proposed system. The use of this device for RoF applications is given
in detail in section 4.1.4. By using the REAM-SOA as the optical modulator for the
SCM-RoF system, the received photocurrent by a photodiode with responsivity R
is given by (4.5).

IR(t) = R Pin β
∞

∑
n=0

Tn
norm(Vb)

n!
(V(t)− Vb)

n

where, Pin is the input optical signal power, Tn
norm(Vb) is the nth derivative of

the normalized transmission curve of the REAM-SOA biased at Vb, β is the trans-
mission at zero bias voltage, and V(t) is the voltage of the RF input signal. When
subcarrier multiplexing is implemented, the input RF signal can be expressed in
voltage as:

V(t) = v1 sin(ω1t + φ1) + v1 sin(ω2t + φ2) + v3 sin(ω3t + φ3) + ....

vi, ωi, and φi represent the amplitude, angular frequency and phase of the
multiplexed signals, respectively.

Assuming that the REAM-SOA is operating linearly, the higher order terms
(above the first order term), which represent non-linear distortions can be ignored
in the photocurrent equation above. Substituting for V(t) and taking only the
signal component (ignoring the DC component),

IR = R Pin β ηslope(Vb) [v
1

sin
(

ω
1
t + φ

1

)
+ v

2
sin
(

ω
2
t + φ

2

)
+ v3 sin

(
ω3t + φ3

)
+ ....]

Thus, by using proper frequencies in the LO array at the receiver, and applying
sufficiently small vi...vN such that the REAM-SOA is operated in its linear regime,
the transmitted radio signals can be separated as shown in Fig. 4.10b. The number
of signals that can be multiplexed depends on the bandwidth of the REAM-SOA.
The REAM-SOA modulator implemented in the proposed system has a bandwidth
of >30 GHz, which, in theory, allows us to multiplex four 60-GHz radio signals (of
bandwidth 7-GHz). In practice, its non-linearity will limit the optimum number of
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signals to less than four. The exponential modulation curve of the REAM plays
a significant role in the non-linearity of the REAM-SOA, which is discussed in
section 4.1.4.

The nonlinearity generates spurious spectral components, leading to inter-
modulation distortion (IMD) at the receiver. In most RoF systems, third-order
intermodulation distortions (IMD3s) are the most detrimental of all the distor-
tions, because of their proximity to the signals. Second-order intermodulation
distortion (IMD2) can be mitigated by proper filtering since they lie far from the
signal components. In most applications, fourth and higher-order distortions
generally have significantly lower amplitude than the lower-order distortions,
and may be ignored. Linearization techniques are required to remove/reduce
the IMD3. Various photonic and electronic methods have been investigated to
improve the linearity of RoF systems such as the mixed polarization technique
[157], feed-forward linearization technique [158], adaptive predistortion method
[159], dual-parallel modulation technique [160], analog predistortion technique
[161–163], and digital linearization techniques [164–166]. However, because of
their complexity, these linearization techniques are usually not suitable for imple-
mentation in indoor networks, where simplicity is an important requirement. It is
demonstrated in section 4.1.4 that the use of a REAM-SOA, where the signal enters
the SOA before modulation and reflection by the REAM, for RoF applications
gives us an additional parameter, namely the bias current of the SOA, in addition
to the input optical power, to improve the linearity of the REAM. Increasing the
SOA bias current increases the optical gain provided by the SOA, which in turn
increases the power that reaches the REAM. The linearity of electro-absorption
modulator (EAM) is known to improve with increase in the input optical power
[167].

4.1.4 Use of REAM-SOA for Upstream RoF
Applications at the PRA

A REAM is a well known key component in short-range RF-photonic links because
of its benefits such as small size, low driving voltage, large bandwidth and its
potential for monolithic integration with other devices [33]. By monolithically inte-
grating an SOA with the REAM (hence, named REAM-SOA), we can compensate
for the insertion loss introduced by the REAM. It has great potential for indoor
MMW RoF applications, especially at RAPs where cost-efficiency and simplicity
are critical requirements. However, a transmitter should be characterized differ-
ently for RoF applications where link RF gain and DR are critical parameters, in
addition to low driving voltage, large bandwidth, and low insertion loss [167].
Unlike REAMs whose analog performances are known to be sensitive to the input
optical power and wavelength, a high link RF gain and a wide operation range
can be realized by carefully driving the SOA in the REAM-SOA structure [168].
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Fig. 4.11 The REAM-SOA chip fabricated by the III–V Lab, Alcatel-Thales, and pack-
aged in TU/e

REAM-SOA device fabrication

A photograph of the fabricated and wire-bonded device is shown in Fig. 4.11a. The
REAM-SOA was fabricated in III–V Lab, Alcatel-Thales, France. Fabrication details
and characterization using digital baseband modulation format can be found in
[139]. The device consists of a 400 µm long SOA monolithically integrated with
a 70 µm long REAM. The active structure is composed of AlGaInAs/InP based
multiple-quantum-wells (MQWs) between two InGaAsP separate confinement
heterostructure layers. The contact separation between the REAM and the SOA
was realized by proton implantation resulting in an inter-section resistance of 106

Ω. The SOA gain spectrum maximum was positively detuned from the REAM
absorption edge in order to obtain amplification in the REAM working spectral
range. The gain spectrum shift gives rise to an enhanced performance allowing
larger gain and spectral ranges, and fast modulation dynamics.

The REAM-SOA chip was then mounted on a high frequency submount
and bonded with an RF micro-strip for electrical connection of the REAM (50
Ω impedance-matched). The other side of the RF micro-strip line is connected
to an RF cable using a commercially available V-flange mount connector. The
SOA is bonded and connected with electrical feed-throughs in the package. The
optical connection is realized with a lensed fiber. Fig. 4.11b depicts the packaged
REAM-SOA device. Details about the packaging of the REAM-SOA can be found
in [169].

REAM-SOA static characterization

The static characterics of the REAM-SOA were determined first using an experi-
mental setup shown in Fig. 4.12. The device combines the amplification function
of an SOA and high-speed operation capability of a REAM in a single device. Fig.
4.13 elucidates the insertion loss/gain of the device when the SOA was biased at
120 mA current and input optical power was 0 dBm for different wavelengths and
REAM bias voltages. Lossless operation over a wavelength range of >40 nm was
observed. For wavelengths between 1540 nm and 1560 nm an insertion gain >7.5
dB was measured. A small gain ripple (<2 dB) is caused because of residual cavity
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feedback. However, no significant performance degradation was seen because
of this. Insertion gain in excess of 20 dB is possible for low input optical power
levels as we can see in Fig. 4.13b. The −3-dB bandwidth of the REAM-SOA was
measured to be ~33 GHz at an input optical power of 0 dBm and SOA bias current
of 80 mA.

TL
VOA

ESA

PD

SOA Bias

20 GHz

PC REAM-SOA

REAM bias

Bias-T

Fig. 4.12 Experimental setup for characterizing the REAM-SOA chip

(a) Insertion gain (b) Output vs. input optical power

Fig. 4.13 REAM-SOA insertion gain measurements with respect to wavelength with
increasing REAM reverse bias voltage for input optical signal of wavelength 1530 nm

REAM-SOA link RF gain

The link RF gain, gRF, is a measure of the electro-optic conversion efficiency of a

modulator. It is defined as the ratio of the output RF power, Pout
RF , to the input RF

power, Pin
RF.

gRF =
Pout

RF

Pin
RF

(4.1)
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The term link RF gain is widely adopted in the community although in most
cases an analog fiber-optic link experiences a power loss instead of a gain (a loss
is represented by a negative gain) [167]. The link RF gain is determined by the
modulation efficiency of the transmitter and detection efficiency of the receiver.
The output RF power of an optical modulator depends quadratically on its optical
transfer curve T(V), which is defined as the ratio of the output optical power
Pout to the input optical power Pin, as a function of the applied voltage V. In
practice, T(V) is usually normalized to the maximum transmission bias point.
This point is conveniently chosen to be the zero bias of the REAM in the REAM-
SOA device. The optical loss at zero bias point is referred to as the insertion loss
(IL). Partitioning the REAM-SOA into its modulation and amplification sections,
its optical transmission curve can be expressed as:

T(V) =
Pout
Pin

= G exp(−α(V)ΓL) (4.2)

where G is the optical gain provided by the SOA, α(V) is the voltage depen-
dent REAM material absorption coefficient, Γ is the absorption confinement factor,
and L is the length of the REAM. The normalized optical transmission curve can
be expressed as:

Tnorm(V) =
G exp(−α(V)ΓL)

β
(4.3)

where we defined β = T(0) = 1/IL.
The received photocurrent IR by a photodiode (PD) with responsivity R is

expressed as:

IR(V) = R Pin β Tnorm(V) (4.4)

If the REAM in the REAM-SOA is biased at Vb and the RF input signal is
V(t) = vs sin(ωRF t + φ), where ωRF is the angular frequency of the input RF
signal, Tnorm(V) can be expanded by Taylor series around Vb.

IR(t) = R Pin β
∞

∑
n=0

Tn
norm(Vb)

n!
(V(t)− Vb)

n (4.5)

Taking only the first two terms and ignoring the DC component,

Iout
RF (t) = R Pin β ηslope(Vb) vs sin(ωRF t + φ) (4.6)

where ηslope(Vb) is the normalized slope efficiency at Vb. The normalized slope
efficiency is defined as:

ηslope(V) = T
′
norm(V) =

dTnorm(V)

dV
(4.7)
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Using the simple circuit diagram depicted in Fig. 4.14 the input and output
RF powers can be expressed as:

Pin
RF =

v 2
s

4 RS

Pout
RF = I 2

RF RL

(4.8)

where vs and IRF are the root mean square (RMS) value of the input RF
signal and the received photocurrent, respectively, RS and RL are the source and
load resistances, respectively. In most cases, RS = 50 Ω and is matched with
50 Ω impedance in the modulator and the cable connecting the source with the
modulator.

Optical 
ModulatorVS

RS

RL

Fig. 4.14 A simple ciruit diagram of analog RoF link with circuit elements

Hence, the link RF gain can be expressed as:

gRF = 4 [R Pin β ηslope(Vb)]
2 RS RL (4.9)

Equation (4.9) shows that the link RF gain is proportional to the square of
the slope efficiency of the REAM-SOA. The slope efficiency is determined by
taking the first derivative of the normalized optical transfer curve. Therefore,
we measured the normalized fiber-to-fiber optical transfer curve with respect to
the REAM bias voltage and performed a 7th order polynomial fitting. Fig. 4.15
summarizes the normalized transfer curve and the slope efficiency of the REAM-
SOA for various wavelengths, input powers, and SOA bias currents. Generally,
the slope is the highest at lower input optical powers and SOA bias currents. The
maximum normalized slope was η

max
slope = 1 /Volt (obtained for input wavelength

of 1530 nm).
The link RF gain provided by the REAM-SOA chip was then measured using

a TL source at 1530 nm wavelength and an RF carrier of 20 GHz with a power
of -10 dBm. The link RF gain was evaluated while varying the amount of input
optical signal power to the REAM-SOA. The output optical signal was received
and analyzed using a P-doped Intrinsic N-doped (PIN) PD of responsivity 1 A/W
and an electrical spectrum analyzer (ESA). Fig. 4.16a shows the link RF gain at
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(a) (b)

Fig. 4.15 REAM-SOA measurements: (a) normalized transmission curve at input op-
tical signal power of 0 dBm and SOA bias current of 50 mA; (b) slope efficiency with
respect to wavelength
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Fig. 4.16 REAM-SOA link RF gain measurements for input optical signal of wave-
length 1530 nm: (a) link RF gain at input optical power of 0 dBm, and varying REAM-
SOA bias currents and bias voltages; (b) maximum link RF gain at different input
optical powers and REAM-SOA bias currents

different SOA bias currents and REAM-SOA bias voltages for an input optical
signal of wavelength 1530 nm and power 0 dBm. The gain increased by 3 dB when
the SOA bias current was increased from 50 mA to 100 mA because the SOA gain
increased with increasing bias current (see Fig. 4.16b). In all the cases the gain
was the maximum when the REAM was biased at -1.25 V. At constant SOA bias
current, however, the optical power that reaches the REAM is stabilized because of
the non-linearity of the gain provided by the SOA (when the input optical power
was above -10 dBm). Hence, as shown in Fig. 4.16b, the RF gain stayed within 1
dB from the maximum of -22 dB. This means that strict control and tracking of the
optical input power is not necessary, unlike in REAMs whose performances are
very sensitive to the input optical power due to carrier pile-up and band-filling
effects [170]. This behavior is also visible in the normalized transfer curves shown
in Fig. 4.17a (which overlap with each other when the input optical power was
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above -5 dBm). The SOA gives us an additional parameter, namely, its bias current
to optimize the operation of the REAM-SOA.

(a) Normalized transmission (b) Third-order derivative

Fig. 4.17 REAM-SOA normalized transmission and its third-order derivative for input
optical signal of wavelength 1530 nm and varying power when the REAM-SOA was
biased at 50 mA current
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Fig. 4.18 SFDR and output vs. input RF power at REAM bias voltages of -0.5 V and
-1.25 V for RF input signal of 20 GHz frequency and -10 dBm power

REAM-SOA spurious free dynamic range

One of the important performance parameters for high-speed analog communica-
tion is the spurious-free dynamic range (SFDR) [167]. The SFDR is defined as the
output signal-to-noise ratio (SNR) as the IMD3 starts to emerge above the noise
floor. It is usually assessed by performing a two-tone test where two RF signals of
small frequency offset modulate the optical signal, and their interactions are ana-
lyzed to determine the non-linear distortions to the signals. The most important
distortions are the IMD3 signals due to their proximity to the fundamental signals.
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Referring to (4.5), the output photocurrent is expressed by the Taylor series
expansion around the REAM bias voltage Vb as:

IR(t) = R Pin β {Tnorm(Vb) +
∞

∑
n=1

Tn
norm(Vb)

n!
(V(t)− Vb)

n} (4.10)

where V(t) is the voltage applied to the REAM.
V(ω) = Vb + vs sin(ω1 t + φ1) + vs sin(ω2 t + φ2) is applied to the REAM

to determine the SFDR. Taking only the third order components to determine the
IMD3 signals we get

IMD32 f1− f2
= RPinβ v3

s
T(3)

norm(Vb)

24
sin[(2ω1 − ω2) + (2φ1 − φ2)] (4.11)

We can see from (4.11) that the IMD3 can be minimized and a high SFDR
can be achieved if the REAM-SOA is biased at the null point of the third-order
derivative of the transfer curve [167]. Fig. 4.17b plots the third-order derivatives of
the measured normalized transfer curves (shown in Fig. 4.17a) of the REAM-SOA
at different input optical powers. The third-order null points of the REAM-SOA
are almost independent of input optical power when the input power was above
-6 dBm. The SFDR of the REAM-SOA was measured using the setup shown in Fig.
4.12. Two RF tones with frequency spacing of 100 MHz (at 10 GHz) and power of
-10 dBm were used as the input RF signals. Fig. 4.18a presents the SFDR of the
REAM-SOA under two REAM bias conditions, -1.25 V and -0.5 V, corresponding
to the maximum link RF gain and the zero of the third-order derivative of the
transfer curve, respectively. By biasing the REAM at -0.5 V instead of -1.25 V a
15 dB improvement in the SFDR (from 88 dB.Hz2/3 to 103 dB.Hz4/5) could be
obtained, with about 4 dB reduction in the link RF gain. Additionally, a fifth-
order dependence on the input RF power can be seen in the IMD3 distortion at
this biasing condition [171]. Increasing the SOA bias current also improved the
dynamic range as shown in Fig. 4.16a. Hence, higher SFDR can be obtained by
increasing the bias current of the SOA. For safety reasons, the maximum bias
current allowed for the SOA in the REAM-SOA investigated here was 120 mA.

RF saturation phenomena are anticipated due to the nonlinear characteristic
of the transfer curve of the REAM-SOA. Fig. 4.18b depicts the output RF power
versus the input RF power under different REAM-SOA input optical powers. The
1-dB compression point was found to be -1 dBm.

4.2 System Experiment

A data transmission experiment was carried out using the proof-of-concept setup
shown in Fig. 4.19. For downstream optical-wireless communication, at the RG,
an optical carrier of wavelength 1540 nm from a TL source was modulated by
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a 10 GHz wide rate-adaptive discrete-multi-tone (DMT) data from an arbitrary
waveform generator (AWG) using a MZM modulator. The peak-to-peak voltage
of the DMT signal was 1 V, whereas the number of subcarriers employed was
256. Rate-adaptive DMT modulation was preferred in the experiment in order
to maximize the transmission rate at an average bit-error-rate (BER) value of
<1×10-3 by implementing higher order modulation formats for subcarriers with
high SNR values and lower order modulation formats for subcarriers with lower
SNR values [172]. The OXC chip described in section 4.1.2 is used for dynamic
routing. The downstream wavelength was chosen taking the output spectra of the
OXC chip into consideration (see Fig. 4.7). The OXC chip was controlled to achieve
the desired switching of the downstream optical-wireless signal to the intended
output port by activating the SOA-gate to this port. The signal was then launched
into a 1 km single-mode optical fiber. The EDFA implemented at the output port of
the OXC chip compensated the total transmission losses including the 16 dB loss by
the OXC chip at the RG and the 6 dB loss in the wireless link (the 2D gratings at the
PRA and all coupling and alignment optics involved). The 2D grating steered the
optical-wireless signal to a PIN+trans-impedance amplifier (TIA) photoreceiver
located at a free-space distance of 2.5 m. Although the experiment was performed
for a free-space distance of 2.5 m, the performance variation is negligible within a
typical indoor scenario (room size <10 m) since collimated narrow beams (beam
waist about 3.3 mm) were implemented for the communication. Losses may
become significant for non-LOS transmission, and for outdoor applications during
adverse atmospheric conditions.

In the upstream, an optical carrier of 1529 nm wavelength sent from a DFB
laser source at the RG and reflected by an FBG, with central wavelength of 1530
nm and bandwidth of 5 nm, at the PRA was modulated by the radio signals
using a REAM-SOA chip and sent back to the RG. Because the REAM-SOA has
a bandwidth of 33 GHz, SCM was implemented to combine several 7 GHz-wide
bands into the REAM-SOA’s bandwidth, which was done by down-converting
the 60-GHz RF bands separately using local oscillators and mixers. As a proof-
of-concept, at the PRA an AWG was used to generate two radio data signals (of
bandwidth 6 GHz) with DMT modulation. One of the radio data signals was
up-converted to 13 GHz and combined with the other radio data signal to form a
subcarrier multiplexed radio signal (see the inset of Fig. 4.19). Using the REAM-
SOA, the multiplexed signal then modulated the optical carrier sent from the RG.
The input optical power to the REAM-SOA was fixed at -5 dBm, for optimum
operation.

4.3 Experimental Results

We first determined the optimum operation conditions for the OXC chip. To
minimize the losses incurred, the booster SOA in the OXC chip was biased at 100
mA while any gating SOA would be biased at 40 mA when it had to be activated
to achieve the desired switching. Under this condition, the optimum optical input
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power to the OXC chip was measured to be 0 dBm (see Fig. 4.20). This was
because higher ASE noise for lower input optical powers and SOA gain saturation
for higher input powers limit the DR of the OXC chip. The achievable data
rates for the optical-wireless link are illustrated in Fig. 4.21a with respect to the
received optical powers for an average BER <1×10-3. This BER value is chosen to
assess the performance because it can be reduced to <1×10-12 using hard-decision
forward-error-correction (FEC) with a 7% redundancy. Advanced modulation
formats such as DMT are typically implemented with FEC to reduce the higher
BER values that arise because of the proximity of the symbols to each other. The
OXC chip introduced a 3 dB penalty at a data rate of 34 Gb/s. The optical fiber
and free-space links resulted in a reduction by <1 Gb/s in the achievable data
rate (or, correspondingly, a 2 dB power penalty) partly due to the noise from the
optical components in the path and partly due to imperfections from the free-space
optics. Switching to a different output port of the OXC chip (corresponding to
a different PRA) introduced negligible difference on the achievable data rate as
shown in Fig. 4.21b. The switching speed was measured to be approximately
10 ns [152]. The switching speed is mainly limited by the speed of the electronic
driving circuit for the gating SOAs. The SNR, bit-loading profile and BER per
subcarrier for the received downstream signal is depicted in Fig. 4.22. While upto
32-quadrature amplitude modulation (QAM) was implemented as the modulation
format for those subcarrier frequencies that are below 2.5 GHz, the modulation
level gradually decreased to OOK for those subcarriers near the edge of the channel
bandwidth (which is 10 GHz), where the SNR was measured to be the lowest.
Although the BER per subcarrier curve in Fig. 4.22 shows BER values of >1×10-3

for the subcarriers with lower SNRs, the overall average BER of all the subcarriers
was below 1×10-3.
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Fig. 4.20 OXC chip Optimum input power measurement (the received optical power
was kept at 0 dBm)

In the experiment, a collimated beam with a diameter of approximately 3.3
mm was implemented. The collimator’s FoV is <0.0340°, thus requiring careful
alignment at the receiving end using an automated beam alignment system as
described in section 4.1.1. This resulted in a maximum received power of +4
dBm at the user terminal when an optical signal of power +10 dBm (which is the
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Fig. 4.21 Downstream achievable data rates using DMT modulation (Note that the
bandwidth of the optical-wireless signal was 10 GHz)

ANSI-Z136 recommended transmitted power limit for eye-safe infrared wireless
transmission of wavelength above 1400 nm) is transmitted. In practical deploy-
ments of such a system, where user alignment is not perfect, receivers with a larger
FoV are necessary, together with accurate user localization, to significantly reduce
the optical losses that arise from imperfections in beam alignment. Moreover, an
SOA-pre-amplified receiver or an avalanche photodiode (APD) receiver can be
implemented to tackle excess power losses.

Aggregated transmission capacity of 35 Gb/s was achieved for the SCM
upstream radio signals at an average BER of 7.2×10-4. The achievable data rate for
the radio signal at the baseband was 17 Gb/s while the radio signal at 13 GHz
frequency achieved a transmission rate of 18 Gb/s. The slight difference in the
performance was due to the bias-T included for biasing the REAM-SOA modulator
which resulted in some subcarriers near the DC in the DMT data of the radio signal
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Fig. 4.22 SNR, bit-loading profile and BER per subcarrier for the downstream optical-
wireless communication

at the baseband to be turned off by the bit-loading algorithm as illustrated in the
SNR, bit-loading profile and BER per subcarrier plot in Fig. 4.23a. Upto 32-QAM
was implemented for subcarrier modulation, as shown in Fig. 4.23b.

4.4 Chapter Conclusion

A concept of an indoor wireless network employing a low-power fast-switching
optical chip that combines optical and 60-GHz radio wireless techniques was
demonstrated in this chapter. The network provides dynamic and high capacity
wireless links for individual users. A 2D optical beam steering module is employed
by orthogonally cascading two diffraction gratings. The steering is remotely con-
trolled by wavelength-tuning of the signal. The steering module achieved angular
coverage of 5.6°×12.2°. Narrow beams (beam waist ~3.3 mm) were implemented
in the wireless channel which result in power savings compared to wide beam
based wireless communications since the signal is directed only to the intended
user (not broadcasted to the whole room). >35 Gb/s bidirectional transmission
rates were achieved using the proposed system.

One continuous wave (CW) laser source is used at the RG to remotely feed
the PRAs for upstream SCM-RoF communication using a REAM-SOA, hence
making the PRAs simpler. The REAM-SOA combines high-speed capabilities of
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(a) SNR, bit-loading profile and BER of the upstream radio signals

(b) 16-QAM and 32-QAM constellations

Fig. 4.23 Upstream performance using DMT modulation (Note that the bandwidth of
the radio signals was 6 GHz)

a REAM with the amplification functions of an SOA in a single device. Unlike
REAMs, analog performance of the REAM-SOA stays largely unaffected by input
optical signal power and wavelength variations as the SOA also acts as input
power stabilizer for the REAM. This alleviates the need for accurate control of
the input signal, especially at RAPs, where simplicity and cost-efficiency are
critical requirements. Moreover, the bias current of the SOA in the REAM-SOA
acts as an additional parameter to optimize the linearity and link RF gain of the
REAM-SOA-based link.



CHAPTER 5

DYNAMIC ULTRAHIGH-CAPACITY
ALL-OPTICAL WIRELESS

COMMUNICATION

IOWC brings the huge unlicensed bandwidth of optical communication into
the wireless arena to allow ultrahigh data rates, enhanced security, and immu-
nity to electromagnetic interference. The directive nature of the communication
(when steered narrow beams are used) also eliminates interference among users.
However, the majority of the research in this technique involves improving the
downstream in terms of capacity and coverage. The upstream is usually realized
with radio techniques, or optically using LEDs or lasers. The inherent bandwidth
limitation and broad beam profile of LEDs necessitate a compromise on the link
budget and data rate, whereas a laser based communication system requires an
additional beam steering mechanism for the upstream at the user terminals which
complicates the transceiver hardware. In Chapter 4, a steered dynamic IOWC sys-
tem in which the upstream was realized using 60-GHz radio is discussed. While
up to 40 Gb/s per user has been realized in the downstream, the upstream was
limited to 20 Gb/s, due to the 7-GHz unlicensed bandwidth limit of the 60-GHz
signals, resulting in asymmetric communication. In addition, radio beam steering
using phased-array-antennas, and the down-conversion and multiplexing of 60-
GHz signals lead to more complicated transceiver hardware at the radio access
points and user terminals, whereas simplicity and cost/energy-efficiency are of
paramount importance.

In this chapter, a symmetric dynamic bidirectional IOWC system is demon-
strated using the crossed-gratings and OXC chip that were implemented in Chap-
ter 4. The reversibility principle of optics is exploited to provide bidirectional
optical-wireless paths: hence, no additional beam steering will be necessary for
the upstream. Two configurations are demonstrated: half-duplex and full-duplex
configurations. In both configurations, a wavelength reuse approach, with cen-
tralized light sources, is employed using a REAM-SOA at the user terminal. In
the half-duplex case the REAM-SOA is used as a transmitter and a receiver at the
user terminal (no additional receiver will be needed), whereas in the full-duplex
case, it is used as an optical carrier recovery module as well as a reflective trans-
mitter, and the receiver in the user terminal is a separate unit. This makes both
solutions simple and cost-efficient, while also providing high-capacity symmetric
communication.
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5.1 Network Architecture

The network architecture for the proposed in-building bidirectional optical-wireless
communication system is similar with the one reported in Chapter 4, with the
exception that no radio-wireless communication component is present in the RG,
at the PRAs, and at the user terminals. The network architecture is depicted in
Fig. 5.1 (for a half-duplex configuration). Each PRA only consists of the passive
2D-gratings based beam steering device, while the users are made of REAM-SOAs
and, in the full duplex case, PIN+TIA photoreceivers. The RG is equipped with
tunable transceivers for the beam steering per room. Multiple upstream trans-
missions can be separated at the RG by using an OXC similar to the one used
for the downstream. Alternatively, optical power splitters and tunable filters
may be employed to separate the upstream transmissions. Amplification can be
provided at the RG to circumvent the reduction in the link loss-budget because of
the splitting. The beam-steering mechanism is explained in Chapter 3 and studied
in details in [89].

The OXC allows us to share the TLs dynamically among multiple users at the
same time (by implementing time-slotting) for improved cost-efficiency as demon-
strated in [116]. However, sharing between two users needs frequent re-tuning
of the wavelength which reduces the net available time for data transmission.
Sharing of a TL between downstream and upstream transmitters of the same user
in a half-duplex manner, by implementing time-slotting between the downstream
and the upstream transmissions, gives a better compromise between performance
and cost. The proposed half-duplex approach reduces the number of TLs by half;
the time-slotting may reduce it by a higher number making economies better,
however the net data rate per user will be greatly reduced. Fig. 5.1 demonstrates
this half-duplex system. The TL does not need to be tuned once the connection is
established. This technique also alleviates the additional steering hardware for
the upstream (which would complicate the user hardware) due to the reversibil-
ity principle of optics whereby light at the same wavelength follows the same
path that it traversed when the beam is reversed. The REAM-SOA implemented
at the user terminal facilitates this technique because it works in transmit and
receive modes [139]. When the REAM-SOA is in receiving mode, the signal is
pre-amplified by the SOA and then detected by the REAM. The REAM-SOA allows
improved receiver sensitivity as well as higher transmission power for the user.

In the full-duplex optical carrier reuse configuration, the downstream optical
carriers are reused at the user device for upstream communications after data
erasure using an optical carrier recovery mechanism. This concept eases chan-
nel management since the same wavelength is used for both the upstream and
downstream, while supporting full-duplex symmetric communication. As in the
half-duplex configuration, the receiver module at the user terminal does not need
an additional beam-steering device. Because of its simplicity, an SOA operating
in its saturation region is a good candidate to erase the downstream data as dis-
cussed in section 5.3.2 [173]. The recovered optical carrier is then modulated by
the upstream data using the REAM-SOA. The use of the REAM-SOA allows us to
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implement a colorless transmitter at the user terminal. This method enables mass
production of identical, and therefore potentially low-cost receivers.

In the following, the optical beam characterization, and different optical carrier
reuse techniques, corresponding to the half-duplex and full-duplex cases, are
discussed in detail. Finally, experimental demonstration of the two configurations
is carried out.

5.2 Free-Space Optical Beam
Characterization

On each wireless link, the proposed IOWC system involves a laser source, a single-
mode optical fiber cable (to transport the beam to the PRA), and a triplet lens
collimator (to collimate the beam from the feeder fiber) before the light beam hits
the crossed-gratings for steering to the appropriate direction. The electric-field
of the beam can be characterized by a Gaussian distribution, which is given as
[174, 175]:

E(r, z) =
ϖ0

ϖ
exp

(
−j(kz − Φ)− r2(

1
ϖ2 +

jk
2R

)

)
(5.1)

where E is the field component, Φ = arctan
(
λz/πϖ2

0
)

is known as the Guoy
phase shift, r and z are the transverse and axial coordinates, respectively, ϖ is the
beam radius, and ϖ0 is the smallest radius of the beam, where the intensity has
fallen to 1/e2 of the peak.

The evolution of the beam waist in the axial direction is shown in Fig. 5.2. Due
to diffraction of lightwaves it is impossible to have a perfectly collimated beam.
Hence, the beam radius increases with increasing value of the axial coordinate z
from its value at z = 0, and can be given as:

ϖ0

zR

ϖ(z)

z

ϖ

θ

Fig. 5.2 Transverse intensity profile of a Gaussian beam
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Fig. 5.3 Transverse intensity profile of a Gaussian beam

ϖ(z) = ϖ0

√√√√1 +

(
z

zR

)2

(5.2)

where zR, known as the Rayleigh range, is where the beam waist has increased
by a factor of

√
2, and is calculated by:

zR =
πϖ2

0
λ

(5.3)

At far field (z >> zR), the half-divergence angle can be calculated as:

θ =

√
λ

πzR
=

λ

πϖ0
(5.4)

Fig. 5.3 shows the Gaussian beam profile in the transverse coordinates. The
intensity of laser beams is concentrated near the axis of propagation with slightly
curved phase fronts [174, 175]. The radius of curvature of the beam is given by:

R(z) = z

1 +

(
zR
z

)2
 (5.5)

In this dissertation, to collimate the optical output beam from a laser diode,
via a SMF cable, triplet lens collimators are employed. The focal length of these
collimators is f = 18.4 mm at 1550 nm wavelength, resulting in an optical beam
of ~3.3 mm waist (using (5.2) and noting that the MFD of the SMF, which is
approximately equal to 10.5 µm, is the smallest diameter of the beam). Using (5.4),
the half-divergence angle can be calculated to be θ = 0.017°, hence indicating that
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the beam stays fairly collimated for a sufficiently long distance. This narrow beam
allows communication without interference with neighboring channels as well
as increasing the capacity and reach of the link. The maximum full-field-of-view
(FFoV) of the collimating lenses is 0.034° at 1/e2. The FFoV can be calculated from:

FFoV =
MFD

f
× 180

π
[deg] (5.6)

where MFD is the mode field diameter of the optical fiber used. For example,
the MFD of a SMF-28e+ is 10.5 ± 0.5 µm at 1550 nm wavelength and 9.2 ± 0.4 µm
at 1310 nm wavelength [176].

5.3 Optical Carrier Reuse

Because 2D gratings are used as beam steering modules at the PRAs in the pro-
posed system, the steering is wavelength-based. Hence, tunable transmitters
will be needed both for the downstream and the upstream to support bidirec-
tionality and mobility. This will increase the cost and complexity of the system,
especially at the user terminal where cost-efficiency is a critical requirement. Re-
motely controlled wavelength-agnostic reflective transmitters, with centralized
CW light sources, are attractive as a reliable low-cost/consumption solution for
short-reach networks such as indoor environments. Even more cost-efficient color-
less transmitters can be realized by reusing the downstream optical carriers for the
upstream communication. Since the remote nodes do not have lasers, they do not
need wavelength control systems. In addition, the same remote node equipment
can be applied to any wavelength channel. In the wireless channel, because of
the reversibility of light paths (see Fig. 5.4), no additional beam steering will
be needed, which further simplifies the system. This loop-back architecture is
facilitated by using a REAM-SOA, with collimating optics, as a transmitter at the
user device. This also allows mass deployment. As demonstrated in Chapter 4, the
upstream wireless communication may be realized by deploying radio techniques,
or by using omnidirectional broadband optical sources (for all-optical bidirectional
communication). However, the communication will be highly asymmetric and the
link power budget will be poor.

5.3.1 Optical Carrier Reuse Techniques

The straightforward way of reusing an optical carrier is by implementing different
modulation formats for the downstream and upstream communications. By
reserving ASK modulation to the upstream and using either the phase or the
frequency for the downstream communication [177–179], the optical carrier can
effectively be reused without a significant penalty [180]]. The envelope of the
received optical signal at the user terminals (or remote nodes) is constant when
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phase or frequency modulation is implemented for the downstream modulation.
This makes the optical carrier suitable for reuse by modulating the envelope and
receiving it with a DD photo-receiver. However, this approach requires more
complicated hardware at the user terminals to demodulate the phase-shift-keying
(PSK)/frequency-shift-keying (FSK) modulation for downstream reception.

Another way that can be implemented for optical carrier reuse is by using the
SCM technique for upstream and downstream transmissions, where the optical
carrier is first modulated with a sinusoidal tone to generate subcarriers and the
upstream and downstream are allocated different subcarriers [181]. In this case
the upstream is transmitted as a wavelength slightly shifted from that of the
downstream, hence it is not exactly a wavelength reuse approach. However, it is
difficult to provide a large capacity for both up- and downstream transmissions
with this method. More importantly, since the 2D gratings module provides a
bandwidth of 10 GHz to each user, it is not possible to implement this approach in
the proposed system.
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Yet another way to realize optical carrier reuse is using different time-slots for
the downstream and upstream transmissions in a half-duplex manner [182, 183].
With this method, in the downstream, the optical signal contains downstream data
packets in some time-slots and unmodulated optical packets for the upstream in
different time-slots as shown in Fig. 5.5. The unmodulated packets are then modu-
lated at the user terminal and sent back to the RG. A medium-access-control (MAC)
mechanism is needed to synchronize the upstream and downstream transmissions.
Employing dynamic time-slotting assignments just like dynamic bandwidth allo-
cation (DBA) schemes in passive optical networks (PONs) [184, 185], the available
capacity can be allocated to the downstream and upstream dynamically, resulting
in symmetric or asymmetric transmissions according to the need. This time-slotted
downstream/upstream communication allows a good compromise between cost
and performance.

Particularly, in the BROWSE system where TLs are needed for both the up-
stream and downstream communications, the time-slotting approach reduces the
overall TL laser requirement by half. This time-slotting approach can also be used
to share one TL between multiple downstream/upstream transmissions (so the
number of TLs is reduced further) for greater cost-efficiency, though with reduced
transmission capacity per individual user [116, 137]. With a suitable MAC and
reflective transmitter at the user terminal, a very simple user transceiver hardware
can be realized. The REAM-SOA implemented at the user terminal facilitates this
technique because it works in transmit and receive modes. When the REAM-SOA
is in receiving mode, the signal is pre-amplified by the SOA and then detected by
the REAM. When it is in transmitting mode (at a different time-slot), the optical
carrier sent from the RG is amplified by the SOA, modulated by the upstream data,
reflected by the REAM, and amplified again by the SOA before transmission to
the PRA. The REAM-SOA allows improved receiver sensitivity as well as higher
transmission power for the user. The BROWSE system architecture employing this
technique is illustrated in Fig. 5.1, and the full-duplex approach will be discussed
further in section 5.3.2.

5.3.2 Optical Carrier Recovery

Indoor networks typically require simple, low cost, yet high performance and
reliable systems. Oftentimes, ASK modulation-DD transceiver designs are pre-
ferred. To reuse the ASK modulated downstream optical carriers for upstream
transmissions, a half-duplex system can be implemented as shown in Fig. 5.1.
However, this system reduces the net transmission rate by half in both directions.
To use the full capacity of the links, a full-duplex system is essential. This can
be realized by implementing an optical carrier recovery mechanism at the user
terminals to erase the downstream modulation and reuse the optical carriers. For
a simple ASK/ASK configuration for downstream and upstream communications,
reduced downstream ER allows for a complete recovery of the optical carrier
for reuse in the upstream. However, this comes with a penalty with regard to
simplicity and signal power for the downstream. The penalty for the reception of
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the downstream ASK signal with ER ERDS to obtain the same BER as that with
infinite ER can be calculated as:

Penalty = 10 log 10

ERDS + 1
ERDS − 1

[dB] (5.7)

Compromises may have to be made in the ER, bit-rate, receive optical power
etc. of the downstream signal in order to obtain a good recovery of the optical
carrier. Various optical carrier recovery techniques have been investigated in the
literature, which can be broadly categorized in three techniques; using a saturated
SOA, feed-forward current injection (FFCI) technique, and using a resonator circuit.
These techniques are discussed below.

Optical Carrier Recovery using a saturated SOA

The simplest method for erasing the downstream pattern before remodulation is
to exploit the gain saturation effect in an SOA [173, 186]. The compression of the
modulation is caused by the higher gain that the space bits experience over the
marks when the SOA is operated in its nonlinear region. However, high input
optical power levels are required to saturate the SOA. Hence, the optical carrier
recovery module is also composed of a linear optical amplifier (preferably linear
SOA) in addition to the nonlinear SOA as shown in Fig. 5.6. The downstream
signal is amplified with the linear amplifier before it is input to the SOA. As shown
from the input–output characteristic of the SOA in Fig. 5.7, the output power
saturates as the input power increases. The linear amplifier is used so that the
input optical power to the next SOA is in the SOA’s saturation region. This way
the difference between the mark and space levels is considerably reduced making
the resulting optical carrier suitable for intensity remodulation.

Linear
optical amplifier

Nonlinear SOA

Fig. 5.6 Optical carrier recovery using a saturated SOA

To analyze ASK modulation extinction by an SOA, the SOA can be assumed
to operate under pulsed conditions, in which it becomes nonlinear due to carrier
density depletion because of high input optical powers that drive the SOA into
saturation [187]. We define the retarded time τ, which is measured in a reference
frame moving with the pulse sequence input into the SOA, with the following
equation:

τ = t − z
vg

(5.8)
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Fig. 5.7 Saturation region of an SOA and its application in optical modulation erasure

Here, z and vg represent the longitudinal position inside the SOA and the
group velocity of the light-wave, respectively.

The SOA integrated gain h(τ) is defined as [187]:

h(τ) =
∫ L

0
g(z, τ)dz (5.9)

where g and L are the differential gain and SOA length, respectively. Then,
the gain dependence on the retarded time τ can be expressed with the following
differential equation [187]:

dh(τ)
dτ

=
g0L − h(τ)

τc
− Pin(τ)

τcPS
(eh(τ) − 1) (5.10)

Here, g0, τc, Pin(τ), and PS show the unsaturated differential gain, the SOA
relaxation time, the input pulse power as a function of the retarded time, and
the SOA saturation power, respectively. We can obtain h(τ) for a given input
pulse Pin(τ) by numerically solving (5.10). The SOA output power Pout(τ) can be
obtained with the following equation.

Pout(τ) = Pin(τ)eh(τ) (5.11)

When a high power ASK modulated signal is present at the input, the differ-
ence between the mark and space levels is reduced significantly at the output as
illustrated in Fig. 5.7. As it can be seen from (5.10), the SOA provides higher gain
(i.e., higher h(τ)) for the space levels than the mark levels since Pin(τ) is lower for
space levels than mark levels. The output ER also depends on the bit rate of the
input signal. This is because changing the bit rate also changes the ratio between
the relaxation time (τc) and the bit period of the input signal. When the bit period
is smaller than the relaxation time, the SOA gain cannot recover fast enough to
respond to the changes in the input optical power. Hence, it follows from (5.10)
and (5.11) that decreasing the ER and the bit-rate, and increasing the power of
the input optical pulse as well as increasing the length of the SOA result in a
significantly reduced ER for the output optical signal. The ER of the photo-current
of the output optical signal can be given as [173].
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Fig. 5.8 Optical carrier recovery using FFCI approach

ERout = 2
ϵ − 1
ϵ + 1

Iav (5.12)

where ϵ is the unsuppressed bit pattern and Iav is the average photo-current.

Optical Carrier Recovery using FFCI

The second approach involves active and synchronized modulation of the bias
current of the SOA so that it matches that of the ASK modulated input optical
signal, but with 180° phase shift. This can be achieved by adding the inverse of
the received downstream photo-current to the SOA bias current Idc as shown in
Fig. 5.8. This approach is known as FFCI technique [188, 189].

This technique requires that the input optical signal and the inverted bias
current signal are synchronized with respect to each other. The modulation of
the optical carrier is erased because as the input optical pulse level rises, the
bias current pulse moves toward its minimum and vice versa. This results in
modulation of the carrier population in accordance with the input optical power
and bias current levels in such a way that mark levels will be amplified with a
lower optical gain, and space levels with a higher optical gain. This reduces the
ER of the output optical signal making it suitable for remodulation. Compared to
the first approach, saturation operation of the SOA is not needed, hence removing
the high input optical power requirement at the user terminal. The SOA operates
in its linear region where the output optical power, Pout follows the input optical
power, Pin linearly via a linear gain-bias current (Idc) relation, and the inverted
downstream photo-current iinv(t)) relation as:

Pout(t) = Pin(t)
[

G(Idc) +
dG
dI

iinv(t)
]

(5.13)

The input optical signal is characterized by its ER, ERDS, average power, P
and bit-pattern, pDS(t) [190].
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Pin(t) = PDS(t) =
2P

1 + ERDS

[
1 + (ERDS − 1)pDS(t)

]
(5.14)

The inverted photo-current iinv(t) can be given as [190]:

iinv(t) = I f f (he/o ∗ pDS)(t) (5.15)

where I f f is the magnitude of the inverted photo-current, he/o the impulse
response of the subsequent optical modulator used. Substituting (5.14) and (5.15)
in (5.13):

Pout(t) = G(Idc)
2P

1 + ERDS

×
[
1 + (ERDS − 1)

(
pDS(t) + (he/o ∗ pDS)(t)

)] (5.16)

Equation (5.16) demonstrates that, in theory, the output power from the FFCI
optical carrier recovery module is constant, making it suitable for reuse. In reality
the SOA gain recovery time, and imperfect synchronization between the input
optical signal and the bias current, will result in a large residual amplitude mod-
ulation on the optical carrier. The synchronization required also makes the user
terminal more complicated. Hence, the FFCI technique is usually not preferred to
realize optical carrier recovery at the user terminals.

Optical Carrier Recovery using Periodic Filtering

An ASK modulated optical signal can also be erased of its data by using resonators
such as Fabry–Pérot filter (FPF) and ring resonators tuned at the carrier wave-
length [190, 191]. The principle relies on the optical memory effect of the resonator,
which in the time domain translates to light addition of the signal, filling the
spaces in the incident bit stream. This way the envelope of the signal is recovered,
while the narrow filter bandwidth recovers the optical carrier by suppressing the
downstream data harmonics. Moreover, the periodic transfer function allows col-
orless operation, though the narrow-bandwidth filter needs to be very accurately
tuned to the downstream optical carrier. Fig. 5.9 shows such an approach using
a FPF resonator. The output field Eout is the sum of the input field Ein and all its
delayed replicas because of the cavity effect. Taking the reflectivity R of the FPF
facets in to consideration, Eout can be calculated from Ein as:

Eout(t) = (1 − R)
∞

∑
j=0

Ein(t − jTrtt)Rj (5.17)

where the round-trip-time, Trtt of the FPF cavity is the delay between two
consecutive field components. The decay time τ for the light inside the cavity is
given by [190]:
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FP resonator
from the RG to upstream 

modulator

Fig. 5.9 Optical carrier recovery using a FP resonator (Note that other optical res-
onators such as ring resonators can also be implemented)

τ =
1

2π δ f
=

nLF
πc

(5.18)

where δ f is the bandwidth of the filter, F is the filter finesse, n is the refractive
index of the medium, L is the cavity length and c is the speed of light in vacuum.
The output power Pout depends on the exponential decay and the ER of the input
optical signal. A large number of consecutive space bits that appear at a certain
time t0 and last for a time span δt might empty the FPF if δt is sufficiently long.
The residual power (amount of power remaining) is determined by the maximum
output power Pmax at the FPF output and the ER of the input optical signal ERDS
[190].

Pout(t0 + δt) = ∆P exp(−δt/τ) +
Pmax
ERDS

(5.19)

where ∆P represents the fluctuation in the output optical power because of
the exponential decay in the cavity. When the FPF is filled with equally distributed
mark and space bits [190],

∆P = Average power − Residual power

= PinTmax −
Pmax
ERDS

(5.20)

Pmax = 2Pin

ERDS
ERDS + 1

Tmax (5.21)

where Tmax is the maximum transmission of the FPF output facet, which is
defined by the facet reflectivities.

Consecutive mark bits in the FPF cavity will result in a maximum output
optical power. The worst case residual ER of the output optical signal ERout
can be calculated from the two cases: when consecutive mark bits filled the FPF
and when consecutive space bits filled the FPF cavity. For a pseudo-random bit
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Fig. 5.11 Optical carrier recovery and remodulation using injection locked FP laser

sequence (PRBS) order of n and bit-rate Rb, the worst case is when n consecutive
mark/space bits fill the cavity. The output ER is then given as [190]:

ERout = ERDS
1 − 1

2ERDS
(ERDS − 1) exp(−zπc/nLFRb)

1 + 1
2 (ERDS − 1) exp(−zπc/nLFRb)

(5.22)

Hence, to recover the optical carrier, a FPF with high finesse is required to
suppress the ASK modulation. Lower PRBS orders also result in better optical
carrier recovery since the number of identical consecutive space/mark bits is
reduced.

Optical Carrier Recovery using FP-lasers

The above analysis is based on optical carrier recovery using passive FPF. An
active FP structure providing a gain medium in the cavity, hence named, a FP-laser,
can also be deployed. In this case, the incoming optical signal is injected to the
FP-laser to lock one of the free-running modes of the FP-laser, as shown in Fig.
5.10, which can be tuned by changing the temperature or bias current. A FP-laser
is a light source with a FP cavity, resulting in multiple longitudinal lasing modes
as depicted in Fig. 5.12a. Because of the multiple modes, a FP laser suffers from
mode partition noise, mode hopping, and sensitivity to spurious feedbacks [192].
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(a) Free-running

(b) Injection-locked

Fig. 5.12 Output spectrum of a free-running and injection-locked FP laser diode

Injection locking is the intra-cavity interaction of an external radiation with the
lasing field, which results in a reduced relative intensity noise (RIN),lower mode
partition noise and suppression of mode hopping [193, 194] as well as reduced
sensitivity to unwanted feedbacks [195]. Injection locking forces the FP-laser to
be locked to only one longitudinal mode, determined by the locking wavelength
and power, known as the locking range [192]. When an optical signal within the
locking range is present at the input, the FP-laser acts as a single mode source
as shown in Fig. 5.12b. When the locking signal is ASK modulated, its ER will
be reduced after the FP-laser, making it suitable for subsequent remodulation.
However, as in the passive FP resonators, the ER of the input signal should be
limited in order to obtain good carrier recovery performance [196]. Similar to
passive resonators, a FP-laser based optical carrier recovery relies on the memory
effect, in which the presence of the mark and space levels in the cavity results in
light addition during spaces in the incident bit stream.

The analysis of FP-lasers is similar to that of passive FPFs; the difference is the
presence of the gain medium in FP-lasers. For details on how a FP-laser works the
readers are referred to [197]. By far, the most popular implementation of FP-lasers
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is as reflective transmitters with injection locking in PONs with centralized light
sources, especially at remote sites [198–200]. They are also deployed for optical
carrier recovery and subsequent remodulation, resulting in a cost-efficient solution
a shown in Fig. 5.11 [196, 201–203]. However, the data rates are mostly limited
to 2.5 Gb/s, and rarely 10 Gb/s. The low ER requirement for the downstream
(for better optical carrier recovery) degrades the performance and reduces the
achievable downstream transmission rate. Moreover, since injection-locking is
characterized by a locking range [192], tuning of the FP-laser using temperature or
bias current might be required which must be incorporated in the overall network
control and management. These factors make FP-lasers unsuitable at the user
terminal for the proposed high-capacity wireless communication system.

Optical Carrier Recovery in BROWSE

In the symmetric full-duplex operation of the proposed system, we implemented
a saturated SOA to erase the downstream ASK modulation from the downstream
optical carrier. A REAM-SOA is then used to remodulate the resulting optical
carrier by the upstream data. A REAM-SOA has great potential as a wavelength-
agnostic, low-loss and high-speed transmitter for indoor applications. The linear
SOA necessary to amplify the downstream signal to reach the saturation region of
the nonlinear SOA is not needed since the total optical loss in the wireless channel
is approximately 6 dB when the user terminal is properly aligned with the optical
beam. Hence, taking into consideration the eye-safety limits for infrared light of
10 dBm [124], a maximum optical power of upto +4 dBm can be available at the
user terminal. Moreover, the amount of the required optical input power may be
relaxed by employing highly nonlinear SOAs that saturate at lower input power
levels. The BROWSE network architecture employing full-duplex symmetric
optical-wireless communication system is depicted in Fig. 5.13.

5.4 Experimental Setup

To evaluate the proposed bidirectional all-optical-wireless systems we developed
two experimental setups; one for the half-duplex optical carrier reuse and another
for full-duplex transmission using a saturated SOA based optical carrier recovery
mechanism at the user terminal. The two setups are explained below.

5.4.1 Half-Duplex All-Optical-Wireless
Experimental Setup

Fig. 5.14 shows the half-duplex experimental testbed including the routing of
infrared pencil beams in the downstream and upstream paths. For this exper-
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iment we assumed that the user was reached with 1550.2 nm wavelength. In
practical scenarios, the wavelength required is determined by the CCC after user
localization.

In the downstream, the 1550.2 nm CW light was modulated by the wireless
data using an optical intensity modulator and routed to the 2D gratings at the PRA
by using the 4×4 SOA-based OXC chip that was implemented in Chapter 4 [152].
The OXC chip was configured to switch the input signal to output port 1 by acti-
vating the gating SOA to this port using a field-programmable gate array (FPGA).
The experiment was performed using OOK as well as DMT modulation formats,
which were generated by an AWG at a sample rate of 20 GSa/s, corresponding
to 10 Gb/s for the OOK and 10 GHz signal bandwidth for the DMT signals (with
data rates of approximately 40 Gb/s). After amplification by an optical amplifier
to compensate the fiber coupling losses introduced by the OXC chip at the RG and
the free-space coupling losses including the 2D gratings at the PRA (approximately
20 dB in total), the signal was launched into a 1 km fiber, and then, via a triplet
lens collimator with focal length of 18.4 mm, steered by the 2D grating to the
REAM-SOA (in receiving mode) located at a free-space distance of more than 2.5
m. The pencil beam waist was around 3.3 mm as discussed in section 5.2. The
collimator’s field-of-view was <0.034°, thus requiring careful alignment at the
receiving end using an automated beam alignment system as described in Chapter
4. The REAM-SOA has a bandwidth of >30 GHz. The downstream data was then
recorded by a digital phosphor oscilloscope (DPO) and analyzed offline.

When it was the user’s turn to transmit, the downstream data modulation
was turned-off and the 1550.2 nm optical carrier which was unmodulated was
sent to the user, modulated by the REAM-SOA and sent back to the RG. The light
reflected by the REAM-SOA follows the same path as the downstream as shown
in Fig. 5.4. The peak-to-peak voltage of the upstream data was kept at 1 V, within
the most linear region of the REAM-SOA (see Fig. 4.15a). The SOA and REAM in
the REAM-SOA were biased at 80 mA current and -1.25 V, respectively.

Downstream
CW

t
…

Time slots

Data CWData

0

Upstream
Data

t
…Data

0

Single-trip-time between RG and user

Fig. 5.15 Time-slotted downstream and upstream transmission

The CCC in the RG manages the time-slotting assignments for downstream
and upstream communications. The time-slotting is done in such a way that
empty slots are sent in the downstream in between downstream data packets,
to be modulated by the upstream data as shown in Fig. 5.15. Some of the DBA
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techniques that are already popular in time-division multiplexing (TDM)-PONs
may be implemented to synchronize the downstream and upstream transmissions.
In theory, no guard time is required once the link is set-up, except the delay for the
first empty slot to arrive at the user terminal (determined by the single-trip-time
of the optical signal from the RG to the user). Each upstream data transmission
starts after the single-trip-time for each empty downstream packet to arrive at
the user terminal as illustrated in Fig. 5.15. In reality, some guard time (e.g., the
end-to-end delay amount between the RG and the user) may be necessary to tackle
interference from the downstream data packets on the upstream transmissions
and vice versa. The single-trip-time is around 3 µs for a 1 km optical fiber cable
between the RG and the PRAs. An AWG was used to generate the upstream
data using OOK and DMT modulation with a sample rate of 20 GSa/s. At the
RG, the upstream optical signal was received by a 10 GHz photo-receiver and
analyzed offline after the data was recorded using a DPO. The 3-dB bandwidth of
the 2D-gratings constellation is 10 GHz as shown in Fig. 6.10.

5.4.2 Full-Duplex All-Optical-Wireless Experimental
Setup

Fig. 5.16 illustrates the experimental setup used to evaluate the full-duplex all-
optical-wireless configuration. The testbed used here is exactly similar to that of
the half-duplex one, except at the user terminal. Here, the 1550.2 nm downstream
optical carrier was reused for the upstream communication after the modulation
was erased by an SOA working in its saturation region (see Fig. 5.7), instead of a
half-duplex way. The SOA implemented to recover the optical carrier was able to
reduce downstream ER values of up to 11 dB to below 1 dB, which is considered to
be adequate for remodulation. This allows us to double the net capacity of the link
in both directions (compared to the half-duplex configuration). In addition, careful
synchronization between downstream and upstream transmissions is not needed.
The REAM-SOA was then used to modulate the upstream data on to the recovered
optical carrier. The SOA in the REAM-SOA can also be exploited to erase the
downstream modulation, thereby removing the need for an additional SOA as
demonstrated in [204]. However, since the REAM-SOA used in the proposed
system was not optimized for this purpose, an additional SOA was needed to
erase the downstream modulation. The upstream experiment was performed with
the SOA in the REAM-SOA biased at 80 mA current. As in the half-duplex case,
the REAM-SOA gave better modulation efficiency when the REAM was biased
at -1.25 V at input optical power of -5 dBm. The saturated output power of the
REAM-SOA was +2 dBm. The modulation formats used here were also 10 Gb/s
OOK and 10 GHz wide DMT. At the user terminal a PIN+TIA photoreceiver or
another REAM-SOA can be used to receive the downstream signal. The optical
beam characteristics are the same as with the half-duplex experimental setup.
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5.5 Experimental Results

Half-duplex Configuration

As explained in Chapter 4 the SOA in the OXC chip was biased at 100 mA current
while any relevant gating SOA was biased at 40 mA, to minimize the insertion
losses. Under this condition, the optimum optical input power to the OXC chip
was measured to be 0 dBm. It is known that ASE noise for lower input powers and
SOA gain saturation for higher input optical powers limit the dynamic range of the
SOA-gating switch based OXC chip. Fig. 5.17 illustrates the BER measurements
for the 10 Gb/s OOK downstream and upstream transmissions in the back-to-back
and transmission cases. The sensitivity of the PIN+TIA receiver was measured to
be -16 dBm for the downstream and -14 dBm for the upstream at a BER of 1.0×10-9.
While inband reflections from the 2D gratings and other optical components
resulted in a transmission penalty of 2.5 dB, the OXC chip that was used for the
downstream routing introduced a penalty of only 1 dB. The input optical power
to the REAM-SOA was kept at -5 dBm for the upstream communications.

Fig. 5.17 BER measurements of the received downstream and upstream 10 Gb/s OOK
wireless data with respect to the respective back-to-back cases

Fig. 5.18a and 5.18b elucidate the achievable data rates for the downstream
link using DMT modulation at different REAM and SOA biases and input optical
powers with an average pre-FEC BER <3.8×10-3. 3.8×10-3 is the BER threshold
for hard-decision FEC to reduce the BER to <1×10-12. For optimum operation,
the input optical power to the OXC chip was fixed at 0 dBm. By adjusting the
downstream modulator’s bias at the RG, 40 Gb/s transmission could be achieved
for REAM bias voltages of -1.25, -2.5 and -4V when the input optical power was
above -5 dBm (corresponding to 1 dBm transmitted power from the PRA since the
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Fig. 5.18 Downstream achievable data rates; (a) as a function of input optical power
and REAM bias voltage when the SOA was biased at 80 mA; (b) as a function of the
SOA bias current when the REAM was biased at -4V and the input optical power was
-5 dBm

2D grating has a loss of 6 dB). Hence, by biasing the REAM at -1.25V, the need for
changing of the bias voltage for the upstream and downstream communications
can be avoided as this bias voltage provides the best modulation efficiency for the
upstream as well as good performance for the downstream.

As illustrated in Fig. 5.18a, the penalty introduced to the downstream DMT
wireless signal when the REAM-SOA was used instead of a PIN+TIA receiver was
5 dB, which corresponds to a 5 Gb/s reduction in the achievable data rate. This is
due to the ASE noise of the SOA, and residual reflections at the junction between
the REAM and SOA within the REAM-SOA chip, and some back reflection noise
that originated from the REAM-SOA and reflected by the 2D gratings. Note that
some portion of the downstream signal is reflected back from the REAM-SOA
since signal propagation in the REAM-SOA is bidirectional. The effect of the SOA
bias current was minimal as shown in Fig. 5.18b. 40 Gb/s transmission rate was
achievable when the bias current was above 30 mA at an input optical power of -5
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Fig. 5.20 Upstream achievable data rate when the REAM-SOA was biased at 80 mA
and -1.25 V (received optical power at the RG was -6 dBm)

dBm. Fig. 5.19 presents the downstream achievable data rates with and without
the OXC chip. A 5 Gb/s reduction in the achievable data rate was measured
when the OXC chip was used. Nevertheless, 40 Gb/s transmission speed can be
achieved for input optical power of above -4 dBm.

In the upstream, the saturated output power of the REAM-SOA was +2 dBm
resulting in a received power of -5 dBm at the RG (the 2D gratings module in-
troduces 6 dB loss). As depicted in Fig. 5.20, the achievable upstream data rate
increased with increasing input optical power to the REAM-SOA and stayed
unchanged when the input power was above -2 dBm. This is due to the SOA
gain saturation, and increased unwanted reflected power from the 2D gratings
when the input optical power to the REAM-SOA was increased (increasing the
REAM-SOA input power means increasing the transmitted optical power from
the optical source at the RG, which also increases the amount of unwanted opti-
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Fig. 5.21 Upstream SNR, bit-loading profile and BER per subcarrier (average BER =
3.8 × 10−3)

cal signal reflected by the 2D gratings and other components which affects the
performance of the upstream). Nevertheless, up to 39 Gb/s transmission rates
were achieved at BER <3.8×10-3. The power- and bit-loading profile for the up-
stream transmission are shown in Fig. 5.21. Up to 64-QAM was implemented for
subcarrier modulation.

Full-duplex Configuration

By implementing a carrier recovery mechanism using a saturated SOA, a full-
duplex all-optical wireless communication system can be realized. Since the
optical loss in the wireless channel is about 6 dB for wavelengths 1500 −1630 nm
[70], when the user receiver is properly aligned to the optical beam, no additional
component will be needed to increase the input optical power to the SOA so that
it works in its saturation region. Taking into consideration the eye-safety limit of
10 dBm power [124], upto +4dBm optical power is available at the user terminal
which is enough to deeply saturate the SOA. The SOA deployed in the experiment
starts to saturate when the input optical power is above -12 dBm. Moreover, highly
non-linear SOAs that saturate even at lower input optical power levels can be
used [205]. When the SOA works in its saturation region, the SOA erases the
modulation on the optical carrier passing through it as shown in Fig. 5.7. When
the SOA is operated in deep saturation, the modulation can be erased completely.
The results obtained, for the upstream, from experiments using this principle in
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the proposed system are discussed below, since the downstream is the same as the
half-duplex case explained above.

The optical carrier recovery performance is summarized in Fig. 5.22. As
discussed in [206] data erasing ability of an SOA working in its saturation region
is affected by the ER, the bit-rate and the power of the input optical signal, and
the bias current of the SOA. By reducing the downstream ER and/or bit-rate,
better upstream sensitivity or higher upstream data rate can be obtained as the
SOA will only be required to equalize a low ER signal and/or provide lower
cut-off frequency for its high-pass characterisics (Note that an SOA working in its
saturation regime acts as a high-pass filter, hence removing low speed modulation
on the optical carrier) [207]. As illustrated in Fig. 5.22 increasing the input optical
power to the SOA and/or its bias current also significantly improves its ability to
erase the modulation on the optical carrier as this puts the SOA in deep saturation.
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Fig. 5.22 Optical carrier recovery performance using a saturated SOA

The BER curves in Fig. 5.23 illustrate the integrity of the 10 Gb/s upstream
OOK data. The sensitivity of the PIN+TIA receiver was measured to be -16.5 dBm
at a BER of 1.0 × 10−9 when a clean optical carrier was used. It should be noted
that Rayleigh scattering because of the unwanted inband reflections from the 2D
gratings and other optical components also affects the upstream transmission,
especially when a high optical power was transmitted in the wireless channel in
order to saturate the SOA. A 3 dB penalty was measured when the optical carrier
recovered from the downstream transmission using an SOA biased at 450 mA
and input optical power of -5 dBm was used. Under this operation condition, the
SOA erased the modulation from 300 mV (peak-to-peak) to <20 mV (see Fig. 5.22),
corresponding to an optical modulation suppression ratio of >10 dB.

DMT modulation was also implemented for the upstream to increase capacity.
Using DMT, upto 37 Gb/s upstream transmission data rates were achieved (see
Fig. 5.24). As illustrated in Fig. 5.18a, using a PIN photodiode based receiver at



Chapter 5: Dynamic Ultrahigh-Capacity All-Optical
Wireless Communication 97

Fig. 5.23 BER curves of the 10 Gb/s upstream OOK data when a full-duplex all-optical-
wireless communication was implemented using a saturated SOA based optical car-
rier recovery at the user terminal

the user terminal for the downstream transmission improves the achievable data
rate by 5 Gb/s. Hence, a PIN+TIA photoreceiver was implemented at the receiver
instead of the REAM-SOA when DMT, which is more vulnerable to linearity issues
and noise than OOK, was implemented to maximize the downstream capacity.
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Fig. 5.24 Achievable data rates in the downstream/upstream when a full-duplex all-
optical-wireless communication was implemented using a saturated SOA based opti-
cal carrier recovery at the user terminal

5.6 Chapter Conclusion

In this chapter, future-proof dynamic all-optical bidirectional indoor wireless
networks employing a low-power fast-switching optical chip and REAM-SOAs
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that can provide the ultimate capacities for individual users were demonstrated.
Symmetric transmission at data rates in excess of 40 Gb/s were achieved using
half-duplex and full-duplex configurations. Compared to the bidirectional solution
discussed in Chapter 4, where the upstream was realized using 60-GHz radio,
the solution presented here provides higher symmetric data rates in addition to
avoiding the more complex and costly radio beam steering components at the radio
access points and user terminals, where simplicity and cost/energy-efficiency are
critical.

These solutions require the optical axis of the user’s collimating optics to
be aligned to the 2D gratings module, in order to avoid an additional steering
mechanism for the downstream by deploying the reversibility principle of light-
paths. Moreover, collimated narrow beams are needed in order to receive enough
optical power at the user’s device for carrier recovery or, in the half-duplex case,
remodulation. Hence, careful alignment of the user’ device with the incoming
narrow beam is necessary (with the optical axis pointing close to the 2D gratings
module). In practical communication systems, a very precise localization system is
needed in order to determine the location of the users, and align the user’s device
with the incoming beam.



CHAPTER 6

MULTICAST CAPABLE ALL-OPTICAL
WIRELESS COMMUNICATION WITH A

MILLIMETER-WAVE FALLBACK SYSTEM

Wireless access to the fiber infrastructure using low complexity techniques is
an active area of research. IOWC using narrow beams has been proven to be
a promising solution to solve the looming RF spectrum crunch thanks to its
unsurpassed high carrier frequencies that allow huge unlicensed bandwidths as
well as immunity to electromagnetic interference. In chapters 4 and 5, full-duplex
hybrid optical/radio-wireless, and all-optical-wireless communication systems,
respectively have been demonstrated. A dynamic routing mechanism using a
photonic integrated circuit (PIC) based OXC has been implemented. Deploying
PICs for indoor environments is highly beneficial due to their compactness and
low power consumption.

However, IOWC using pencil beams is known to suffer from LOS blocking.
This is one of its drawbacks compared to the RF based wireless communication
systems involving radio beams with larger footprints. In addition, multicasting
common services to multiple users becomes more challenging when the commu-
nication involves narrow beams. Multicasting bandwidth-hungry services such as
4K/8K ultrahigh-definition (UHD)-TV is a potentially essential function in indoor
networks. All-optical multicasting in intelligently routed wireless network pro-
vides reconfigurable network connectivity (flexibility in operation) and reduction
of cost and power consumption. These challenges have been given little attention
so far in the research community.

Another key challenge that must be addressed in pencil-beam based IOWC
is supporting mobility. Accurate localization techniques are essential to locate
and track the users when they move. Since the proposed wireless communication
system deploys optical beams of waist <1 cm, the localization system needs to
be highly precise (accuracies <1 cm) for the beam to be received by the user. In
this chapter, an optical technique is proposed, to be used in combination with
the already mature radio based localization techniques (with accuracies up to
<30 cm) to achieve the required accuracy. Multicasting capability is incorporated
in the dynamic full-duplex optical-wireless system demonstrated in Chapter 5.
Moreover, a dynamic MMW (at 60 GHz) fallback system is discussed as a backup
of the optical-wireless links during LOS blocking. The proposed system allows
ultrahigh-capacities per user, with auto-tracking functionalities, during normal
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operation (when there is no shadowing in the optical-wireless path) while offering
lower data rates during LOS blocking. All-optical multicasting of services from
providers is performed using a dynamic wavelength conversion mechanism.

6.1 System Architecture

The proposed in-building network architecture, including the multicasting func-
tionality and the MMW fallback system, is depicted in Fig. 6.1. The network
architecture is similar with the architectures discussed in the previous chapters.
Here, multicasting functionality and radio fallback system is added to the network.
Dynamic routing of downstream optical pencil-beams (including multicasting) to
the individual rooms via an optical fiber backbone network is performed using
an OXC in the RG. All-optical multicasting (explained in detail in section 6.1.2) is
implemented by using cross-gain modulation (XGM) in an SOA. Network C&M
functions such as communication protocols, routing algorithms, autonomous re-
source management, and user localization and tracking are carried out by the
CCC in the RG. The design of the 2D gratings based infrared pencil-beam steering
mechanism implemented here (and throughout the thesis) is given in Chapter
3, and explained in great details in [89, 70]. As demonstrated in the full-duplex
all-optical wireless configuration in Chapter 5, the downstream optical carriers are
reused for upstream communication at the user device after data erasure using a
REAM-SOA.

To tackle outages in the optical-wireless links, due to LOS blocking, a MMW
radio protection scheme is implemented. This allows us to support communica-
tion at lower speeds until the optical-wireless link is reestablished and normal
operation resumes. An optical up-conversion technique using a MZM is employed
to generate the MMW radio signals from the baseband signals. A single MZM can
be used to generate multiple downstream MMW wireless channels at the same
time as described in section 6.1.1 (see Fig. 6.1). To support the MMW fallback sys-
tem, the PRAs are equipped with antennas, power amplifiers, LNAs and mixers,
in addition to the high speed photodiodes required for opto-electronic conversion.
These devices can be integrated together in a single module to form a compact
solution.

The MMW fallback system can also be exploited to localize the user devices
by implementing received signal strength indication (RSSI) [208], angle-of-arrival
(AOA) [134, 209], time-of-arrival (TOA) or time-difference-of-arrival (TDOA) [210]
algorithms. Once the coarse location of the user is determined, to improve the
accuracy of the localization, we can take advantage of the wide ASE bandwidth of
the REAM-SOA, which is used as an upstream transmitter at the user terminal,
and spectral filtering functions of the 2D gratings constellation to determine the
exact wavelength needed for the beam steering. Details on the localization steps
using this technique are discussed in section 6.1.3.

The MMW fallback system, the multicasting operation, and the localization
process using the ASE noise from the user terminal are discussed in detail below.
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6.1.1 Millimeter-Wave Backup System Design

Under normal operation conditions, the communication link is established by first
obtaining the location of the users. This is done by implementing radio/optical
based localization techniques [136, 149]. The position of the user determines the
wavelength needed for the optical-wireless communication. Optical-wireless links
are prone to link outages due to LOS blocking. To circumvent this, a MMW radio
system is implemented to provide the users with a lower speed alternative. When
a link-failure in the optical-wireless channels between the RG and any user is
detected by the CCC/user, the MMW radio fallback channel to that PRA will be
activated. MMW radio signals are less susceptible to LOS issues compared to
optical-wireless signals, because of their large footprint [211] (see Fig. 6.2). More-
over, due to reflections from walls and other materials in the room, larger MMW
radio beams allow communication at lower speeds even under LOS blocking of
the 60-GHz signals. At the PRAs, to completely remove the impact of the LOS
blocking, the radio antenna and 2D gratings can be kept at different locations.
This prevents the LOS blocking from affecting both systems at the same time,
and improves the protection system further as the optical and radio paths in the
wireless channel will be different. It should be noted that the MMW protection
system is only operational when there are failures in the optical-wireless links.
Hence, communication at lower speeds is acceptable until the optical-wireless
link comes back up. Any RF band, such as Wi-Fi could be considered for the
radio backup link. The MMW region was chosen because of the larger unlicensed
bandwidth available in this region (e.g., 7 GHz in the 60-GHz region) at moderate
complexity and cost.

The switching between the optical-wireless and MMW channels is governed
by the control plane. Control messages are exchanged periodically between the
user and the CCC. If the CCC does not receive an acknowledgment from the
user, it considers the IOWC link to be blocked. The user, which monitors the
received optical power, also considers the link to be broken when it does not detect
the optical signal. The CCC periodically checks if the IOWC link is operational
again by activating the TL that was serving the user before the LOS blocking.
When the user detects an optical signal, it can inform the CCC about it in the
acknowledgment message via the radio link, and then the IOWC link can be
re-established. If the user changes its location while it is under LOS blocking,
then the localization should be performed again in order to re-establish the higher
capacity IOWC link. Once the new location of the user (hence the new wavelength)
is known, the CCC checks if the IOWC link can be established using the new
wavelength. If it is not possible, then the user is assumed to still be under LOS
blocking, and the radio communication will be retained.

In the proposed system a 60-GHz radio protection system is implemented in
order to benefit from the 7-GHz unlicensed bandwidth available in this RF region.
The radio footprint is designed to cover (if possible) the entire optical-wireless
coverage area by the 2D gratings as shown in Fig. 6.2. Hence, no beam steering is
required for the radio fallback system which simplifies the access points and user
terminals. This can be achieved by using antennas with lower directivity or gain.
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Fig. 6.2 Shared radio wireless communication with large beam footprint to tackle LOS
blocking in the optical-wireless links

The directivity, D, of an antenna is defined as the power density of the antenna
in its direction of maximum radiation in three-dimensional space divided by its
average power density. It is given by [212]:

D(θ, φ) =
4πPmax(θ, φ)∫∫

Pin(θ, φ) sin θ dθ dφ
(6.1)

where Pmax(θ, φ) is the radiation power in its direction of maximum, θ and φ,
are the elevation and azimuth angles, respectively, such that 0 < θ < 180° and
0 < φ < 360°.

BWθ

BWφ
60-GHz antenna

Fig. 6.3 60-GHz antenna radiation in the azimuthal and elevation directions
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Fig. 6.4 Elliptic antenna radiation pattern

Antenna gain is usually defined as the ratio of the power produced by the
antenna from a far-field source on the antenna’s beam axis to the power produced
by a hypothetical lossless isotropic antenna, which is equally sensitive to signals
from all directions [213]. The radiation pattern of an isotropic antenna is spherical,
while that of a typical non-ideal 60-GHz antenna is a sector as shown in Fig. 6.3.
Hence, the antenna gain can also be calculated from:

G =
Area of sphere

Area of antenna pattern
(6.2)

Approximating the antenna pattern with an elliptical area (for small angles)
as shown in Fig. 6.4,

Area of ellipse = π a b = π
r sin θ

2
r sin φ

2

=
π r2 sin θ sin φ

4

(6.3)

where r is the distance from the transmitting antenna. Note that a real antenna
pattern is a sector as shown in Fig. 6.3 (also for large angles). the The area of a
sphere of radius r is given by:

Area of sphere = 4 π r2 (6.4)

Substituting(6.3) and (6.4) in (6.2), we get:

G = 4 π r2
(

4
π r2 sin θ sin φ

)
=

16
sin θ sin φ

(6.5)

For small angles, sin θ = θ. Then, (6.5) becomes:
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G =
16

sin θ sin φ
=

16
θ φ (radians)

=
16
θ φ

(
360
2π

360
2π

)

=
52525

θ φ(degree)

=
52525

BWθ BWφ(degree)

(6.6)

where BWθ and BWφ are the elevation and azimuth 3-dB beamwidths. An-
tenna gain and directivity are often used interchangeably. The difference is that
directivity neglects losses in the antenna, represented by its efficiency, η. Moreover,
the directivity is proportional to the aperture area and inversely proportional to
the square of the wavelength as [213]:

D =
4πAe

λ2 (6.7)

where Ae is the effective antenna aperture, and λ is the operating wavelength.
The antenna gain can then be written as:

G = ηD = η
4πAe

λ2 (6.8)

Lower antenna gain results in lower received signal power, which in turn
causes reduced data transmission speeds. The received signal power decreases
quadratically with increase in signal frequency and distance between the transceivers.
From Friis transmission equation:

Prx = PtxGtxGrx

(
λ

4πd

)2
(6.9)

where Ptx and Prx are the transmitted and receive signal powers, respectively,
Gtx and Grx are the transmitter and receiver antenna gains, and d is the free-space
distance between the transmitter and receiver antennas.

Hence, using broadcast 60-GHz antennas (with low antenna gain) means
reduced reach/capacity. Moreover, the total capacity will be shared among the
users in the room using a suitable MAC protocol. However, since the radio system
is intended for only backup purposes and LOS blocking doesn’t happen frequently,
communication at lower speeds may be acceptable.

For a certain frequency range, the gain of an antenna is directly proportional
to its aperture (see (6.8)). The beamwidth of the radiation, which can be calculated
from (6.6) is inversely proportional to its directivity.
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BWθ BWφ =
52525

D
(6.10)

Hence, to cover a wider area, the antenna aperture should be smaller. In
practical deployments of such a system, the aperture of the antennas used should
be designed taking into consideration the operating frequency, the received power
(which is related to the data transmission speed) and the optical-wireless coverage.
More than one antenna element can be implemented to increase the coverage
area while maintaining the capacity of the protection system. In the proposed
system, a simple 60-GHz pyramidal horn antenna of aperture (2 cm × 2.5 cm)
is implemented, which results in approximately 20 dBi gain, at both the PRA
and user terminal for backup purposes. Using (6.9) and (6.10), the resulting
free-space path loss (at 2.5 m distance) and beamwidth are approximately 35 dB
and 15°×15°, respectively. LNAs are implemented to cope with the free-space
losses. In comparison, the 2D beam steered OWC system has a coverage angle of
5.6°×12.2°without angular magnification [127]. This means that a single antenna
radiation pattern can act as a protection link to multiple optical-wireless links,
albeit at lower communication speeds. A dipole antenna (or an antenna with a
smaller aperture) would give a lower gain or larger beam width but at the expense
of reduced received signal power (or data transmission speed) per user.

The 60-GHz radio signals are generated by up-converting the baseband data
optically at the RG using DFB lasers and a single MZM implementing the optical
carrier suppression technique. Compared to other modulation schemes to generate
MMW radio signals, this scheme has a simple configuration and relaxed-frequency
bandwidth requirements for electrical and optical components, and results in
better receiver sensitivity [34]. Since the MZM can up-convert multiple signals to
MMW frequency by using different wavelengths, it allows us to provide multiple
protection channels to multiple rooms at the same time. An AWGr in combination
with the OXC then routes the generated radio signals to the PRAs as shown in
Fig. 6.1. Suitable FBGs at the PRAs separate the optical-wireless links from the
60-GHz signals which are received by a high-speed photodetector through another
AWGr. To avoid any tunable component at the PRAs, a fixed range of wavelengths,
determined by the bandwidth of the FBG, is implemented for the RoF system. One
DFB laser at the RG, multicasting its output to the PRAs, can be shared among the
PRAs to transport upstream radio signals using a REAM-SOA [168].

Alternatively, the MMW generation module (the MZM) can be connected
between one of the input ports and one of the output ports of the OXC in order
to use the TL sources deployed for the OWC also for the radio fallback system in
a dynamic way as shown in Fig. 6.5. In this configuration, when there is a LOS
blocking in the optical-wireless path, the TL serving the user will be tuned to a
different wavelength (known by the PRA, as described above) and the OXC will
be configured to switch the signal to the output port which the MMW conversion
module is connected to. Compared to the architecture shown in Fig. 6.1, this
configuration allows us to reduce the number of light sources needed in the
system, as no additional light source is required to provide the radio fallback
system. On the other hand, with this configuration, it is difficult to provide more
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than one radio link in the system at any given time using the OXC design described
in Chapter 4. The input port of the OXC where the output of the MMW conversion
module is connected to should be equipped with a WSS (or a multicast capable
switch) in order to provide radio protection links to different rooms. However, if
we assume that link-failures only happen sporadically, and that only connection
to one room can fail at a time, then the OXC design will not need any WSS based
port. Moreover, to detect if the shadowing is removed, a separate TL (which can
be shared among all the users) tuned at the appropriate wavelength is needed.
The TL which is being used for the radio fallback channel could also be utilized
for this purpose, however that would mean frequent tuning of the TL and change
the switching ports which results in reduced overall link efficiency. Hence, this
configuration (see Fig. 6.5) is a more cost-efficient solution (by avoiding additional
laser sources for the radio backup system) that can provide one protection channel
at a time for the entire network. On the contrary, the mm-wave protection system
shown in Fig. 6.1 allows as many protection links as required by using dedicated
DFB laser array for the radio backup system.

In the proposed system, a single-drive MZM modulator, biased at its minimum
transmission point, is employed to generate the 60-GHz radio signals, although a
double-drive modulator could give better optical carrier suppression [34]. Neglect-
ing the insertion loss of the OXC and modulators, and assuming infinite ER for
the modulators, the output electric field of the optical signal from the first MZM
(see Fig. 6.5) can be expressed as [32]:

E
′
0(t) =

Ei(t)
2

[
1 + exp

(
jπ

V1(t)
Vπ1

)]

= Ei exp(jωct) cos
(

m1 + φ1(t)
2

)
exp

(
j
m1 + φ1(t)

2

) (6.11)

Here, V1(t) = Vb1 +S(t), m1 =
πVb1
Vπ1

, φ1(t) =
πS(t)
Vπ1

, where Ei(t) = Ei exp(jωct))

is the output of the laser source with amplitude Ei and angular frequency ωc, Vπ1
is the half-wave voltage of the first MZM biased at Vb1, S(t) is the electrical base-
band data to be routed to the wireless user. Similarly, the electric field of the output
optical signal from the second MZM can be expressed as:

E0(t) =
E

′
0(t)
2

[
1 + exp

(
jπ

V2(t)
Vπ2

)]

=
Ei(t)

4
cos
(

m1 + φ1(t)
2

)
exp

(
j
m1 + φ1(t)

2

)

× [1 + exp(jm2)
∞

∑
n=−∞

jn Jn(m3) exp
(

jnωRFt
)
]

(6.12)
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where V2(t) = Vb2 + VRFcos(ωRFt), m2 =
πVb2
Vπ2

, m3 =
πVRF
Vπ2

. Jn is the first

kind Bessel function of order n, Vπ2 is the half-wave voltage of the second MZM,
Vb2 and VRF are the bias and driving voltages of the second MZM, respectively, and
ωRF is the angular frequency of the driving voltage. When the first MZM is biased
at its linear region and the second MZM is biased at its minimum transmission
point to realize optical carrier suppressed (OCS) modulation, and considering the
first harmonics only, (6.12) can be written as:

E0(t) = A(t) exp
(

jψ(t)− π

2

)
× [exp(j(ωc + ωRF)t) + exp(j(ωc − ωRF)t)]

(6.13)

where A(t) =
Ei J1(m3)

4
cos(ψ(t)) and ψ(t) =

m1 + φ1(t)
2

E0(t) is then routed to the target PRA using the OXC at the RG. At the PRA,
the FBG reflects the signal which then passes via the AWGr and received by a
high-speed photodetector of responsivity R (see Fig. 4.1). Wavelengths known by
the PRAs are implemented for the downstream radio signals to avoid any tunable
component at the PRAs. The generated RF photocurrent is given by:

i(t) = RPin = RA2(t)[2 + cos(2ωRFt)] (6.14)

The baseband signal can be filtered out by using a high-pass filter or band-pass
RF components. A 60-GHz signal can be generated by using 30 GHz as the RF
frequency driving the second MZM. This signal is then transmitted via the OXC
through a fiber to the PRA and further down to the user using a 60-GHz antenna
describe above after power amplification.

6.1.2 All-Optical Multicasting Using Cross-Gain
Modulation in an SOA

So far, research on ultra-high capacity steered OWC using narrow beams focused
on point-to-point links. Point-to-multipoint communication of bandwidth inten-
sive services such as video conferencing, video-on-demand, and UHD-TV is a
potentially essential function in indoor networks. All-optical multicasting, where
the data on a signal at a given wavelength is simultaneously replicated onto
multiple predetermined wavelengths, in an intelligently-routed indoor wireless
network provides reconfigurable network connectivity and capacity, reduction of
power consumption and flexibility in operation.

In the 2D gratings based beam steered system that we propose throughout this
thesis, any indoor location corresponds to a specific wavelength. Hence, to route a
signal sent from a central site (such as a UHD video signal) to the appropriate user
(or multiple users), wavelength conversion will be necessary. Access networks
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and indoor environments typically require simple, low cost, yet high performance
and reliable systems using intensity modulation (IM)-DD transceiver designs. Of
all the techniques of wavelength conversion for intensity modulated signals, the
XGM mechanism in SOAs has shown very robust operation over a wide spectral
range with high speed [214]]. Moreover, its simplicity and ability to convert to
multiple wavelengths at the same time make it an attractive solution for all-optical
routing and multicasting in indoor networks.

…
Pump (λ1)

Probe (λ2)

Probe (λn)

Pump (λ1)

Probe (λ2)

Probe (λn)SOA

Fig. 6.6 Wavelength conversion process in an SOA under electrical and optical pump-
ing (The SOA cavity is partitioned into sections)

The principle of XGM-based wavelength conversion using an SOA is shown
in Fig. 6.6. An optical signal carrying the data modulates the gain of the SOA
by depleting the active region of carriers. This depletion causes a change in the
refractive index which modulates the phase of the optical beams in the cavity.
As a result, CW probe beams passing through the SOA (together with the data
signal) encounter the modulated gain and refractive index, thus changing their
amplitudes and phases according to the input optical data signal. High levels
of electrical pumping accompanied by injection of a high power optical beam,
result in a reduction in the effective response time of the carriers and as a result
a larger modulation bandwidth. However, this high optical power level results
in gain suppression and thus a reduced modulation index [215]. This method is
polarization-independent if the SOA used is polarization-independent [216].

The XGM-based wavelength conversion scheme relies on inter-band recom-
binations, so the conversion speed is determined by the carrier dynamics. The
carrier dynamics along the length of an SOA can be studied by segmenting the
SOA into smaller sections as depicted in Fig. 6.6. The electron rate equations in
each section of the cavity can be given as [215]:

dni
dt

=
J

qd
− ni

τsi

− ∑
j

gm,i,j Iav,i,j

Ej
− gm,p St,i (6.15)

where the indices i and j correspond to the different sections and input wave-
lengths, respectively, n is the carrier density, J is the electric drive current, q is the
electronic charge, d is the thickness of the active region, τs is the carrier recombina-
tion time, gm is the material gain, and gmp is its value at peak gain wavelength. St,i
is the average spontaneous emission in section i, Ej and Iav,j are the photon energy
density and average light intensity for input optical signal of wavelength λj.
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For pump (carrying data) and probe optical signals passing through the first
section of the SOA wavelength converter, the photon density modulation can be
expressed as [217]:

∆Ssig
out,1 = ∆Ssig

in,1

Ḡsig
1 −

Γ
∂g

sig

m,1
∂n L1 ḡsig

m,1νgτs,1S̄sig
in,1

1 + jωmτs,1

 (6.16)

for the data signal and

∆Sprobe
out,1 = −∆Ssig

in,1

Γ
∂g

probe

m,1
∂n L1 ḡsig

m,1νgτs,1S̄probe
in,1

1 + jωmτs,1
(6.17)

for the probe signal, where Γ is the confinement factor, L is the cavity length,
νg is the group velocity, ωm is the angular modulation frequency, ∂gm/∂n is the

differential gain, Ḡsig
1 is the section single pass gain, and Sin is the input photon

density. In (6.16) and (6.17) the bar sign indicates average value. Comparing (6.16)
and (6.17), we can deduce that the modulation on the signal and probe channels
are similar but out of phase. The photon density at the output of section i is
expressed as [217]:

∆Ssig
out,i = (S̄sig

out,i−1 + ∆Ssig
out,i−1)

Ḡsig
i + Γ

∂gsig
m,i

∂n
∆niLi

 (6.18)

for the pump signal and

∆Sprobe
out,i = (S̄probe

out,i−1 + ∆Sprobe
out,i−1)

Ḡprobe
i + Γ

∂gprobe
m,i

∂n
∆niLi

 (6.19)

for any probe signal. For applications such as wavelength conversion fast
carrier dynamics is essential to handle high bit rate signals. It follows from (6.18)
and (6.19) that a large bandwidth can be obtained when the term Γ ∂gi/∂n ∆ni Li is
large. Hence, increasing the bias current, the input optical power, the confinement
factor, and/or the differential gain increases the bandwidth of the SOA wavelength
converter. As a result, employing long SOA is advantageous since they tolerate
larger bias currents and provide larger differential gain.

The differential gain of an SOA varies with wavelength; the shorter the wave-
length the larger the differential gain. This causes a change in the ER for the
converted signals. Those probe signals with wavelengths shorter than the pump
(data signal) will experience an increase in the ER while those with longer wave-
lengths will experience a reduction in the ER. This may result in degradation of
the signal quality for longer wavelengths when several converters are cascaded in
series. However, for application in the proposed optical-wireless system, where
no cascaded wavelength conversion is necessary, communication with lower ER



112 6.1 System Architecture

may be acceptable since the indoor transmission distance is short ( 100 m). The
optical-wireless coverage area may be limited by the wavelength range of opera-
tion of the SOA. This can be solved by deploying more than one SOA working on
different ranges of wavelengths. Moreover, nonlinear SOAs that saturate at lower
input optical power levels enable us to reduce the optical power required to drive
the SOA into saturation for the wavelength conversion.

Since the SOA is operated in its non-linear region, nonlinear products such
as XPM and FWM will also affect the conversion process. The FWM process,
especially, will result in unwanted signals at the sum and difference frequencies of
the pump and probe signals that might interfere with other signals in the system.
While increasing the bias current, the input optical power, the confinement factor,
and/or the differential gain increases the bandwidth and ER, it also enhances
these FWM process because of the increased nonlinearity. As a convention FWM
products should stay 30 dB below the pump and probe signals so that they will not
interfere with wanted signals at the same wavelengths. Hence, these parameters
should be optimized for the least amount of FWM and good enough conversion
efficiency.

In the proposed system, where each user is reached with a specific wavelength,
the crosstalk components from FWM should be limited. In order to benefit from its
superior conversion efficiency, as described above, a highly nonlinear (long) SOA
with high confinement factor is implemented. A good compromise between the
conversion efficiency and the FWM products can be obtained by optimizing the
bias current and input optical power. Before implementing the SOA wavelength
converter for multicasting in the proposed system, the conversion performance
was evaluated to determine the best operating conditions using two probe sources
as shown in Fig. 6.7.

TL

TL

DFB

Data

Mod.

(1555 nm)

(1550.5 nm)

(1562.3 nm)

SOA BPF BER

OSAProbes

Pump

Fig. 6.7 All-optical multicasting using XGM based wavelength conversion in an SOA

Fig. 6.8a shows the BER curves measured using the pump (signal)-probe
experimental setup depicted in Fig. 6.7 when the XGM operation was optimized
for the least crosstalk from FWM products generated by the XGM process, and
the best efficiency. The optimization was performed to achieve the best BER
performances for the three signals (1 pump carrying the data and 2 probe CW
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sources) after the wavelength conversion process. The FWM products that might
interfere with other optical-wireless signals (at the same wavelengths) must be kept
at least 30 dB below the desired signals (see Fig. 6.8b). For the SOA implemented
here, the best results were achieved when the input optical power was -1 dBm
for the pump of wavelength 1555 nm and -7 dBm for each of the two probe
wavelengths (at 1550.5 nm and 1562.3 nm). The SOA was biased at 350 mA. When
the SOA was biased at 250 mA current, the required input optical power for the
pump increased to +2 dBm for optimum operation. Conversion penalty of ~1 dB
was measured in this operation condition, while the pump remained virtually
unaffected.

(a) BER curves for the pump and probe signals

8

Probe 1 Probe 2
Pump

(b) Output optical spectrum

Fig. 6.8 XGM based wavelength conversion under optimum operation conditions

The influence of the input optical power of the pump and probe sources can
be seen in Fig. 6.9. As illustrated in Fig. 6.9a, for fixed input optical power of -7
dBm for each of the probe sources, the sensitivity of the converted wavelengths
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Fig. 6.9 Sensitivity (at BER = 1×10-9) variation with respect to input optical power

improved by ~5 dB when the input optical pump power was increased from -6
dBm to 5 dBm. On the contrary, for a fixed input optical power of -1 dBm for
the pump signal, the sensitivity of the converted signals only improved by ~1.5
dB when the input optical power for each of the probe sources was increased
from -13 dBm to -6 dBm. It should be noted that increasing the input optical
signal power (i.e., the pump power) also results in enhancement of FWM products.
Hence, system implementation requires that the input optical power levels for
the pump and probe sources be optimized for least FWM products and better
conversion efficiency. The SOA bias current of 350 mA was chosen because the high
bias current can result in conversion speeds significantly greater than the carrier
recovery rates [215], while the FWM products can be optimized by controlling the
input optical power. The maximum bias current allowed for the SOA was 600 mA.
An increase in SOA bias current and the input optical power results in a reduction
in the effective response time of the carriers and consequently a larger modulation
bandwidth.
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6.1.3 User Localization

In an optical-wireless communication system using pencil beams (of beam waist
<10 cm), the localization system needs to be very precise for the beam to be
received by the user. However, this cannot be achieved easily with current indoor
localization techniques which are radio based. Hence, a new localization and auto-
tracking concept is introduced here by combining radio and optical techniques
[134, 208]. We use radio techniques to determine the location of the PRA, and
then take advantage of the wide ASE noise bandwidth of the REAM-SOA and
spectral filtering functions of the 2D gratings constellation to determine the exact
wavelength needed to reach the user’s device as illustrated in Fig. 6.10. By using
adaptive optics (such as a beam expander/compressor), the user terminal first
sends a wide beam to the PRA. Then the 2D gratings filters the exact wavelength
to which the user is aligned, based on its angular position (see Fig. 6.10). By
implementing wavelength monitoring at the RG using a spectrometer function,
the CCC then tunes the TL to the detected wavelength to start the communication,
with a narrow beam (using adaptive optics) for high data rate operation. This also
enables auto-tracking as the wavelength received at the RG changes with angle
when the user moves. Since the pass-bandwidth of the 2D gratings module is
10 GHz and the range of wavelengths required to provide adequate coverage in
the proposed optical-wireless system is 1500 - 1630 nm, the spectrometer should
be able to operate in this wavelength range and should be able to resolve optical
signals that are 10 GHz apart. Additionally, it should have a high sensitivity
(below -40 dBm) since the wide ASE beam from the user device, which already
has a very low power per wavelength, will experience high losses upon filtering
by the 2D gratings.

The steps for the localization function using the concept in Fig. 6.10 are
summarized as follows:

1. First, coarse localization is performed using radio-based localization in
order to determine the position of the 2D gratings with respect to the user.
Accuracies of upto 30 cm can be obtained with radio based localization
techniques [218–222]. Any of the AOA, RSSI, or TOA algorithms can be
implemented here. Radio-based localization is investigated in detail in
another part of the BROWSE project (Subproject 3 (see Chapter 3)).

2. Once the user knows the approximate location of the PRA, it sends a wide
beam to the coordinates returned by the radio localization system. The
beam is composed of the ASE noise of the REAM-SOA which is used for
upstream transmission. The user can be equipped with adaptive optics
and micro-electromechanical devices in order to adjust the beamwidth and
direction of the optical beam to ease the localization process. The electro-
mechanical device allows the user to perform a search mechanism within
the approximate location of the PRA. The ASE noise of the REAM-SOA
covers a wide wavelength range, which makes it suitable as a white light
source for the localization process.
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3. When the ASE noise sent from the user terminal finds the 2D gratings
constellation, only the appropriate wavelength based on the arrival angle of
the ASE signal will be filtered and sent to the RG. This is because the pass-
bandwidth of 2D gratings is 10 GHz. This narrow filtering functionality
allows a very accurate determination of the wavelength needed to reach the
user. It has to be noted that tracking the user when he moves is automatic
as the wavelength filtered by the 2D gratings changes with angle when the
user moves.

4. Finally, the CCC, upon determining the wavelength from the spectrometer,
tunes the TL to this wavelength and start the communication. Further fine
tuning may be performed to achieve a very precise determination of the
wavelength needed. By implementing adaptive optics at the user terminal
the beamwidth can be reduced to improve the amount of power coupled to
the receiver, and hence provide higher capacity transmission link.

The optical/radio localization system requires some intelligence at the user
terminal. A variable beam expander/compressor is necessary to perform the
localization in a reduced amount of time. Once the user obtains the expected
angular direction of the PRA from the radio localization system, it is easier to
locate the 2D gratings using a large beam. However, a large beam means higher
losses since the amount of the beam that reaches the 2D gratings decreases. This
might necessitate large amounts of power from the user (but staying within the eye
safety limit), or a spectrometer with high sensitivity. Hence, the initial beamwidth
is determined taking into account the sensitivity of the spectrometer function at
the RG, and the localization time. Using a narrower beam necessitates a search
mechanism (within the localization range of the radio system) at the user terminal
in order to find the accurate angle, which increases the localization time. The
beamwidth can be reduced sequentially, once the location of the 2D gratings is
known. The RG, upon reading the wavelength from the spectrometer, can notify
the user of the wavelength. The user can monitor/record this wavelength and start
the communication using the wavelength reuse approach described in Chapter 5.

The localization time of the proposed concept (shown in Fig. 6.10) is dependent
on the accuracy of the radio localization system. The accuracty of the radio
localization determines the beamwidth of the optical beam, which in turn affects
the time it takes to find the 2D gratings. Once the 2D gratings module is found, the
minimum additional localization time needed is equal to the round-trip-time (RTT)
of the optical signal from the user to the RG, which is 0.7 µs for a 100 m separation
between the RG and the user. The processing time will also be added to the RTT
time. Hence, the total localization time is the sum of the radio localization time,
the time it takes to find the 2D gratings, the RTT time and the processing time.
From the optical part of the localization, the time it takes to find the 2D gratings is
the most significant. Once the 2D gratings module is located, the accuracy will
be close to 100%. This is because, if the accurate location of the grating is found
(i.e., if some part of the optical beam hits the 2D gratings), it will filter the exact
wavelength corresponding to the AOA of the ASE signal from the user. Fine



118 6.2 Experimental Setup

tuning may be performed to maximize the received optical power by the user’s
receiver.

In the proposed system, collimated beams are implemented for the communi-
cation. Hence, the optical part of the localization was performed using collimated
beams as shown in Fig. 6.10. However, diverging beams could also be imple-
mented for the localization to relax the amount of beam expansion needed at the
user terminal. Moreover, a user terminal with larger FoV receiver/transmitter
might help in reducing the amount of time required to accurately locate the the
2D gratings module.

6.2 Experimental Setup

Figure 6.11 illustrates the proof-of-concept experimental setup. Generally, the
same testbed described in Chapter 5, including the 4×4 OXC chip was used, except
the multicasting and protection systems which are explained below.

Indoor optical-wireless multicasting

When a signal sent from the central site needs to be multicasted to multiple users,
it will be switched to the last port of the OXC chip. The signal then mixes with
CW probe signals that are also switched to this last port so that the data will be
copied to the probe signals using XGM via an SOA. The multicast data were then
routed again by the OXC chip to the intended PRAs/users. The OXC chip allows
us to share the SOA and TL sources among multiple users in the system, and to
route the individual signals to the appropriate PRAs (see Fig. 6.11) in a dynamic,
and energy and cost-efficient manner. It should be noted that when there is a LOS
blocking for a particular user, it is possible to use the radio fallback channel to
route the signal sent from the central site. Here, an optical signal at 1555.5 nm
wavelength, bearing a 10 Gb/s OOK or 10 GHz wide DMT data, emulates the data
to be multicasted. Two CW TL sources (tuned at 1550.5 nm and 1562.3 nm) were
used as probe signals. Note that, in practical environments, the wavelengths of
the CW light sources are determined by the CCC after user localization. The SOA
was biased at 350 mA and, for the best results as explained above, the input pump
and probe signal powers were fixed at -1 dBm and -7 dBm, respectively.

The 2D beam steering module discussed in Chapter 5, was implemented here
to steer optical-wireless pencil beams to the intended users. In order to stay within
the eye safe region, in all the experiments, the transmitted optical power from
the 2D gratings module was kept below +8 dBm per link. The total end-to-end
free-space loss of the OWC channel was approximately 6 dB, including alignment
and reflection losses.
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60-GHz radio fallback system

The 60-GHz radio protection system was evaluated using the setup in Fig. 6.11.
A DFB laser at 1529 nm was modulated by a 32.5 GHz radio tone using a MZM
biased at its null-point to generate 65 GHz spaced tones [34] which were then
modulated by the wireless data and routed to the PRA via the OXC chip. This
signal was then received by a 70 GHz photodiode and radiated to the user using a
horn antenna. The output of another DFB laser at 1530 nm was sent to the PRA
via the AWG and OXC chip, reflected by an FBG at the PRA, and subsequently
modulated by the down-converted upstream radio data using the REAM-SOA
[168]. The bandwidth of the FBG used in the experiment was 3 nm at a central
wavelength of 1530 nm. Discrete 60-GHz components were used in the experiment
as shown in the inset of Fig. 6.11.

Because of unavailability of smaller antennas at the time of the experiment,
to measure the total capacity of the 60-GHz radio protection link, we used fairly
directive horn antennas with apertures of 4 cm × 6 cm resulting in a gain of ~25
dBi at the transmitting and receiving ends. The transmitted power was +5 dBm.
The received power can be calculated using (6.9) to be approximately -18 dBm
at a free-space distance of 2.5 m. The beamwidth is ~10°× 10°, corresponding to
a footprint of 1 m × 1 m at 2.5 m distance between the transceivers. The gain of
the LNAs used was 20 dB. In practical deployments antennas with lower gains
can be employed to increase the coverage area. This, however, also decreases
the available data rate for individual users as the whole capacity will be shared
between all the users in the coverage area, and the received signal power will be
significantly lower.

6.3 Experimental Results

As shown in Fig. 6.8b FWM products generated by the XGM process, that might
interfere with other signals, were >30 dB weaker than the desired signals since
the XGM operation was optimized for the least cross-talk and the best efficiency.
Fig. 6.12 shows the BER curves of the multicast operation when 10 Gb/s OOK
was implemented. The XGM operation introduced a 1 dB penalty for the original
signal as depicted in Fig. 6.12a. The penalty introduced by the optical fiber cable to
the RG was less than 0.5 dB. Compared to the original, penalties of 0.5 dB and 1 dB
were observed for the two probe signals (see Fig. 6.12b). The transmission link to
the wireless users through the OXC chip introduced an additional 1.5 dB penalty
for all the channels due to ASE noise from the gate SOAs used in the OXC chip
and the XGM process, and the noise added by other components in the optical
path. Nevertheless, the total penalty introduced was below 2.5 dB for all channels.
When a 10 GHz wide DMT signal with 512 subcarriers was implemented, the
wavelength conversion process resulted in a reduction of 7 Gb/s in the achievable
data rate. 36 Gb/s transmission rate was measured for both probe signals (after
wavelength conversion).



Chapter 6: Multicast Capable All-Optical Wireless
Communication with a Millimeter-Wave Fallback System 121

(a) Effect of SOA converter on the pump

<1.5 dB

(b) BER curves before and after wireless transmission

Fig. 6.12 Transmission performances for the pump and probe signals after wavelength
conversion and wireless transmission

The capacity of the MMW radio backup system was measured to be 34 Gb/s
for the downstream and 45 Gb/s for the upstream at an average pre-FEC BER
<4.1×10−3. The downstream showed worse performance than the upstream be-
cause of the ASE noise of the SOAs in the OXC chip and penalties due to the
MMW conversion process, which is also visible in the SNR, bit-loading profile
and BER per subcarrier plots shown in Fig. 6.13a. The narrow bandpass nature of
the 2D gratings reduce the ASE-ASE beat noise, but it does not help to reduce the
ASE-signal beat noise. As shown in Fig. 6.13b, an optical carrier suppression ratio
of 18 dB was achieved for the downstream using a single-drive MZM.
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(a) SNR, bit-loading profile and BER per sub-
carrier

(b) Optical spectrum of the downstream

Fig. 6.13 Measured capacity of the 60-GHz radio fallback system

6.4 Chapter Conclusion

In this chapter, a highly dynamic full-duplex indoor optical-wireless network
with multicasting capability of 10 Gb/s OOK and 40 Gb/s DMT data was demon-
strated. Because of its simplicity, the XGM based wavelength conversion in an
SOA is an attractive method to realize all optical multicasting in indoor networks.
Multicasting is essential to route common services to the users in a dynamic and
cost-efficient manner. Using REAM-SOAs at the PRAs and user terminals allows
us to provide cost-efficient reflective transmitters using centralized light sources
and wavelength reuse techniques.

A 60-GHz radio backup system with single beamwidth of 10° × 10° (corre-
sponding to a footprint of ~50 cm × 50 cm) and data capacity of 40 Gb/s at 2.5
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m distance was also demonstrated to tackle optical-wireless link outages. The
whole capacity of the 60-GHz link is designed to be shared among the users served
by the same PRA using 60-GHz antennas with large footprints, which allows
communication at lower speeds until the OWC link is operational again, while
also providing enhanced coverage. An integrated PAA system can be employed
instead of horn antennas to realize a compact and cost/energy-efficient 60-GHz
system. The PAA system can be tuned to provide wider or narrower beams accord-
ing to our need by turning on/off PAA elements. It also allows us to perform more
accurate radio-based user localization, which helps in speeding up the overall
localization mechanism.

The broad bandwidth of the ASE noise of the REAM-SOA and narrow spectral
filtering capabilities of the 2D gratings module, in cooperation with the already
mature 60-GHz radio based localization techniques, enable us to realize a user
localization mechanism with close to 100% certainty in the proposed IOWC system.
It was demonstrated that the localization technique also allows auto-tracking
functionality which is key to support indoor mobility.





CHAPTER 7

MODULATION FORMATS FOR INDOOR
OPTICAL-WIRELESS COMMUNICATION

As demonstrated in the previous chapters, IOWC can provide large capacities
as well as the benefit of deploying the mature and widely available components
of conventional optical fiber communication systems which allows a seamless
integration with the future FTTH infrastructure. In this chapter, the different
modulation formats that can be employed in the OWC system proposed in the
BROWSE project are discussed.

Indoor optical networks typically require simple and low cost systems with
OOK-DD transceiver designs. However, with the 10 GHz bandwidth that the beam
steering module provides, only up to 14 Gb/s (assuming the channel bandwidth
required is 75% of the bit-rate) error-free transmission speed would be possible
unless advanced and more complex modulation formats are implemented. In
this chapter, another binary modulation format, namely DPSK, is experimentally
investigated using the same receiver structure as OOK. It is shown that DPSK
allows us to use the available bandwidth more efficiently than OOK without any
change in the transceiver structure, except at the transmitter, where differential
encoding is implemented and a phase modulator is used instead of an intensity
modulator. Although, the primary use of the 2D gratings module is for the beam
steering, it can also be exploited as a demodulator for DPSK signals to allow direct
detection at the user terminals.

7.1 Modulation Formats for Indoor Optical
Networks

Last mile networks usually require simple and cost/energy-efficient, yet high
performance solutions. Hence, the modulation format implemented should be
chosen taking complexity into consideration. In indoor optical environments,
where simplicity is a critical requirement, IM is the most widely deployed modu-
lation format. The message information is encoded in the intensity of the optical
carrier, which is varied according to the message signal. Demodulation of the
message is done by using a square-law intensity-detecting photo-detector at the
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receiver. In this section, some of the modulation formats that can be considered in
the proposed optical-wireless system are briefly discussed.

7.1.1 On-Off Keying

OOK is the simplest form of intensity modulation which represents digital data at
the presence or absence of an optical carrier. It can be encoded with non-return-to-
zero (NRZ) or return-to-zero (RZ) format. NRZ differs from RZ which goes to zero
between each pulse even when consecutive mark levels occur. Even though RZ
provides self-clocking, it requires double the bandwidth (for 50% duty cycle) to
achieve the same data-rate as NRZ. NRZ–OOK presents a simpler implementation
of intensity modulation. In optical communication a NRZ–OOK signal is unipolar
where a binary one is represented by the presence of an optical carrier for a specific
duration and a binary zero is represented by its absence for the same duration.
The constellation for an OOK signal is shown in Fig. 7.1.

Q

I

Fig. 7.1 OOK constellation diagram (I = In-phase, Q = quadrature-phase)

Although OOK modulation can be generated by directly modulating the drive
current of a laser diode, usually an external MZM driven by a binary sequence
is preferred, with a voltage swing of Vπ between binary zero and binary one,
corresponding to the minimum and maximum transmittance points. A MZM
provides higher ER and introduces less chirp to the resulting optical signal. Vπ

is the half-wave voltage of the MZM, a voltage swing required to create a phase
shift of 180°. By biasing the MZM at its 50% transmittance point (see Fig. 7.2a) and
driving it with a voltage swing of Vπ between the space and mark levels, an OOK
signal with the eye diagram similar to the one shown in Fig. 7.2b can be created.

To decode the OOK modulated signal a DD receiver can be implemented using
a photodiode. The photo-current produced by the photodiode, i(t) can be given
as [223]:

i(t) = R Pr(t) + n(t)

= R |E(t)|2 + n(t)
(7.1)

where R is the responsivity of the photodiode, Pr(t) is the received optical
signal power, and n(t) is the noise. E(t) = A(t)ej(ω(t)t+φ(t)) is the received electric
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(a) OOK generation using an MZM
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Fig. 7.2 OOK generation using an MZM and example eye diagram

field. A(t), ω(t) and φ(t) are the amplitude, angular frequency and phase of the
received optical signal, respectively, where φ(t) also includes the phase noise of
the optical source.

7.1.2 M-Level Pulse Amplitude Modulation

Multi-level pulse amplitude modulation (PAM) can be implemented to increase
the capacity of intensity-modulated systems. In M-PAM more than 1 bit are
transmitted in a given symbol time. To transmit n bits/symbol, M = 2n levels are
needed. For example, using a 4-level PAM, 2 bits can be transmitted per symbol,
hence doubling the capacity compared to OOK. The additional penalty introduced
by an M-level PAM compared to OOK at the same symbol rate, assuming thermal
noise is dominant, is [224]:

PenaltyMPAM−OOK = 10 log10(M − 1) [dB] (7.2)
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This power penalty is because of the lesser separation between consecutive am-
plitude levels resulting from the limited 0-100% range of the MZM transmittance;
for example, with 4-PAM the eye openings are one-third of the OOK openings
(see, Fig. 7.3); so the penalty is equal to 10 log10(4 − 1) dB = 4.77 dB. Modulator
linearity is key for multilevel modulation formats. However, any non-linearity in
the MZM driving range may be compensated by driving with a pre-compensated
input signal of which the levels are not equidistant, such that the output intensity
levels of the MZM are equidistant [159, 162].

Q

I

Fig. 7.3 4-PAM constellation diagram (I = In-phase, Q = quadrature-phase)

7.1.3 Phase Shift Keying

In phase shift keying, instead of using different intensity levels to encode bits,
different phases are used. The highest sensitivity can be achieved by maximizing
the phase difference. Hence, binary phase-shift-keying (BPSK), which uses two
phase states separated by π, is the most common phase modulation format. Like
amplitude modulation, multiple levels can be implemented to increase the capacity.
Fig. 7.4 shows the constellation diagram for phase modulated systems. The
constellation points lie on a circle of radius equal to the amplitude.

Q

I

(a) BPSK

Q

I

(b) M-PSK

Fig. 7.4 PSK constellation diagrams (I = In-phase, Q = quadrature-phase)
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The obvious way to implement phase modulation is using a phase modulator.
However, because of stability and chirp issues, a double-drive MZM is usually
preferred. In BPSK, to obtain a π phase shift between two consecutive symbols,
the MZM has to be driven with a voltage swing of 2Vπ (or equivalently, a voltage
swing of Vπ on each arm of a double-drive MZM in push-pull configuration (see
Fig. 7.5)) and biased at its minimum transmission (Vb = Vπ) (see Fig. 7.6). Note
that two equal transmission points (within the 2Vπ region) at either side of Vb (the
minimum transmission point) are out of phase as indicated by different colors on
the transmission curve in Fig. 7.6. The output electric field, Eo(t), from a MZM
operating in push-pull configuration, see Fig. 7.5, is described as:

Eo(t) =
1√
2
[Eo,1(t) + Eo,2(t)] (7.3)

where,

Eo,1(t) =
1√
2

Ei,1(t) exp(jφ(t)) =
1√
2

A exp(jφ(t)) exp(jωt)

Eo,2(t) =
1√
2

Ei,2(t) exp(jφ(t)) =
1√
2

A exp(−jφ(t)) exp(jωt)

Ei(t) = A exp(jωt) is the optical carrier with amplitude A and angular fre-
quency ω, φ(t) is the phase shift introduced by each of the MZM arms. Hence,

Eo(t) =
1
2

A exp(jωt) (exp(jφ(t)) + exp(−jφ(t)))

= A cos φ(t) exp(jωt)
(7.4)

Hence, when the driving signal voltage is 0 (corresponding to the "0" level), Eo(t) =
A exp(jωt) = Ei(t), and when the driving signal voltage is Vπ , so differential 2Vπ ,
(corresponding to the "1" level) Eo(t) = −A exp(jωt) = −Ei(t).

Ei(t)
+ ϕ(t)

- ϕ(t)

010…

1800

Eo(t)

Fig. 7.5 BPSK modulation generated by a MZM in push-pull configuration

From Fig. 7.6 it can be observed that a change in phase states leads to a dip
in the output power since the change in voltage causes the MZM to go through
the minimum transmission point, Vπ . The spacing between the two constellation
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Fig. 7.6 BPSK modulation generation using a dual-drive MZM

points for BPSK is twice as large as that for OOK in terms of power as it can be
seen in the constellation diagrams in Fig. 7.1 and Fig. 7.4a, hence BPSK provides a
3 dB improved sensitivity compared to ASK. However, since it is not possible to
detect the phase of a symbol using a single photodiode, a more complex detection
scheme is needed to decode BPSK compared to OOK modulation.

Differential encoding can be applied to the binary sequence in order to decode
the original bits from the phase change between consecutive symbols rather than
the absolute phase state itself. In this technique, the phase of the preceding symbol
is used as the phase reference by using a delay interferometer. This allows us
to retrieve the BPSK signal without requiring a coherent receiver, in which an
additional optical source provides the phase reference. This modulation technique
is termed DPSK [225]. In general, PSK is tolerant towards non-linear transmission
impairments, in addition to a higher sensitivity with respect to PAM systems.

7.1.4 Quadrature Amplitude Modulation

PAM and PSK systems only use either the amplitude or phase of the optical
carrier to transmit data. A two dimensional modulation format which uses both
the amplitude and phase information to transmit data provides higher spectral
efficiencies. This modulation format is called QAM.

QAM modulation is generated by modulating the amplitudes of the in-phase
and quadrature-phase versions of the carrier wave using PAM. The name QAM
comes from the fact that two quadrature carriers are used in the modulation
process. These modulated carriers are then summed, resulting in a waveform
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which is a combination of both PSK and PAM as shown in the constellation
diagram in Fig. 7.7.

…

Q

I

…

…
…

Fig. 7.7 M-QAM constellation diagram (I = In-phase, Q = quadrature-phase)

A QAM modulation can be created by using multiple MZM structures and
driving them with binary streams [226, 227], which would result in very com-
plex structures that require voltage controls for each biasing point [228]. In ac-
cess/indoor networks, it is mostly implemented via intensity modulation of the
optical carrier, with the QAM modulation performed on the electrical sub-carrier
driving the intensity modulator as shown in Fig. 7.8 using digital signal process-
ing techniques [229, 230]. After direct detection, the receiver simply performs the
inverse operation of the transmitter.

01011…

Impulse 
generator

900

Impulse 
generator Ht(f)

Ht(f)

cos2πf0t

Optical 
output signalDFB

DC bias

Intensity Mod.

Flow 
splitter

Fig. 7.8 Electronic generation and optical transmission of QAM using intensity mod-
ulation

To further increase the spectral efficiency, QAM can be implemented with
multiple subcarriers by dividing the available bandwidth into sub-bands. OFDM
is such a method of encoding digital data on multiple carrier frequencies [231–
233]. OFDM is a popular modulation scheme in digital communications, wireless
local area networks, and 4G mobile communications. In low-cost optical access
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networks, and typically indoor environments where IM-DD is employed (only
the intensity of light is modulated and not the phase), DD-OFDM is the preferred
mode of implementation for simplicity, although coherent-OFDM could provide
better spectral efficiency [233].

7.1.5 Discrete Multitone Modulation

The baseband variant of OFDM, called DMT, is widely employed in copper-based
digital subscriber lines (DSLs) for increasing the spectral efficiency and providing
high-speed Internet access via asynchronous digital subscriber line (ADSL) and
very-high-bit-rate digital subscriber line (VDSL) [172, 234]. Like OFDM, DMT is
a multicarrier modulation technique in which a high-speed serial data stream is
divided into multiple parallel lower-speed streams and modulated onto multiple
subcarriers using (inverse) fast Fourier transform (FFT) algorithms. The difference
with OFDM is that the DMT signal after the inverse fast Fourier transform (IFFT)
is real-valued, and hence, no in-phase and quadrature modulation on an RF
carrier are required [172]. This allows us to omit the analog RF components
(required for sub-carrier modulation) and the extra digital-to-analog converter
(DAC) and analog-to-digital converter (ADC) at the transmitter and receiver,
respectively, required for the quadrature component, hence reducing system costs
and complexity.

Like OFDM, DMT is able to adapt the link to transmission conditions in a
process known as bit-loading. In order to optimize the capacity of the transmission
link, the QAM constellation size of each subcarrier is selected according to its
corresponding SNR. The bit-loading can be rate-adaptive, where the capacity of
the channel is maximized for a fixed average BER value, or margin-adaptive, in
which the BER is minimized for a fixed bit rate.

Because of its ability to maximize channel capacity, rate-adaptive DMT modu-
lation has found widespread use in wireline communications such as DSL. The
bit-loading algorithm only needs to be computed during the setup of the link in
wireline transmission where the channel changes very slowly with time. This same
approach can be implemented in indoor wireless channels, where the channel can
be assumed to experience slow fading. DMT and OFDM require an optical modu-
lator with good linearity to reduce intermodulation products of the subcarriers,
and to cope with the high peak-to-average power ratio (PAPR) associated with
these modulation techniques. Various methods have been developed to reduce the
PAPR including, controlled clipping of the signal before modulation [172], which
resulted in better performances in terms of data rate/BER. The clipping reduces
the dynamic range required by the DMT signal.

The principle of DMT over an IM-DD system is shown in Fig. 7.9. At the
transmitter the high-speed binary sequence is divided into parallel lower-speed
binary streams. Each stream is then mapped onto complex values corresponding
to a specific QAM constellation. IFFT is performed at the transmitter to place the
QAM signals onto the sub-carriers, which, as a result, are mutually orthogonal
[232]. In order to obtain a real valued IFFT, the complex conjugates of the original
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sequences are added to the stream before the IFFT operation. The signal is then
transmitted over the channel after the parallel streams are converted to a serial
high-speed stream. FFT is performed at the receiving end to demodulate the signal.
For more details on the DMT modulation technique, and its implementation in
short-range optical access networks the readers are referred to [172, 234].
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Fig. 7.9 Schematic diagram showing the principle of DMT over an optical IM-DD
system [172]

7.2 Modulation Formats in the BROWSE
Context

In the proposed optical-wireless system in BROWSE pencil beams steered in two
dimensions using the crossed pair of diffraction gratings explained in Chapter 3
are employed to provide high capacity transmission links. The wavelength of the
incoming signal determines the location the beam is diffracted to, which can be
calculated from the grating equation in the x- and y-axes.

θx,m = sin−1(sin θx,i −
m1λ

d1
)

ψy,m = sin−1(sin ψy,i −
m2λ

d2
)
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where d1 and d2 are the periods, m1 and m2 are the diffraction orders, θx,i and
ψy,i are the incident angles, θx,m and ψy,m are the diffraction angles of the two
gratings. Detailed study of the beam-steering mechanism is given in [89, 70]. As
described in Chapter 3 a coverage angle of 5.6°×12.2°can be achieved without
angular magnification. The steering module provides a 3-dB bandwidth of 10 GHz
(see Fig. 6.10). The spectral width is limited by the dispersion of the two gratings
and the small aperture of the receiver collimator applied to focus the narrow
optical beam onto the fiber-pigtailed optical receiver. That means a compromise
is needed between, the angular coverage, the aperture of the receiver, and the
bandwidth that can be achieved. As demonstrated in Chapter 5, up to 50 Gb/s
transmission capacity has been achieved using DMT modulation.

However, for indoor applications, the simplicity of the solution for the user’s
receiver is usually given more emphasis than the capacity it provides since costs
cannot be shared with other users. Binary modulation formats such as OOK, BPSK
or DPSK can provide the required simplicity at the transmitter. Since it is not
possible to decode a BPSK signal using DD receivers (it requires a more complex
coherent detection receiver), it is usually not preferred for indoor environments. By
implementing differential encoding at the transmitter and a delay interferometer
(DI), whose differential delay is equal to the bit period, at the receiver as shown in
Fig. 7.11, it is possible to decode the DPSK signal using DD receivers. This is why
DPSK is preferred to BPSK.

Hence, OOK and DPSK can be considered to be the main candidates to realize
simpler indoor optical-wireless communication systems. In particular, OOK has
been widely implemented in optical access networks such as PONs for simplicity
and cost-efficiency purposes. However, with the 10 GHz bandwidth that the
crossed gratings based beam steering module provides in the proposed system,
only up to 14 Gb/s (assuming the channel bandwidth required is 75% of the bit-
rate) error-free transmission speed would be possible with OOK, unless complex
(so more costly) advanced modulation formats such as DMT are implemented
[235].

In the following section it is shown that DPSK can give a better compromise
between simplicity and capacity than OOK. This is because a DPSK signal can be
converted to an IM signal by narrowband filtering. This conversion allows us to
decode the signal using a single photodetector just like OOK, as well as increase
the data rate since the bandwidth of the filter required to convert DPSK to IM is
much less than the bit rate. This means more binary data can be transmitted than
the channel bandwidth allows for OOK. Hence, in the BROWSE system, where
the channel bandwidth is 10 GHz (because of the 2D gratings), we can transmit
more than 14 Gb/s data error-free using DPSK, which isn’t possible with OOK.
The optical DPSK to IM conversion process using a narrowband filter is discussed
in section 7.3.
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7.3 Phase-to-Intensity Modulation
Conversion Using Narrow Filtering

In an optical DPSK system, the differential data is encoded by modulating the
phase of an optical carrier with a π phase difference between the space and
mark levels of the differential data as depicted in Fig. 7.10. To enable a DD
based receiver, a demodulator that converts phase modulation into amplitude
modulation is needed. This is usually performed by a one-bit delay and multiply
block in an MZI configuration (see Fig. 7.11). The DI is usually designed to provide
a constructive interference at one of its output ports, and destructive interference
at the other output port because of energy conservation, by adjusting the phase of
the arm which introduces no delay to the signal (ψ in Fig. 7.11). Careful analysis of
the optically demodulated signals at the DI output reveals that the constructive port
carries duobinary modulation, whereas the destructive port carries alternate mark
inversion (AMI) [236, 237]. In the optical domain this means that both output
ports carry the full (but logically inverted) information in IM format. Hence,
they can be either detected by themselves (single-ended detection), or they can be
combined together using two photodiodes in a balanced receiver (see Fig. 7.11).
The balanced detection doubles the signal power after photodetection, resulting
in a 3-dB improvement in the receiver sensitivity.

DFB

PM

BPG

1001…

T

LPF

Optical DPSK signal

Fig. 7.10 Optical DPSK transmitter

T

PD

DI

ψ

constructive port

destructive port

Fig. 7.11 Optical DPSK receiver using a Mach-Zehnder DI and balanced detection
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However, DIs suffer from high realization costs and stringent fabrication toler-
ances since the two interferometer arms should be carefully designed to obtain a
stabilized output. Another limitation of the DI is that the optical delay line has to
be manually tuned when the bit rate changes to maintain the proper interferomet-
ric bias point. This will make detection at the user terminals more complicated,
despite the less complicated way of generating DPSK at the transmitter.

Adding a signal to its one-bit-delayed replica using a DI can be written in
the temporal domain as the convolution of the signal by δ(t) + δ(t − Tb) where
Tb is the bit period and δ is the Dirac functiontion [236]. In spectral domain, this
corresponds to multiplying the spectrum of the signal by 1 + exp(j2π f Tb) =
2 exp(jπ f Tb) cos(π f Tb). This is equivalent to delaying the signal with delay time
of 1

2 Tb and filtering it with a cosine filter whose magnitude response is frequency
periodic with a period of 1/Tb as shown in Fig. 7.12. Following the Nyquist
theory, only the first arch of the cosine function can be used [238], which may
be approximated by any band-pass filter having the same bandwidth. It was
shown that the optimum bandwidth in terms of performance is to use a Gaussian-
shaped filter with a full-width-half-maxima (FWHM) bandwidth of about two-
thirds of the bit rate [239]. The Gaussian band-pass filter (BPF), effectively carves
out a duobinary spectrum from the original DPSK signal (corresponding to the
constructive port of the DI based detection).
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Fig. 7.12 Mach-Zehnder DI response for a DPSK input optical signal (the highlighted
portion indicates the first arch of the cosine filter which can be approximated by using
a Gaussian filter of the same bandwidth)

A phase-modulated optical signal with frequency, fs and phase, ψS(t) can be
described as:

SPSK(t) = Es exp(j(2π fst + ψs(t)))
= Es exp(jψs(t))exp(j2π fst)
= Es [cos ψs(t) + j sin ψs(t)] exp(j2π fst)

=
[
SI(t) + jSQ(t)

]
exp(j2π fst)

(7.5)
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where SI(t) = Es cos ψs(t) and SQ(t) = Es sin ψs(t) are the in-phase and
quadrature modulation components. To convert the phase-modulated signal,
SPSK, to an IM signal so that DD receivers can be used to decode the signal, a
Gaussian filter with transfer function of G(f) that approximates the cosine filter, as
described above, can be used. The received photo-current by the photo-detector is
then:

id(t) = R
∣∣∣∣∫ G( f )[SI( f ) + jSQ( f )] exp(j2π f t) d f

∣∣∣∣2 (7.6)

R is the responsivity of the photo-detector, SI( f ) and SQ( f ) are the spectrum
of SI(t) and SQ(t), respectively.

The principle of converting a DPSK signal to IM signal can also be explained
as follows [240]. A DPSK signal can be written as:

SDPSK(t) = E0 cos(ω0(t) + ϕ(t)) (7.7)

where ω0 is the angular frequency of the optical carrier, E0 is the optical field
amplitude, and

ϕ(t) = ∑
i

ϕi p(t − iTb) (7.8)

p(t) being a non-return-to-zero pulse, and

ϕi = ϕi−1 ± (di − 1)π (7.9)

where di ∈ {0, 1} is the information symbol. Fig. 7.13 shows an example
information sequence for a DPSK signal with the associated phase changes based
on (7.9). While a π phase shift takes place at each bit time when the incoming bit
is a “0”, no phase shift takes place when the incoming bit is a ”1”. Narrowband
filtering (see Fig. 7.15) such a signal substantially reduces the envelope of the
signal corresponding to a stream of “0” while leaving it essentially unaltered for a
stream of “1”, as shown in Fig. 7.14.

t

Phase

0

π

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

Fig. 7.13 DPSK information sequence
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Beam Steerer

Fig. 7.14 DPSK waveform after narrow filtering

PD
BPF

Fig. 7.15 DPSK-to-IM conversion using narrow filtering

7.4 DPSK Demodulation Using the 2D
Gratings Optical Beam Steerer

By using the narrowband filtering functionalities of the 2D gratings constellation
(with a bandwidth of 10 GHz), the downstream DPSK signal can be converted to a
duobinary, hence IM signal, thereby allowing us to use a DD receiver at the user
terminal, as described in section 7.3. Moreover, since the bandwidth of the filter
required to convert a DPSK signal to an IM signal is much less than the signal
bandwidth, it allows us to transmit more data than traditional OOK-DD systems.
The optimum bandwidth of the filter required to convert DPSK modulation to
IM for equally likely “0” and “1” bits is about two-third of the bit rate [239]. This
allows us to increase the spectral efficiency of a limited bandwidth channel by 50%
using DPSK. Note that the converted duobinary signal is an OOK signal in optical
domain.

Hence, DPSK allows us to use the available bandwidth in the BROWSE sys-
tem more efficiently than OOK without any change in the system, except at the
transmitter, where differential encoding is implemented and a phase modulator
is used instead of an intensity modulator. Although, the primary use of the 2D
gratings module is for the beam steering, it can also be exploited as a tunable
demodulator for multiple DPSK signals at a time to allow direct detection at the
user terminals, hence removing the requirement for a DI at each user. The main
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advantage here is that, from the user’s perspective, the modulation is always OOK,
even when it moves. If a DI was needed for demodulation of the DPSK signal, it
would have to be tunable to support user mobility, which would complicate the
control system, and the user terminal in particular. Therefore, the benefit of the 2D
gratings module in this system is multifold; to steer optical pencil beams in two
dimensions, to convert DPSK signals to IM signals by acting as a demodulator for
multiple PSK signals at a time irrespective of the wavelength, and also increase
the capacity (compared to OOK).

7.5 Experimental Demonstration

The experimental setups shown in Fig. 7.16 and Fig. 7.17 are used to evaluate and
compare the performances of DPSK and OOK modulations in the downstream.
The difference between the two setups is only in the way the MZM modulator is
employed. In both cases, the downstream optical-wireless data was modulated
on an optical carrier generated from a TL source at 1550.2 nm wavelength using a
dual-drive MZM modulator operating in push-pull. To generate a DPSK signal,
the MZM was biased at its minimum transmission point (Vπ) and driven by a
differentially-encoded data pattern with peak-to-peak voltage of Vπ (as described
in section 7.1.3). Whereas, in the case of OOK transmission (see Fig. 7.17) the MZM
was biased at Vπ/2 and the peak-to-peak voltage of the data was approximately
equal to Vπ/2. Hence, generating the DPSK signal requires a driving signal 6-dB
higher than that required for generating OOK. In both cases, the downstream
signal was then launched into a 1 km optical fiber, which represents the in-building
reach, and then steered by the 2D beam-steerer to the PIN+TIA receiver located
at a free-space distance of 2.5 m after amplification by an EDFA to compensate
the losses introduced by the MZM, the beam-steerer, and the coupling optics at
the user. The 2D steerer consists of two crossed gratings in which the first is
a 80.7° (13.33 grooves/mm) blazed reflection grating and the second is a 1000
grooves/mm transmission grating, which resulted in a combined loss of 6 dB,
including the losses incurred by imperfections in alignment, a bandwidth of 10
GHz (see the inset of Fig. 6.10), and coverage angle of 5.6° × 12.2°[70].

As demonstrated in Chapters 5 and 6, the downstream optical carrier can
be re-used for upstream communication after the downstream modulation was
erased by a saturated SOA. This concept eases channel management since the
same wavelength is used for both the downstream and upstream communications.
Note that a carrier recovery mechanism is necessary to re-use the optical carrier.
This is facilitated by the reversibility principle of optics whereby light at the same
wavelength follows the same path that it traversed when the beam is reversed.
The use of a REAM-SOA allows us to implement a colorless transmitter at the
user terminal. This method enables mass production of identical, and therefore,
potentially low-cost receivers. Since upstream communication using optical carrier
re-use has been experimentally demonstrated in detail in the previous chapters, it
is not presented here again.
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It should be noted that, for the user, the 2D gratings module acts as a filter
to wide band signals as it can be seen in Fig. 7.18 which depicts the spectrum of
the OOK and DPSK signals at the user terminal (after the wireless transmission).
A DPSK signal generated using the push-pull operation of an MZM modulator
will have more harmonics than an OOK signal since the driving voltage is at least
double (hence, introducing more nonlinearity). Additionally the π phase shift
introduced between the two arms of the double drive MZM results in optical
carrier suppression. We can clearly see the filtering by the 2D gratings, especially
in the DPSK case where the harmonics are filtered out. As shown in the eye
diagrams in Fig. 7.19 while the narrowband filtering of the OOK signal by the
2D gratings resulted in closing of the eye diagram, which makes it impossible to
detect the received signal without error, the filtering of the DPSK signal resulted in
conversion of the modulation to OOK (as described in section 7.4), which can be
seen from the clear eye openings even for data rates above 20 Gb/s. This allows us
to transmit significantly more data than traditional OOK systems using the same
receiver. As shown in Fig. 7.19, the filtering started to affect the performance of
the DPSK signal when the data rate was above 24 Gb/s. The eye-opening of the 24
Gb/s DPSK signal were very small, hence increasing the penalty at a BER value of
1×10-9 by 6 dB (see Fig. 7.22).
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OOK

24 Gb/s20 Gb/s

DPSK-to-OOK

Fig. 7.19 Eye diagram of OOK and DPSK-to-OOK optical-wireless signals after the 2D
gratings. Note that, although the DPSK eye diagram for 24 Gb/s does not really show
a clear binary eye, error-free transmission was still possible by adjusting the decision
threshold.

Fig. 7.20 BER curves of DPSK-to-OOK optical-wireless signals after transmission via
the 2D gratings for varying bit rates

Fig. 7.20 depicts the BER curves of the downstream optical-wireless signal at
the receiving-end when DPSK was implemented for varying bit rates. Both the
threshold voltage and sampling instant of the error analyzer were optimized for
each measurement of BER. The sensitivity of the PIN+TIA receiver used was -14.5
dBm for a 10 Gb/s NRZ-OOK signal. As it can be seen from Fig. 7.19 the 20 Gb/s
DPSK-to-OOK signal has clear eye openings, despite significant filtering which
resulted in a smaller eye opening than the 10 Gb/s signal. Hence, by adjusting the
decision threshold and sampling instances, no additional penalty was incurred
when transmitting at 20 Gb/s compared to 10 Gb/s as shown in Fig. 7.22. More
than 24 Gb/s error-free transmission was possible, albeit with a power penalty of
6 dB. This can be compared with the performance of OOK modulation, shown in
Fig. 7.21, in which only up to 16 Gb/s error-free transmission was possible, even
with a power penalty of >5 dB because of the narrow channel bandwidth that the



Chapter 7: Modulation Formats for Indoor
Optical-wireless Communication 143

2D gratings module provides. At 10 Gb/s, using DPSK instead of OOK resulted
in a penalty of 2 dB because the OOK modulation was not affected by the filtering,
and therefore provides better ER than the filtered DPSK modulation.

As we can see in Fig. 7.20 and Fig. 7.22, by adjusting the decision threshold,
the sensitivity of a DPSK-to-OOK signal didn’t change when the bit rate was
varied from 10 Gb/s up to 20 Gb/s, unlike the OOK signal, where the penalty rose
rapidly with increase in the bit rate. In case of OOK, error floors began to appear
when the bit rate was 16 Gb/s, making it impossible to transmit more than 16 Gb/s
with BER of 1×10-9. Fig. 7.23 shows the eye diagram of the DPSK-to-OOK signals
at the user terminal for different bit rates. We can see a clear eye-opening even
at 24 Gb/s data rate. Fig. 7.21 elucidates the BER of the OOK signal at different
data rates for the back-to-back and transmission cases. We can see the effect of
the 2D gratings module, with error floors appearing for bit rates >16 Gb/s due to
intersymbol interference.

Fig. 7.21 BER curves of the OOK optical-wireless signals after transmission via the 2D
gratings for varying bit rates

For performance measurements in the upstream communication using optical
carrier reuse, the readers are advised to refer to Chapter 5 and Chapter 6.

7.6 Chapter Conclusion

In conclusion, in this chapter, a potentially low-cost OWC system that can provide
non-shared capacities of >24 Gb/s using a simple baseband modulation format
has been discussed. Experimental demonstration was carried out employing
DPSK modulation format with the narrowband filtering functionalities of the 2D
gratings, which converted the DPSK modulation to duobinary modulation, which
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Fig. 7.23 Eye diagrams of DPSK-to-OOK signals after transmission

in optical domain means OOK. It was shown that higher-capacity IM signals than
traditional OOK can be provided to the users without any change at the receiving
end unlike advanced modulation formats.

Although, the primary use of the 2D gratings module is for the beam steering,
it was demonstrated in this chapter that it can also be exploited as a tunable
demodulator for multiple DPSK signals at a time to allow direct detection at the
user terminals without requiring DIs. Therefore, the 2D gratings module can be
used to steer optical pencil beams as well as to convert multiple PSK signals to
duobinary ones (by narrowband filtering) irrespective of the wavelength, which
in the process allows us to increase the capacity to individual users (compared to
OOK). Even though the optimum filter bandwidth to convert a DPSK signal to a
duobinary signal is about 60% of the bit rate, by adjusting the decision threshold
and sampling instances, a filter bandwidth as low as 40% can be implemented to
achieve error-free transmission, which means >2 b/s/Hz spectral efficiency in the
BROWSE system.



CHAPTER 8

CONCLUSION AND OUTLOOK

8.1 Summary and Findings

Driven by the exponentially rising numbers of connected devices because of the
internet of things (IOT), and growing demand for bandwidth-intensive services,
wireless bandwidth demand is getting beyond the capabilities of the current radio-
based wireless systems. Moreover, the vast majority of this traffic is generated
and terminated at indoor locations. This creates an immense pressure on the
current indoor wireless networks, which are mainly wireless-fidelity (Wi-Fi) based
using the 2.4 GHz and 5 GHz frequency bands. Various techniques have been
proposed to meet the ever increasing bandwidth requirements, including the
pico-cell/femto-cell concept, advanced modulation formats with complex signal
processing, and multiple-input multiple-output (MIMO) techniques. Still, the
inherently limited bandwidths in these frequency regions limit the achievable
transmission speeds to insufficient levels. Higher radio frequency (RF) bands (such
as the 60 GHz or higher) are considered to be potentially future-proof solutions
because they can provide unlicensed bandwidths of more than 7-GHz which can
be utilized to support high capacity links to the users. With its THz-s of available
unregulated bandwidth, optical-wireless communication (OWC) is proven to be
a promising alternative or complementary solution to high-speed radio wireless
communication to realize future-proof wireless systems. It is inevitable that future
wireless communication networks will be based on higher frequency bands using
the millimeter-wave (MMW) or higher in the RF domain and/or OWC.

In the Beam-steered Reconfigurable Optical Wireless System for Energy-
efficient communication (BROWSE) project, of which this work is a part, a revo-
lutionary combination of infrared optical-wireless communication (IOWC) and
60-GHz radio techniques is performed in all-optical and hybrid indoor wireless
network architectures to realize dynamic networks that can provide ultrahigh
wireless capacities per user. Energy-efficient optical links are provided to the
users by employing narrow infrared beams steered to the users using beam steer-
ing modules at the pencil radiating antennas (PRAs). The 60-GHz radio system
is implemented to perform user localization and tracking as well as upstream
communications, and to provide backup to the optical-wireless links in cases of
line-of-sight (LOS) blocking. The main objective of BROWSE is to realize high-
capacity uncongested wireless connectivity to indoor users by combining the best
features of OWC and radio techniques dynamically. The proposed system in
BROWSE includes multi-room wireless communication by means of a fiber back-



146 8.1 Summary and Findings

bone network and dynamic routing of the traffic streams to/from the rooms using
an optical-cross-connect (OXC). Hence, this thesis investigated the challenges in
combining the IOWC systems and 60-GHz radio techniques to realize dynamic
ultrahigh capacity indoor wireless communication systems. Several techniques
were proposed and experimentally demonstrated in this thesis.

First, a review of the frequency bands that are currently being investigated
for future indoor high-capacity wireless communication is given in Chapter 2.
From the RF domain, the MMW region around and beyond 60-GHz has received
significant research interest in industry as well as academia due to the >7 GHz un-
regulated bandwidths in these regions that can be utilized to provide high capacity
wireless links to the users. Currently, 60-GHz based Wi-Fi technology, standard-
ized in the Institute of Electrical and Electronic Engineers (IEEE) 802.11 ad and
IEEE 802.15.3c, is available commercially. The terahertz band is another frequency
band that is being investigated for future high-capacity wireless communication
in the RF domain since it can offer several THzs of bandwidth. However, the huge
link losses associated with the high frequencies (according to the Friis equation)
necessitate very high gain antennas which result in narrow beam shapes. Thus,
significant research efforts are still needed before it becomes a cost-efficient and
practical alternative for indoor applications. A more significant step forward in
realizing ultrahigh capacity wireless communication can be taken by using optical
frequency bands. OWC brings large unregulated bandwidth, immunity against
electromagnetic interference, and physically security to the wireless domain. This
chapter also discusses the routing mechanisms for multi-room user mobility that
can be employed to achieve dynamicity in these high-capacity wireless communi-
cation systems. The suitability of a switching mechanism is assessed taking into
account the cost, insertion loss, crosstalk, extinction ratio (ER), switching speed
scalability and optical bandwidth, among other things. However, since finding all
the best attributes in one switching fabric is usually not possible, the most suitable
switching technology is chosen based on the most stringent requirements of the
network considered. For indoor networks, that means compactness, low-cost/
energy-consumption and colorless operation. semiconductor optical amplifier
(SOA) gate-based switches are attractive in such environments because of the possi-
bility of integration with other optical components (such as lasers, photodetectors
and modulators) resulting in a compact and energy-efficient device.

The BROWSE project combined optical-wireless technologies with the 60-
GHz radio band to realize ultrahigh-capacity indoor wireless communication.
Chapter 3 discussed the main work packages of the project in details. BROWSE
consists of five separate sub-projects which must eventually be integrated together
to realize a dynamic system that can provide ultrahigh wireless capacities for
individual users. This chapter discusses the design and implementation of the
main components of the project, including the residential gateway (RG), the OXC,
the tunable transceivers, the PRAs, the user terminals and other aspects such as
user localization and tracking. The RG hosts the OXC for dynamic routing, the
central communications controller (CCC) for network control and management
(C&M), and the tunable transceivers to provide the necessary wavelengths for the
beam steering per room. The PRAs are made up of optical beam and radio beam
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steering devices. Optical beam steering is realized by implementing a crossed
pair of diffraction gratings, while for radio beam steering, 60-GHz phased-array-
antenna (PAA) systems are deployed at the PRAs. The designs of the crossed
gratings module and the PAA system implemented in the BROWSE project are
given in this chapter.

Next, in Chapter 4, an indoor wireless network employing a combination of
steered IOWC and 60-GHz radio for the downstream and upstream communi-
cations, respectively, is demonstrated. To achieve dynamic routing in the down-
stream, an SOA-gate based low-power fast-switching OXC chip is implemented.
The network provides dynamic and high capacity wireless links for individual
users by using narrow infrared beams steered with a 2D optical beam steering
module. The beam steering module is realized by orthogonally cascading two
diffraction gratings (one with smaller free spectral range (FSR) than the other)
providing a coverage angle of 5.6°×12.2°as illustrated in Fig. 4.2. The steering
is remotely controlled by wavelength-tuning of the signal at the RG, hence no
local powering at the PRA is needed. Narrow beams (beam waist ~3 mm) were
implemented in the wireless channel which result in power savings compared
to wider beams. As a result, >35 Gb/s transmission rates were achieved using
discrete-multi-tone (DMT) modulation within the 10 GHz bandwidth that the
beam steering module provides. In the upstream, subcarrier multiplexing is im-
plemented to use the optical link more efficiently. Additionally, one continuous
wave (CW) laser source at the RG, multicasting its output to remotely feed the
PRAs, each equipped with a a reflective electroabsorption modulator (REAM)
integrated with a SOA (REAM-SOA), is used to transport the upstream subcarrier-
multiplexed signal on a robust radio-over-fiber (RoF) network, hence making the
PRAs simpler. The REAM-SOA, combines a REAM with an SOA on a single de-
vice to realize a high-speed reflective modulator with low insertion losses. Unlike
electro-absorption modulators (EAMs), analog performance of the REAM-SOA
stays largely unaffected by input optical signal power and wavelength variations,
which alleviates the need for accurate control of the input signal. This is especially
advantageous at radio access points (RAPs), where simplicity and cost-efficiency
are of paramount importance. >35 Gb/s (18 Gb/s for one user and >17 Gb/s for
the other) upstream transmission speeds have been achieved using this hybrid
wireless system.

In an effort to realize symmetric bidirectional communication, in Chapter 5,
future-proof dynamic all-optical bidirectional indoor wireless systems employing
the SOA gate-based optical switching chip and REAM-SOAs are demonstrated.
Two all-optical wireless systems are discussed implementing optical carrier reuse:
half-duplex and full-duplex. Because of regeneration of the optical carrier used for
the downstream path and reversibility of lightpaths, no additional beam steering is
required for the upstream. In the half-duplex system the user devices only consist
of a single REAM-SOA for downstream reception as well as upstream transmis-
sion, making the user terminal simple. The optical carrier is shared between
the downstream and the upstream by implementing a time-slotted transmission
mechanism controlled by the CCC at the RG. This allows us to make the system
simple while also operating at symmetric transmission rates in excess of 40 Gb/s
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using DMT modulation (half-duplex). In the full-duplex configuration, an optical
carrier recovery mechanism using an SOA working in its saturation region is
implemented in order to reuse the optical carrier for upstream communication.
In this case, the user terminals will also be equipped with a photo-receiver for
downstream reception in addition to the REAM-SOA which is used for upstream
transmission. The result is however a doubling of the data rates in both the
downstream and the upstream, compared to the half-duplex system. Bidirectional
transmission rates of >40 Gb/s are achieved using DMT. Compared to the bidirec-
tional solution discussed in Chapter 4, the full-duplex all-optical system presented
in this chapter provides higher symmetric data rates in addition to avoiding the
more complex and costly radio beam steering components at the radio access
points and user terminals. .1.1 The optical and radio waves have their own strong
and weak points. While optical-signals provide large untapped bandwidth, they
are prone to LOS blocking. RF waves (especially, those below 60-GHz) are less
sensitive to LOS issues. Hence, a dynamic, high-capacity and reliable indoor wire-
less communication system can be realized by combining the best features of both
systems: the high bandwidth capability of optical signals, and the larger coverage
and lesser sensitivity to LOS blocking of RF waves. Chapter 6, demonstrates such
a system including multicasting capability. The optical-wireless system (Chapter
5) takes care of the downstream and upstream communications, while the radio
system takes over when there is a LOS blocking in any of the optical-wireless paths
to the users. It is understood that the radio backup link will provide lower data
rates than the optical-wireless link; however, since it is intended only for backup
purposes, communication at lower speeds is acceptable. Any current wireless
access method, such as Wi-Fi can be implemented for this purpose. However, in
this thesis, a 60-GHz radio backup system was implemented to take advantage
of the 7-GHz bandwidth in this region. Compared to optical-wireless signals,
because of their large footprint (especially, when antennas with lower gains are
implemented), 60-GHz signals are less vulnerable to LoS issues due to reflections
from walls and other materials. A single antenna with a gain of ~25 dBi and
a beamwidth of 10° × 10° (corresponding to a footprint of 1 m × 1 m at 2.5 m
distance) is used in experiments in this thesis providing a data capacity of 40
Gb/s. The whole capacity of the 60-GHz link is designed to be shared among
the users served by the same PRA using 60-GHz antennas with large footprints,
which will simplify the RAP. Moreover, multicasting is essential to route common
services to the users in a dynamic and cost-efficient manner. Cross-gain modula-
tion (XGM)-based wavelength conversion in an SOA is an attractive method to
realize all-optical multicasting because of its simplicity. Multicasting of 10 Gb/s
on-off-keying (OOK) and 40 Gb/s DMT data to three users has been achieved
using this technique. The number of users can be increased since the technique
can handle multiple users.

Chapter 6 also demonstrated how the broad bandwidth of the amplified
spontaneous emission (ASE) noise of the REAM-SOA can be utilized to increase
the accuracy of the localization system for application in narrow beam-based
OWC. The narrowband spectral filtering capabilities of the two-dimensional (2D)
gratings module comes in handy in determining the wavelength required to reach
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the user. The localization is performed in cooperation with the already mature
60-GHz radio-based localization techniques, which provide accuracies of ~30
cm. This accuracy is not enough to enable precise determination of the users’
location. By combining the radio localization techniques for determination of
the estimated location, the ASE noise output of the REAM-SOA from the user
terminal and the narrowband filtering functionality of the 2D gratings beam
steering module, a very accurate user localization mechanism can be realized for
applying the proposed pencil beam based IOWC system. It was demonstrated
that the localization technique also allows auto-tracking functionality which is key
to support indoor mobility.

Finally, indoor optical networks typically require simple and low cost systems
with OOK-direct-detection (DD) transceiver designs. Hence, in Chapter 7, the use
of differential phase-shift-keying (DPSK) modulation format instead of the most
common OOK modulation is analyzed and experimentally demonstrated. It is
demonstrated that intensity modulation (IM) signals with a higher capacity than
traditional OOK can be provided to the users without any change at the receiving
end unlike advanced modulation formats. Using DPSK, non-shared capacities
of >24 Gb/s can be provided to each user which would not be possible by OOK.
In this system, the 2D gratings beam steering module also acts as a narrowband
filter to multiple DPSK signals irrespective of the wavelength. This results in con-
version of the modulation to duobinary which can be directly detected by using
a photodetector at the user terminals, just like an OOK signal. Thus, no costly
delay interferometer (DI), which would require tuning when the bit rate changes,
is required. Moreover, the optimum filter bandwidth to convert a DPSK signal to a
duobinary signal is about 60%, which can be translated to increased transmission
capacity for a given channel. By adjusting the decision threshold, a filter band-
width as low as 40% can be implemented to achieve error-free transmission, which
means >2 bits/s/Hz spectral efficiency in the BROWSE system. At a data rate
of 10 Gb/s, OOK has a 2 dB better receiver sensitivity than DPSK-to-duobinary.
However, for data rates ≥14 Gb/s, DPSK-to-duobinary is much better.

8.2 Outlook and Recommendations

8.2.1 Infrared Optical Wireless Communication

With its unsurpassed unlicensed bandwidth, IOWC is an attractive technique
to realize future-proof wireless communication systems. Moreover, using wave-
lengths in the telecom window (1260 - 1630 nm), it allows a seamless transition
from high-capacity wired to wireless channels by using the ubiquitous fiber-optic
components already available in the market. This thesis demonstrated upto 50
Gb/s transmission capacities per user using steered narrow infrared beams prov-
ing that a wireless system can have a comparable (or better) performance to an
single-mode fiber (SMF) transmission system. Hence, IOWC is a powerful and
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breakthrough solution to cope with the booming wireless traffic volume in future
wireless systems.

Nevertheless, free-space communication using narrow beams is still at its
infancy. Important challenges still exist that must be addressed before the technol-
ogy can become mature and become a viable solution in the near future. Research
efforts are still needed in realizing practically simple, compact, low-cost, and
energy-efficient access points and mobile devices, where cost and simplicity re-
quirements are crucial. Some of the aspects that need further development are
discussed below.

Receiver with wide field-of view

In OWC, the receiver is very crucial since the photodetector active area determines
the data rate that can be supported. While it is possible to use a photodetector of
large area for low speed applications, the detector active area should be less than
a few tens of micrometer for a bandwidth of >10 GHz. Coupling the incoming
optical light into this very small active area for high speed applications is a chal-
lenging task. Some of the solutions being proposed in the literature towards this
include angle diversity receivers, hemispherical lenses and a compound parabolic
concentrator (CPC) to concentrate the incoming light beam to the small detector
active area. Moreover, the detector active area can be made larger by implement-
ing arrays of photodetectors and combining their outputs constructively. The
number of detector elements needed is determined by the width of the beam used.
Alternatively, multiple light coupling elements can be implemented to maximize
the amount of the light coupled to a single photodetector. Research efforts in
BROWSE towards achieving good light coupling to the receiver involve the latter,
where multiple on chip grating elements, whose outputs are controlled by phase
modulators, for constructive interference, are used to couple the incoming light
to a single high-speed photodetector. Preliminary work implementing this con-
cept was demonstrated in [241] by using a flexibly designed gratings-based light
collection aperture and a high-speed photodetector. The research is still ongoing.

Moreover, in order to ease the sensitivity to slight angular misalignment, a
wide field-of-view (FoV) receiver is required to remove the requirement of a beam
steering module at the receiver. This could be achieved using wide angle lenses
or CPCs. However, this would be at the expense of a reduced effective collection
aperture which might reduce the link margin when wide beams are used due to
the conservation of étendue. Hence, a compromise might be necessary between
the beamwidth and the receiver FoV.

Angular coverage

Using narrow beams for OWC requires a multi-beam steering module at the access
points to direct each beam to the intended users. Remotely controlled passive
optics is attractive for this purpose as local powering is avoided which simplifies
the access points. As discussed in this thesis, by employing two orthogonally
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cascaded blazed gratings, only an angular coverage of 5.6°×12.2° is achieved in a
wavelength range of 1500 nm - 1630 nm. For practical implementation, to cover a
large area with lesser number of PRAs, the angular coverage should be further
increased. To achieve this, the 2D beam steering module can be combined with
optical angular magnification techniques. Moreover, using the proposed beam
steering module, the number of full scan lines is limited to 8 within the coverage
area as shown in Fig. 4.2. This has to be improved in future works to increase the
resolution of the beam spots and achieve hundreds of scan lines, for example by
using virtually imaged phased array (VIPA) [89] at high orders in order to cover
every spot within the coverage area .

User localization

Another crucial aspect of IOWC that needs further investigation is localization of
the user devices in relation to the width of the beam implemented for the com-
munication. The use of already mature radio-based localization techniques is a
good starting point in determining the location of the users when comparatively
larger optical beams are used. When narrow optical beams (beamwaist <10cm)
are deployed to increase the energy-efficiency and throughput per user, however,
the radio-based localization techniques will struggle to provide the required ac-
curacies, unless complicated signal processing using multiple access points is
implemented. For application in beam steering using dispersive devices, a local-
ization concept employing both radio and optical techniques is demonstrated in
Chapter 6. The radio system is implemented for coarse localization (to determine
the approximate location of the 2D gratings ) and then the wide ASE noise band-
width in cooperation with the narrow filtering functionality of the 2D gratings
is used to determine the wavelength required to reach the user. Alternatively, a
searching mechanism may be deployed after the user’s approximate location is
determined by the RG using the radio-based localization techniques [242]. By
means of a prerecorded wavelength-to-position mapping (fingerprinting) function
of the 2D-gratings-based beam steerer, the RG then scans the room using different
wavelengths until the user is found. The radio-based localization provides the
starting point for the search algorithm. Moreover, machine-learning techniques
can be implemented to reduce the computation times for the search mechanism
[123].

All-optical techniques can also be investigated for user localization. One such
technique is using light-emitting diode (LED) sources surrounding the user device
and sending their output to a camera with wide FoV at the PRA, and analyze the
intensity and angle of arrival of received light from each LED [148]. Although
this method is somewhat complex, the user can be accurately localized using
angle-of-arrival (AOA) techniques. Search and scan method using wide encoded
optical beams can also be implemented [149]. Since localization communication
requires only very low data rates, small bandwidth detectors should be sufficient.
A detector with a large area and a large FoV helps to ease light detection and
therefore, reduces localization latency. Therefore, a wide beam can be used for the
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localization while the beamwidth can be progressively decreased for high-speed
communication after localization.

Therefore, the beamwidth is another important parameter in IOWC using
narrow beams [89]. Using large diffused beams makes the localization easier
since the precise location of the user is not needed as long as it is within the
beam coverage. However, the optical power coupled to the user’s receiver is a
small portion of the total power, resulting in low energy efficiency and reduced
transmission rate. On the other hand, using narrow beams, care must be taken in
the design of the beam type to be used (in addition to the beam steering module),
i.e., collimated or diverging. Collimated beams, which seem overlapping near the
access point, start to show empty spaces when the distance extends from the access
point [243]. So the beam width should be designed taking this into consideration.
On the contrary, diverging beams provide the same pattern whether we move
closer to or away from the access point. Hence, diverging beams may give more
flexibility in coverage for varying distance from the access point. However, this
comes at a cost of reduced optical power coupling and/or more complicated
coupling optics at the user terminal, especially at longer distances where the
beamwidth becomes large.

Photonic integrated circuit solutions

In order to make the proposed system ready for commercial realization, the
discrete and bulky devices used in the proof-of principle experimental demon-
strations in this dissertation should be implemented using photonic integration
technology. The photonic integrated circuit (PIC) technology is attractive since it
allows integration of lasers, modulators, photodetectors and waveguide gratings
on a single substrate to realize potentially low-cost optical components with small
footprint, lightweight and low power consumption, especially at the user termi-
nal. In BROWSE, for fast and stable beam detection and optical coupling to the
user’s receiver, a PIC-based optical phased array that can receive 200 Gb/s data
streams (5λ×40 Gb/s) has been demonstrated [241], which is being improved in
an ongoing work. PIC optical phased arrays have the potential to realize compact,
fast and stable beam detection/steering with large angular coverage [244].

The PIC technologies that can be investigated include the silicon photonics
platform which allows large-scale integration due to the high index contrast
provided by silicon-on-insulator (SOI), and the indium phosphide (InP) platform
which allows the integration of both active and passive components on a single
substrate. The silicon nitride (Si3N4) platform which allows moderate-index-
contrast to the SOI platform may also be employed. A combination of these
technologies can also be implemented [81], where the active components are
realized using III-V components on a SOI platform. Silicon-based optical phased
arrays can benefit from the complementary metal-oxide semiconductor (CMOS)
technology which is already highly advanced and allows very dense integration
of microelectronics for the driving circuitry.
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Although advances in PIC-based beam steering/detection techniques in the
literature have been promising, issues such as large coverage, two-dimensional
beam steering, and simplicity of the control electronics still need further inves-
tigations to help speed up the realization of steered IOWC systems in practical
working environments such as for indoor high-capacity wireless communication.

8.2.2 High-Capacity Radio Communication

It is generally accepted that future wireless communication networks will be based
on 60-GHz or higher frequency bands. Compared to other higher frequency re-
gions in the MMW band such as the 70/80-GHz and 90-GHz bands, a key benefit
of 60-GHz wireless is that CMOS based radio building blocks such as transceivers,
power amplifiers (PAs), low-noise amplifiers (LNAs), mixers, e.t.c. are more
readily available. It has raised significant standardization efforts in the global com-
munity such as the IEEE 802.15.3c for wireless personal area networks (WPANs),
the IEEE 802.11ad, the wirelessHD 1.1 standard, and the ECMA standard for short
range wireless communication such as indoors. Implemented with advanced
modulation formats the 7 GHz bandwidth (57-64 GHz) in this frequency band is
attractive to provide high capacities for wireless users. In BROWSE, although the
radio experiments so far have been performed using discrete 60-GHz components,
realization of a compact 60-GHz PAA system is in progress [126]. This will make
the 60-GHz access points and user terminals simpler.

In this dissertation, physical architectures and implementations, including
the dynamic routing, of 60-GHz radio communication systems for the upstream
communication, the downstream being optical-wireless (Chapter 4), and as a
backup to the higher capacity optical-wireless communication system as well as
for user localization (Chapter 6) have been extensively discussed. However, the
dynamic routing, resource allocation such as time-slot assignment (Chapter 5), the
localization system (Chapter 6) and user mobility need the support of medium-
access-control (MAC) protocol mechanisms which were not explored in this thesis.
In the BROWSE project, Integer Linear Programming based models for resource
allocation, artificial search algorithms for user localization, and quality of service
(QoS) and quality of experience (QoE) assessments have been carried out in details
in [123]. The control plane is also an essential aspect in the conversion between
wired and wireless systems, as well as the beam steering mechanism. Hence, the
underlying control plane should be studied separately from the data plane and
then integrated together to realize a complete and practical system. This brings
additional research challenges such as synchronization between the two planes
which must be addressed with new algorithms and techniques.

Other key challenges for the RoF backbone network in the proposed system
include minimizing the energy consumption, improving link linearity (mainly
degraded because of the limited linearily of the optical modulator) and optical-
radio conversion efficiency. These require high-speed, photonic integrated signal
processing systems that can operate at high carrier frequencies which need further
investigations in terms of reducing the cost, energy-consumption and size, and
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increasing the capacity. These parameters were so far addressed by improving
existing technologies.

8.2.3 Conclusion

In this thesis, novel dynamic wireless communication systems which can provide
ultrahigh-capacities for indoor users have been designed, analyzed and experi-
mentally verified. In particular, in the BROWSE project, of which this work is
a part, infrared beam-steered OWC has been assessed in great detail to realize
wireless links with very high throughputs. Experimental results prove that it
has a huge potential, surpassing that of visible light communication (VLC), to
complement (offload traffic from) non-LOS radio solutions such as Wi-Fi. Though
challenges still exist in terms of increasing the coverage area, coupling the trans-
mitted beam to the receiver, and user localization that must be addressed in future
works, steered IOWC using narrow beams presents a future-proof solution to the
ever-increasing demand in indoor wireless bandwidth.
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