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“ Twenty years from now you will be more disappointed by the things
that you didn’t do than by the ones you did do. So throw off the bowlines.

Sail away from the safe harbor. Catch the trade winds in your sails.

Explore. Dream. Discover. ”

by Mark Twain





Abstract

The research activities described in this PhD thesis were executed in the
framework of the Dutch IOP GenCom project MEANS—management and
control of energy-efficient ad-hoc networks and services. The goals of this
project are to enhance network flexibility, scalability, communication ca-
pacity and quality, and trustworthiness to support today’s and future in-
door communication needs, while reducing considerably the network’s en-
ergy consumption and antenna radiation levels of the wireless equipment.
These goals are achieved by developing a new indoor network architecture
which efficiently supports wireless services. For this, the work described in
the thesis has been focused on partitioning the network into small wireless
network cells (“picocells”) each confined to a room, interconnected by opti-
cal fibers via a central control unit that provides management and control,
switching and routing functionality, radio protocol conversion functions and
powerful local applications. As a result, a service platform with superior
network and service functionality has been achieved, offering higher perfor-
mance in terms of bit rate, energy efficiency and reliability of the network
as a whole.

The main contributions of the work described in the thesis are the
design, implementation and evaluation of a complete physical layer archi-
tecture including optical modulation and transmission for radio frequency
signals, integration of wireless and wire bound services in a common fiber
backbone architecture, dynamic optical switching and routing of the signals
across the fiber backbone, and the wireless links to the terminal equipment.
In the thesis, versatile approaches of optical routing for in-building radio-
over-fiber networks are investigated, as well as approaches for the delivery
of multiple wireless and wired services via a single optical fiber backbone.
Major contributions include a sub-carrier multiplexing technique proposed
to deliver a MIMO wireless LAN signal over an indoor multi-mode fiber
network, and simultaneous generation and dynamic routing of a millimeter-
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wave radio signal by exploiting a photonic integrated resonant switch ma-
trix. To further enhance the bandwidth efficiency of proposed network,
an architecture based on an optical multicast MEMS switch is explored
in order to dynamically allocate capacity demands among different cells.
Subsequent to the experimental demonstrations of these concepts in a lab-
oratory setting, in the final chapter the assembly of these proof-of-concept
in a prototype demonstrator is described, with which the proposed indoor
dynamically routed fiber-wireless infrastructure can be evaluated in a prac-
tical scenario.
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Chapter 1

Introduction

Today’s indoor communication demands require ever higher bandwidths,
wireless delivery with increased mobility and last but not least intelligent
network surroundings. Services to be supported are multimedia entertain-
ment, multi-rate health monitoring, high-speed file transfer, and so on,
ranging from high to medium/low speeds at different levels of reliability.
Moreover, the world is accelerating from the current full connectivity to-
wards an era of Hyperconnectivity1, a state where the number of nodes
and applications connected to the Internet far exceeds the number of con-
nected people, according to the vision of Canadian scientists [1]. Other
visionaries call this phenomenon “The Internet of Things”to address that
anything that benefits from being connected to a network is being con-
nected to it [2]. According to [3, 4], more than 1000 wireless devices per
person will be connected to the web in 2017. From the Cisco forecast point
of view [5], mobile data traffic will increase 11-fold between 2013 and 2018
globally. Without major innovations in the notion on network architecture
and network management & control this will lead to unmanageable prob-
lems: many autonomous devices, even within a room, will be competing
for spectrum and interfering with each other, and thus heavy congestion
will occur. As people move, clusters of devices will move along with them,
requiring complex network functions to mobility, hand-overs and roaming
within the home or building.

Firstly, network capacities have to scale up to cope with the traffic de-

1“Hyperconnectivity”is a term introduced by Canadian scientists Anabel Quan-Haase
and Barry Wellman from studies of person-to-person and person-to-machine communi-
cation in networked organizations and societies.
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mands in a Hyperconnected world. Secondly, the network must be able
to configure and adapt itself to deliver the Hyperconnectivity services and
to meet the users’ needs without bothering them with network technicali-
ties. And thirdly, all wireless devices (the mobile ones as well as the fixed
antenna-equipped ones) should operate at ultra-low power levels for rea-
sons of energy-efficiency, interference reduction and reduction of human
exposure to electro-magnetic (EM) radiation in a world full of wireless
devices.

Up to now, wireless indoor networks are typically rolled out as one large
wireless network with full coverage of (a large part of) the targeted site.
However, although simple and efficient, such a single network approach
does not fit the needs of the Hyperconnected world of small autonomous
devices, because it leads to high transmit power levels for sufficient com-
munication quality all over the place. High radio frequency (RF) power
levels are undesirable for reasons of interference with neighboring networks
(i.e. frequency congestion), high energy-consumption, and—last but not
least—possible personal health hazards due to prolonged exposure of hu-
mans to EM radiation from a large number of devices and interference with
essential electronic (or medical) equipment in the indoor environment, etc.,
especially in homes and hospitals.

The main contribution of this thesis is to enhance network capacity,
flexibility, scalability, reliability and communication quality to support the
future indoor communication needs, while reducing considerably the energy
consumption and antenna radiation levels of the wireless equipment. In-
stead of a single large wireless network, the proposed fiber-wireless indoor
network partitions the network in small wireless clusters (i.e. picocells)
confined to a room, interconnected by optical fibers via a central control
unit that provides control management, switching and routing functionality,
and convergence of multiple radio protocols. As a result, a service platform
with superior network and service functionality is achieved, offering higher
performance in terms of capacity and reliability of the network as a whole.
Smaller clusters can result in a 1600 times wireless capacity gain through
reduced cell sizes and transmit distances [6], while also reducing EM radia-
tion by more than two orders of magnitudes. The partitioning into clusters
will not be static, but will be managed in an intelligent manner to satisfy
the required availability and capacity needs imposed by the demanding ap-
plications. The proposed architecture will support a plurality of existing
and emerging radio standards and is upwards scalable to demanding office,
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hospital and care-service apartment applications.

1.1 Fiber-wireless indoor network

Wireless systems offer the required mobility and flexibility in a large variety
of technologies with very different capabilities in terms of coverage, power
consumption and transmission speeds [7], and many of them have been
optimized for specific application domains. Although connectivity for the
indoor mobile users can be achieved by a single wireless network spanning
the whole indoor environment, the booming amount of wireless devices is
causing congestion in the ISM radio spectrum, and their mutual interference
is hampering reliable communication. Therefore, an efficient solution to
the outlined problems is to reduce the size of deployed radio cells (down
to picocells), which results in a smaller number of wireless users sharing
bandwidth within a given radio cell. However, the deployment of small
radio cells requires the installation of a large number of antenna sites. On
the other hand, the dense deployment of antenna sites requires an extensive
high-capacity signal distribution network or backbone. In addition, to make
this economically feasible, the antenna sites should also be simple and the
radio signal generation and processing functions be centralized. Optical
fiber has a very high bandwidth and very low losses, low weight, and is

optical 
fiber 

optical 
fiber 

access 
network 

CAN 

Figure 1.1: Perspective of fiber-wireless indoor network
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insusceptible for EM interference; it therefore is the ideal medium to create
the infrastructure for feeding radio cells and extending wireless coverage
with high capacity from a central location.

The flexibility and mobility enabled by the various indoor wireless tech-
nologies can be supported by the capabilities offered by an optical fiber
infrastructure. The proposed approach is to design the indoor network as a
managed hybrid fiber-wireless network, consisting of a fiber infrastructure,
emanating from a central home communication controller (HCC), using
radio-over-fiber (RoF) technology [8] to distribute radio signals throughout
the building to cell access node (CAN) inside the rooms and outside, to
cover the immediate periphery of the indoor environment, as illustrated in
Fig. 1.1.

HCC is a gateway which terminates the outside access network and
lodges multiple applications (wired and wireless) in the optical domain for
the users and devices in the covered area (service platform), performing con-
vergence of different service standards. This allows the mobile device (MD)s
to get access to the public network with its services, and vice versa. The
HCC hosts, on behalf of the MDs, different functionalities that require a
lot of storage and processing resources. Examples could be a local data
server, a multi-media server or a server of local applications. Furthermore,
the HCC is also a central units which can host sophisticated network man-
agement and control intelligence, including tracking and tracing of MDs,
and cognitive functions to learn and anticipate the communication needs of
the users of the network, transparently routing the required services to in-
dividual cells via optical backbone. With the knowledge of user’s behavior,
the HCC can perform dynamic capacity allocation, achieving a more effi-
cient and balanced traffic loads upon user’s demand throughout the whole
network. The above functionality of the HCC makes it possible to create
an overlay of functional clusters of devices over the physical infrastructure.

CAN is the remote antenna unit which is deployed in each room to form
the picocell coverage. Considering the large deployment of picocells as
discussed, the CAN must be cost-effective and of low power-consumption.
As all the complex functionalities have been already centralized in the HCC,
the CAN is hence only a simple bi-directional conversion interface between
the electrical and optical domain without any intelligence, automatically
satisfying the requirement.
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1.1.1 Economics aspect

Wired or hybrid networks are often criticized as being expensive compared
to a complete wireless network. Clearly the latter would save on installation
cost. However, a complete wireless network simply does not provide a solu-
tion to deliver the required connectivity for an enormous number of power
critical devices using a gamut of radio standards. To provide any kind of
useful bandwidth in such a wireless network, the power emitted from the
base station must be very high, leading to unacceptably high power con-
sumption and EM exposure. The key figure-of-merit is in fact not the band-
width, but the bandwidth-distance product. To enable higher throughput,
the base station must be closer to the appliance, at least virtually. This au-
tomatically implies a hybrid fiber-wireless network as proposed. The brute
force approach of simply increasing the emitted power, besides being energy
inefficient, also would cause issues in terms of interference with adjacent
base stations, and even risks concerning health. Whether or not the heath
issue is real does not matter: a high power wireless solution would not be
accepted in the consumer market just because of the potential or perceived
health risk. Previous study has already assessed CapEx and OpEx for the
various fiber deployment scenarios and proved the preponderance [9]. The
proposed approach combines the best out of both wireless and fiber tech-
niques to provide a cost- and energy-optimized solution with sufficient data
rate.

1.1.2 Energy consumption

The proposed networking concept not only provides flexible connectivity
as described, it also considerably lowers energy consumption. It is well
known that in general, transmitting information over optical fiber requires
much less power than transmitting the same bandwidth over an electrical
medium. This is especially relevant inside a building or a home. Two ex-
tremes can be viewed to provide connectivity through a home: full cabling
to each and every appliance that requires connectivity, or a complete wire-
less network. In both these cases power consumption is high. In the first
case each cable needs to be powered on both ends. With an increasing
amount of appliances the power consumption will increase. For a com-
plete wireless network coverage of a building: (1) when the number of
devices grow, one may need to create multiple large overlapping cells each
at a different frequency and let the MDs choose their frequency. This is a
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power-hungry solution; (2) multiple non-overlapping cells can be created,
each covering a subset of the devices. This picocell approach will cost less
power. Besides the already mentioned disadvantages in terms of interfer-
ence with other wireless stations and potential health issues, this also leads
to very high consumption of power. In the proposed approach, the distri-
bution over the home or building is done with power efficient fiber-optics,
and the link to the appliances in each room or picocell is done over short
distance wirelessly for mobility reasons. The short wireless distances mean
that the requirements on emitted wireless power are very low.

1.2 Millimeter-wave picocell

As mentioned above, the promising solution is indoor wireless networks
consisting of many picocells, which cover smaller areas inside the home or
building, and thus reduce the interference and congestion issues within a
radio cell. However, the maximum available wireless data capacity in any
cell strongly depends on the utilized frequency spectrum. High radio fre-
quency up to millimeter-wave (mm-wave) has already shown great promise
to deliver converged wireless services at gigabit-class, because the mm-wave
frequency band (30—70 GHz) potentially offers a broad license-free band-
width for high throughput transmission [10, 11]. Several industrial and
standardization efforts have been carried out, such as wireless Personal Area

access 

netw. 

1 

2 

M 

HCC 

1 2 N 

(a)

access 

netw. 

1 

2 

M 

HCC 

1 2 N 

(b)

Figure 1.2: Scenario comparison between (a) a single wireless coverage and (b) mm-wave
picocells
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Networks (WPAN - IEEE 802.15.3c) [12], ECMA [13], Wireless-HD [14],
and the Wireless Gigabit (WiGig) Alliance specification [15], to promote
the global use of multi-gigabit/s wireless technology.

Compared to the conventional wireless local area network (WLAN)
IEEE 802.11x technology which has been widely deployed, there are two
effects here: (1) according to the radio antenna link transmission equa-
tion [16], the free space gain is inversely proportional to the square of the
radio frequency; (2) for 60 GHz, there is high atmospheric attenuation due
to oxygen absorption [17]. As a result, the path loss is about 30 dB higher
at mm-wave band than at 2.4 GHz for transmission distances of hundred
meters, due to its nature of large atmospheric absorption. Furthermore,
in-building propagation of mm-wave signals is hampered by increased wall
attenuation, resulting in a picocell confined within a room of typically < 10
m, as shown in Fig. 1.2. As a consequence of these effects, wireless net-
working at mm-wave requires a high density of CANs, but radio frequency
can be reused between adjacent picocells, reducing the interference and
spectrum congestion, and a higher total network capacity is thus achieved.
This is what makes mm-wave the technology of choice in a picocell network
topology for the implementation of high capacity.

1.2.1 Radio-over-fiber implementation

The RoF backbone is essential for reasons discussed above. In general, in-
door fiber links are typically short (less than a few hundred meters) hence
they do not add delays large enough to have an impact on the radio medium
access control protocols [18]. However, the mm-wave presents many techni-
cal challenges for physical RoF signal transport. These challenges which are
significantly different from those encountered in low-frequency RoF system
implementations include:

• The need for large optical modulation bandwidth to modulate the
mm-wave carrier, which precludes the use of simple direct laser mod-
ulation and leads to the use of more complex transmitters;

• The large utilized channel bandwidth of typically > 1 GHz (i.e. >
40× WLAN channel bandwidth) and advanced modulation formats
of mm-wave signals, which places stringent performance requirements
on the flatness/uniformity and linearity of the RoF links;

• Chromatic dispersion-induced RF signal fading caused by the double-
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sidebands intensity modulation, where for certain radio frequencies
and at periodic length positions along the fiber the two sidebands may
show a π radians phase difference and extinguish each other [19, 20].
The length period is inversely proportional to the square of the carrier
frequency; the fading effect is therefore in particular a problem at high
radio carrier frequencies. Such an effect severely limits the achievable
link distances of directly modulated RoF links.

Considering the high density of CANs and extensiveness of the fiber back-
bone network required for mm-wave picocell networking, it is imperative
that the solutions to the challenges highlighted above and others, should
be simple and cost-effective.

1.2.2 Optical frequency up-conversion

Since direct laser modulation cannot be used for optical modulation of
mm-wave signals due to insufficient bandwidth of the laser diode, the
common and straightforward approach for achieving optical distribution
of mm-wave signals is to employ optical frequency up-conversion. In this
approach the input signals before the electrical to optical (E/O) conversion
are kept either at baseband or at an intermediate frequency (IF) frequency
that falls within the modulation bandwidth of the laser source or optical
modulator. Once in the optical domain, optical signal processing techniques
can be used to up-convert the original signal to the desired mm-wave fre-
quency at the remote site.

In the past decade, various mm-wave signal generation and delivery
techniques using optical approaches have been proposed for RoF systems [21–
25]. Optical double sideband modulation with suppressed carrier is com-
monly applied [26]. In this way, the beating between the two sidebands
results in a mm-wave signal at the double frequency of the drive signal.
The carrier can be suppressed by either using a notch filter [27] or an opti-
cal interleaver [28] at the output of modulators; or using a Mach-Zehnder
modulator (MZM) and biasing it at its null-transmission point [29]. Light
sources with multiple spectral lines, such as Fabry–Pérot laser, mode-locked
laser, or super-continuum source, can also be used to generate the differ-
ent beating tones for mm-wave frequency generation [30–32]. The above-
mentioned laser sources are not the only way to generate two optical tones
whose beating results in mm-wave band. Two lasers with emission frequen-
cies separated by the desired frequency can be mixed to generate mm-wave
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signals [33]. These lasers can be phase-correlated or not, depending on the
technique implemented [34, 35].

Another preferable way to up-convert the wireless signal to mm-wave
band is optical frequency multiplying (OFM) [20]. The basic concept of
OFM is that the optical frequency of the light source is periodically swept
at a relatively low frequency, and the resulting phase modulation signal is
converted by an interferometric filter (e.g., a Mach-Zehnder Interferometer)
into an intensity modulation signal containing many harmonics of the sweep
frequency. The data signal is intensity-modulated on the envelope of this
signal. After photo-detection, a simple electrical bandpass filter can select
the desired higher harmonic as the microwave radio signal to be emitted.
It has been shown that this OFM technique is very robust against fiber
dispersion, and suppresses laser phase noise [20].

In the following chapters, OFM-based mm-wave up-conversion will be
extensively exploited in the networking implementation.

1.3 Routing and reconfigurable capacity

The proposed fiber-wireless indoor network concept allows a large degree
of flexibility and adaptation of service distribution, in order to improve the
efficiency of network resources and the Quality-of-Service at mobile appli-
ances. For instance, users carrying wireless broadband devices may roam
throughout the building, as illustrated in Fig. 1.3. This requires sessions
to be maintained, which is a very important function to be supported by
the proposed network. In such a mm-wave picocell architecture with cell
radii of a few tens of meter, there is only a small overlapping areas between
neighboring cells. Thus, only a small time window is available for success-
fully completing a handover process when a mobile user crosses the cell
boundaries and moves to the neighboring cell, implying that only walking
speeds can be accommodated without losing connection. This time window
is further reduced where additional attenuation is induced by walls and fur-
niture, leading to directional and even narrower overlap areas formed only
around doors and windows [36, 37]. These overlap areas are often narrow
and directional. In order to guarantee optimum overlap area between pico-
cells for a seamless roaming, a so-called extended cell (EC) was proposed to
group several adjacent picocells into one cell [37]. In other words, multiple
adjacent CANs are allowed to transmit the same content over the same
frequency channel. Each EC is designated to cover a number of adjacent
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rooms and a part of a transitional area, such as a corridor or a hallway.
By doing so, overlap areas are along transitional areas where mobile users
are moving from one picocell to another. Table 1.1 summarizes the indoor
wireless applications which are foreseen to require roaming.

Access
Network

HCC

CAN

MD1

MD2 MD3

MD4Picocell

Up

RoF
link

Moving
user

Figure 1.3: Scenario of roaming user in fiber-wireless network

Table 1.1: Indoor wireless applications

Application Data rate Roaming?

HDTV streaming 1 Gbit/s No

Files storage/exchange > 1 Gbit/s No

Internet/web surfing 60 Mbit/s Yes

Gaming 100 Mbit/s Yes

Video call 500 Mbit/s Yes

Audio call 5 Mbit/s Yes

Moreover, wireless capacity may be intensely needed in rooms where
many appliances are present (e.g. events, meeting) or bandwidth-hungry
services are demanded (e.g. HD video streaming, files exchanging), whereas
other rooms are not or only sparsely populated and therefore need less ca-
pacity. Dynamic wavelength routing in fiber-based indoor networks may
be used to allocate wavelength channels to rooms or to clusters of rooms.
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Studies have shown that by using time-division-multiplexing inside wave-
length channels, and moving time slots to other wavelength channels when
the original wavelength channel gets congested, the network congestion
probability can be reduced significantly without installing extra network
resources [38]. This reduction will be larger when the clusters are smaller,
as the capacity can then more efficiently be rearranged with a finer granu-
larity.

1.4 Optical switch techniques

To enable the above routing and reconfiguration functionalities in the pro-
posed fiber-wireless indoor network, in general, either electronic switching
or optical switching needs to be implemented. The electronic switch is
however strongly dependent on the data rate and protocol, and thus, any
system upgrade may need the addition and/or replacement of electronic
switching equipment. The main attraction of an optical switch is that it
enables routing of optical data signals without the need of E/O and optical
to electrical (O/E) conversions, and is therefore independent of data rate
and protocol. By replacing the electronic switch with the optical one, the
routing functionality is future-proof, and the switch does not need to be
replaced when a new radio standard is introduced, whereas the switching
speed is increased as well as the network throughput. In addition, avoiding
E/O and O/E conversions will reduce the overall network cost.

The most important parameter of a switch is of course the switching
time. Different types of switches have different switching time. Other
important parameters of a switch are:

• Insertion loss: This is the fraction of signal power that is lost inside
the switch. The insertion loss of a switch should be about the same
for all input-output connections (loss uniformity);

• Crosstalk: This is the ratio of the power at a specific output coming
from the desired input to the power coming from all other inputs;

• Extinction ratio (ON-OFF switches): This is the ratio of the output
power in the on-state to the output power in the off-state. This ratio
should be as large as possible;

• Polarization-dependent loss (PDL): The loss of the switch is not equal
between two polarization states of the optical signal.
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Electro-optic switch An electro-optic switch uses an integrated direc-
tional coupler whose coupling ratio between the waveguides is changed by
varying the refractive index of the lithium-niobate (LiNbO3) in the cou-
pling region [39]. An electrical voltage applied to the electrodes changes the
substrate’s index of refraction. The change in the index of refraction ma-
nipulates the light through the appropriate waveguide path to the desired
port. The LiNbO3 switch is capable of changing its state rapidly, typically
in less than a nanosecond. This switching time limit is determined by the
capacitance of the electrode configuration. The main weak point is high
insertion loss and high crosstalk [40], leading to a low scalability.

Semiconductor optical amplifier switch A semiconductor optical am-
plifier (SOA) can be used as an on–off switch by varying the bias voltage.
If the bias voltage is reduced, no population inversion is achieved, and the
device absorbs input signals; if the bias voltage is present, it amplifies the
input signals. The combination of amplification in the on-state and ab-
sorption in the off-state makes this device capable of achieving very high
extinction ratios. Larger switches can be fabricated by integrating SOAs
with passive couplers [41]. An RoF signal routing based on SOA switch
was demonstrated in [42]. The energy-consumption is the major concern
of this type of switch, especially in the indoor environment. High energy-
consumption will increase the OpEx.

Acousto-optic Switch The operation of acousto-optic switches is based
on the acousto-optic effect in crystal such as TeO2, in which ultrasonic
waves are used to deflect light [43]. The switching speed of acoustooptic
switches is limited by the speed of sound and is in the order of microseconds.

Thermo-optic Switch The operation of these devices is based on the
waveguide thermo-optic effect. It consists in the variation of the refrac-
tive index of a dielectric waveguide, due to temperature variation of the
waveguide itself. Their switching speed is in the order of a millisecond.
They are divided into two basic types: interferometric switches [44] and
digital optical switches [45]. Interferometric switches are usually based on
Mach–Zehnder interferometers, where heating one arm of the interferome-
ter causes its refractive index to change. As a result, it is possible to vary
the phase difference between the light beams by heating one arm of the
interferometer. Hence, depending on whether the interference is construc-
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tive or destructive, the power on alternate outputs is then minimized or
maximized, and the output port is thus selected. Digital optical switches
are integrated optical devices generally made of silica on silicon [45], con-
sisting of two interacting waveguide arms through which light propagates.
The phase offset between the beams at the two arms determines the output
port. Heating one of the arms changes its refractive index, and the light
is transmitted down one path rather than the other. An electrode through
control electronics provides the heating. Thermo-optical switches are gen-
erally small in size and allows the integration with other optical elements
on the same chip using the same technology, but the drawbacks are the
high-driving-power characteristic and high-power dissipation. Mostly this
type of switches requires forced cooling for reliable operation.

Micro-electro-mechanical system (MEMS) switch It usually uses
tiny reflective surfaces to redirect the light beams to a desired port by either
ricocheting the light off of neighboring reflective surfaces to a port or by
steering the light beam directly to a port [46]. A micro-electro-mechanical
system (MEMS) switch has two approaches for optical switching: 2D (dig-
ital), or 3D (analog) [47]. The actuation forces that move the parts of
the switch are usually electrostatic or electromagnetic. MEMS devices are,
by nature, compact and consume low power. A batch fabrication process
allows high-volume production of low-cost devices, where hundreds or thou-
sands of devices can be built on a single silicon wafer.

Opto-optical switch Opto-optical switches realize switching functions
relying on the intensity-dependent and wavelength-dependent nonlinear op-
tical effect (which is ultrafast) [48], such as self phase modulation and Kerr
effect (inducing cross gain modulation, cross phase modulation and four-
wave mixing) They are also called optically controlled switches or all-optical
switches.

Liquid-crystal switch Liquid-crystal optical switches [51, 52] are based
on the change of polarization state of incident light by a liquid crystal
as a result of the application of an electric field over the liquid crystal.
The change of polarization in combination with polarization selective beam
splitters allows optical space switching. In order to make the devices polar-
ization insensitive, some kind of polarization diversity must be implemented
that makes the technology more complex. Polarization diversity schemes
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attempt to make devices polarization insensitive by treating each polariza-
tion mode differently. Liquid-crystal switches have no moving parts. They
are very reliable, and their optical performance is satisfactory, but they can
be affected by extreme temperatures if not properly designed [50].

Table 1.2 compares and summarizes features above optical switching
technologies [49, 50].

1.5 Scope of the thesis

The research work reported in this thesis has been carried out at Eindhoven
University of Technology, within the framework of the “Management & con-
trol of Energy-efficient Ad-hoc Networks and Services”(MEANS) project,
supported by the Dutch Ministry of Economic Affairs in the IOP Generieke
Communicatie Program. The main goal of the project is to investigate how
the reach, routing flexibility and intelligence of wireless techniques can be
sizably increased by applying comprehensive management and control tech-
niques in a hybrid fiber-wireless indoor infrastructure, taking advantage of
optical routing in the fiber backbone. This managed off-loading of traffic
from the radio to the fiber part of the network results in a considerable
increase of total capacity.

This thesis investigates the physical layer aspects of hybrid fiber-wireless
network architectures in order to flexibly extend the reach of the mobile
devices. The key contributions are the novel multi-service supported hy-
brid network, dynamic routing of wireless services for nomadic users and
delivering capacity on demand. In chapter 2, the proposed concept of
convergence of mm-wave and wired service by means of RoF techniques
is presented. Taking the advantage of advanced radio signal processing at
HCC, a multiple-input and multiple-output wireless LAN signal can be also
integrated in the proposed indoor network. In Chapter 3, advanced optical
switches enabled by photonic integration are exploited to simultaneously
generate and route the mm-wave service. In Chapter 4, a fiber-wireless net-
work capable of dynamic capacity reconfiguration of a 60 GHz mm-wave
signal is presented. In Chapter 5, a prototype based on proposed concept
is implemented, giving the possibility to evaluate the practical feasibility in
the realistic indoor environment. Finally, Chapter 6 summarizes the main
conclusions of the reported work and envisages possible future research
directions.





Chapter 2

Optical wireless signal
generation and delivery

Looking at the current indoor communication network: from outside, fiber-
to-the-home (FTTH) has widely penetrated into access networks [57], offer-
ing broadband capacity up to the home’s doorstep, but its huge capabilities
are yet to be extended up to the users’ devices inside the home. Inside,
the indoor networks now are predominantly a mixture of different net-
work technologies, where each technology is individually optimized for the
provisioning of specific services. Coaxial cable networks were installed to
connect television and radio receiver sets and video recorders, twisted-pair
copper lines to connect telephone sets and facsimile machines, and Cat-5
unshielded twisted pair cables to connect desktop PCs, printers, scanners,
data storage units, and so on. Power line communication technologies have
also emerged to offer data connectivity without requiring new cabling. On
the other hand, wireless connectivity by means of WLAN IEEE 802.11 tech-
nology has become more and more popular, replacing partly wired networks
in serving laptop computers, tablet computers, smartphones, and many
more wireless gadgets. This variety of individually optimized networks de-
livering their specific services makes it complicated to install, maintain and
update the indoor delivery of services. Hence, it is advantageous to intro-
duce a single converged indoor network infrastructure which is capable to
handle all services. Optical fiber, with its large bandwidth, low losses and
unique capability of multi-wavelength operation, is the preferred medium
to upgrade the current indoor network to a single broadband fiber-wireless

This chapter is based on the results published in [53–56].
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network, the convergence of multiple indoor communication services be-
comes a must in terms of network cost and compatibility. In this chapter,
the implementation of delivering converged services (i.e. wired and wire-
less) in an RoF picocell network is discussed. Essentially, as described
in Chapter 1, the HCC can host all the demanded communication func-
tionalities and establish connection links to end users via the optical fiber
backbone. Thus the complexity of network is lessened, leading to a lower
installation cost and easier maintenance.

In the following, a simple and cost-effective architecture to achieve bidi-
rectional transmission of wired and mm-wave wireless services is demon-
strated in Section 2.1. In addition, an optical technique which enables to
centralize the service delivery functions and offers immunity against disper-
sion is presented in Section 2.2, which can be adapted into wavelength di-
vision multiplexing passive optical network (WDM-PON) network. Lastly,
Section 2.3 demonstrates a low-cost and feasible signal processing scheme
to deliver wireless multiple-input and multiple-output (MIMO) signal in
the RoF system.

2.1 Convergence of mm-wave and wired services

Previous studies have shown that an RoF system can be in principle com-
patible to the existing access network [58–61], but most of those works
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Figure 2.1: Perspective of a single converged indoor fiber-wireless network
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relied on electrical components operating in the mm-wave frequency range.
Hence, to achieve bidirectional transmission of the mm-wave wireless and
baseband wired services, a simple and cost-effective architecture is demon-
strated. Fig. 2.1 illustrates how a single optical fiber infrastructure supports
the convergence of services in a house (and this can be extended to any in-
building scenario). Though the mm-wave signal is located far away from
the wired baseband signal in the spectrum domain, as shown in the inset
of Fig. 2.1, they can still be accommodated by a single fiber link thanks to
its large bandwidth.

In the proposed system in this section, the wireless data signal is up-
converted from IF range by employing the OFM technique [20, 62], in which
only low frequency sources are used. At the HCC, a 1.25 Gb/s baseband on-
off keying (OOK) signal and a relatively low sweeping frequency of 9 GHz
is employed to drive two arms of a dual-electrode Mach-Zehnder modu-
lator (DE-MZM) respectively, cascaded with an optical intensity modula-
tor (IM) in order to impress a 175 Mb/s 128-QAM wireless signal at 2.4
GHz. A conventional fiber Bragg grating (FBG) is located at the CAN to
reflect the baseband signal on the optical carrier, while the wireless signal
on side modes is passed through and up-converted to the mm-wave band.
The uplink stream of 1.25 Gb/s OOK signal is transmitted by an reflective
semiconductor optical amplifier (RSOA). Therefore, no additional light
sources are needed at the CAN, significantly reducing the overall cost and
improving the system stability. After the transmission over fiber links, the
receiver power penalties between the separate and simultaneous transmis-
sion are negligible.

2.1.1 Experimental procedure and results

The experimental setup demonstrating the simultaneous transmission and
generation of mm-wave and wired baseband signal is depicted in Fig. 2.2.
At the HCC, a continuous wave (CW) signal at 1547.72 nm is generated
by a tunable laser in order to match the notch wavelength of FBG, and it
is connected to a LiNbO3 DE-MZM with a half-wave voltage (Vπ) of 5.5 V
via a polarization controller (PC). The advantage of using the DE-MZM is
that two electrical signals can be modulated by a single modulator, instead
of using two individual IMs. An RF sweep signal at 9 GHz drives one arm of
DE-MZM through a power amplifier, represented by VRF (t) = v1 cos(ωRF t).
The other arm is driven by a 1.25 Gb/s pseudorandom bit sequence (PRBS)
OOK signal VBB(t) simultaneously, of which the pattern length is 223 − 1
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and the peak-to-peak output amplitude is v2 = 2 V. The output electrical
field of DE-MZM is expressed as

EDEMZM (t) =
E0

2

{ ∞∑
n=−∞

Jn(β1) cos
[
(ωc + nωRF )t+ n · π

2

]

+ cos[ωct+ β2VBB(t) + φ1]

} (2.1)
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where E0 and ωc denote the amplitude and angular frequency of the input
optical carrier, respectively; Jn(x) is the Bessel function of the first kind of
order n; φ1 is the optical phase shift between the upper and lower arm of the
DE-MZM; β1 = (π/Vπ) · v1 and β2 = (π/Vπ) · v2 are the modulation indices
of sweep signal and baseband OOK signal, respectively. Thus at the output
of DE-MZM, the baseband signal is modulated on the center wavelength,
whereas those pure high-order optical harmonics at multiples of the sweep
frequency are combined on both sidebands of the center carrier, as shown
in Fig. 2.3(a). The optical signal is then input via another PC to an IM
driven by a 2.4 GHz wireless signal encoded with 128-QAM data at 175
Mb/s, which is generated by a vector signal generator (VSG). It can be
represented by VIF (t) = s(t) cos(ωIF t). Thus, the output electrical field of
IM can be written as

EIM (t) = cos

{
1

2
[φ2 + β3 cos(ωIF t)]

}
· EDEMZM (t) (2.2)

where φ2 is the optical phase shift determined by the dc bias of IM, and
β3 = (π/Vπ) · s(t) is the modulation index of the wireless signal. Assuming
that φ2 is biased at π/2 and β3 is relatively small, only first order harmonic
is taken into account when using Bessel function. Eqn. 2.2 can be rewritten
as

EIM (t) ≈ E0

2
√
2

{ ∞∑
n=−∞

J0(β3/2)Jn(β1) cos
[
(ωc + nωRF )t+ n · π

2

]
+J0(β3/2) cos(ωct+ β2VBB(t) + φ1)

+

∞∑
n=−∞

J±1(β3/2)Jn(β1) cos
[
(ωc + nωRF ± ωIF )t+ n · π

2

]

+ J±1(β3/2) cos[(ωc ± ωIF )t+ β2VBB(t) + φ1]

}
(2.3)

It can be seen that the wireless IF signal is modulated on the double side-
bands of each optical harmonic. The FBG with the central wavelength of
1547.72 nm and -3 dB bandwidth of 6 GHz filters out the central part of
EIM (t) at the transmission port, where the output electrical field is ex-
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pressed as

EFBG1(t) =
E0

2
√
2

{ ∞∑
n=−∞

J0(β3/2)Jn(β1) cos
[
(ωc + nωRF )t+ n · π

2

]

+

∞∑
n=−∞

J±1(β3/2)Jn(β1) cos
[
(ωc + nωRF ± ωIF )t+ n · π

2

]

− J0(β3/2)J0(β1) cos(ωct)

}
(2.4)

When these optical sidebands beat each other at the photo-detector (PD),
where the output electrical signal is proportional to [EFBG1(t)]

2, high-order
electrical harmonics can be generated. Ignoring the dc components, the
voltage expression of generated electrical harmonics with double-sideband
IF data signals are

Vout1(t) = 2C

{ ∞∑
n=1

J0(β3/2)J0(β1)J2n(β1) cos
[
2n(ωRF t+

π

2
)
]

+

∞∑
n=1

J±1(β3/2)J0(β1)J2n(β1) cos
[
2n(ωRF t+

π

2
)± ωIF t

]} (2.5)

where C is a constant related to E0 and the responsibility of the PD. The
amplitudes of generated optical harmonics are proportional to those corre-
sponding Bessel functions associated with modulation indices. As the de-
sired mm-wave frequency is the 4th order harmonic at 36 GHz, J0(β1)J4(β1)
should be maximized by adjusting the power of sweep signal v1.

On the other hand, the FBG also reflects the central part of EIM (t) via
an optical circulator, and the electrical field of reflection output is expressed
as

EFBG2(t) =
E0

2
√
2
{J0(β3/2)J0(β1) cos(ωct)

+J0(β3/2) cos[ωct+ β2VBB(t) + φ1]

+J±1(β3/2) cos[(ωc ± ωIF )t+ β2VBB(t) + φ1]}
(2.6)

Since the factor J±1(β3/2) is nearly zero because of a small modulation
index of the IF data signal at the IM, the third term J±1(β3/2) cos[(ωc ±
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ωIF )t + β2VBB(t) + φ1], which is the mixture of baseband and IF data
signals, can thus be neglected. A receiver with the bandwidth of 1.25 GHz
is used to detect the optical signal EFBG2(t), and the output electrical
signal is given by

Vout2(t) = C · [EFBG2(t)]
2

≈ C · [J0(β3/2)]2J0(β1) cos[β2VBB(t) + φ1]
(2.7)

where all terms containing cos(2ωct) are omitted due to the limited band-
width of the receiver. It can be seen that φ1 should be biased at π/2 in
order to an adequate eye-opening of the baseband OOK signal.

In the proof-of-concept experiment, an erbium-doped fiber amplifier
(EDFA) is applied to compensate the insertion loss of two external modu-
lators. One pair of standard single-mode fibers (SSMF) is used as up- and
downlink, with two spool lengths of 10 km and 35 km, respectively. After
transmission over the SSMF, the downstream signal at the CAN is split
into two parts by a 2-by-2 fiber coupler with the coupling ratio of 20:80, of
which 80% power is used for the downstream detection and 20% power is
fed to the RSOA for uplink. As elaborated above, the FBG is employed to
reflect the baseband signal modulated on the optical carrier, whereas the
high-order harmonics with the 128-QAM wireless signal on their sidebands
are passed through, as shown in Fig. 2.3(b). The crosstalk attenuation
on reflection is measured by 16 dB. The output signal from the transmis-
sion port of FBG is detected by a 70 GHz PD, followed by an electrical
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Figure 2.4: Electrical spectra of downstream: (a) generated RF harmonics after PD; (b)
a magnification of the up-converted data signal at 38.4 GHz.
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bandpass filter (EBPF) and an amplifier. The RF harmonics are gener-
ated at multiples of the 9 GHz sweep signal after photo-detection, and the
128-QAM data signal appears on double sidebands of each RF harmonic,
as shown in Fig. 2.4(a). The up-converted 128-QAM signal at 38.4 GHz
(upper sideband of the 4th order harmonic) is extracted and amplified to
be analyzed by the vector signal analyzer (VSA), as shown in Fig. 2.4(b).
The reflected baseband signal is detected by the 1.25 Gb/s receiver and
measured in terms of the bit error rate (BER).

Fig. 2.5 shows the error vector magnitude (EVM) measurements for the
128-QAM down-stream wireless signal up-converted to 38.4 GHz at differ-
ent conditions versus received optical power before PD. The EVM thresh-
old is about 5.6% (-25 dB) for 128-QAM modulation format, corresponding
to an equivalent BER of 10−3 [63]. For transmission over 10 km SSMF,
only about 0.5 dB power penalty is observed when the 128-QAM signal
is transmitted together with baseband signal, and the EVM performance
of up-converted 128-QAM signal meets the above requirement. However,
the EVM performance dramatically deteriorates over 35 km SSMF. The
EVM values cannot reach the required threshold (5.6%) and saturate at
6.7%. This aggravation of power penalty is mainly caused by the reduction
of signal-to-noise ratio (SNR), due to the fiber chromatic dispersion. In
addition, the FBG does not ideally reflect all the power of at the notch,
and a portion of baseband signal power is leaked through the transmission
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port. Therefore, the baseband signal is also beating with each RF harmonic
and the 128-QAM signal, and these superfluous RF components lead to the
elevation of noise floor at 38.4 GHz.

The BER result of 1.25 Gb/s baseband signal for the downstream is
shown in Fig. 2.6(a). It can be seen that the receiving sensitivity of OOK
signal is not affected by the 128-QAM signal, because the power penalty
is negligible whether the wireless signal is transmitted or not. The re-
ceived baseband eye diagrams (with and without the 128-QAM signal) are
equivalent to each other. In comparison to the transmission with 10 km
SSMF, additional 1.5 dB power penalty is observed in the case of with
35 km SSMF. Nevertheless, the received eye diagrams have no significant
distortion between two different lengths of the downlink SSMF.

At the lower branch of the coupler, the upper 2nd harmonic is precisely
extracted by a Yenista optical tunable ultra-narrow bandpass filter as the
seeding light for a CIP RSOA, as shown in Fig. 2.3(b). This is because
the 2nd harmonic is, as mentioned above, already optimized for a relatively
higher amplitude. The bias current of the RSOA is set to 35 mA with 15
dB signal gain. The 1.25 Gb/s OOK signal of uplink driving the RSOA is
configured as same as the one of downstream, and an identical receiver is
used at the HCC to detect the upstream baseband signal. Fig. 2.6(b) shows
the BER result of upstream baseband signal modulated by RSOA over 10
km SSMF. The power penalty introduced by the downstream 128-QAM
signal is less than 0.5 dB. Even when the 128-QAM signal on sidebands of
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the seeding harmonic is not completely filtered out, the eye-opening is still
clear without any distortion despite of the additional noise floor, as shown
in the insets.

2.2 Dispersion-immune RoF in FTTH

Considering a dense residential neighborhood where the FTTH network
has been already deployed, the functionality of HCC may be implemented
remotely, i.e. inside the central office (CO), such that the broadband
mm-wave service can be delivered by sharing the existing optical distribu-
tion infrastructure [64, 65]. In addition, since the wireless service manage-
ment is centralized at the CO, the network cost is shared among premises,
and it eases provider’s maintenance when an end user un- or subscribe to
the wireless access service. However, the transmitted mm-wave may suffer
from fiber chromatic dispersion [66], due to the long transmission distance
in the FTTH link. Recently, WDM-PON has been widely investigated to
provide high data rate wired services, being a prospective approach for
FTTH [67]. Hence in this section, a lightwave centralized and dispersion
immune scheme is presented to deliver 42.5 GHz mm-wave service together
with baseband wired signal from the CO. In this scheme, the optical har-
monic generation and wireless data modulation are simultaneously achieved
by using a single DE-MZM, and an RSOA in the CO is used to modulate the
baseband signal. With the existing wavelength de-multiplexer (DEMUX)
in the remote node (RN), the upper- and lower-sideband optical harmonics
are separately routed in downlink transmission, achieving a single-sideband
modulation of the mm-wave signal which is immune to the chromatic dis-
persion. Similar to the scheme demonstrated in Section 2.1, the uplink
stream is produced by another RSOA at the CAN.

2.2.1 Simulation procedure and results

VPItransmissionMakerTM simulator is used to evaluate the proposed ar-
chitecture, as illustrated in Fig. 2.7. The CO consists of a number of laser
sources at different wavelengths, delivering both wired and wireless ser-
vices to the corresponding CAN. The optical spectrum of each modulated
source falls into two adjacent channels of the DEMUX (CHm, CHm+1),
which partitions the upper- and lower-sideband of the modulated optical
signal, respectively, as depicted in the inset of Fig. 2.7. The laser source
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Figure 2.7: Experimental setup of proposed system and wavelength channel allocation

operating at 1552.2 nm is used for the proof-of-concept demonstration, and
the light is injected into the following DE-MZM. The upper-electrode of the
DE-MZM is driven by a sinusoidal sweeping signal fsw of 10 GHz, whereas
the lower-electrode is driven by a 312.5 Mb/s 16-QAM data signal at fIF
of 2.5 GHz. The output electrical field of DE-MZM can be expressed as

EDEMZM (t) =
E0

2

{ ∞∑
n=−∞

Jn(β1) cos
[
(ωc + 2πnfsw)t+ n · π

2

]

+ cos[ωct+ β2 cos(2πfIF t) + φ1]

} (2.8)

where E0 and ωc are the amplitude and angular frequency of the laser
source, respectively; Jn(x) is the Bessel function of the first kind of order
n; φ1 is the optical phase shift between the upper and lower arm of the
DE-MZM; β1 and β2 are the modulation indices of sweep signal and IF
data signal, respectively. Thus at the output of DE-MZM, the 16-QAM
IF data signal and optical high-order harmonics are modulated on double
sidebands of the center carrier, as shown in Fig. 2.8(a). The signal is then
inputted to a 100 GHz-spaced DEMUX with 85 GHz Gaussian bandwidth,
where the lower and upper sideband fall into two adjacent channels with the



28 Optical wireless signal generation and delivery

center wavelength of 1551.72 nm and 1552.52 nm, respectively. The red and
blue dashed curves plotted in Fig. 2.8(a) represent the transfer functions
of these two adjacent channels. Note that the center carrier and the IF
data signal on its double sidebands should be routed together with the
upper-sideband harmonics. After the sideband routing, the lower-sideband
harmonics are modulated with the 1.25 Gb/s OOK signal VBB(t) by an
RSOA. Subsequently, the second identical MUX combines all channels
again, and the output optical signal is given by

EMUX(t) =
E0

2

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0∑
n=−∞

Jn(β1) cos
[
(ωc + 2πnfsw)t+ n · π

2

]
︸ ︷︷ ︸

upper-sideband harmonics

+
∞∑
n=1

VBB(t) · Jn(β1) cos
[
(ωc + 2πnfsw)t+ n · π

2

]
︸ ︷︷ ︸
lower-sideband harmonics modulated with the baseband signal

+ cos[ωct+ β2 cos(2πfIF t) + φ1]︸ ︷︷ ︸
double-sideband IF data signal

⎫⎪⎬
⎪⎭

(2.9)

Fig. 2.8(b) shows the optical spectrum of EMUX(t). After transmission over
the SSMF link with the chromatic dispersion of 17 ps/(nm·km), the lower-
and upper-sideband harmonics are separated again by the third identical
DEMUX at the RN, as shown in Fig. 2.8(c)-(d). At the CAN, the lower-
sideband harmonics are received by a 1.25 Gb/s receiver, such that only
the baseband OOK signal can be detected for BER measurement. On
the other hand, the upper-sideband harmonics plus the center carrier beat
each other in the PD, generating the high-order RF harmonics up to the
mm-wave band. Notably, such an optical single-sideband filtering makes
the generated RF harmonics immune to the chromatic dispersion [68].

Assuming a small modulation index β2 and φ1 = 0, the up-converted
IF data signal can be expressed as

VnIF (t) = C

∞∑
n=0

(−1)nJn(β1)J±1(β2) cos
[
2π(nfRF ± fIF )t+ n · π

2

]
(2.10)
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Figure 2.8: (a)-(e) optical spectra at the corresponding measured points; (f) RF spectrum
after the PD.
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where C is a constant related to E0 and the responsibility of the PD. The
detailed derivation can be found in [69]. It can be observed that the ampli-
tude of the nth-order harmonic is mainly dominated by the corresponding
Bessel function Jn(β1). Fig. 2.8(f) shows the electrical spectrum of gen-
erated RF harmonics after amplification, where the up-converted 16-QAM
data signal at 42.5 GHz will be filtered out for the further analysis. Lastly,
10% power of the upper-sideband signal from the optical coupler is fed into
the RSOA, which is driven by an uplink stream of 1.25 Gb/s OOK signal,
as shown in Fig. 2.8(e). The uplink OOK signal travels back to the CO
through the same fiber link, and is detected via an optical circulator at the
CO.

To verify the feasibility of this proposed scheme, the EVM value of 16-
QAM mm-wave signal and BER of OOK baseband signals are analyzed.
Fig. 2.9(a) shows the electrical spectrum and constellation diagram of the
312.5 Mb/s 16-QAM signal at 42.5 GHz, with an optimal SNR of more
than 24 dB. Fig. 2.9(b) depicts the EVM analysis of 16-QAM signal at
42.5 GHz versus received optical power at PD, where each EVM curve is
measured with a certain fiber length of SSMF link. The maximum power
penalty among all measurements is less than 1 dB, proving that the delivery
of mm-wave 16-QAM signal is immune to the fiber chromatic dispersion.
The BER analyses of 1.25 Gb/s OOK baseband signals of downlink and
uplink are illustrated in Fig. 2.10(a)-(b), respectively. In the uplink, it can
be seen that the power penalty between using 10 km fiber and 30 km fiber
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Figure 2.10: BER of OOK baseband signal (insets: eye diagrams): (a) downlink; (b)
uplink.

is about 1 dB. This is induced by the crosstalk between the re-modulated
uplink lightwave and the amplified Rayleigh-backscattering signal from the
RSOA [70]. Nevertheless, the eye diagram of uplink OOK signal does not
show significant distortion, because only those upper harmonics without
data are reused, eliminating the interference of downlink signal.

2.3 Fully functional MIMO-WLAN transmission
over MMF

The IEEE 802.11nWLAN standard adopting the MIMO technique is widely
exploited in wireless communication as it significantly enhances data through-
put and link reach without additional bandwidth or transmit power [71].
MIMO is a multi-antenna radio transmission technique using N antennas
for transmitting and M antennas for receiving (namely N × M MIMO),
preferably N = M . If the MIMO radio signal can be incorporated into the
proposed optically-fed infrastructure, the wireless coverage can be guaran-
teed by multiple picocells with much lower power radiation, unlike the con-
ventional 802.11n WLAN network where a single access point (AP) covers a
large area, and therefore the total capacity will be enhanced due to reduced
frequency congestion in each cell and to frequency re-use. The challenge
however is, in the optical link, how to preserve the spatial independence
of wireless channels which generally requires an antenna separation of at
least 1/4 the radio signal wavelength [72]. Modulating the MIMO signals
directly onto a single optical carrier will jeopardize the MIMO coherence,
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because the MIMO signals have a same carrier frequency which will be
mixed up and cannot be recovered individually at the receiving side. An
obvious solution is to employ as many individual optical fibers as there
are radio signals [73], but it would greatly increase the installation cost, as
each MIMO antenna would need its own fiber link. The wavelength division
multiplexing (WDM) technique can also be used for carrying MIMO radio
signals over a single optical fiber [74], but the drawback is that each MIMO
channel then requires dedicated optical source with a specific wavelength
and PD, and each wavelength channel is not efficiently used by transmit-
ting a narrow-bandwidth radio signal. Both solutions will increase the cost
substantially and linearly with the number of antennas.

In this section, a bidirectional radio over graded-index multimode fiber
(GI-MMF) architecture is demonstrated to handle MIMO radio signals
transmission by employing single sideband multiplexing in the radio fre-
quency domain and dedicating a MIMO channel to a sideband. The pur-
pose of using multimode fibers is to reduce the cost and complexity because
the larger core size eases connections and also allows the use of lower-cost
optical components [20, 75], particularly, when numerous CANs need to be
deployed to extend the wireless coverage. In addition, MMF has already
been commonly deployed in most commercial buildings.

2.3.1 Architecture and experimental setup

The proposed RoF-enabled system architecture for delivering IEEE 802.11n
MIMO radio signals is shown in Fig. 2.11. Consisting with the optical WDM
transmission link described in previous sections, at the HCC, each module
comprising one commercial 802.11n AP uses an individual wavelength to
carry the MIMO signals, where λnd and λnu are denoted for downlinks and
uplinks (n = 1, 2, 3, ...) corresponding to CAN n, respectively. Thus,
the proposed scheme can be easily adapted into the system converged with
mm-wave and wired services, as mentioned in Section 2.1 and 2.2.

Considering that the AP usually contains three MIMO radio signals
at the same frequency carrier, two MIMO signals can each be mixed with
a low frequency local oscillator (LO) then passing through a diplexer, of
which two passbands will filter out the upper sideband of one MIMO signal
and the lower sideband of the other one, respectively. The third MIMO
signal is only attenuated to equalize the power level, and can be combined
with the other two mixed signals without frequency translation, because
the original frequency is no longer occupied. Two sideband MIMO signals
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Figure 2.11: Concept of the RoF-enabled system for in-building MIMO wireless access

plus the third MIMO signal can directly drive the laser diode (LD) via
an electrical circulator. After fiber transmission and photo-detection, the
remote module in CAN operates similarly as the one in HCC but in a reverse
way to recover the original MIMO signals. Comparing to the approach
dedicated for downlink in [76], it is possible, in fact, to reuse the same
electrical path for uplink in both HCC and CAN, because basically all
the passive components in the architecture can be operated bidirectionally.
The only exception is the electrical amplifier at the antenna side, but a
bidirectional amplifier with automatic gain control (AGC) may be applied.

If five MIMO signals are to be transmitted, one additional pair of LOs
and diplexers is required to multiplex the extra MIMO signals, as shown in
Fig. 2.12. The two new MIMO signals (MIMO 4 and MIMO 5) are mixed
with the new LO 2, whose frequency is double that of LO 1. The four
frequency-translated MIMO signals are filtered out by two corresponding
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diplexers and then combined with the unmixed MIMO 3. After transmis-
sion over the RoF link, four sideband signals (MIMO 1, 2, 4 and 5) are
mixed with another two identical LOs at the receiving side, and these five
MIMO signals are recovered after bandpass filtering. The uplink can be
still performed by reusing the same architecture as explained previously.

The experimental setup evaluating the proposed concept is shown in
Fig. 2.13. For the proof of concept, only two MIMO signals from the
AP are transmitted by using the single sideband multiplexing, and the
diplexer is substituted by two separate EBPFs. Although the third MIMO
signal is terminated by a 50-Ω load, such a configuration is already able to
verify and demonstrate the proposed concept, because the third channel is
relatively a straight forward transmission. Considering the channel spacing
is smaller in the three-channel implementation and thus crosstalk effects
may be stronger, the frequency of LOs can be increased or filters with high
Q-factor should be used. The AP is forced in the 802.11n mode with a
bandwidth of 40 MHz per channel. The HCC and CAN are located in two
different laboratory rooms, and the AP is isolated in a metal-shielded box
with the isolation of more than 70 dB around 2.4 GHz, in order to eliminate
the leakage of wireless signal. Note that IEEE 802.11n standard is a half-
duplex communication protocol, so that the electrical circulator can be
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substituted by a splitter/combiner. A distributed feedback (DFB) laser
operating at 1310 nm with direct modulation and a InGaAs PD with an
FC 50 μmmultimode input are used for the downlink, whereas a multimode
vertical-cavity surface-emitting laser (VCSEL) source operating at 850 nm
and a GaAs PD also with an FC 50 μm multimode input are used for the
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uplink. The MIMO signals are then transmitted over 100 m GI-MMF with
50 μm core diameter. It is worth to point out that the available bandwidth
in the optical link is dominated by the modal dispersion of GI-MMF [77],
as shown in Fig. 2.14 for both downlink and uplink. Nevertheless, the
direct-modulated MIMO signal around 2.4 GHz can be still accommodated
even with a MMF length of 2.4 km where the radio center carrier has
exceeded the 3-dB frequency, because the radio signal bandwidth (40 MHz)
is much narrower than the 3-dB bandwidth of MMF link (1 GHz), and
only additional insertion loss is introduced. At CAN, two omni-directional
antennas with 5 dBi gain and two directional antennas with 6 dBi gain are
used for wireless transmitting and receiving, respectively. All the antennas
are put on a same plane along a line with the distance of 25 cm between
each other. The combination of such two types of antennas is to prevent
the downlink signal from directly feeding back to the uplink, which may
saturate and damage the power amplifiers after the receiving antennas.
The 7th WLAN channel with the center frequency of 2.442 GHz was used
in order to mitigate the collision from other existing WLAN APs inside the
building, as it was less occupied during the experiment.

2.3.2 Demonstration and results

Fig. 2.15(a)-(b) show the electrical spectra of MIMO signal 1 and MIMO
signal 2 after the frequency mixing at the HCC. After transmission over
the GI-MMF, the received optical power of downlink is 2.8 dBm. Two
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Figure 2.15: Spectra of single-sideband frequency translation: (a) MIMO signal 1 at
lower sideband; (b) MIMO signal 2 at upper sideband.
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Figure 2.16: Spectra of recovered MIMO signals: (a) for downlink; (b) for uplink.

MIMO signals are mixed with a single LO and translated back to their
original frequency position, as shown in Fig. 2.16(a). The MIMO 1 and
MIMO 2 represent the radio signals re-mixed from lower sideband and
upper sideband, respectively. Note that the second LO at the CAN does
not necessitate frequency or phase locking, because either the frequency
or phase offset will be taken care of by WLAN adapters. Such a feature
can substantially reduce the implementation complexity and improve the
performance stability. The received optical power of uplink is only -5.8
dBm, due to the low-power VCSEL used in the setup. The recovered MIMO
signals before being fed into the AP are shown in Fig. 2.16(b). Although
the received power level of signals is less than -55 dBm, it is sufficient for the
AP thanks to its high receiver sensitivity. In order to evaluate the physical
layer performance of each MIMO channel (i.e. MIMO 1 and MIMO 2),
a VSG is used to generate IEEE 802.11g frames, and a VSA is used to
measure the EVM of the received signal as a function of sub-carriers, as
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shown in Fig. 2.17, where (a)-(b) and (c)-(d) represent the measurement of
the downlink and uplink, respectively. The EVM value of each sub-carrier
in all measurements is around -20 dB (equivalent to 10%), indicating that
the transmission performances are similar between two MIMO channels and
also between downlink and uplink.

Subsequently, after optimization of the physical layer, the AP is con-
nected with a computer server via LAN cable, and a laptop with three
built-in antennas is used as MD to demonstrate that the proposed scheme
is completely transparent to the end user. The IP traffic streams are loaded
at both server and laptop using Iperf software [78], and all throughputs in
the following measurements are net data rates without any overheads. The
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Figure 2.18: IP-based evaluation: (a) throughput of TCP packets with three different
wireless distances; (b) throughput and jitter of UDP packets; (c) measured throughput of
both TCP and UDP packets in a SISO configuration; (d) snapshot of the HD streaming
video from the source (top), and from the laptop after transmission (bottom).
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default TCP packets are transmitted with a window size of 64 Kbytes.
Fig. 2.18(a) shows the throughputs measured with three different distances
between the laptop and antenna units, where the solid line and dashed line
denote the downlink and uplink traffic, respectively. The received signal
strength varies from -49 dBm down to -61 dBm. The decrease of data rates
and the instability of uplink with longer wireless transmission distance are
mainly due to the lower signal power received at the CAN, resulting in a
lower modulation index of the VCSEL. Fig. 2.18(b) shows the through-
put and jitter employing VoIP-like UDP packets with a data bandwidth of
30 Mbit/s. The total packet loss is less than 1.2%, and the jitter is well
within the requirement of 30 ms [79]. To verify the capacity improved by
the MIMO technique, the throughputs of TCP and UDP packets trans-
mitted in a single-input and single-output (SISO) configuration are also
measured by simply blocking one MIMO channel in the setup, as shown in
Fig. 2.18(c). It is concluded that an increase of 10 Mbit/s for TCP pack-
ets and 15 Mbit/s for UDP packets are obtained with the help of MIMO
technique. Moreover, a 720p high-definition (HD) video with a sampling
rate of 45 Mbit/s is streamed from the server to the laptop using the UDP
protocol, and the snapshots taken from the transmitter and receiver at the
same frame of the video are illustrated in Fig. 2.18(d). It is clearly observed
that the video stream transmitted over the proposed system has the same
high-quality performance without any visible distortion.

2.4 Summary

In this chapter, a simple and cost-effective hybrid converged in-door net-
work was successfully demonstrated to simultaneously generate and trans-
mit a 175 Mbit/s 128-QAM signal at 38.4 GHz and a 1.25 Gbit/s baseband
signal. The sweeping RF signal at low frequency and baseband signal were
driven on two arms of a DE-MZM, respectively. At the CAN, a FBG was
employed to separate different services and up-convert the IF wireless sig-
nal to the frequency band of mm-wave by applying the OFM technique.
One of the harmonics was selected as the seeding light for an RSOA in
order to create the uplink. After the bidirectional transmission over 10 km
SSMF, the power penalties are all less than 0.5 dB for both mm-wave and
baseband signal.

To counteract the fiber chromatic dispersion effect when delivering con-
verged services in a WDM-PON network, a dispersion-immune scheme was
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presented in Section 2.2. In the proposed hybrid access network, optical
harmonics at single sideband were modulated with the wireless data by
exploiting an optical DEMUX, and the wireless signal was up-converted to
mm-wave band at the CAN. The other sideband harmonics were modulated
with a 1.25 Gbit/s baseband data by an RSOA at the CO simultaneously.

In Section 2.3, a single-sideband frequency-translation technique in the
electrical domain was proposed to distribute IEEE 802.11n 3 × 3 MIMO
signal over GI-MMF. Apart from physical layer optimization, bidirectional
performance by transmitting IP-based packets was also evaluated for 2× 2
MIMO configuration, achieving a practical and fully functional applica-
tion. Such a scheme is feasible and scalable for transmitting more than
three MIMO channels, and it is easy to be integrated on a compact elec-
trical circuit board. As a result, the in-door RoF technique is capable
of distributing multi-service from different operators on the same optical
infrastructure.



Chapter 3

Optical routing and
up-conversion using photonic
integrated chip

It has been discussed that mm-wave radio frequency techniques confined
in multiple picocells form an attractive and promising solution for future
in-building networks, where an optical fiber infrastructure is deployed to
extend the wireless coverage by supporting many picocells. It is not eco-
nomically feasible to directly transmit the mm-wave signal over the fiber,
due to the high cost of components and more critical requirements of band-
width and linearity on both transmitter and receiver sides. Thus, in the
past decade, various mm-wave signal generation techniques using optical
approaches have been proposed for RoF systems [21–25]. Among them, the
OFM technique which only requires low frequency components, was proved
to be an efficient and preferable way to generate the optical mm-wave sig-
nal [20, 83]. As mentioned in Section 1.3, in network consisting of many
picocells, the re-routing functionality becomes crucial when mobile users
are moving between neighboring cells. Moreover, additional needs such as
bandwidth reconfiguration and link reusability are also anticipated [83, 84].

Given the above necessities of mm-wave signal generation and seamless
handover, photonic integration is considered to be the key enabling tech-
nology, reducing the cost and complexity of the entire network, instead of
using separately a high frequency electrical switch and an up-converter. In

This chapter is based on the results published in [80–82].
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this chapter, Section 3.1 presents a heterogeneous architecture not only to
generate the mm-wave signal, but also to perform wavelength routing in
two stages in an in-building RoF network. In Section 3.2, another optical
architecture capable of simultaneous optical routing and mm-wave gener-
ation is demonstrated. An integrated resonant switch matrix is utilized
at the HCC, which not only routes wireless signals to the corresponding
remote CANs, but also enables the phase modulation to intensity modula-
tion (PM-IM) conversion necessary in the OFM scheme.

3.1 Two-stage routing using SOA and integrated
MRR

The key functionalities of the proposed architecture include: selective wave-
length routing to different floors in a star topology, exploiting an integrated
passive micro-ring resonator (MRR) based add-drop multiplexer (ADM) at
the antenna site to drop the signal to a particular room, and the simulta-
neous generation of mm-wave signals by using OFM. Extremely small-area
MRR of μm-radius can be potentially integrated with the antenna on a
same compact chip [85], leading to a reduction of power consumption and
cost for wide-scale deployments.

3.1.1 Concept of proposed heterogeneous architecture

The proposed optical-routing in-building architecture shown in Fig. 3.1 may
represent a residential or office building, hospital, conference center, etc.
Through both star and bus topology, the HCC delivers one or more wireless
services from the access network to the in-building network at a particular
optical wavelength. At the optical router, wireless signals are distributed
to different wavelength clusters (λ1n, λ2n, ..., λmn) in a star topology, which
associate with different floors in the building. Then on each floor, one of
the wavelengths (e.g. λ11, λ12, ..., λ1n) in the corresponding cluster can be
selected by the ADM in each room. The optical router can be easily imple-
mented by a cross-gain modulation (XGM) based wavelength converter (e.g.
SOA) with several probe laser sources {λmn|m = 1, 2, 3, ...;n = 1, 2, 3, ...}.
In XGM, the data modulated on the laser wavelength at the HCC (pump
source) reduces the carrier density within the SOA by stimulated emission,
hence imposing a gain modulation on a second, independently tunable, CW
input (probe source) at the SOA [86].
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The wavelength grid between λmn and λm(n+1) matches the free spectral
range (FSR) of the cyclic arrayed waveguide grating (AWG), as shown in
Fig. 3.2. The optical phase modulator (PM) cascaded with the wavelength
converter is driven by a RF sweeping signal to yield the high-order optical
harmonics. In each room, an integrated MRR near the antenna drops
a specific wavelength {λmn|m = current floor number; n = 1, 2, 3, ...} to
which the MRR is tuned, at the same time, the filtering function of the
MRR enables the PM-IM conversion necessary in the OFM technique [87].
Hence, the mm-wave RF carriers at multiples of the sweeping signal are
generated after the beating in a PD. The wireless data signals are up-
converted as double sideband signals of each harmonic, and the desired
mm-wave signal is then extracted for air-radiation by an EBPF. Note that
the multicasting operation can be also performed in the proposed scenario
if multi-wavelength laser arrays are used as the probe laser sources.

3.1.2 Experimental demonstration and results

The proof-of-concept experimental setup is shown in Fig. 3.3. In the HCC, a
CW pump source with 10 dBm output power at 1552 nm wavelength bears
the wireless signals, which are either a 64-QAM signal or IEEE 802.11a
64-QAM WLAN signal with a carrier frequency of 2 GHz. External mod-
ulation can be substituted by direct modulation.

IM

64-QAM / WLAN
fcenter = 2 GHz

HCC

λpump = 1552 nm
PC

EDFA

SOA

λprobe = 1549.545 nm

OBPF
(1549.5 nm)

1
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3

Isolator

PM

fsw = 6 GHz

PC
MRRPC

EDFA

VOA PD

Rx
BPF

Antenna
Optical Router CAN

Fiber link on
each floor

(Through port to other rooms on the bus)

Figure 3.3: Experimental setup

At the optical router, one CW probe source at 1549.545 nm is used to
emulate the routing to a particular floor and room (e.g. λ11 is allocated
for Room 101, etc.), and the probe source is fed via an optical isolator into
an SOA (JDS Uniphase CQF 872/0) biased at 250 mA. The wavelength
converter part applies a counter-propagated configuration of XGM, in which
the pump signal and probe light travel in the opposite direction in the SOA
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Figure 3.4: Measured optical spectra: (a) output of PM; (b) output of OBPF.

via an optical circulator [88]. This increases the efficiency of conversion and
reduces the insertion loss from the optical coupler, in comparison with the
co-propagated configuration. The converted signal is then phase-modulated
by an electrical sweep RF signal at 6 GHz. Fig. 3.4 (a) depicts that the
optical harmonics and sidebands of wireless data signal are converted to
the new wavelength of 1549.545 nm. An optical bandpass filter (OBPF)
is used to represent one of the AWG outputs, distributing the demanded
signal to the specific floor and the room unit. The filtered optical spectrum
is shown in Fig. 3.4 (b). Note that the use of EDFAs is not compulsory, as
they are used for compensating the loss of the MRR and for enabling EVM
evaluations.

The pigtailed vertically-coupled MRR at each room unit was fabricated1

using Silicon Nitride (Si3N4/SiO2) materials system2 where the highly
selective MRR-based filters allow for the fabrication of complex devices on
a small footprint [89]. This device could also be realized readily in silicon
waveguides using the vertically-stacked double silicon-on-insulator (SOI)
photonic system. The transfer function of the pass-through port is shown
in Fig. 3.5 (a), indicating the free spectral range of 4.4nm. Correspondingly,
the filter notch at 1549.6nm shown in Fig. 3.5 (b) drops this wavelength at
the CAN.

The signal is then detected by a 70 GHz PIN photo-detector (U2T
XPDV3120R) with a flat-response sensitivity of 0.6 A/W, followed by an
electrical amplifier and an EBPF at 38 GHz. Thus the mm-wave signal

1Carried out in the Dutch Freeband BBPhotonics project
2high contrast material system, Δn ≈ 0.55
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(a) (b)

Figure 3.5: (a) Transfer response of the MRR; (b) a magnification of the notch.

bearing data at the upper sideband (38 GHz) of the 6th harmonic (36 GHz)
can be directly demodulated by a VSA. Fig. 3.6 (a) shows the electrical
spectrum of the resulting harmonics beating at the PD, which appear at
multiples of the fsw. Meanwhile, the IF wireless signal at 2 GHz is up-
converted to the double sidebands of each harmonic. To maximize the
amplitude of the 6th harmonic at 36 GHz, the phase modulation index is
optimized to be 2.5 in the experiment [87].

The single-sideband (SSB) phase noise of the 6th harmonic is measured
in comparison with a reference 36 GHz carrier from the same signal synthe-
sizer (Agilent E8257D) which is also used to generate the 6 GHz sweeping
signal. Thus the original phase noise introduced by the generator is ne-
glected, as shown in Fig. 3.6 (b). The phase noise indicates that the OFM
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scheme is robust for up-conversion. The 150 Mbit/s 64-QAM data signal
and 54 Mbit/s 802.11a WLAN signal are generated by VSG with back-to-
back EVM of 2.2% and 0.6%, as shown in Fig. 3.7 (a) and (c), respectively.
After up-conversion, the received data signal at 38 GHz and corresponding
constellation diagrams are shown in Fig. 3.7 (b) and (d). The incurred
EVM penalties for 64-QAM signal and WLAN signal are 2.3% and 3.2%,
respectively. Fig. 3.8 shows the EVM performance with different data rates
as a function of received optical power. Compared to the EVM performance
in [87], the wavelength conversion does not add additional penalty to the
system, and the main contribution to the penalty is still the reduction of
SNR caused by the noise from optical and electrical amplifiers. Never-
theless, the EVM performance of both up-converted 64-QAM signal and
802.11a WLAN signal at 38 GHz can meet the requirement of less than
5.6% for IEEE 802.11a/g (64-QAM) wireless standard. Additionally, the
EVM performance with respect to the probe power by applying three dif-
ferent pump powers is shown in Fig. 3.9 (a), and vice versa in Fig. 3.9 (b).
The optimum probe power and pump power are 1 dBm and 9 dBm, re-
spectively, in order to achieve the best transmission quality (i.e. lowest
EVM).
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3.2 Flexible fiber-wireless network using resonant
switch matrix

The XGM-based wavelength conversion yields issues in the practical imple-
mentation, because the MRR at the remote side needs to be individually
tuned to drop the specific wavelength, causing difficulty in terms of network
management. Therefore, in this section, a flexible in-building network with
dynamic signal routing is proposed, in which the functionalities of optical
routing and simultaneous mm-wave up-conversion are enabled by a single
integrated resonant switch matrix at the HCC. Thus, transceiver functions
and routing management can be centralized, in order to effectively gener-
ate and convey mm-wave radio signals in the picocell network. Similarly to
previous schemes, the wireless signal is up-converted to the 40 GHz range
by applying OFM, where an IF component is optically phase-modulated.
When the IF signal is routed through the switch matrix to the correspond-
ing CAN, both the amplitude and phase transfer functions of the switch
matrix convert phase modulation to intensity modulation, resulting in the
signal up-conversion to the higher frequency.

3.2.1 Millimeter-wave signal generation

The proposed scheme of mm-wave signal generation is illustrated in Fig.
3.10. The optical frequency of a CW light source is periodically swept with
a low-frequency signal, followed by a dispersive element in order to convert
phase modulation to intensity modulation. After direct intensity detection
in the PD at the CAN, the output electrical signal contains many harmonics
at multiples of the low-frequency sweeping signal, and the desired harmonic
can be then selected by an EBPF for wireless radiation as mm-wave signal.
It should be pointed out that here the PM-IM conversion is expected to
thrives on the chromatic dispersion of the integrated switch matrix.

Theoretically, the instantaneous optical intensity received at PD is given
by [90]

i(t) = I0 +
∞∑
n=1

2|In| cos(nωt+ ζn) (3.1)

where I0 is the dc photo-current, ω is the sweeping angular frequency, and
ζn gives the phase of the nth harmonic. In is the nth harmonic component
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of intensity variation given by

In = Jn[2β sin(nφ)] (3.2)

where Jn(x) is the nth Bessel function of the first kind, β is the phase
modulation index, and φ can be related to the group velocity dispersion
parameter D = (dτg/dλ) quoted in ps/nm, as follows

φ = −ω2

4π

Dλ2

c
(3.3)

Therefore, the greatest modulation depth can be obtained at the nth har-
monic when 2β sin(nφ) is equal to the first zero of the derivative of the
nth Bessel function. By adjusting both the phase modulation index β and
dispersion parameter D, the amplitude of desired harmonic can be maxi-
mized.

Resilient fifth-order resonant switch The optical switch chip has a
crossbar matrix structure which is designed and fabricated on SOI platform
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Figure 3.10: Point-to-point OFM mm-wave generation using the dispersive ring element
in a resonant switch matrix
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by P. DasMahapatra et al [91]. Each matrix element is based on a two
input and two output fifth-order ring resonator and the matrix is built
up by connecting identical elements with an additional waveguide crossing
for each cell. Micro-heaters are implemented for thermal tuning at each
cross-point element to allow routing the signal to different outputs. The
microscope image of one switch element is inset in Fig. 3.10. The photonic
wiring for the high-order switch elements and the micro-heaters have been
presented previously [91–93]. The total coupling loss (fiber-to-chip plus
chip-to-fiber) is 12 dB, which is introduced by the surface grating couplers
at both chip input and output. The on-chip losses for the shortest and
longest routing path are 2 dB and 9 dB, respectively. The free spectral
range of each switch element is 2.85 nm and the -3 dB channel bandwidth
is 0.9 nm.

Dispersion characterization Considering the total dispersion charac-
teristics of a single switch element, apart from the waveguide dispersion
and material dispersion, the main contributor is the structural disper-
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Figure 3.11: Simulation results of a single fifth-order ring resonator: (a) transfer function;
(b) group delay; (c) chromatic dispersion.
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(a)

(b)

Figure 3.12: Characteristics of the routing path 2 to 2: (a) group delay; (b) chromatic
dispersion. Dashed blue lines indicate the corresponding transfer function.

sion [94]. A single switch matrix which contains five resonators is modeled
by using VPI TransmissionMakerTM 9.2 simulation software, as shown in
Fig. 3.11 (a)-(c). The waveguide parameters applied in the simulation can
be found in [91]. In the simulation results, it is observed that the dispersion
is zero in the center of transfer function, but it starts to increase when the
corresponding wavelength is close to the edge regime. As mentioned previ-
ously, it is intended to tune the optical carrier close to where the dispersion
is larger.

To characterize the actual optical chip, a photonic dispersion and loss



3.2 Flexible Fi-Wi network using resonant switch matrix 53

analyzer (PDLA)3 is used to measure the transfer function, group delay
and chromatic dispersion of the path from input 2 to output 2, as shown
in Fig. 3.12 (a)-(b). Each parameter was measured every one hour, in total
three times, which are depicted in three different colors. The blue dashed
curves in both plots illustrate the optical spectral response at the output
port, taking the coupling loss into account. Fig. 3.12 (a) shows that the
group delay at the cutoff wavelengths of both sides is not symmetric in con-
trast to the simulation. Larger group delay values only occur at the side
of the longer wavelengths, where the group delay is also changing rapidly,
resulting in a greater dispersion parameter. In contrast, the high spike of
dispersion expected at the left edge is not observed. Theoretically, the in-
band dispersion around the center wavelength should be ideally zero [95],
which is also confirmed in the preliminary simulation. However, in the ex-
perimental characterization, the dispersion parameter actually fluctuates
around zero ps/nm, as shown in Fig. 3.12 (b). It is hence predicted that
the PM-IM conversion will also take place within the flat pass band, and
the conversion efficiency will be verified in the next section. The disper-
sion values outside the passband are excluded in the plot, because of the
large outer channel suppression so that the PDLA is unable to receive the
response with enough sensitivity.

From the characterization, the largest dispersion value is observed as
about 82 ps/nm at the wavelength of 1551.75 nm. Using this value in
Eqn. 3.2, the optimal modulation index β can be calculated in order to
achieve the maximum amplitude of desired harmonic carrier. For instance,
if the 5th harmonic of 7 GHz is needed for radiation, J5[2β sin(5φ)] has to
be maximized, where φ is approximately equal to 0.032π. The correspond-
ing β is obtained by 6.6. Notably, Eqn. 3.2 does not take into account
the waveguide dispersion and the filtering effect at the edge of passband,
making the obtained value forming the upper limit.

3.2.2 Experimental demonstration

The experimental setup of the proposed system is shown in Fig. 3.13. At the
HCC, a CW laser source and an IM are used to emulate the service stream
from the access network. The optical signal is first phase-modulated by a
sinusoidal signal at 7 GHz. An ultra-low Vπ PM and an electrical power
amplifier are used for the sweeping signal, in order to match the optimum

3Agilent 86038B
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Figure 3.13: Experimental setup of proposed system with resonant switch assisted routing
and mm-wave generation

modulation index. According to the previous calculation, the wavelength
is tuned at 1551.7 nm, and the applied β is 6. A 32-QAM RF signal at 2.5
GHz with the date rate of 500 Mbit/s is first generated by a VSG, and it
is then modulated onto the optical signal by a cascaded IM which is biased
in the linear region at quadrature point. Fig. 3.14 (a) shows the spectrum
of the modulated optical comb. The IM and CW laser can in principle be
replaced by a direct modulation laser in order to further reduce the system
cost. Here a PC is used as the circuit is designed for TE polarization. A
low-noise EDFA is applied to compensate the fiber-to-chip-to-fiber coupling
loss. The path from input 2 to output 2 exhibits an on-chip loss of 4.5 dB.
Fig. 3.14 (b) shows the spectral response measured by the PDLA.

Inside the integrated switch matrix, each switch element drops the spe-
cific wavelength to the resonator actuated, routing the optical signal to the
desired output port. The inset photograph in Fig. 3.13 shows part of the
grid structure which is used in all the following experiments. Fig. 3.14 (c)
shows the output optical spectrum after switching, where the red-dot curve
depicts the transfer function measured by amplified spontaneous emis-
sion (ASE) noise. At the same time, both the dispersion parameter and
filtering enable the PM-IM conversion necessary in the OFM scheme to
generate the mm-wave signal at harmonic multiples of the sweeping sig-
nal. After beating at a PIN PD, the RF data is hence up-converted as
a double-sideband signal at each RF harmonic, as shown in Fig. 3.14 (d).
The desired mm-wave signal bearing data at 37.5 GHz is on the upper side-
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Figure 3.14: Experimental results: (a) optical spectrum of generated optical harmonics;
(b) transfer function of optical routing path from input 2 to output 2; (c) optical spectrum
of signal after routing and transmission over the link; (d) RF harmonics with double-
sideband modulation after PD; (e) RF spectrum of received 500Mbit/s 32-QAM signal
at 37.5 GHz; (f) phase noise of the 5th order harmonic based on OFM in comparison
with IM/DD.
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band of the 5th order harmonic, which is amplified and filtered for wireless
radiation. In the experiment, the 32-QAM mm-wave signal is demodulated
and analyzed by a VSA.

A 4.6 km Corning ZBL (“zero bending loss”) bend-insensitive single-
mode fiber (BI-SMF) is deployed from the HCC to each CAN. One seg-
ment of the fiber is coiled with 5 turns of about 8 mm radius, in order
to evaluate the impact of possible macro-bending in the duct. The addi-
tional bending loss is less than 0.1 dB. After transmission over the fiber
and photo-detection, the up-converted signal at 37.5 GHz is then amplified
for demodulation. Fig. 3.14 (e) shows the up-converted signal at 37.5 GHz,
of which the SNR is above 25 dB. Fig. 3.14 (f) shows the SSB phase noise
of the 5th harmonic at 35 GHz in comparison with a single 7 GHz car-
rier transmitted on an intensity-modulation and direct-detection (IM/DD)
setup by using the same synthesizer for the sweeping signal. The measured
time jitter4 is 68 fs and 90 fs for the received 7 GHz signal and 35 GHz
harmonic, respectively. The phase noise of OFM-generated mm-wave sig-
nal is shown to be of the same order as the one of directly-delivered RF
source and hence robust for up-conversion. The EVM of recovered signal
with respect to the received optical power before PD is measured, as shown
in Fig. 3.15 (a). The blue curve depicts the EVM value without the post
equalizer. After applying an adaptive equalizer with the filter length of
11 symbols in the VSA, the EVM value is further reduced by 1%. The
two inset constellation diagrams with and without the equalizer are recov-
ered at the received power of 6.5 dBm, where both of them show the clear
separation between constellation points.

To evaluate the OFM generation efficiency impacted by the dispersion
of a switch element, the center wavelength is detuned with respect to the
spectral passband, and the RF amplitude of the 5th (at 35 GHz) and 6th (at
42 GHz) harmonic are measured. The largest amplitude can be obtained
when the center wavelength is around 1551.7 nm, as shown in Fig. 3.15 (b).
In Fig. 3.12 (b), the measured largest dispersion occurs at the wavelength
of 1551.75 nm, confirming the optimum wavelength for OFM using this
resonant switch matrix. Moreover, even within the flat region of transfer
function, the high-order harmonics can be still generated despite the weak
level, due to the contribution of in-band dispersion which was also observed
in Section 3.2.1. It is important to point out that the PM-IM conversion

4The RMS jitter results over the selected offset frequency range are calculated in the
VSA
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Figure 3.15: Performance analyses: (a) EVM performance of received mm-wave signal;
(b) efficiency of OFM generation with respect to the wavelength detuning; (c) EVM
performance of received mm-wave signal with respect to the wavelength detuning.

is not equally productive at the shorter wavelengths of the passband, be-
cause the corresponding dispersion parameter is also weaker, as has been
mentioned previously. In fact, the measured dispersion parameter at the
left edge is equivalent to the in-band one, so that the PM-IM conversion
efficiency is also similar accordingly, as depicted in Fig. 3.15 (b). Notably,
such a result indicates that the dispersion parameter is dominant to achieve
the PM-IM conversion.

Fig. 3.15 (c) shows the EVM variation at 37.5 GHz versus the wave-
length detuning. Here the best EVM value is achieved at the center wave-
length of 1551.68 nm, which is slightly deviated from the previous obser-
vation. This is because all the wavelength data are read directly from the
laser source used in the setup, which is not the same one as embedded in
the PDLA, so that the reading values slightly offset from each other.
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3.2.3 Dynamic routing analysis

After verifying the OFM scheme using the resonant switch matrix, this sec-
tion analyzes the dynamic routing performance of the generated mm-wave
signal. The experimental setup is still the same as illustrated in Fig. 3.13
but with a transmitted data signal at lower symbol rate. In this section,
the data signal is encoded in 64-QAM/128-QAM format with a symbol
rate of 25 MSym/s, in order to characterize the switching transition with
a sufficient SNR range.
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Figure 3.16: Measured transfer function of the two switching ring elements in on/off state

An Altera Stratix III FPGA board is employed5 for routing manage-
ment and control of the switching operation. As soon as the HCC receives a
handover request from a mobile user, the FPGA sends the control command
to a series of voltage drivers, which correspond to the different routing paths
in the chip. In the proof-of-concept experiment, the FPGA is programed
to send periodic 200 μs long on- and off-state control signals, enabling and
disabling paths in sequence. Electronic drivers at the output ports of the
FPGA are switched between two adjustable voltage levels, which are able to
actuate the on/off state of each element through the thermo-optic tuning.
The on-chip routing paths from input 2 to output 1 and input 2 to output
3 are used, and on-chip insertion losses (excluding fiber coupling loss) are
3.74 dB and 4.2 dB, respectively. Fig. 3.16 shows the transfer functions of

5Assistance from Dr. R. Stabile and P. DasMahapatra is highly appreciated.
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the element (2,1) and (2,3) for on/off state.

The EVM value of the received 175Mbit/s 128-QAM signal at 37.5 GHz
is measured at both CANs, as shown in Fig. 3.17. The inset constellation
diagram at the EVM condition of 2.2% shows clear separation between
points without any distortion. The power penalty between two CANs is
negligible. The best EVM value obtained during static measurements for
both CANs is 2.2%, which will be used as the reference for the subsequent
analysis of switching gating time requirements.
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Figure 3.17: EVM performance for the two routings from HCC to picocells CAN 1 and
CAN 3

To enable the dynamic operation, the switch is controlled by means of
the FPGA to repetitively route the optical signal from input 2 to output
1 and output 3 alternately, and each on- and off-state lasts for a 200 μs
period. Fig. 3.18 shows the time traces of the received mm-wave signal at
CAN 1 and CAN 3, respectively. The lowermost trace shows the switch
control signal from the FPGA output pin for the routing path to CAN
1. The VSG then generates a packet signal with a certain symbol length
corresponding to the switching window, and the transmission is activated
by the same switching signal from FPGA. In the experiment, the VSG has
an internal delay of 3.5 μs when operating in the external trigger mode.
At the CAN side, the demodulation process of the VSA is also externally
triggered by the switching signal but with a programmed delay of 26 μs to
compensate the optical propagation delay through the entire link, as well as
the internal delay of the VSG. In the VSA, the length of recorded symbols



60 Optical routing and up-conversion using PIC

100 μs/div

To A  1 

To A  3 

60 mV/div

Figure 3.18: Real-time trace of the received 37.5 GHz mm-wave at CAN 1 and CAN 3

is the same as the one in the VSG. This is to ensure that the mm-wave data
signal will be transmitted only within the period of routing requirement,
and all symbols will be demodulated at the same time.

To study the effective system reconfiguration time, the performance for
various time windows is assessed for the routing path from the HCC to
CAN 3, quantifying the start of packet and end of packet gating time re-
quirements. Firstly, once a trigger signal from the FPGA has been received,
the VSG generates a 64-QAM/ 128-QAM packet signal with the length of
2000 symbols (equal to 80 μs), which is shorter than the switching window
to exclude the impact of falling time. An additional and varied delay offset
is then applied to both the transmitter and receiver, in order to scan the
measurement window relative to the reconfiguration event at the resonant
switch matrix. The EVM deteriorates for the transmission starting within
68 μs from the switch reconfiguration, as shown in Fig. 3.19 (a). The con-
stellations of both 64-QAM and 128-QAM formats are distorted for mea-
surements in this regime because the demodulator does not receive enough
signal power, and is unable to track the phase of the received mm-wave sig-
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falling edges of switching window
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nal. With an offset of 68 μs between switching event and start of analysis,
an EVM value of 2.3% is measured, matching the reference value of static
performance. This trigger offset is then kept and the length of transmit-
ting symbols is gradually increased. Fig. 3.19 (b) shows the impact of the
switch on-to-off state transient as the symbol length is approaching the end
of switching window. It can be observed that the packet duration can be
extended up to 127.2 μs before the on-to-off transition without affecting the
EVM value. The EVM value begins to increase when the transmitting sym-
bol length extends to the second switch transient with the symbol length
of 3180. The same analysis is also carried out for the path routing to CAN
1, giving a very similar result. Prior measurements for on-off keyed data
and continuous wave inputs have indicated switch transients in the order
of 15 μs within the switch matrix itself [93]. In addition to that, the above
results indicate that the radio signal in QAM modulation formats requires
longer handover period to completely recover the actual data when using
the same switch matrix.

3.3 Summary

The simultaneous generation and routing of a mm-wave signal by exploit-
ing photonic integrated circuits and OFM technique was presented in this
chapter. In Section 3.1, a heterogeneous topology for in-building networks
was successfully demonstrated, where the wireless signal modulated on dif-
ferent wavelengths was routed to the corresponding floors by applying a
SOA-based wavelength converter. In each room, the wireless signal was
dropped from the bus network by a MRR integrated at the antenna site, and
simultaneously up-converted to 38 GHz mm-wave frequency band. Mea-
surements showed an EVM performance of 4.5% for 150 Mbit/s 64-QAM
signal and 3.8% for 54 Mbit/s 802.11a 64-QAM WLAN signal at 38 GHz
which all met the requirement of IEEE 802.11a/g wireless standard. The
optimization of pump and probe power for wavelength routing was also car-
ried out in the experimental demonstration. By exploiting SOI materials,
the viability and low-complexity of this system can be further enhanced by
the compact integration of lower loss MRR, the receiver and the antenna
on a low-loss compact chip.

Alternatively, another novel optical in-building architecture by exploit-
ing an integrated resonant switch matrix at the HCC was proposed in
Section 3.2. Similarly, both optical routing and mm-wave generation at
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37.5 GHz were achieved by the integrated chip, of which the large on-chip
chromatic dispersion enabled the OFM-based mm-wave generation. By
characterizing the resonant switch element, the fluctuating chromatic dis-
persion within the passband of routing path was clearly observed, which can
be utilized to enable the PM-IM conversion in order to yield mm-wave at
the multiple of fundamental sweeping frequency. However, such a mm-wave
generation scheme is sensitive to the optical carrier wavelength. The gen-
eration efficiency is then investigated in the experiment with respect to the
wavelength detuning, where the results well matched the prior dispersion
characterization. The up-converted mm-wave signal encoded with 32-QAM
data exhibited an EVM of only 5% at the bit-rate of 500 Mbit/s.

Afterwards, the dynamic routing performance of a 128-QAM signal at
37.5 GHz between two remote cells was also demonstrated. The measured
EVM of received signal at both CANs suggested no power penalty was in-
duced by different routing paths. The mm-wave signal exhibited an EVM
of only 2.3% at 175 Mbit/s in the dynamic operation. The dynamic rout-
ing experiment demonstrated the reliability of the system by showing that
each routing path did not need to be re-optimized in terms of center wave-
length and modulation index. The effective system reconfiguration time
when using a 200 μs switching window was analyzed. The minimum off-
set between the switching event and start of signal reception was 68 μs,
which was effectively the handover period for the mm-wave signal. The
proposed architecture shows a promising solution for effectively delivering
the mm-wave signal in the in-building networks.

The solution proposed in Section 3.1 is capable of both unicasting and
multicasting if multiple probe sources are applied at the wavelength con-
verter, and the handover period mainly depends on the tunning speed of
probe sources. The drawback is that each remotely located MRR needs
to be individually optimized at a specific wavelength which is less feasible
especially in a large-scale deployment of CANs, and multiple tunable laser
sources are always required in this scheme. In comparison, Section 3.2 pro-
posed to perform the routing functionality without extra tunable lasers by
using a single switch matrix chip at the HCC, whereas the CAN installed
in each room has an identical configuration. However, multiple CW sources
are still needed in case of multicasting. The handover period of the sec-
ond scheme depends on the speed of thermal tuning applied on the switch
matrix chip.

In both proposed architectures, the bit-rate was mainly limited by the
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signal bandwidth of VSG and VSA, whereas the allowed maximal band-
width is equal to half of the sweeping frequency [20]. By applying the above
schemes, the mm-wave frequency can in principle be further increased with
higher sweeping frequency and larger multiplication factor.



Chapter 4

Dynamically reconfigurable
60 GHz RoF network

As described in Chapter 1, the large demand of online bandwidth-hungry
and interactive applications is still growing explosively, such as HD video
streaming, online games and cloud storage, and new terminal devices have
emerged using various platforms from tablets to smartphones. Hence the
end users seek for a wireless access network with not only more capacity,
but also more flexibility and mobility. The mm-wave RoF technique has
already shown great promise to efficiently deliver converged wireless services
in a picocell architecture in previous chapters.

However, providing a point-to-point service delivery is only the funda-
mental requirement of physical layer. Reconfigurability of network capacity
is subsequently essential to meet the fluctuating needs of the local traffic
load on demand. For instance, the mobile users might be roaming through
the building, or wireless capacity might at some time be intensely needed in
those rooms full of active mobile devices, whereas other rooms are sparsely
populated and therefore need less capacity, in which case picocells can be
even operated in “sleep mode” to further reduce the energy consumption.
At other times, the local loading per room may be different, and the sys-
tem needs to reallocate capacity. In Chapter 3, the routing functionality
was successfully demonstrated by photonic integrated circuits, but the in-
adequacy still remains that only one optical wavelength could be selected
for each routing. In other words, the two proposed systems in Chapter 3
may resolve the challenge of user roaming, but not the dynamic capacity
allocation. Previous studies have also shown the possibility of using op-
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tical WDM to allocate wavelength channels to particular rooms [96–101],
in order to effectively connect a huge amount of picocells. The network
congestion probability can be reduced significantly without installing extra
network resources [38, 102], yet the downside is that such a system requires
multi-wavelength sources (or wavelength converters) plus de- and multi-
plexer, which increases the CapEx and OpEx and the latter also introduces
more propagation loss.

Therefore, in this chapter, an alternative architecture is proposed which
only uses a single wavelength in a star network topology. The on-demand
wireless services are still centralized in the HCC, and dynamically routed to
different CANs of picocells via a MEMS optical switch. The wireless data
can be either unicasted or multicasted depending on users’ requests. In each
channel, the generation of mm-wave carrier at 60 GHz is carried out directly
over the optical layer, and the emulated high-speed data are modulated
in an adaptive multi-level QAM with orthogonal frequency-division multi-
plexing (OFDM). More importantly, the most-widely deployed WLAN is
integrated in the proposed system, such that the new network stays com-
patible without disrupting the existing users after replacement, and also
WLAN is served as a signaling channel to monitor the traffic load and
receive the user requests for variable throughput demand. The proposed
system is experimentally demonstrated, focusing on the photonic genera-
tion of the mm-wave signal, processing of the signaling channel, and the
dynamic switching performance of 60 GHz signals.

4.1 System architecture

Home Communication Controller

MEMS Switch

802.11x WLAN HDTVGaming

Cloud storage ...Video calls

60 GHz applications

Optical transceiver module 1

Optical transceiver module n

…
...

CAN

CAN

......

Mobile 
Devices

Optical fiber

CW

Figure 4.1: Proposed reconfigurable 60 GHz fiber-wireless network with capability of
dynamic capacity allocation
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Considering a typical office building or premise with multi-dwelling
units, each CAN only covers a single room with its specific traffic pat-
tern, and all these CANs are deployed by optical fiber infrastructure from
the HCC throughout the building. The HCC centralizes the processing
and management of any kind of wireless services, where a number of op-
tical transceiver modules (OTMs) provide independent data sources, and
they are dynamically allocated upon user’s requests by an optical switch.
Fig. 4.1 illustrates a system diagram of the proposed concept, where the
design consideration of each part will be described in the following section.

4.1.1 Optical transceiver module

From the cost-efficiency point of view, the concept intends to use a single
wavelength for every OTM, and to avoid using any wavelength-dependent
components, such as arrayed waveguide grating (AWG), tunable laser source
or optical filter. Moreover, diverse wavelengths may be spared as an ad-
ditional dimension for an other purposes, e.g. wavelength-controlled radio
beam steering [103]. Theoretically, one CW laser is already capable of feed-
ing all the OTMs. Considering the light splitting loss, a cluster of OTMs
may be accommodated by one light source. On-demand wireless data are
intensity-modulated by an optical external modulator, where wireless ap-
plications producing larger throughput such as HD video streaming and
cloud storage service are accommodated at the 60 GHz frequency band.
The up-conversion is achieved in the optical domain by frequency multi-
plying [104, 105] instead of directly modulating 60 GHz carrier, in order to
save the cost and ease the bandwidth requirement of the optical modulator.

Meanwhile, each OTM also comprises a conventional WLAN AP to
have full compatibility with the existing WLAN network. In addition, the
WLAN service is activated constantly (i.e. idle mode), such that the HCC
is always aware of the number of connected mobile devices, determining
whether the allocated capacity should be altered. In section 4.3, the im-
plementation of inserting WLAN signaling into the 60 GHz signal will be
discussed.

4.1.2 Optical MEMS switch

As introduced in Section 1.4, the MEMS switch is based on electromag-
netically actuated mirrors which direct the light to the output ports. It is
usually an integrated circuit using semiconductor processes. The MEMS
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switch is chosen among various optical switch technologies in the proposed
system because of its wavelength- and polarization-independence, low loss
and low cost per port for large port-count scenario [47, 49]. The MEMS
switch is driven by electrostatic forces and thus only consumes little en-
ergy at low switching frequencies. Once the switch path is configured, it
dissipates almost no electrical power. The drawback of MEMS technology
is that the switch time is in the order of tens of milliseconds due to the
mechanical actuation, slower than some other solutions. However, the han-
dover timeout of a typical wireless protocol is usually in the same order, and
the reconfiguration will not be frequent with an optimal management—the
time of day (i.e. off- and peak hours) is of more concern than a random
instant request. The switching transient will be analyzed in terms of 60
GHz signal reception in Section 4.4.

Initially, only the first OTM is activated and is broadcasting the 60 GHz
signal along with WLAN signaling to all CANs, as shown in Fig. 4.2 (a).

…
...
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MEMS Switch
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…
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OTM 2

(b)

Figure 4.2: Capacity configuration by means of: (a) broadcasting; (b) unicasting.
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Assuming that the WLAN AP of OTM 1 detects a growing congestion
within the coverage of CAN 1, for instance, the HCC then activates OTM
2, and all the connections within CAN 1 are routed from OTM 1 to OTM
2, as illustrated in Fig. 4.2 (b). Thus, the mobile users connected to other
CANs are not disturbed, whereas the full capacity of OTM 2 is dedicated
only for CAN 1. Alternatively, one OTM may be shared among a cluster
of CANs, as long as the total traffic load does not exceed the maximum
available capacity of the particular OTM. With the assumption that one
OTM can always provide the accumulated throughput of a single CAN at
least, it is then unnecessary to distribute multiple OTMs to a single CAN,
because the limited availability of wireless spectrum will be the bottleneck
for accommodating more mobile users. Furthermore, when the amount of
CANs is larger than the port-count of MEMS switch, the proposed network
can be easily scaled up by cascading multiple switches (i.e. one of the
outputs of first switch is connected with one of the inputs of second switch).

4.1.3 Cell access node (CAN)

The prime design consideration of CAN in the proposed system is that it
should be very simple and compact to reduce the installation cost, because
the CAN needs to be widely deployed to insure sufficient coverage. Since
the radio signal generation and processing functions are already centralized
at the HCC, the CAN is basically transparent to all kinds of wireless signal
format, only converting the radio signal between the optical and electrical
domain. As CANs may be individually activated by the WLAN signaling
channel depending on the traffic load, energy usage can be reduced by
emitting less radio power. Such a consideration also eases maintenance
and upgrade of the network.

Given the fact that the 2.4 GHz WLAN signal and 60 GHz mm-wave
signal are unable to be radiated by one antenna, it is preferred to simul-
taneously up-convert the WLAN signal to 60 GHz band as well, instead
of using two dedicated antennas. The reason is still to simplify the design
of CAN, and it is presumed that a common 60 GHz front-end will be as-
sembled inside the future mobile devices (e.g. 5G wireless standard [106]).
In the following demonstration, one pair of horn antennas are used for
transceiving.
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4.2 Experimental implementation

Fig. 4.3 depicts the experimental setup to demonstrate the concept of the
proposed reconfigurable 60 GHz RoF system. Only one routing channel
is implemented at present, because it can adequately demonstrate the dy-
namic switching.

One of the OTMs at HCC is fed by a CW laser source working at 1550
nm, followed by a DE-MZM. Two arms of DE-MZM are driven by two
RF data signals, of which the WLAN signaling is generated by a Rohde &
Schwarz VSG while the OFDM signal is streamed by an arbitrary waveform
generator (AWG) with offline digital signal processing, respectively. An
sinusoidal radio signal at 30 GHz drives the following IM, which is biased
at the null point in order to double the radio frequency at the remote side
based on optical carrier suppression (OCS) scheme [23]. A DiCon’s 4 × 4
Multicast MEMS switch is used in the proposed architecture, because it
has conveniently integrated a 1 × 4 passive splitter for each input port,
impeccably matching the design concept of dynamic capacity allocation,
as depicted in Fig. 4.3. The switch is bi-directional and hence can also be
reused for the uplink channel. An EDFA is used mainly to compensate the
insertion losses of the two optical modulators and the MEMS switch. After
transmission over 1 km SSMF, the routed optical signal is attenuated and
detected by a 70 GHz PIN PD with the responsibility of 0.6 A/W. Only one
power amplifier (PA) with the center frequency of 60 GHz is used before
wireless radiation at the CAN. When received at the MD, the mm-wave
signal is down-converted to the original IF band by mixing with a 60 GHz
reference signal which is quadrupled from a local oscillator of 15 GHz.
The phase shifter (PS) is used to compensate the phase offset between the
received 60 GHz carrier and local reference. The down-converted WLAN
signaling is analyzed by an Agilent VSA, whereas the OFDM data stream is
acquired by a Tektronix digital real-time sampling scope (DPO) for offline
analyses.

4.2.1 Mm-wave up-conversion by OCS

OCS is one of the practical schemes of optical mm-wave multiplication by
using lower frequency components [23, 107, 108], reducing the bandwidth re-
quirement of electrical-optical interfaces. Assuming that two input data sig-
nals applied on two electrodes of the DE-MZM are s1(t) = v1 sin(ωIF1t) and
s2(t) = v2 sin(ωIF2t), respectively, then the optical field at the DE-MZM
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output can be described as

EMZM (t) ∝ {exp[jα1s1(t) + jφ1] + exp[jα2s2(t)]}
· exp[jωct+ φn(t)]

(4.1)

where α1 and α2 are the modulation indices of two data signals, respectively,
φ1 is the upper-arm dc bias altered by Vb1 whereas the lower-arm dc bias
is grounded, ωc and φn(t) is the angular frequency and the phase noise of
the optical wave, respectively. The optical signal is then modulated by a
sinusoidal signal with the angular frequency of ωRF . The output of IM can
be represented by

EIM (t) ∝ {1 + exp[jβ sin(ωRF t) + jφ2]} · EMZM (t) (4.2)

where β is the modulation index, and φ2 is the dc bias of IM altered by
Vb2. After an ideal photo-detection with a responsibility of R, the converted
electrical current is given by

IPD(t) =
R

2
|EIM (t)|2

∝ |{exp[jα1v1 sin(ωIF1t) + jφ1] + exp[jα2v2 sin(ωIF2t)]}
·{1 + exp[jβ sin(ωRF t) + jφ2]}|2

(4.3)

Finally, by trigonometric manipulation in Eqn. 4.3, neglecting the dc com-
ponent and beating interference in baseband, it can be obtained by

IPD(t) ∝ 4 cos[β sin(ωRF t) + φ2]

·{1 + cos[α2v2 sin(ωIF2t)− α1v1 sin(ωIF1t)− φ1]}
(4.4)

The phase noise term of the laser φn(t) is eliminated after photo-detection
because of the phase coherence between the optical harmonics.

Assuming that two IF data signals have same center frequency but dif-
ferent bandwidths such that they do not cancel out each other completely,
they can be combined into one expression by using a single ωIF . If make
φ1 = π/2 to bias the data signals at linear regime, and φ2 = π to suppress
the optical carrier in order to yield the even harmonics at the multiple of
ωRF , the detected frequency components are approximated by

IPD(t) ≈8J0(β) + 8J2(β) cos(2ωRF t)

+ 8J1(α2v2 − α1v1)J2(β) sin[(2ωRF ± ωIF )t]
(4.5)
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where Jn(x) is the Bessel function of first kind and order n, and only the
first order of harmonics is presented, considering a small modulation index
β. Eqn. 4.5 shows that the 2ωRF is generated by applying OCS, and the
data signals are also up-converted on double sidebands of the harmonic
carrier.

4.2.2 Optimizing mm-wave generation efficiency

In this section, only one wireless signal is transmitted, of which the data is
encoded in 16-QAM format with the symbol rate of 25 MS/s, and modu-
lated at 2 GHz by the VSG. The signal routing path is statically configured
from input 1 to output 1, as shown in Fig. 4.3. Fig. 4.4 shows the optical
spectrum at the output of IM. By applying a precise π phase shift of Vb2,
the suppression between the optical center wavelength and double-sideband
harmonics (±30 GHz) can be greater than 13 dB. After beating at the PD,
the electrical spectrum of the up-converted radio signal at 60 GHz band
is shown in Fig. 4.5. As elaborated in Eqn. 4.5, the 30 GHz frequency is
doubled and the 16-QAM signal is modulated on its sidebands. The inset
illustrates the magnified spectrum of upper sideband signal at 62 GHz with
SNR more than 25 dB.

Practically, the odd/even harmonics multiplication is quite sensitive to
the dc bias (Vb1 and Vb2) in OCS scheme. To evaluate and optimize the
generation efficiency of mm-wave signal, Vb1 and Vb2 of two modulators are
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Figure 4.4: Optical spectrum of OCS measured after IM
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Figure 4.5: Received electrical spectrum of up-converted mm-wave signal

detuned and the received RF harmonics and data signal are analyzed after
PD. Firstly, Vb2 is maintained at 2.54 V, which is the approximate bias volt-
age of π phase shift for IM. Vb1 is then swept to find the linear modulation
point for the QAM signal. Fig. 4.6(a) shows the EVM of the up-converted
16-QAM signal at 62 GHz with respect to the Vb1 bias detuning. The
mimimum EVM value is 5.2% when biased at 2.15 V. The corresponding
constellation is inset next to the plot. The power lever of RF carriers at 30
GHz and 60 GHz are also measured respectively, indicating a relatively lin-
ear trace around the optimal bias point. This is because the up-conversion
takes place at the IM, and when biased around the linear point, Vb1 is pro-
portional to the average optical power injected into the IM. The optimal
value for Vb1 is then kept, and the measurement is repeated again by de-
tuning Vb2. Similarly, the minimum EVM value is further dropped down to
5.1% when Vb2 is biased at 2.62 V, as shown in Fig. 4.6(b). Meanwhile, the
60 GHz carrier has the maximal power level, whereas the 30 GHz carrier
is significantly suppressed. Though theoretically the odd order harmonics
should be completely eliminated, the appearance is however inevitable in
practice, due to the imbalance between two arms of IM and the chromatic
dispersion over the transmission link [108, 109]. Fig. 4.7 shows the SSB
phase noise of the generated mm-wave carrier at 60 GHz, where the phase
noise is about -60dBc/Hz at 30 Hz and about -118 dBc/Hz at 10 MHz.
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Figure 4.6: Optimization of modulator biases: (a) detuning of Vb1; (b) detuning of Vb2.

Compared to other similar schemes [110–112], the result indicates a good
phase-noise performance when applying the proposed OCS scheme.

After the optimization of OCS and the power budget of optical link, the
optical power is maintained at 1.5 dBm before the PD. The radiation power
at the CAN is around 0 dBm, and the paired horn antennas have a same
gain of 15 dBi. At the MD, the EVM of down-converted QAM signal at 2
GHz is analyzed as a function of increasing wireless propagation distance,
as shown in Fig. 4.8. Insets show the electrical spectra and constellations of
recovered QAM signal at the corresponding distance. The measured result
indicates that the coverage of 60 GHz signal can be extended up to 2 meter
without any quality deterioration. In the following analyses, the wireless
transmission distance will be kept at 1 meter.
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4.3 Adaptive OFDM with inserted WLAN
signaling

As described in Section 4.1, it is proposed to use the broadband OFDM
data stream for high-speed mm-wave applications. The offline OFDM sig-
nal processing will be elaborated in this section. Fig. 4.9(a)-(b) depict the
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Figure 4.9: Optimization of modulator biases: (a) detuning of Vb1; (b) detuning of Vb2.

function blocks of OFDM transmitter and receiver, respectively. Since the
OFDM signal also requires an IF frequency in the OCS up-conversion, it
is important to point out that the in-phase and quadrature (IQ) mixer
is implemented in the digital domain to process the IF frequency, in or-
der to reduce the complexity of OFDM module. Moreover, the digital IQ
mixer is also able to mitigate the inter-carrier interference introduced by
IQ imbalance [113].

4.3.1 OFDM signal processing

At the OFDM transmitter as shown in Fig. 4.9(a), an input sequence of se-
rial data is parallelized into N streams of sub-carriers (f1, f2, ..., fn), which
are QAM-mapped with complex values. After N -point inverse FFT, the
streams are converted from frequency domain to time domain, and the out-
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put time trace is serialized with appended cyclic prefix (CP). According to
the Nyquist sampling theorem, a raised cosine filter (RCF) is then applied
as an interpolation filter to oversample the trace with lower inter-symbol
interference [114]. Consequently, the real and imaginary part can be or-
thogonally multiplied by an IF frequency, and the output real values are
converted to analog signals by the AWG. The OFDM receiver is an inverse
counterpart of the transmitter, as shown in Fig. 4.9(b).

Notably, the QAM modulation format for each sub-carrier is adapted
to the channel response of transmission link. In other words, the bit alloca-
tion per sub-carrier is proportional to its SNR. Such an algorithm named
bit-loading has been exploited in [115, 116]. Basically, the algorithm first
discards the sub-carriers with the lowest SNR, and redistributes more data
bits to those sub-carriers with higher SNR, in order to support higher
data rates. The non-integer numbers of allocated bits per sub-carrier are
then rounded to the nearest integer, and the corresponding signal power
is adapted as well. Eventually, every sub-carrier with newly-allocated bits
will exhibit a same BER level, resulting in the maximized accumulative
throughput in a particular transmission link.

Therefore, if the WLAN signal is inserted with a same center frequency,
only one or few OFDM sub-carriers which are overlapped with WLAN fre-
quency in the middle band will be automatically discarded for data trans-
mission, but the remaining non-overlapped sub-carriers are still capable of
transmitting a high-level QAM modulation format. Compared to the con-
ventional frequency-division multiplexing, such an integration scheme can
further enhance the frequency-efficiency and ease the implementation of
both CAN and MD.

4.3.2 Performance evaluation

The parameters of the transmitted OFDM signal in the experiment are
given in Table 4.1. Matlab is used to emulate the OFDM transmitter and
receiver. The clocks of the AWG and DPO are not synchronized, because
the clock and phase recovery can be performed by the OFDM receiver.
The OFDM symbol rate is 1.5GS/s which is determined by the quotient of
oversampling parameter and the sampling speed of AWG, whereas the DPO
is kept running at a sampling rate of 50 GSa/s for OFDM demodulation and
evaluation. To emulate the WLAN signaling, the VSG is used to generate
a standard IEEE 802.11g stream at 2.4 GHz with one frame per 10 μs. The
WLAN data are encoded in QPSK format with a bitrate of 16 Mbit/s.
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Table 4.1: Parameters for Adaptive OFDM Signal Processing

Parameter Description

Center frequency 2.4 GHz

Sampling speed of AWG 12 GSa/s

Oversampling factor 8

Number of subcarriers 64

Number of OFDM frames 1000

Number of preambles 10 per 400 OFDM frames

Modulation format of preambles QPSK

Cyclic prefix 8 points

Digital clipping [117] 10 dB

Length of RCF filter 6

Initially, only the WLAN signaling is activated at each CAN to monitor
the wireless connections within the coverage. If a MD is requiring a high-
throughput application via the signaling channel, the HCC will then start to
stream the broadband OFDM signal. By applying adaptive bit-loading, the
WLAN signaling is able to coexist with the OFDM signal in transmission.
The above process is illustrated in the spectrogram measured at the MD,
as shown in Fig. 4.10(a). The local mixer then down-converts the entire
frequency band back to 2.4 GHz for signal demodulation and evaluation,
as shown in Fig. 4.10(b).

The bit and power allocation per sub-carriers before and after applying
bit-loading are depicted in Fig. 4.11(a)-(b). Without the inserted WLAN
signaling, the net transmission rate of OFDM signal is 6 Gbit/s with the
BER of 2 × 10−3, because more center sub-carriers are allocated with 5
bits, which is encoded in 32-QAM format. When the WLAN signaling
is transmitted simultaneously, the bit-loading algorithm switches off the
center carrier (33rd), and the adjacent sub-carriers on both sides (32nd, 34th,
35th) are only allocated with either 2 bits (QPSK format) or 3 bits (8-QAM
format), because these sub-carriers encounter the lowest SNR provoked
by the overlapping. Nevertheless, compared to the bit-loading result in
Fig. 4.11(a), the rest of the sub-carriers are barely interfered, resulting in
a net transmission rate of 5.5 Gbit/s with the same BER (2× 10−3). The
spectral efficiency of the OFDM signal is about 3.7 bits/s/Hz. Insets in
Fig. 4.11(a)-(b) show the superimposed constellation diagrams of those sub-
carriers modulated in 32-QAM, 8-QAM and QPSK formats, respectively.
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Figure 4.10: Received wireless signal at MD: (a) spectrogram; (b) spectrum of down-
converted signal at 2.4 GHz.

The 32-QAM constellations recovered from two cases exhibit similar points
separation, indicating that the coexistence of WLAN signaling does not
distort the OFDM demodulation.

A smaller OFDM signal bandwidth is then applied for transmission to
further evaluate the impairment of WLAN signaling, as shown in Fig. 4.12.
Under each condition, the measurement is repeated by three times with the
BER always below 2 × 10−3. It is clear that reducing the OFDM band-
width leads to an expanding throughput penalty because of the increasing
proportion of the WLAN bandwidth, so that more middle sub-carriers are
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Figure 4.11: Adaptive bit-loading parameters for OFDM signal transmission: (a) without
WLAN signaling; (b) with WLAN signaling inserted at the center frequency (Insets:
constellation diagrams for corresponding bit allocations).
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discarded by bit-loading. On the contrary, the inserted WLAN signaling is
negligible for the OFDM signal with higher throughput.

Likewise, the VSA is also used to evaluate the transmission performance
of WLAN signaling with and without OFDM streaming. Fig. 4.13 shows
the EVM value of received WLAN signaling at the MD with respect to the
received optical power at PD, with insets of the spectrum and the constel-
lation diagram. The red points in the constellation represent the QPSK
data, whereas the grey points represent the pilots. In comparison, the
EVM value increases by 17.5% in the coexistence case. This is because the
OFDM stream incurs a much higher noise floor on both sides, and accord-
ing to Eqn. 4.4, two wireless signals will partially cancel out each other if
they are within the same frequency band, as observed in the insetted spec-
trum of Fig. 4.13. Thus the WLAN signaling deteriorates more severely.
Nevertheless, the measured EVM values are still below the limit of 30% for
QPSK format [63], and as a signaling channel, it does not necessitate high
bit-rates with higher modulation format.
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Span: 20 MHz
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-130

Figure 4.13: EVM of received WLAN signaling at MT (Insets: electrical spectrum of
down-converted signal; constellations with corresponding EVM values)

4.4 Dynamic switching analysis

The MEMS switch is controlled by computer software. For each switching
operation, a particular command string is sent from the computer via the
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Table 4.2: OFDM parameters in dynamic switching analysis

Parameter Description

Center frequency 2.4 GHz

Net bit-rate 1.8 Gbit/s

Number of subcarriers 64

Modulation format of data 16-QAM

Modulation format of preambles BPSK

Cyclic prefix 10 points

OFDM frame spacing 1 μs

RS-232 serial interface. In the following demonstration, only the broadband
OFDM stream is transmitted at the HCC. A fixed modulation format of
16-QAM is also applied to each sub-carrier instead of adaptive bit-loading,
such that the EVM deterioration may be specifically observed during the
switching transient event. The detailed parameters for the OFDM signal
can be found in Table 4.2.

The static routing performance is first evaluated, in which the switch is
configured to broadcast the OFDM stream from input 1 to all the four out-
puts. Since the experimental setup is limited by one set of CAN and MD,
the received OFDM stream is hence analyzed for each path respectively.
Fig. 4.14 shows the measured EVM value with respect to the received opti-
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Figure 4.14: EVM performance of different switching paths
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cal power at PD, as well as the constellations recovered in the corresponding
measurements. The EVM performance of four broadcasting paths are pre-
cisely equivalent. Compared to the EVM performance without the switch,
the extra power penalty is also negligible. This is because the MEMS switch
is a passive device in the transmission link, which only introduces an aver-
age insertion loss of 7.2 dB (mostly caused by the integrated optical splitter
at each input).

Subsequently, the dynamic switching performance is evaluated, specifi-
cally the scenario described in Fig. 4.2(b). For the simplification of setup,
an optical splitter is used after the EDFA to duplicate the data stream at
switch input 1 and 2, in order to emulate two separate OTMs. The CAN
is still at the switch output 1. A command is then sent to the switch to
alter the routing path of CAN, i.e. input 2 to output 1. To characterize the
switching transition, the DPO is used to detect the envelope of the received
mm-wave signal after the photo-detection, as shown in Fig 4.15. Ignoring
the communication delay from RS-232 interface, the estimated switch time
is around 8–9 ms.

The EVM of the received OFDM data stream at the MD is further
analyzed during the falling and rising transient, respectively, as shown in
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Figure 4.15: Envelope detection of received signal at CAN during the switching transition
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Fig. 4.16. Note that the start time of EVM measurement is synchronized
with the switch control command, whereas the first measurement instant
in the rising transient is at 7 ms, omitting the transition period without
signal reception. Each EVM value is an average calculated with 2 frames
consisting of 8 OFDM symbols, and the constellation diagrams of corre-
sponding EVM measurements are also presented in Fig. 4.16. It can be
seen that the EVM value is rapidly increasing by 13.5% within 0.25 ms
when the link is switching off from the previous path, due to a very fast
falling transient. In contrast, during the rising transient, the EVM value is
decreasing quickly at the beginning, but it is recovering more slowly when
closer to the original level. Consequently, the total switching duration is
about 8.7 ms. To make a comparison, the 3GPP-LTE standard is used as
an example [118], where it is noted the interruption time by the handover
should be below 50 ms in order to achieve robust throughput performance.
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4.5 Summary

A fiber-wireless network features a large extension of wireless coverage
and enormous capacity, taking the advantage of picocells fed by an op-
tical infrastructure. In this chapter, the proposed RoF system employed an
OCS scheme to up-convert the broadband wireless service to 60 GHz band.
More importantly, the dynamic reconfiguration of capacity was taken into
account in the network, in order to efficiently distribute the traffic load
among mobile users. To realize such a functionality, a conventional WLAN
protocol was proposed to be simultaneously delivered at the same center fre-
quency of mm-wave service as a signaling channel, and a broadcast MEMS
switch was used to dynamically configure the routing paths between HCC
and CAN. The key merit of proposed solution is that the new system can
be still compatible to the inherited WLAN users. In addition, the WLAN
signaling channel feeds back the number of connected users to determine
the capacity reallocation.

In the proof-of-concept demonstration, the OCS scheme was elaborated
and optimized, in which both OFDM data stream and WLAN signaling
were conveyed by one DE-MZM. In the experiment of simultaneous trans-
mission, the OFDM stream achieved a maximum throughput of 5.5 Gbit/s
with spectral efficiency of 3.7 bits/s/Hz, while the in-band WLAN signal-
ing channel was still able to maintain a moderate bit-rate of 16 Mbit/s.
Lastly, the dynamic switching performance was analyzed when the CAN
was routed to another OTM. By measuring the EVM of received OFDM
stream during the switching transition, the minimum required time of 8.7
ms was indicated for each handover operation, which is suitable to most
recent wireless communication protocols.

In comparison with two schemes discussed in Chapter 3, the scheme
investigated in this chapter has three improvements: (i) both unicasting
and multicasting can be achieved with a single CW source, and the routing
functionality is independent of wavelengths; (ii) the MEMS switch is more
energy-efficient as mentioned earlier, whereas both the wavelength con-
verter and the resonant switch matrix demonstrated in Chapter 3 consume
relatively more power; (iii) each routing path has a consistent propagation
loss regardless of the scalability, whereas in both schemes from Chapter 3,
the longer routing path will incur a larger propagation loss due to the bus
topology in the network architecture (Section 3.1) and in the switch matrix
structure (Section 3.2).



Chapter 5

Prototype implementation

The mm-wave optical indoor network with capability of signal routing and
dynamic capacity allocation has been successfully demonstrated in the pre-
vious chapters. In this chapter, as an ultimate goal of this PhD work, a
preliminary prototype is developed by applying the proved concept from
Chapter 4, in order to validate realistic services in real application environ-
ment. The main criteria of constructing the prototype are the cost, energy-
consumption and availability of commercially-ready electrical/optical com-
ponents, as a working prototype should be feasible for the field trial and
may be further developed on a commercial product basis. Since a mm-wave
mobile device is still one of the cutting-edge products which is not com-
mercially ready for the end consumers, a “home-made” 60 GHz MD was
assembled by discrete RF components for the demonstration in Chapter 4.
However, it is not practically feasible to adopt such a solution in the pro-
totype. Apart from cost reasons, field users having regular mobile devices
(i.e. WLAN products) can not completely assess and validate the proto-
type due to the incompatibility. Given that, instead of directly providing
the mm-wave service, the most common IEEE 802.11g/n WLAN protocol
is adopted in this prototype in the first phase, but the optical backbone and
routing functionality will remain the same as proposed in Chapter 4. By
reducing the emitting power of the WLAN signal at the CAN, the picocell
can also be realized, meeting the requirement of the proposed concept.

In the following, Section 5.1 will describe the detailed implementation
of the prototype, where the main architecture is inherited from Chapter 4.
In Section 5.2, a WLAN performance survey is carried out to evaluate the
wireless coverage and transmission quality.
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5.1 System design

Fig. 5.1 illustrates the system schematic of the prototype, which is similar to
the one demonstrated in Chapter 4. At the HCC, IP-based Ethernet data
may from the outside access network or internal data exchanging. The
Genexis Hybrid Gateway (HGW) used at the HCC performs two major
functions [119]: (i) based on a full Gigabit interface, the Element network
terminator translates the optical signal from the outside FTTH network
into tangible services for the residential gateway ; (ii) the residential gate-
way installed on top of the Element module offers a wide range of function-
alities, including IEEE 802.11b/g/n WLAN, Gigabit Ethernet, telephony,
etc. The Gigabit Ethernet interface is used for local data exchange among
different CANs, and the WLAN signal supporting 2× 2 MIMO configura-
tion is delivered to the remote CANs via the fiber links. It is noteworthy to
point out that the MIMO signals processing scheme proposed in Section 2.3
can be integrated with the HGW. The customized optical transceiver is the
E/O and O/E interface, and the its detailed design will be discussed in the
following. For the optical switch, a MEMS switch is chosen in the proto-
type, because it is a mature, mass-produced commercial product, whereas
the integrated switch matrix employed in Chapter 3 is still a bare chip
without packaging, requiring sophisticated laboratorial equipments to keep
it in operation, and thus is infeasible in the field trial. Since the MEMS
switch is bi-directional in dual wavelength window (O-band and C-band),
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Figure 5.1: Prototype schematic of flexible WLAN-based fiber-wireless network
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Figure 5.2: Schematic of optical transceiver assembled at HCC and CAN

the downlink and uplink can be carried out over the same transmission link
by wavelength multiplexing, easing the routing management. The switch is
controlled by the network management, which will decide the signal routing
configuration upon the network status. At the remote side, the CAN only
has a simple O/E and E/O front-end interface, which is in pair with the
optical transceiver at the HCC.

The optical transceiver is a custom-made commercial product1 in a com-
pact case (127× 76.4× 27.5 mm), of which the detailed schematic is shown
in Fig. 5.2. Transceivers used at both HCC and CAN have the same design
but are working at different wavelengths. For the transceiver at the HCC,
the boosted WLAN radio signal from the HGW for downlink is directly
modulated on a DFB laser working at 1550 nm. The AGC amplifier is
used to maintain the amplitude and dc bias of input radio signal always
within the linear modulation regime, but not saturating the laser. This
is very important especially for the transceiver at the CAN, because the
received radio signal strength from the MDs may vary over a large range
(typically between -90 dBm and -30 dBm). The downlink optical signal
propagates in the transmission fiber via a coarse wavelength division mul-
tiplexer (CWDM). After photo-detection of the optical transceiver at the
CAN, the downlink radio signal is extracted by a bandpass filter (BPF),

1This device was manufactured by Winningchina Microsystem Technologies Co.,
Wuhan, China.
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and is then amplified by a power amplifier (PA) for air radiation. The
programmable attenuator is used to control the emission radio power of
WLAN signal, such that the wireless coverage can be shrunk in order to
form a picocell application. For simplicity, only the IEEE 802.11g (SISO)
signal is analyzed in the following measurement. Nevertheless, if the trans-
mitted WLAN signal is in the MIMO configuration, the proposed scheme
in Section 2.3 can be integrated in the optical transceiver as a sub-module.
Isotropic antennas with a gain of 3 dBi are used in the CAN module, and
an electrical circulator may be required to divert the radio signal from the
antenna. The received signal from the MDs is amplified with AGC and
modulated on a DFB laser working at 1310nm, traveling back to the HCC
on the same fiber link. The microcontroller unit can program the attenua-
tion value applied on the photo-detected radio signal, and set the driving
current to the laser to control the optical output power.

5.2 Specifications

The frequency response of optical back-to-back transmission in the range
from 2.2 GHz to 2.7 GHz has been characterized by a network analyzer,
as shown in Fig. 5.3. The network analyzer is first calibrated with an
electrical through connection, and one pair of optical transceivers with a
short optical patchcord are connected for S21 measurement. Considering
the WLAN radio carrier is around 2.442 GHz, it can be seen that the
response ripple is below 0.6 dB within 100 MHz around 2.442 GHz, and
the insertion loss of the optical transmission link (E/O/E) is only 0.5 dB.

In the preliminary demonstration, the HCC is assembled in an enclosure
and located next to the computer server in a separate room. One of the
CANs is deployed with 1 km SSMF in the room (PT 11.11) of TU/e Po-
tentiaal building. A laptop is used as the MD to analyze the transmission
performance. The WLAN channel has to be carefully selected to prevent
the possible interference from other existing WLAN APs inside the build-
ing during the test. The room has a size of approximately 8.0× 6.7 m, and
the CAN under test is put on the shelf with a height of 1.5 m in the middle
of the room. Other furnitures are settled along the side wall, and therefore
the wireless propagation between the CAN and MD is dominated by line
of sight when moving within the room.

The WLAN performance survey is carried out by using NetSpot, as
depicted in Fig. 5.4. The grey WLAN symbol represents the position of
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Figure 5.3: Measured frequency response of optical back-to-back transmission link

the CAN under test in the room, and the red spots represent in total 16
sampling locations (the room layout is shown in the background), where
the performance measurements are taken by a laptop. The total duration
of the survey is about 15 minutes. Fig. 5.4(a) shows the WLAN radio signal
level. The received signal strength close to the CAN can still reach -38 dBm,
whereas the strength decreases to about -48 dBm around the edge of the
room, and the strength further reduces to below -54 dBm outside the room.
Given the detection threshold of -60 dBm at the MD, the wireless coverage
is nearly confined in this room, as the emitting power of the CAN is 12 dB
lower than the standard by applying the internal attenuation of the optical
transceiver. Fig. 5.4(b) shows the wireless transmission rate measured at
the MD. In line with the received signal strength, the transmission rate is 54
Mbit/s in the middle of the room, whereas the rate is only 15 Mbit/s around
the edge and outside the room. It can be seen that the signal reception
and transmission performance in the left part of the room exceeds that in
the right part, most-likely because the reflection effect is stronger in the
left where many metal cabinets are in that corner.

Finally, table 5.1 lists the power consumption of the components assem-
bled in the prototype. It is worth to point out that the CAN essentially
only consists of an optical transceiver. Therefore, the CAN in the proposed
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Figure 5.4: WLAN performance survey; (a) signal level; (a) transmission rate.
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system consumes less power than a conventional wireless AP (10 W typ-
ically), as the AP has more active components/circuits and usually emits
higher radio power (20 dBm). Fig. 5.5 shows the HCC prototype in an
enclosure.

Table 5.1: Power consumption of key components

Component Power consumption (W)

Genexis Hybrid Gateway 8

Optical transceiver < 3

CAN (i.e. one optical transceiver) < 3

MEMS switch < 1.8

(Idle: 0.9)

5.3 Summary

In this chapter, a prototype of the proposed fiber-wireless network was de-
veloped in order to validate the feasibility in practice. Although the stan-
dard WLAN signal was delivered instead of mm-wave signal, the picocell
was still able to be created by reducing the radiation power at the CAN.
The optical transmission link only exhibited 0.5 dB insertion loss thanks
to the internal power compensation of the optical transceiver. A WLAN
performance survey was carried out in a test room, where the measured
signal level and transmission rate indicated a wireless coverage radius of 9
m, nearly confined within the test room. The power consumption of the
implemented CAN was less than 3 W, which is only one-third that of a con-
ventional AP. The maximum transmission rate of 54 Mbit/s was achieved,
which already reached the maximum throughput of IEEE 802.11g stan-
dard. The demonstrated low-power-consumption CAN is promising for the
wide-scale deployment, as required in the proposed concept (Chapter 1).
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Chapter 6

Summary and outlook

Summary There is no doubt that the world is going wireless, faster and
more widely than anyone might have expected. Today’s user communi-
cation demands are evolving towards ever higher bandwidths, increased
mobility and last but not least intelligent network surroundings. Hyper-
connectivity, also addressed as “Internet of Things” in Chapter 1, offers
tremendous opportunities for our society. It’s an unstoppable force of
change which is demanding action to rethink how networks and applica-
tions have to be built not only in the core, metro and access networks,
but particularly in the edge networks: the network “capillaries”like indoor
networks or personal networks.

The traditional solution using single wireless network coverage will not
be satisfying especially in a “hyperconnected” world of large numbers of mo-
bile devices with critical energy constraints. Apart from the radio frequency
congestion, network capacity further decreases as a function of distance to
the antenna site. The interference caused by other mobile devices is mostly
unpredictable and uncontrollable, and becomes more severe as the number
of devices grows (Hyperconnectivity). The quality and reliability of the
wireless links will eventually decrease to a level where their performance
becomes unacceptable. Therefore, in order to counteract these issues, an
indoor fiber-wireless network consisting of many picocells has been pro-
posed in this PhD thesis, where the antenna sites (i.e. CANs) have a
simple E/O-O/E interface and the radio signal generation and processing
functions were centralized at the HCC. A fiber backbone was deployed to
feed all the CANs from the HCC, due to its virtues of high bandwidth, low
losses and electromagnetic interference (EMI) insensitivity. As a result,
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the many non-overlapping picocells enable radio frequency reuse, and thus
provide a higher total network capacity. In addition, less radio power needs
to be emitted by the antenna, because in a picocell the distance from the
mobile device to the antenna is reduced. Reversely, the device needs to emit
less radio power to communicate upstream, thus prolonging its battery life.
On the other hand, mm-wave band has a broader unlicensed bandwidth
and larger atmospheric absorption than the conventional microwave band,
which makes it an ideal wireless channel to form the picocell with higher
capacity. To efficiently generate and deliver mm-wave in the RoF link, a
range of optical up-conversion schemes have been introduced, among which
the OFM was exploited in the proposed fiber-wireless network as it only
uses a low frequency source and is tolerant to chromatic dispersion in the
fiber links. Ultimately, a single broadband network architecture has been
proposed which is capable of carrying many types of services simultaneously
without mutual interference nor design compromises.

To achieve the above-mentioned goal, converged services provisioning
by means of RoF techniques was first discussed in Chapter 2. By employing
a conventional FBG at the CAN, wireless and wired services could be sep-
arated while the wireless signal was up-converted to a 38.4 GHz mm-wave
radio carrier simultaneously based on the OFM technique. At the HCC, a
1.25 Gb/s baseband OOK signal and a relatively low reference frequency
of 9 GHz drove two arms of a DE-MZM respectively, followed by an IM
bearing a 175 Mb/s 128-QAM wireless signal at 2.4 GHz. After trans-
mission, the FBG at the CAN reflected the wired signal on the optical
carrier, while passing the wireless signal on side modes to enable the up-
conversion. Additionally, one of the harmonics was selected as the uplink
seeding light for a RSOA. The power penalties caused by signal convergence
were less than 0.5 dB for both mm-wave and wired baseband signal. Fur-
thermore, a WDM-PON network was envisaged to be integrated with the
proposed fiber-wireless network, delivering converged services. A lightwave
centralized and dispersion immune scheme was presented, of which optical
single-sideband harmonics modulated with wireless data were transmitted
in order to convey the dispersion-immune mm-wave signal in the RoF link,
whereas the other sideband harmonics were modulated with a 1.25 Gb/s
baseband data by a RSOA simultaneously. The central processing of the
radio signals at the HCC was also able to facilitate advanced wireless net-
work functions such as 3 × 3 MIMO signals. In the proposed system, the
separate MIMO channels were carried on a single optical wavelength by
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subcarrier multiplexing. By using an electrical LO at the HCC, a 3 × 3
MIMO system can be created by shifting two channels at the LO frequency
distance below and above the original carrier frequency of 2.4 GHz, respec-
tively, and leaving the third channel at its original 2.4 GHz location; the
composite subcarrier-multiplexed signal was then launched by a laser diode
in the multimode fiber (MMF) link. At the CAN, after photo-detection and
subcarrier-demultiplexing using another LO, the three channels were put
back to their original 2.4 GHz locations for driving the three MIMO an-
tennas. In addition, the same architecture was used in reverse for MIMO
upstream traffic as well.

Apart from all the merits of mm-wave picocells, however, they add
another challenge to such a RoF-based network accommodating nomadic
users: a handover procedure. Optical routing functionality becomes a must
to sustain the wireless communication when the mobile user is moving
from one cell to another. It should be pointed out that handover requests
are more frequent in picocell fiber-wireless network in comparison with a
conventional wireless network, as each cell only covers radii of a few tens
of meter or even less (e.g. only a single room).

To cope with this challenge, for the first time, photonic integrated cir-
cuits were exploited to generate a mm-wave signal and simultaneously route
the signal to the corresponding CAN, as presented in Chapter 3. Firstly,
two-stage optical routing and mm-wave generation using XGM and inte-
grated micro-ring resonator was demonstrated. The selected wavelength
carrying the wireless signal was converted to the wavelength of the des-
tination floor by XGM in the SOA and was delivered in a star topology.
Subsequently, an integrated MRR at the CAN was used to drop the corre-
sponding wavelength to the particular room in a bus topology, simultane-
ously up-converting the wireless signal to mm-wave band by using OFM.
Experimental demonstrations showed that both 150 Mb/s 64-QAM data
and 54 Mb/s standard IEEE 802.11a WLAN signal (with 52 sub-carriers
in 64-QAM format) at 38 GHz mm-wave frequency were successfully trans-
mitted and routed with an EVM below 4.5%. Moreover, a resonant switch
matrix based on a silicon photonic integrated circuit was used at the HCC
to benefit both OFM-based up-conversion and signal routing. In the exper-
imental demonstration, an IF data signal was up-converted to 37.5 GHz by
making use of the resonant switch matrix, and by the same device simul-
taneously routed to a particular CAN. The inherent chromatic dispersion
of the resonant switch was analyzed, which enabled the PM-IM conversion
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necessary in the OFM scheme. The dynamic routing of the mm-wave data
signal between two different cells corresponding to the routing management
was carried out, and the routing performance in terms of the switch la-
tency and packet gating time was then analyzed. Conclusively, as has been
demonstrated, photonic integration not only enables the key functionali-
ties of mm-wave signal generation and routing in the proposed network,
but also significantly reduces cost and complexity, being a future-proof and
promising solution.

Considering that the resource usage in the proposed network may need
to be adjusted to adapt to changes in traffic conditions, the architecture
should provide a capability of flexible resource allocation. If the capacity
can be flexibly allocated, the services can be dynamically accommodated in
accordance with the traffic load and users’ demand. In general, the network
must be capable of dynamically allocating resources in order to operate
with the highest efficiency in terms of the available capacity. Therefore,
a 60 GHz fiber-wireless network capable of dynamic capacity reconfigu-
ration was proposed and experimentally demonstrated in Chapter 4. In
the proposed system, the broadband wireless service in OFDM format was
delivered along with an in-band signaling channel implemented by the stan-
dard 802.11g WLAN protocol, and both radio signals were simultaneously
up-converted to the 60 GHz band. The WLAN signaling channel detected
the number of mobile users connecting to each CAN and processed users’
requests for extra capacity, such that the HCC could dynamically allocate
the capacity for a particular CAN by reconfiguring the routing path via an
optical MEMS switch.

Finally, a prototype based on the proposed picocell fiber-wireless net-
work was developed and presented in Chapter 5. For feasibility and com-
patibility reasons, the standard WLAN signal was adopted as main wireless
channel instead of a mm-wave signal, but the picocell could still be created
by reducing the emitted power at the CAN. The measured signal level and
transmission rate indicated that the wireless coverage was well confined in
the test room within a radius of 9 m. In comparison with the conventional
wireless AP, the prototype CAN significantly reduced the power consump-
tion to < 3 W, and its transmission rate could still achieve 54 Mbit/s which
is the maximum throughput of IEEE 802.11g standard. The demonstrated
low-power-consumption CAN was very convincing for the wide-scale de-
ployment.
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Outlook Although physical architectures and implementations of the
proposed picocell fiber-wireless network have been extensively discussed
in this thesis, the dynamic routing and capacity allocation also need the
support of Medium Access Control (MAC) protocol mechanisms which re-
mains still a largely unexplored area in mm-wave picocell networks. MAC
protocols in RoF implementations have been considered within the frame of
adapting existing wireless technologies like 802.11 to RoF architectures [120,
121], but without exploiting any optical routing and resource sharing con-
cepts in the picocell fiber-wireless network. Nevertheless, the increased
mobility and bandwidth availability enabled by mm-wave picocells and hy-
brid fiber-wireless network call for new MAC protocol designs that will
be capable of arbitrating traffic over both the optical and wireless media.
Moreover, the mobile users may require the handover not only between
adjacent cells, but also between different standards when multiple wireless
services coexist in the same network.

European ICT industry and the European Commission recently ini-
tiated the 5G Infrastructure Public Private Partnership (5G-PPP) [122]
to create the next generation of communication networks and services that
will provide ubiquitous super-fast connectivity and seamless service delivery
in all circumstances, offering a new perspective of fiber-wireless networks.
It is a new network concept that enables the integration of a ubiquitous
access continuum composed of cooperative, cognitive fixed and heteroge-
neous wireless resources, with fixed optical backbone reaching at least the
10 Gb/s range, while implementing new functionalities that allow simplified
and unified control. There is a shared awareness that the development of
new communication networks is dependent on the emergence of globally ac-
cepted standards in order to ensure interoperability, economies of scale with
affordable cost for system deployment and end users. The key challenges
for the RoF backbone in 5G-PPP include minimizing the energy consump-
tion, maintaining or improving link linearity and reducing radio signal con-
version times. This requires substituting, as much as possible, electronic
processing with the corresponding optical processing. Such high-speed,
photonic-driven (and integrated) signal processing systems may support
high bandwidth at high carrier frequencies from a much larger number of
antennas than with conventional network nodes. They still require research
regarding algorithms addressing user mobility, traffic routing and deliver-
ing, minimizing energy consumption, frequency congestion, and capacity
optimization, to cope with the considerably higher attenuations at higher
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bands. The new architecture must take into account users’ and cells’ active
and idle states and manage network resources intelligently and dynamically
whilst maintaining the overall system stability; this necessitates a physi-
cal separation between control and data planes, which brings about new
research challenges, notably synchronization between such planes. Con-
cerning hardware of the network, the major challenge will be the size of
the components. For reasons of cost and practicality, network cells will be
significantly smaller in size in the future. Up to now, this goal is pursued by
improving existing technologies, but the limits will be reached soon and a
technology leap will be necessary here as well. In conclusion, fiber-wireless
networking technology will enrich the future wireless communication in the
next 15 years and beyond, worth for continuous effort in the research work
in this challenging domain.
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[74] P. Ritoša, B. Batagelj, and M. Vidmar, “Optically steerable antenna
array for radio over fibre transmission,” Electron. Lett., vol. 41, no. 16,
pp. 47–48, 2005.

[75] A. J. Seeds and T. Ismail, “Broadband access using wireless over
multimode fiber systems,” J. Lightw. Technol., vol. 28, no. 16, pp.
2430–2435, Aug. 2010.

[76] L. Chin-Pang and A. J. Seeds, “Transmission of wireless MIMO-type
signals over a single optical fiber without WDM,” IEEE Trans. Mi-
crow. Theory Techn., vol. 58, no. 11, pp. 3094–3102, Nov. 2010.

[77] M. Garcia Larrode, A. M. J. Koonen, and J. J. Vegas Olmos, “Over-
coming modal bandwidth limitation in radio-over-multimode fiber
links,” IEEE Photon. Technol. Lett., vol. 18, no. 22, pp. 2428–2430,
Nov. 2006.

[78] Iperf - the TCP/UDP bandwidth measurement tool. [Online].
Available: http://iperf.fr/

[79] M. Sauer, A. Kobyakov, and J. George, “Radio over fiber for picocel-
lular network architectures,” J. Lightw. Technol., vol. 25, no. 11, pp.
3301–3320, Nov. 2007.

[80] S. Zou, C. M. Okonkwo, N. C. Tran, E. Tangdiongga, and A. M. J.
Koonen, “Dynamic optical routing and simultaneous generation of
millimeter-wave signals for in-building access network,” in Proc. Opti-
cal Fiber Communication Conference (OFC), Los Angeles, CA, USA,
Mar. 2012, p. OTh3G.6.

[81] S. Zou, P. DasMahapatra, K. A. Williams, R. Stabile, E. Tang-
diongga, and A. M. J. Koonen, “Simultaneous optical routing and
millimeter-wave generation exploiting high-order resonant switch for
in-building networks,” in Proc. European Conference on Optical
Communication (ECOC), London, United Kingdom, Sep. 2013, p.
Tu.3.F.6.

[82] S. Zou, P. DasMahapatra, R. Stabile, K. A. Williams, E. Tang-
diongga, and A. M. J. Koonen, “Dynamic routing of millimeter-wave



110 BIBLIOGRAPHY

signal for in-building networks using integrated resonant switch ma-
trix,” in Proc. Optical Fiber Communication Conference (OFC), San
Francisco, CA, USA, Mar. 2014, p. Th1D.5.

[83] A. M. J. Koonen and E. Tangdiongga, “Photonic home area net-
works,” J. Lightw. Technol., vol. 32, no. 4, pp. 591–604, Feb. 2014.

[84] J. J. V. Olmos, T. Kuri, and K. Kitayama, “Reconfigurable radio-
over-fiber networks: Multiple-access functionality directly over the
optical layer,” IEEE Trans. Microw. Theory Techn., vol. 58, no. 11,
pp. 3001–3010, Nov. 2010.
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Abbreviation Description

3GPP-LTE 3rd Generation Partnership Project — Long-Term
Evolution

5G-PPP 5G Infrastructure Public Private Partnership

ADM add-drop multiplexer

AGC automatic gain control

AP access point

ASE amplified spontaneous emission

AWG arrayed waveguide grating

BER bit error rate

BI-SMF bend-insensitive singlemode fiber

CAN cell access node

CO central office

CapEx capital expenditures

CP cyclic prefix

CW continuous wave

CWDM coarse wavelength division multiplexer

DE-MZM dual-electrode Mach-Zehnder modulator
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DEMUX wavelength de-multiplexer

DFB distributed feedback

DPO Tektronix digital real-time sampling scope

E/O electrical to optical

EBPF electrical bandpass filter

EC extended cell

EDFA erbium-doped fiber amplifier

EM electro-magnetic

EMI electromagnetic interference

EVM error vector magnitude

FBG fiber Bragg grating

FFT fast Fourier transform

FSR free spectral range

FTTH fiber-to-the-home

GI-MMF graded-index multimode fiber

HCC home communication controller

HGW Genexis Hybrid Gateway

HD high-definition

IF intermediate frequency

IFFT inverse fast Fourier transform

IM intensity modulator

IM/DD intensity-modulation and direct-detection

IQ in-phase and quadrature

ISM industrial, scientific, and medical
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LD laser diode

LO local oscillator

MAC Medium Access Control

MD mobile device

MEMS micro-electro-mechanical system

MIMO multiple-input and multiple-output

MMF multimode fiber

mm-wave millimeter-wave

MRR micro-ring resonator

MZM Mach-Zehnder modulator

O/E optical to electrical

OBPF optical bandpass filter

OCS optical carrier suppression

OFDM orthogonal frequency-division multiplexing

OFM optical frequency multiplying

OOK on-off keying

OpEx operational expenditures

OTM optical transceiver module

PA power amplifier

PC polarization controller

PD photo-detector

PDL Polarization-dependent loss

PDLA photonic dispersion and loss analyzer

PM phase modulator
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PM-IM phase modulation to intensity modulation

PRBS pseudorandom bit sequence

PS phase shifter

QAM quadrature amplitude modulation

RCF raised cosine filter

RF radio frequency

RN remote node

RoF radio-over-fiber

RSOA reflective semiconductor optical amplifier

Rx receiver

SISO single-input and single-output

SNR signal-to-noise ratio

SOA semiconductor optical amplifier

SOI silicon-on-insulator

SSB single-sideband

SSMF standard single-mode fibers

Tx transmitter

VCSEL vertical-cavity surface-emitting laser

VSA vector signal analyzer

VSG vector signal generator

WDM wavelength division multiplexing

WDM-PON wavelength division multiplexing passive optical network

WLAN wireless local area network

XGM cross-gain modulation
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