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Van de redactie

Michel Arts
E-mail: arts@astron.nl

Voor U ligt het eerste nummer
van het Tijdschrift van het NERG
van 2010. Het afgelopen jaar is
ons tijdschrift helaas niet ver-
schenen. Ook de jaren daarvoor
lag het aantal uitgebrachte num-
mers beneden het gewenste
aantal. De belangrijkste oorzaak
hiervan is de al enkele jaren
bestaande onderbezetting van de
tijdschriftcommissie. Voor dit
jaar hebben we in ieder geval
genoeg kopij voor twee num-
Uiteraard kunnen we
iedere versterking van de tijd-
schriftcommissie goed
gebruiken. Vooral de correctie
van taal- en spelfouten en het
samenstellen van het proefschrif-
tenoverzicht nemen veel tijd in
beslag. Het eerste neemt de
laatste tijd minder tijd in beslag

mers.

c)))

omdat veel van de recent in het
tijdschrift gepubliceerde arti-
kelen reeds elders gepubliceerd
zijn.

Dit nummer zal ook het eerste
zijn dat als elektronisch tijd-
schrift op de website geplaatst
gaat worden. Het is de bedoeling
dat leden m.b.v. hun loginnaam
en password toegang hebben tot
de individuele artikelen uit het
tijdschrift. De papieren versie
blijfft ~ vooralsnog  gewoon
bestaan.

Dit nummer opent met een alge-
meen artikel van Ton Koonen
over glasvezeltechnologie. De
aanleiding voor dit artikel is het
feit dat de Japanner Charles
Kuen Kao in 2009 de Nobelprijs

voor natuurkunde heeft
gewonnen voor zijn pioniers-
werk op dat gebied. Het tweede
artikel gaat ook over optische
technologie en is geschreven
door Bas Huiszoon. Voor zijn
proefschrift, waar zijn artikel op
gebaseerd is, kreeg hij op 15 april
2009 de Vederprijs uitgereikt.
Verder bevat dit nummer het
proefschriftenoverzicht
2007-2008. Ook hier is er dus
sprake van enige achterstand.
Helaas is het steeds moeilijker
om de proefschriften van de Uni-
versiteit Twente te achterhalen.
Het laatste artikel in dit nummer
is van Maurice Kwakkernaat en
gaat over het in beeld brengen
van het gedrag van radiogolven
in mobiele netwerken.

c)))




Nobel prize 2009 for Charles Kao,
pioneer in optical fibres

Ton Koonen
COBRA Institute, Eindhoven University
of Technology, Eindhoven, The Netherlands
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The world is pending on a tiny thread, a thread of
glass. Optical fibre is vastly deployed all over the
world, to carry our telephone conversations, com-
puter data, TV signals, the internet with its explo-
ding gamma of services, etc. Our economic, social
and cultural activities would come to a standstill
without the huge communication streams which
the tiny silica glass fibre is able to carry. When
Samuel Morse introduced the telegraph and
Alexander Graham Bell the telephone, the world
was dependent on copper wires. And still large
parts of the communication networks are using
copper, in particular the twisted-pair telephone
lines and the coaxial cable CATV lines connecting
the users' homes. Electrical signals get attenuated
on the lossy copper lines, necessitating lots of
amplifiers all over in the networks. The bandwidth
of these lines is quite limited, and is running out of
steam in view of the fast growing capacity needs of
the internet. Moreover, as the world's resources are
expiring, copper gets ever more expensive. Charles
Kao, who was born in 1933 in Shanghai, and got his
PhD degree in Electrical Engineering in the Impe-
rial College London in 1965, recognized these
shortcomings already in the mid 60's. He worked
as an engineer in Standard Telephones and Cables
(STC) in Harlow, UK, and there he developed his
groundbreaking ideas of how to carry light with
extremely low losses through glass fibre. He first
presented his results in January 1966 in London to
the Institute of Electrical Engineers (IEE).

Low-loss light guiding

The guiding of light in curved media was already
observed much earlier, e.g. by noticing that in illu-
minated fountains light was guided by the curved
water beams. The light guiding is actually realized
by 'total internal reflection': light propagating in a
material with a high refractive index is reflected at

Tijdschrift van het NERG deel 75-nr.1-2010

L

Charles Kuen Kao
Nobel Prize in Physics 2009: "for groundbreaking achievements
concerning the transmission of light in fibers for optica
communication”
the interface with a medium with lower refractive
index, provided that the incidence angle on this
interface is larger than the critical angle. As this
reflection is very efficient and causes negligible
losses, light can be confined and guided through
the water beam. Obviously more stable solutions
than water beams are needed, so similar experi-
ments were done with homogeneous threads of
glass. Endoscopy could be done with many of these
glass threads united in a single cable. However,
small scratches and other irregularities at the sur-
face of the glass destruct the total internal reflection
process, and light leaks out. Hence the losses of
such homogeneous threads were too high for gui-
ding light over larger distances. Moreover, impuri-
ties in the glass itself contributed to the losses.
Charles Kao came up with fused silica (silicon
dioxide) as the perfect material for very low loss
light guiding. And the fibre structure itself should
not be a homogeneous thread, but should have an
inner core having a high refractive index, sur-
rounded by a glass cladding with a lower index.
Thus the boundary was nicely protected and could
serve as a reliable close-to-perfect mirroring sur-
face for guiding the light beam. Kao's claim which
he presented in 1966 was that, with fused silica
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Fig. 1: Silica optical fibres (diameter 125 um each).

glass and the core-cladding structure, losses of less
than 20 decibels per kilometer should be feasible,
i.e. more than 1% of the light power should still
remain after propagation through 1 kilometer of
fibre. In 1970, Keck and co-workers at Corning
Glass in the US indeed demonstrated light guiding
in such optical fibre with less than 20 dB/km loss.

Modern optical fibre has a standardized outer dia-
meter of only 125 micrometer, within 1 ym. This is
about the thickness of a human hair (see Fig. 1).
Regarding attenuation, it has made a huge pro-
gress since its invention, while still following Kao's
principles. It now conveys more than 95% of the
light through 1 kilometer of fibre, i.e. it has a loss of
less than 0.2 dB/km. This has only been possible by
bringing the purity of the silica glass to the
extreme, using precisely controlled environmental
conditions, very sophisticated chemical vapour
deposition techniques for building a structured
perform, excluding every tiny amount of water,
and drawing the preform into a very tightly con-
trolled fibre.

The diameter of the fibre's core has a major impact
on the light guiding properties: when it is on the
order of the wavelength, it can be shown that the
fibre is able to guide light only in a single mode:
hence it is called a single-mode optical fibre (see
Fig. 2). When it is much thicker, many more modes
can be guided: a multimode fibre. Each mode has a
different propagation time; thus an optical pulse,
which is guided by these modes, will get dispersed
and is broadened when it arrives at the fibre's end.
When pulses broaden, they cannot be put closely
together anymore without serious overlap. Hence
this modal dispersion phenomenon limits the rate
at which pulses can be transmitted, so the band-
width of the fibre. The modal dispersion can be
reduced by accelerating the light rays which are
making the larger excursions when travelling
through the core, so by reducing the refractive
index of the core towards the cladding, see Fig. 2.
Such 'graded-index multimode fibre' shows a
clearly larger bandwidth than its step-index coun-
terpart. Obviously, a single-mode fibre shows
hardly any pulse broadening, and thus has the ulti-
mate bandwidth.

Single-mode fibre is by far the most wide-spread
fibre type. Multimode fibre is only applied for
shorter links, such as in in-building networks.
Thanks to its larger core, it is easier to connect than
single-mode fibre.

Dispersion and losses

The bandwidth of single-mode fibre is mainly
limited by material dispersion (since the refractive
index of the silica glass is slightly dependent on the
wavelength) and by waveguide dispersion (since
the electrical field spreads out from the core into

Fig. 2: Light guiding by optical fibres.
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the cladding, and this spreading becomes larger at
increasing wavelength). Material dispersion and
waveguide dispersion have opposite signs, and can
cancel each other. For silica glass, this happens at a
wavelength of about 1.31 ym, the so-called 'ze-
ro-dispersion wavelength'. At this wavelength, the
fibre reaches its ultimate bandwidth, and the band-
width of the whole fibre link is then only limited by
the spectral purity of the laser transmitter.

The fibre's losses depend on the wavelength of the
light, and reach their lowest value around 1.55 ym,
which is in the near infra-red. As Fig. 3 shows, the
low-loss wavelength region of the fibre represents
a huge optical frequency range, and thus an extre-
mely large capacity for guiding telecommunication
signals. A laser diode, which is another crucial ele-
ment in an optical fibre communication link, can
send light pulses at a very high repetition rate, at
tens of giga-Hertz, but only occupies a tiny part of
this optical frequency range. But many of these
laser diodes, each operating at a slightly different
optical frequency, can be put in parallel and thus
together convey massive amounts of data. Using
this so-called 'wavelength division multiplexing’,
in the laboratory transmission has been achieved
with speeds exceeding 21 terabits per second. Such
a capacity would allow that one half of the world's
population can have a phone conversation with the
other half, just through one tiny silica optical fibre
as thick as a human hair!

Nowadays optical fibre is installed all over the
world. The total length amounts to some 1 billion
kilometers, 25000 times the circumference of the
earth! Many fibre links are connecting the conti-
nents together; e.g., the transatlantic links bridge

the ocean between Europe and North America, ca.
6000 km, and the transpacific links between the
west coast of the US and Japan, ca. 9000 km, with an
intermediate landing point in Hawaii. Although
the fibre has very low losses, such distances cannot
be bridged without amplification. The advent of
the optical fibre amplifier, in particular the erbi-
um-doped fibre amplifier (EDFA) was another
landmark in the evolution history of optical com-
munication systems. When doped with the rare
earth material erbium which is brought into an
excited state by optical pumping with another
laser, the doped optical fibre can amplify optical
signals directly without converting them first into
electrical signals. Many wavelength channels can
be amplified all-optically and simultaneously,
which makes such an optical amplifier an essential
component in long-haul wavelength-multiplexed
systems.

Fibre-to-the-home and fibre-in-the-
home

Whereas silica fibre has conquered telecommuni-
cation networks in the long-haul parts, spanning
oceans, continents, but also countries and cities, the
final drop to the user's home is in most places still
on twisted-pair copper lines and /or coaxial copper
cables. This final access drop is more and more
becoming the bottleneck in offering high capacity
to the user. Hence fibre is now increasingly being
installed all the way to the homes in access net-
works, replacing the copper lines, and by virtue of
its tremendous capacity hosting all the services
offered by the copper media (triple play: video,
voice, and data) and any service yet to come! In
Japan, fibre-to-the-home has already outnumbered
the copper twisted pair connections (the digital

Fig. 3:  Attenuation of silica single-mode fibre.
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subscriber line, DSL). And the US and many Euro-
pean countries are progressing in the same direc-
tion. Connection speeds to the home are typically
100 Mbit/s both to and from the home; in Japan,
even 1 Gbit/s is introduced.

But Fibre to the Home is not the end game yet in the
quest of bringing the ultimate communication
highway to the user. After having reached the
doorstep, the highway needs to be extended into
the home, up to the devices of the user himself.
Thus research is now being directed to optical fibre
systems for in-home, where it becomes crucially
important to make the system robust, and easy to
install, preferably in a do-it-yourself fashion. Silica
fibre is brittle and has to be installed with precision
tools and by skilled personnel. As an alternative,
plastic optical fibre (POF) is coming up, which can
be made much thicker, and is ductile. This makes it
much easier to handle and to install, even by
unskilled persons. Its losses are by far not as low as
those of silica fibre, but as in-home link lengths are
short, that is not a show-stopper. Like the silica
fibre proposed by Kao, also the POF has a
core-cladding structure. Its large diameter causes a
high modal dispersion, and thus severely limits its
bandwidth for longer lengths. But again, lengths
are short, and thus this is not lethal. Special techni-
ques are being developed to convey Gbit/s data
streams over POF networks. Also techniques are
being investigated to carry microwave radio sig-

i

Met toestemming overgenomen uit Europhysics
News, het blad van de European Physical Society,
de Europese vereniging van natuurkundigen.

nals over the fibre in order to meet the user's needs
for broadband wireless communication without
having to put comprehensive microwave radio
equipment everywhere.

So by pioneering optical fibre, Charles Kao has
opened the road towards real broadband commu-
nication, where the sky is the limit, and light is shi-
ning into a bright future where we can
communicate with each other without any bor-
ders!
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Abstract - In this paper, we analyze, for the first time,
the eminent role of optical transparent networking in
personal networks. We show how an optical access net-
work mitigates many issues with respect to connectivity
and mobility management. A concrete personal network
user-scenario deduces requirements for such an architec-
ture. A combination of passive optical network, optical
code-division multiple access (OCDMA), and radi-
o-over-fiber exhibits minimal cost and complexity
because of centralized network control and management,
resource sharing, and simplified network nodes. We
enable transparent peer-to-peer communication between
optical networking units in the OCDMA passive optical
network subnet of the central office. We use, for the first
time, simultaneously optical code-sense medium access
control and optical code packet switching for contention
resolution.

Index Terms - code-division multiaccess, optical code
packet switching, optical fiber communication, personal
area network, personal networks, wireless access net-
works, radio-over-fiber.

I. Introduction

As the bandwidth demands rise in wired and wire-
less networks, research efforts concentrate on the
increase of optical transparency in the physical
infrastructure and on the increase of capacity and
range in the radio-frequency domain [1]-[6]. Ubi-
quitous network connectivity has become a com-
modity but puts strict requirements on the
network. The access network is a bottleneck and a
limiting factor in the network performance. Two
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interesting global developments are observed in
that field: on the one hand, the introduction of
optical fiber in the local loop [7], [8], and on the
other hand, individual subscribers increasingly
carrying around their own short-range personal
area network (PAN), which is enabled by Blue-
tooth or IEEE 802.15 [9]. Both developments
enhance the user's experience with high available
bandwidth and mobility. If the PAN (a truly mobile
network) is taken as an entity, a personal network
(PN) is defined by the PAN and the other, remote
personal devices the PAN is connected with [10].
Hence a strong evolution is observed in both the
fixed and wireless network domains. Even though
optical fiber has proven to be the physical commu-
nication medium of the future, it does not naturally
support the mobile behavior of devices forming a
PN. The integration of both the optical and RF
domains is a well-studied research topic, where the
discussion is mainly focused on remote radio
signal distribution via fiber, remote microwave
carrier generation, and basic dynamic bandwidth
distribution [11]-[13]. The personal network con-
cept has much stronger requirements such as very
fast discovery of remote personal devices and ser-
vices that can only be fulfilled by an optical infra-
structure [14], [15].

In this paper, we analyze, for the first time, how
optical transparent networking plays an important
and crucial role in personal networks. We propose
an optical transparent access layer whereby the
focus is on overall reduction of costs and com-
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plexity through an efficient sharing of resources,
simplified network nodes, and centralized network
management. The architecture as such is based on
passive optical networks (PONs), optical code-
division multiple access (OCDMA), and radio-
overfiber (RoF). RoF techniques enable one to per-
form the access control and signal processing of a
wireless system at the central node and to deliver
transparently the radio signals to simplified radio
access points (RAPs) via optical fiber. We have ana-
lyzed the integration of an RoF and OCDMA
system. We propose transparent peer-to-peer com-
munication between optical networking units in
the PON subnet of the central office (CO). We pre-
sent, for the first time, simultaneous optical code-
sense medium access control (MAC) and optical
code packet switching for contention resolution.

The organization of this paper is as follows. First
optical network transparency is reviewed in Sec-
tion II and a three-layered personal archipelago of
transparency is defined as the minimum amount of
transparent fixed network domains required for a
global connection. Section III analyses an optical
access layer that supports user mobility in a hetero-
geneous landscape of wireless networks. The per-
sonal network concept and OCDMA are
introduced in Sections IV and V. Section VI shows
the integration of a hybrid system that employs
OCDMA and the radio-over-fiber technique
optical frequency multiplication (OFM). Section
VII shows how to provide transparent peer-to-peer
communication in the optical access layer. Further-
more, contention resolution is done via optically
implemented collision detection and packet swit-
ching. This paper is concluded in Section VIII.

Il. Optical network transparency

In this section, we review the definition of
island-of-transparency and define a user's personal
archipelago of transparency, which is used throug-

hout this paper. The optical wavelength is the main
carrier in today's global network. Its path,
however, is limited in range. In other words, the
distance that can be reached on a single wavelength
is restricted. This is commonly referred to as a
lightpath [16]. Throughout the network, opaque
optical-electrical-optical (OEO) or semitransparent
wavelength conversion nodes interrupt the
lightpath between different parts of the optical net-
work. A special case is the access domain, which
has the historically grown bandwidth bottleneck
caused by the physical properties of the electrical
media used. Optical access has reached a signifi-
cant penetration ratio in only a few countries
worldwide. Network segments are bounded in
their optical transparency and, therefore, are
denoted islands of transparency (IoTs). The IoTs
prevent end-to-end transparency between global
and local network connections. Operators strive for
a reduction of these IoTs such that optical transpa-
rency is maximized to alleviate limitations in
speed, complexity, and costs introduced by the
opaque or semitransparent network nodes.

The area of an IoT can be enlarged by employing
all-optical technologies. As a consequence, optical
transparency has to be introduced in the access
domain. If we consider a separate optical access
layer, a personal archipelago of transparency
(PAT) can be defined around each user. This is
shown in Fig. 1 in an ideal situation where the phy-
sical fixed network domains access, metro, and
core each constitutes an IoT. The solid borders indi-
cate a transition between different domains. The
islands are interconnected by nodes A through D.
A network node is present to access the domains. A
node can, for example, change the transmission
technique, perform data routing, etc. The PAT
domains in Fig. 1 match with a three-tiered
Ethernet/IP architecture to design a global (enter-
prise) network with a virtually unlimited amount

Fig. 1:  (a) Side and (b) top view of personal archipelago of transparency.
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Fig. 2: (a) Local and (b) regional network PAT scenario.

of users [17]. In this paper, the wireless access net-
work is considered to be a single tier. For example,
the user can have a mobile phone to connect to a
mobile base station (BS), which is connected to the
access network. The BS represents node A in Fig. 1.
A four-tiered infrastructure is also envisioned in
future mobile and wireless access networks in
which the optical infrastructure is considered to be
a single tier [14].

A connection between two users can be visualized
by considering the PATs of each user. As soon as an
IoT along the data path is shared, it allows transpa-
rent communication in that domain. Fig. 2 shows a
local and regional networking scenario using the
PATs of two users. In the local networking PAT,
scenario node B is shared between two access IoTs,
while in the regional case, node B is transparently
interconnected via the metro IoT. Obviously, the
allowed distance between two users is much larger
in the latter case.

Ill. Access loT with mobility support

In this section, we discuss the requirements of an
optical access IoT. We also present our design
choices to realize such a network and show how
this is related to the communication needs of a
mobile user.

An optical access tier is required that supports user
mobility in a heterogeneous landscape of wireless
networks. This corresponds to the case where node
A in Fig. 1 is an RAP or BS. The BS provides the
wireless drop to the mobile user as well as the inter-
connection with the optical access. Through the BS,
the fixed infrastructure network is directly related
to the design and functionality of the wireless net-
work. For example, the density of base stations is
linked to the cell size, which is determined by the
expected amount of subscribers, the type of mobile
network, and the properties of the radio-frequency
(RF) carrier.
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The user mobility and the wireless network (or ser-
vice) availability have an immediate impact on the
resulting traffic streams in the optical domain. Con-
sider the simple case of a long-reach/ low- band-
width and a short-reach/high-bandwidth wireless
network. Both networks are supported by the infra-
structure and are available to the mobile sub-
scriber. The communication needs of the subscriber
may cause a horizontal, vertical, or even diagonal
handover in the wireless domain, which represents
a switch of the wireless channel between BSs,
between networks, or between BSs and networks.
As a result of a handover, the optical traffic has to
be rerouted to the correct base station, the quality
of service has to be adapted, or both. For an increa-
sing number of subscribers and wireless networks,
the optical access network needs to be able to pro-
vide guaranteed content delivery in an efficient,
reconfigurable, secure, and, last but not least,
cost-effective manner. The notion of cost and com-
plexity reduction becomes more profound in the
access network than in metro and core domains
where capital and operational expenditure
(CAPEX and OPEX) are naturally shared by many
users.

A passive optical network reduces the amount of
deployed fiber, which becomes efficient when the
splitting ratio and/or the distance between the CO
and the optical networking units (ONUs) increases
[4]. The PON is particularly attractive in the access
domain, where distances do not extend 5, 10, and
20 km for metropolitan, suburban, and rural areas
[18]. OCDMA relies on optical communication via
(an orthogonal) code as opposed to via a time slot
or a wavelength. The code orthogonality allows the
carrier to be asynchronously shared with other
users on the network. OCDMA has many other
attractive features such as efficient resource usage,
resilience against eavesdropping and interference,
and soft capacity degradation [19]. OCDMA on
PON is an attractive and powerful combination
because both are based on broadcast-and-select.
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Fig. 3:  Fiber-to-the-PAN network architecture.

Radio-over-fiber techniques enable one to perform
the access control and signal processing of a wire-
less system at the central node and to deliver the
radio signals transparently to simplified RAPs via
optical fiber. Intelligence is centralized at the CO
when using RoF on PON. The combination of PON,
OCDMA, and RoF is a maximum sharing of
CAPEX and OPEX.

The broadcast-and-select property of the PON faci-
litates horizontal handovers because the data are
transmitted to all network nodes, i.e., no need to
route data if RAPs are connected to the same PON.
A vertical handover requires a network switch at
the user side and/or at the RAP. Currently each
network has its own infrastructure, such as base
stations, and circuitry, in a network-aware device,
which is not an efficient usage of resources at all.
On the user side, however, software-defined radio
(SDR) is an emerging technique. A device that sup-
ports SDR is a multistandard device and able to
reconfigure a large part of its protocol stack to offer
a high degree of flexibility [20]. Similar develop-
ments occur at the RAP side, e.g., a softwa-
re-defined base station (SDBS) with similar
capabilities as a device with SDR [21]. Both are
envisioned capabilities of future wireless broad-
band networking [22]. Therefore, it is clear that
future vertical handovers will occur between a
single SDR terminal and a single SDBS.

In the case of the optical access layer, the reconfigu-
rability at the SDBS is provided at the central node
and all RF signals are delivered via a single optical
fiber. The antenna site then merely exchanges data
between an optical carrier and an RF carrier. From
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this point of view, the user with its PAN might be
able to receive the data directly from the fiber.
Hence the total network from CO to RAP is
denoted as fiber-to-the-PAN (FTTPAN). The RAP
is then included in the PAN and represents node A
in Fig. 1. The FTTPAN architecture is shown in
Fig. 3 [23].

Two PONSs are interconnected via a remote node
(RN), namely, a "circuit switched" RoF/OCDMA
PON and a "packet switched" OCDMA PON. This
is similar to superPONs demonstrated in the litera-
ture in order to overcome the low splitting ratio of a
single PON. In our case, we have placed intelli-
gence in the intermediate node instead of just
amplification. In a (sub)urban scenario, the
RoF/OCDMA PON can be the fiber-in-the-home or
fixed-wireless access and the OCDMA PON can be
the fiber-to-the-home. The RN is then denoted as
residential gateway (RG), which is placed at the
user's premises [24]. Fig. 3 also shows an RAP that
provides two wireless networks, as is described
above in the handover example. The net-
work-aware devices and the RAPs may use SDR
and SDBS techniques in order to easily make a ver-
tical handover between the two wireless networks.

IV.Personal networks

In this section, we present the concept and optical
transparency requirements of personal networks.
A user scenario is given that clearly shows several
issues that are encountered when using today's
technologies. It is shown that the optical IoT as pre-
sented in Section III mitigates many of these issues
and adds functionality to the PN.
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Fig. 4: A mobile user with its PAN and PN.

A. Concept

A PAN emerges when the network-aware devices
carried by a user interconnect via a short-range
wireless interface such as Bluetooth. Thus a PAN is
a small, private, and literally mobile network.
However, only resources located in the near pre-
sence can be included in the PAN because the wire-
less interface typically does not cover more than 10
m. Another important property of a PAN is that it is
personalized, i.e., not all devices in the proximity of
the user are included but only those that the user
considers as his own, or has (temporarily) the right
to access.

If a user would like to include remotely located
resources or private networks (again, those that he
considers as his own or has the right to use), access
to a third-party network is required via, for
example, medium-to long-range wireless inter-
faces such as wireless LAN (WLAN) or cellular net-
works. The local scope of a PAN is then extended to
a global scope, but without modification of its per-
sonalized character. The network environment
constituted by a PAN and connections to remote
resources and networks is called a personal net-
work [10]. The PAN and PN concepts are shown in
Fig. 4. The figure shows a user with his PAN (gray).
One or more devices in his PAN can also directly
connect to the RAP with the aim to communicate to
other personal devices not in the vicinity of the
user, in the home network, or in other remote pri-
vate networks. The devices that can directly con-
nect to the RAP together are called the PAN
gateway. Considering the connectivity to the home
network (green), this IoT can be an optical fiber
backbone in the home. Plastic optical fiber (POF) is
preferred because it is very ductile and allows non-
professional handling/installation, which can the-
refore be done by the user itself [25]. Its higher
losses per unit length are not a restriction in the

home environment, and its lower bandwidth can
be overcome by using advanced modulation tech-
niques and signal processing [26]. To connect to
other, remote private networks (blue), optical
transparency has to be achieved using the POF
backbone and the optical access network to the
home. A residential gateway is then placed in
between the in-home and the access network. If the
RG is not transparent, it splits the access IoT of Fig.
1in two parts. However, a transparent RG connects
the POF home network backbone to the PON,
using optical switching technology. If the remote
private network is connected to the same PON,
then optical transparency is guaranteed up to the
remote network's ONU.

B. Optical Transparency Requirements in PnS
The following usage scenario is taken from [27] and
will serve as a realistic but fairly complex example
to extract more requirements with respect to
optical transparency in PNs. An office worker is
traveling home, in this case, a male person. While
under way, he listens to MP3s, checks messages,
has an international video call, programs a per-
sonal video recorder (PVR), etc. When arriving
home, the front door opens automatically to let him
in, the quality of the video call improves, the music
session is taken over by the home sound system,
and so on. When somebody rings the doorbell, the
picture of the front door camera is displayed on a
personal digital assistant (PDA) while he is away,
or on the television screen while he is at home.

Reference [27] deduces requirements for the PAN
and the rest of the PN with respect to service-and
device discovery, connectivity, and mobility mana-
gement. The PN-specific requirements concerning
the latter two are the following.
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1) The PAN must allow devices in the PAN to con-
nect directly to the home network when at
home.

2) The PAN gateway must include the relevant
interworking profiles for communication with
public networks.

3) The connection between the PAN and the home
network should be maintained, as well as the
incoming sessions from outside the PN, when
switching from one access network to another.

Then, [27] analyzes how an architecture containing
existing technologies can fulfill the requirements.
A heterogeneous PAN architecture is proposed,
consisting of Bluetooth as well as HiperLAN/2.
HiperLAN/2 has not had much market interest up
to now. However, it is the only option if require-
ments 1) and 2) have to be met, considering the ser-
vices described in the usage scenario, and
assuming that the home network has a star confi-
guration instead of a PON. The architecture also
assumes that the end devices in the PAN and the
home network support different higher layer pro-
tocols than in the public network, as is the case in
the present day, and that the respective gateways
are intelligent and perform all necessary protocol
translations. For mobility management, a combina-
tion of MobilelP and session initiation protocol is
suggested, adding even more complexity to the
gateways.

Optical transparency can solve many of these
issues. The main feature in the above usage sce-
nario is the handover of the video call when arri-
ving at home. The requirements in terms of delay
are quite strict and cannot be met with current tech-
nologies, which have to perform a cumbersome
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vertical handover between an operator's mobile
network and a wireless home network connected
to (another) operator's fixed network. As described
in the previous chapter, the performance should
greatly improve if the PN is a single PAT being a
single broadcast-and-select domain, enabling hori-
zontal handovers. Such a PAT is schematically
given by the blue overlay in Fig. 5. Section III also
concluded that such a broadcast-and-select domain
requires central intelligence in the network for con-
trol and management of the PN. This is in line with
the vision of the Freeband PNP2008 project [28], in
which PNs are assumed to be managed by a per-
sonal network provider (PNP). The PNP is basi-
cally an omnipotent central server that controls the
various nodes in the PN and presents an abstrac-
tion of the PN to third-party service providers.
From a commercial and operational point of view,
it represents a new business role that can typically
be fulfilled by a telecommunications operator or an
Internet service provider. The PNP is the service
provider enabling the PN, offering third-party ser-
vices to the PN, and providing an operational envi-
ronment to manage user-, service-, content-, and
network-related issues of the PN. For third-party
service providers, the PNP might act as a one-stop
shop for providing their services to the PN as a
whole instead of to every single device separately.
Theoretically speaking, this business role could
also be performed by an expert user who knows
how to run and maintain servers in one of his pri-
vate network domains. However, end users cannot
manage the physical layer properties of the public
network, a skill needed to realize and control a PAT
as depicted in Fig. 5.




A way to obtain optical transparency in the PN
enabling the usage scenario is described below.
Requirement 1) is fulfilled by applying the upco-
ming ultra-wide-band (UWB) technology' in the
PAN as well as in the home network instead of the
HyperLAN/2/BT combination, as previously sug-
gested. Full coverage in the home can be achieved
by installing a POF backbone, interconnecting at
least one UWB node per room with each other and
with the residential gateway. The RG is an optically
transparent ONU connecting the home network to
aPON access network. The UWB nodes can be rela-
tively unintelligent RoF RAPs, and as such reali-
zing FTTPAN. This turns the home network, or,
better even, the whole neighborhood connected to
the PON, into a single broadcast domain. Hand-
overs are then merely a matter of switching on the
device on which the user wants to receive the video
call, because the PNP is receiving the video call
from a third-party service provider and just broad-
casts it in the PN. As long as the user moves within
the coverage region of the UWB-PON system, also
requirement 3) is met. Requirement 2) is met if the
end devices involved support, for instance, the cor-
rect authentication mechanisms to ensure that the
user tunes into the correct stream. If this puts too
much strain on the end device, or if for some reason

the PAN needs to be authenticated as a whole, the
PAN gateway should have moreintelligence than a
simple RAP. This would mean that the traffic in the
IoT is terminated on the RAP node or on another
device in the PAN serving as the gateway and
proxying between IoT and PAN. If the user does
not stay in reach of the PON, which is most likely
the case in the usage scenario, optical transparency
between PONs might be achieved over the metro
network. Usually, however, the user is communi-
cating via a cellular network while under way, and
optical transparency can only be reached by inter-
connecting the mobile and fixed core networks, at
last reaching the vision of optical mycelia as sugge-
sted in [14].

Optical transparency reached in the way as des-
cribed above also eases the other services described
in the usage scenario. Because the PN is now a
single broadcast domain, MP3s and movies (PVR)
in the PN are easily found and controlled with a
multicast-based discovery protocol such as Uni-
versal Plug and Play. The automatic opening of the
front door needs location dependence. A PN that is
based on small wireless UWB cells delivers enough
spatial resolution to conclude on the presence of
the user at home when the correct RAP is detected

Fig. 6: Two-user downstream integrated SAE OCDMA PON [33].
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by the PAN. The same mechanism can be used to
have the front door camera image projected on the
correct device, which now is not more than a local
decision to be made by the end device rather then
the network performing a complete vertical hand-
over.

V. Spectral amplitude
OCDMA on PON

In this section, a general introduction is given on a
cost-effective incoherent OCDMA technique and
its use on PON. Various OCDMA techniques are
studied today that can be differentiated by optical
source (coherent or incoherent), coding domain
(time, frequency, or time and frequency),
en/decoder type (free space, fiber-based, or inte-
grated), and electrical polarity (unipolar or polar).
We consider incoherent spectral amplitude
encoded OCDMA (SAE OCDMA) with periodic
Mach-Zehnder interferometer (MZI)-based
en/decoders (E/Ds). MZI-based E/Ds filter the
broad spectral input and as such imprint their filter
pattern being a spectral code (one period of the free
spectral range). Tunable phase shifters enable one
to modify the filter pattern to generate different,
orthogonal codes [29]. At the receiver, an identical
E/D is used to perform the decoding operation.
Cascade [30] and tree [31], [32] E/Ds are placed at
the ONU and optical line termination (OLT). A
two-user downstream transmission scenario is
shown in Fig. 6. Detailed information on integrated
SAE OCDMA, the setup, and the upstream sce-
nario can be found in [33].

The use of SAE OCDMA in the network has some
specific unique advantages. Coding is performed
at the bit rate which limits the receiver bandwidth,
thereby offering additional cost savings. Incohe-
rent broad spectral sources are used such as super-
luminescent light-emitting diodes (SLEDs), which
are cost-effective compared with stabilized short-
pulse single-wavelength sources. MZIs naturally
produce two complementary fringe patterns.
These are then used in spectral shift keying (SSK)
by switching the optical signal from one input to
the other [23]. SSK in combination with balanced
detection results in polar electrical signalling fora 3
dB signal-to-noise (SNR) improvement. The
recently demonstrated code-shift keying exploits
the same principle but uses two different codes and
is applied for a coherent short-pulse system [34].
The ONU and OLT are integratable with other
optical functions on a chip and can be deployed in a

dynamic wavelength-division multiplexer (WDM)
scheme.

VI.SAE OCDMA and OFM on PON

In this section, we analyze the integration of a radi-
o-overfiber system in the SAE OCDMA PON dis-
cussed in Section V. First, a specific RoF technique
is introduced, namely, optical frequency multipli-
cation. Then, the main issues in the integration of
an OFM system and an SAE OCDMA system are
analyzed from the transmitter and the receiver
side. Finally, full system simulations provide
insights in the performance of a hybrid SAE
OCDMA OFM system on PON.

Many techniques to generate and deliver micro-
wave signals via optical fiber have been studied in
the literature such as optical heterodyning, direct
transmission of RF signals, or harmonic generation.
A promising technique is OFM because it makes
use of a single laser source and low-frequency elec-
tronic circuitry to generate and deliver
high-frequency radio signals to the RAPs [35].
Moreover, it has shown high tolerance to disper-
sion impairments in transmission over single-
mode fiber (SMF) and multimode fiber (MMEF).
OFM is based on generating harmonics by fre-
quency modulation to intensity modulation con-
version through a periodic bandpass filter (BPF)
such as an MZI or a polarization interferometer
[36], [37]. The MZI-based E/Ds used in SAE
OCDMA are also periodic BPFs and a potential
sharing of this component by the OFM technique
enables a compact solution to support both kinds of
services simultaneously with the same architec-
ture.

A. Transmitter

The main differences between the SAE OCDMA
and OFM systems are the line width of the light
source and the free spectral range (FSR) of the peri-
odic BPF or MZI(-based) component used. In the
OCDMA case shown in Fig. 6, the spectrum of the
SLED is first filtered by a regular BPF with a 3 dB
bandwidth equal to the FSR of the MZI-based E/Ds
(typically several nanometers). In the OFM case, a
distributed feedback (DFB) laser with a line width
of a few megahertz and an MZI with an FSR on the
order of tens of gigahertz are used. The ratio
between the line width of the source and the FSR of
the MZI(-based) component is given by the factor y
as follows:




ov
X=FsR

1)

where §v is the line width of the source in giga-
hertz and FSR is also in gigahertz. The factor y has
to be equal to one for SAE OCDMA in order to fully
imprint the E/D's filter pattern in the optical spec-
trum. In OFM, y is much smaller because the influ-
ence of the laser phase noise dw (=27-6v) on the
harmonic strength is only negligible if

or <« FSR/4 [37]. Hence commercial DFB lasers
with a typical line width of 1-100 MHz are used in
an OFM system. Initially the two systems do not
seem integratable, but further simulations have
been done. Raising y via 0» in an OFM system
results in the generation of higher harmonics but
with a decreasing SNR. This can be caused by the
low extinction ratio obtained when pha-
se-modulating a broad spectral slice with respect to
the FSR. The harmonic strength also has a strong
dependency on f3, the FM index, which is deter-
mined by the optical broadening generated by the
phase modulator and the sweep frequency. Thus
the FSR of the MZI is inherently bounded by the
optical broadening of the phase modulator. Typical
values used at the moment are on the order of 50-60
GHz. It is clear that the components of both sys-
tems cannot be shared at the transmitter (central
office); thus a separate OFM head-end is required.

B. Receiver

At the detection side, the SAE OCDMA system has
an MZIbased E/D in front of balanced PDs (Fig. 6)
instead of only a single PD at the OFM system. Mat-
hematical analysis shows that harmonic strengths
in OFM are influenced by adding an extra MZI
with an FSR equally small as the MZI at the Tx-side.
It is now even possible to cancel out even or odd

harmonics by choosing the sweep frequency and
the FSR appropriately. The relative strengths of the
harmonics can also be influenced by applying an
extra phase shift in the additional MZI. However,
the effect of adding the MZI-based E/D (with a
large FSR) in the OFM system is not noticeable
since the periodicity of the E/D is an order of mag-
nitude larger than the MZI in OFM (see Section
VI-A). As a consequence, only high RF broadcas-
ting information can be transported via OFM, and
user-specific in-formation has to be transported via
SAE OCDMA. In the latter case, the data can then
be mixed with a selected RF carrier, generated by
OFM. Higher constellation modulation formats are
often used in RF networks. It has already been
shown for optical code networks that these spec-
trally efficient modulation formats, for example,
quadrature phase-shift keying or quadrature
amplitude modulation, can be easily generated by
either using four codes for each of the four phases
[38] or two complementary codes (e.g., wavelength
sliced spectra) for the I and Q channel [39].

We have also studied if the balanced detection
would have a similar, positive effect on the SNR in
case of OFM as it has in case of SAE OCDMA. A
40 GHz balanced detection unit of U’T was added
to the setup as shown in [40]. Fig. 7 shows prelimi-
nary measurement results that indicate the SNR
does improve by balanced detection but not at all
higher harmonics.

C. Hybrid System

We have simulated the SAE OCDMA system as
shown in Fig. 6 with an OFM system in VPI Tran-
smissionmaker. The OFM signal was coupled into
the link after the Tx of the OLT via a 3 dB coupler.

Fig. 7: Effect of balanced detection on harmonic strength in OFM system.
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Fig. 8: Optical spectrum hybrid SAE OCDMA OFM system; (A) SLED, (B) SLED+BPF, (C) optical code, and (D) optical code+OFM.

Four-stage orthogonal cascade and tree E/Ds are
constructed such that eight users can use the net-
work [29]. The FSR in the SAE OCDMA system is
only 256 GHz, which was a computing limitation.
A single-user transmission is considered. The OFM
system is simulated with the setup and settings
shown in [40].

Three different scenarios are considered with res-
pect to the position of the optical OFM signal in the
optical code, namely, out-of-band, in-band, and
in-band offset. As expected, the out-of-band place-
ment of the optical OFM signal does not influence
the performance of any of the two systems. The

in-band case, however, shows significant degrada-
tion of both systems. It is well known that OCDMA
is robust against narrow-band interferers, but the
50 GHz optical OFM signal is just too dominant
with respect to the only 256 GHz broad optical
code. The optical spectra of the in-band offset sce-
nario are shown in Fig. 8. The letters A through D
show the position of the OSA as indicated in Fig. 6.
Only fiber losses were simulated, which in total
were 14 dB for the feeder and distribution fiber.
The position of the OFM signal has not been opti-
mized yet. The higher harmonics and the received
bit sequence (inset) are shown in Fig. 9.

Fig. 9: Received electrical signal hybrid SAE OCDMA OFM system (inset: SAE OCDMA bit stream).
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Fig. 9 shows the proof-of-concept of a hybrid SAE
OCDMA OFM PON. The large signal fluctuations
observed in the inset are caused by speckle noise,
which is a well-known phenomena when using
amplified spontaneous emission sources. Possible
countermeasures have been proposed in [33], such
as to drive the sources in the gain-saturation
regime, to enlarge the FSR of the MZI E/D, and to
include a limiting electrical amplifier with thres-
holding.

VIl. Contention resolution in

OCDMA PON
In this section, we introduce a novel code-wave-
length distribution to enable transparent peer-to-
peer communication between different ONUs in
different PONs. Contention resolution is achieved
via a code-sense collision-detection medium access
control and packet switching. Both functions are
implemented in the optical domain to preserve the
network transparency.

We consider the case of an OCDMA WDM PON in
which each ONU is identified by an optical ortho-
gonal code on a separate up-and downstream
wavelength. The central office is not limited to only
having a single PON connected (as in [18]), and
communication is not only bound between the CO
and an ONU. The CO may have a subnet of PONs
in which ONUs are allowed to freely communicate
with each other inside (intra) a PON and in
between (inter) PONs. A requirement in this case is
that the optical transparency should be preserved.
In other words, the transmitted data packets
should always remain in the optical domain and
(preferably) no wavelength conversion should be
applied. If the up-and downstream wavelengths
are fixed, for example, because of standardization,
a labeling technique such as generalized multipro-
tocol label switching (GMPLS) can be used to route
and multiplex the data packets. Another approach
is presented here by using especially allocated
"peer-to-peer" wavelengths next to the up-and
downstream wavelengths and to use the code of
the addressee. Each PON in the subnet will then
have a unique wavelength on which data intended
for and sent by other ONUs can be sent and
received. The broadcast-and-select properties of
PON and OCDMA ensure that the data are
received correctly. Additionally, CO-ONU and
ONU-ONU communication is then separated in
the frequency domain. The optical code is then
used as modulation format, as multiple access

mechanism, and as label recognition. A similar use
of the optical code is presented in [41], but in that
work the application is subwavelength packet
switching in core OC-GMPLS networks. Data pac-
kets may collide at one of the aggregation points
when multiple ONUs simultaneously transmit to a
similar destination (same wavelength and same
code). This is the case both for intra-and inter-PON
traffic. Two aggregation points are identified: the
passive splitter for ONUs located in the same PON
or the central office for ONUs located in different
PONSs in the CO's subnet. We propose a combina-
tion of optical collision detection and optical packet
switching for contention resolution at these two
nodes.

A. Layer 2: Optical Code-Sense Collision
Detection

A medium access control is required to avoid colli-
sions at the passive splitter. Previous work on
ethernet MAC protocols for a PON focused on
optical carrier-sense [42], [43]. For a code-division
network, this obviously does not result in correct
detection of collisions. To mitigate this issue, an
MAC protocol based on optical code-sense is
required. We propose optical code-sense multiple
access/collision detection (OCSMA/CD) to
upgrade an OCDMA PON [44]. Optical
code-sensing has been analyzed for IP routing in a
fiber Bragg grating (FBG)-based SAE OCDMA star
network by [45]. In [44], the passive splitter
requires a minor upgrade in order to have directi-
onal coupling to all-but-own-fiber such that
OCSMA/CD works on PON. The code-sensing
unit is easily implemented at the transmitter
because of the reciprocality of the OCDMA
en/decoder. However, this OCSMA /CD MAC has
two important limitations to consider.

The first limitation is that any transmission by an
ONU has to be received by all other ONUs in the
PON before it stops transmitting data. The
minimum round-trip time (RTT) is determined by
the minimum ethernet packet length of 72 bytes.
The simple formula in (2) calculates the fiber length
L as a function of fgyy as follows:

c-t

RTT C'fp

B-L= )

eff MNegt

2L =

where ¢ is the speed of light, 1. is the effective
refractive index of a standard single-mode fiber
(SSMF), and tyt is equal to the transmission time
¢,/ B with /, the packet length in bits and B the bit
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rate. Equation (2) shows that OCSMA /CD limits
the bit rate on a PON for a given length of the distri-
bution fiber or vice versa. For example, when each
user employs a gigabit ethernet (GbE) connection
(1.25 Gbps), the transmission of the smallest packet
via fiber corresponds with L ~ 50 m for the distri-
bution fiber. This limits the deployment of the PON
either to a very short-range GbE small office/home
office network or to a more distributed networking
environment with speeds up to several hundred
megabits per second. Bit stuffing may also be
applied in order to increase the minimum packet
length.

A bit rate of several hundred megabits per second
may be sufficient if we consider the traffic streams
inan FTTPAN architecture. They are dominated by
the communication needs of the mobile subscriber.
As mentioned in Section III, high bandwidths in
wireless networks require high RF carriers and
result in small network cells. Many RAPs or ONUs
are needed if a particular area is to be fully covered.
The geographical coverage of FTTPAN is restricted
because of the short reach of such wireless net-
works. The splitting factor and transmission dis-
tance of truly passive optical networks is also
limited. As a result, the probability that a source
and destination reside in the range of a single
FTTPAN architecture becomes small. If the source
and destination do reside in the same subnet of the
central office, a peer-to-peer connection will be
established. In the case of FTTPAN, we assume that
the majority of the traffic requires a connection
between CO and ONU because the destination is
located outside its range [46]. Thus GbE speeds or
higher are not yet required for peer-to-peer com-
munication in FTTPAN employing OCSMA /CD.

The second limitation of the solution in [44] is that
OCSMA/CD is difficult to implement for intra-
PON peer-to-peer communication. In that case, the
ONU tunes to the wavelength on which the down-
stream data are being transmitted. If no data are
sent to the addressee at that instant, the ONU first
sends the data to the central office. The CO will
then immediately route the data downstream on
the shared network. If the transmitter is still trans-
mitting, it then receives part of its own transmitted
data and the OCSMA/CD MAC detects collision.
This is related to the maximum ethernet packet
length of 1526 bytes, which, following (2), corres-
ponds with L ~ 1 km for the distribution and feeder
fiber. Most deployed PONs have longer transmis-
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sion distances so in that case, this would not
impose a problem. If data are sent to the addressee
at that particular moment, the OCSMA /CD shuts
the transmission down because it detects collisions.
The latter scenario imposes a serious problem. The
consequence is to have intra-PON traffic in a diffe-
rent wavelength band via wavelength conversion
at the CO, not to allow intra-PON peer-to-peer
communication on the network, or to have spa-
ce-division multiplexing (SDM) of the up-and
downstream channels.

In this paper, we consider the optical transparent
solution of SDM. As a result, we have an
OCSMA/CD PON next to an OCDMA PON to
clearly separate the up-and downstream channels
of the peer-to-peer communication. This hybrid
solution is shown in Fig. 10. The (upper)
OCSMA/CD PON only carries the upstream
peer-to-peer channels to mitigate both drawbacks
of OCSMA /CD because the bit rates on the (lower)
OCDMA PON are not limited. The downstream
peer-to-peer traffic is then routed to the OCDMA
PON. Such scenario also allows simultaneous
transmission of intra-and inter-PON traffic. The
situation in Fig. 10 can be considered as a migration
step towards using a single PON architecture in
FTTPAN. Fig. 10 shows the four different kinds of
traffic streams. The corresponding code/wave-
length combinations are shown in Table I, with A,
and Ay,yn as the up-and downstream wavelengths,
Ain and A, as the wavelengths for intra-and
inter-PON peer-to-peer communication, and c;and
¢4 as the source and destination code.

B. Layer 3: Optical Code Packet Switching

The upstream traffic arriving at the central office
has an asynchronous nature because of the use of
optical codes on the network. Multiple packets to
multiple destinations may arrive per wavelength
because of the extra dimension offered by the
orthogonal optical codes. When two ONUs are
located in different PONs and send data packets to
a similar destination, the packets will have the
same optical address (similar code plus wave-
length). A collision is at stake when both packets

Table I:  Code/wavelength combinations

OCDMA PON |OCSMA /CD PON
(xup’ Cs) (xin/ Cd)’ (7\'0ut’ Cd)

downstream |(A,.,., ¢.), (A, c) -

upstream




»==» = |ntra PON peer-to-peer
=+ = Inter PON peer-to-peer
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N
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_\OCDMA

PON 2

Wi/o directional coupling

Fig 10: Hybrid OCDMA PON-OCSMA/CD PON architecture.

arrive in the same time window. Hence a
code-based packet switch is required for conten-
tion resolution at the central office. A two input by
two output (2 x 2) switch node is shown in Fig. 11,
which is placed in the OLT of Fig. 10. The number
of input and output ports can be easily increased.
Fig. 11 does not show the handling of the regular
OCDMA traffic between the CO and ONUs since
this is a standard operation. A simple transmission
scenario is shown. Three packets arrive from ONUs
in OCSMA/CD PON 1 att =tyand t = t; (c;; indi-
cates code 1 sent from PON 1). Only one packet
arrives from an ONU in OCSMA /CD PON 2 at
t = t,. The latter packet has a similar optical code
and wavelength combination as one of the former
three, but it arrived a little later. Therefore, the data
packet from OCSMA /CD PON 2 will be buffered.
The buffer time depends on the total propagation
time of the upper packet through the switch and on
the length of the packet. All packets are then cor-
rectly switched from OCSMA /CD PON 1 and 2 to
OCDMA PON 1 and 2. The principle of operation
of the switch is described in the following para-
graphs.

At the input port, the wavelengths are separated
by a wavelength demultiplexer ( A DEMUX), after
which an optical code (OC) demultiplexer unravels
the optical packet stream into separate packets per
output port. The optical code demultiplexing ope-

ration can be easily done via OEO packet regenera-
tion but a fully optical solution is desired to pre-
serve the optical transparency. A similar
component is used in the OC-GMPLS subwave-
length core switch of [41] because also in that case
the optical code is applied to the whole packet. The
authors refer to this technique as implicit optical
code labelling (ImOCL). The OC DEMUX is not
required when optical codes are used as header in
explicit optical code labelling (ExOCL), for
example, in hop-by-hop label-switching networks
[47]-[49], or when codes are used as routing dimen-
sion [50].

The packets are synchronized after the OC
DEMUX, and part of the optical power is led
through a control and code processing unit. The
synchronization can be done, for example, by swit-
chable delay lines [51]. The code processor checks
the correlation properties with all available optical
codes per wavelength, which can be cost-efficiently
done by a parallel decoder [32], [49]. Based on the
information from the code processor, it is decided if
an optical packet has to be buffered or not. The rou-
ting information may already be retrieved at the
output of the OC demultiplexer to simplify the
architecture. The switch matrix switches optical
packets either to the output port or an optical
buffer. At the moment most optical switching tech-
nologies are a combination between optical techno-
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logy and electronics [52]; thus an electrical control
signal is required from the control and code proces-
sing unit in Fig. 11. However, an all-optical
approach with optical control signals has been
demonstrated and shown feasible for contention
resolution by [53]. A recirculating configuration of
fiber delay lines (FDLs) is envisioned as a buffer
unit as it reduces the amount of fiber needed and
provides more flexibility because of the shorter
fiber lengths used. The optical packets can be also
accessed upon each recirculation through the
switch fabric. However, the recirculating buffers
introduce additional losses, noise accumulation,
and crosstalk [54].

After the switch matrix, the packets are desynchro-
nized because synchronous multiplexing of OCs
(or chip synchronous traffic) represents the worst
case scenario in the case of a timedomain OCDMA
network [50]. Hence the desynchronization should
have relative delay values that are not a multiple of
the bit time. A passive splitter/combiner is used to
multiplex the packets to the output fiber. A wave-
length (A) router has been added in order to have
full reconfigurability of the switch and of the WDM
layout used in the network. This can be imple-
mented, for example, by a reconfigurable optical
add-drop multiplexer [55] or a wavelength-
selective switch [56]. The final component is a
simple optical splitter/combiner to multiplex the
different downstream channels to the OCDMA

PON. Obviously, the optical signals need to be
amplified at various locations to compensate the
losses of the switch. The wavelength demultiplexer
and router can be replaced by an arrayed wave-
guide grating (AWG) if full flexibility is not
required. The optical cross-connect does not con-
tain any label swapping unit because FTTPAN is a
single-hop wavelength routing network and the
source sends its data with the address of the desti-
nation.

VIIl. CONCLUSION

The future communication needs of mobile sub-
scribers are reflected in personal networks for
global connectivity to personalized resources. An
optical transparent access layer mitigates many
issues currently encountered regarding connecti-
vity and mobility management in PNs. In this
paper, we focused on two transmission domains:
the home and the (traditional) access network. The
application of PON, OCDMA, and RoF techniques
in home networks decreases the need for distri-
buted control and management, and therefore
intelligent and expensive residential gateways. It
also paves the way for, for instance, ultra-
wide-band to enable cost-effective, truly broad-
band mobility in the home network and any other
cluster network in the PN. This is the first time that
such lower layer converged optical-wireless archi-
tectures are considered and analyzed for their use-
fulness in PNs. In the access network, we propose




optical peer-to-peer networking to further increase
the transparency between network nodes and to
support future Internet services. A hybrid solution
of a code-sense medium access control protocol
and an optical code packet switch, implemented in
the same optical physical layer, has been shown for
the first time for contention resolution in a peer-
to-peer enabled OCDMA /WDM network.

Acknowledgment
The authors would like to acknowledge J. Herrera
Llorente for valuable comments.

References

[1] P. F. M. Smulders, "Exploiting the 60 GHz
band for local wireless multimedia access:
Prospects and future directions," IEEE
Commun. Mag., vol. 40, pp. 140-147, Jan. 2002.

[2] A.van Zelstand T. C. W. Schenk, "Implemen-
tation of a MIMO OFDM-based wireless LAN
system," IEEE Trans. Signal Process., vol. 52, pp.
483-494, Feb. 2004.

[3] A.Ghosh, D. R. Wolter, J. G. Andrews, and R.
Chen, "Broadband wireless access with
WiMax/802.16: Current performance bench-
marks and future potential," IEEE Commun.
Mag., vol. 43, pp. 129-136, Feb. 2005.

[4] A. M. J. Koonen, "Fiber to the home/fiber to
the premises: What, where, and when?," Proc.
IEEE, vol. 94, pp. 911-934, May 2006.

[5] Z.Zhu, M. Funabashi, Z. Pan, L. Paraschis, D.
L. Harris, and S. J. B. Yoo, "High-performance
optical 3R regeneration for scalable fiber trans-
mission system applications," J. Lightw.
Technol., vol. 25, pp. 504-511, Feb. 2007.

[6] ]. Herrera, O. Raz, E. Tangdiongga, Y. Liu, J.
Marti, F. Raoms, G. Maxwell, A. Poustie, H. C.
Mulvad, M. T. Hill, H. de Waardt, G. D. Khoe,
A.M.].Koonen, and H.]J.S. Dorren, "160 Gb/s
all-optical packet switched network operation
over 110 km of field installed fiber," in Proc.
OFC2007, Anaheim, CA, Mar. 2007.

[7 M. Abrams, P. C. Becker, Y. Fujimoto,
V. O'Byrne, and D. Piehler, "FTTP deploy-
ments in the United States and Japan-
Equipment choices and service provider impe-
ratives," J. Lightw. Technol., vol. 23, pp. 236-246,
Jan. 2005.

[8] P. Chanclou, S. Gosselin, J. Fernandez Pala-
cios, V. Lopez Alvarez, and E. Zouganeli,
"Overview of the optical broadband access
evolution: A joint article by operators in the
IST network of excellence e-photon/ONe,"

IEEE Commun. Mag., vol. 44, no. 8, pp. 29-35,
2006.

[9] T. Zahariadis, "Evolution of the wireless PAN
and LAN standards," Comp. Stand. Interf., vol.
26, no. 3, pp. 175-185, May 2004.

[10] I. G. Niemegeers and S. M. Heemstra de Groot,
"From personal area networks to personal net-
works: A user oriented approach," Wireless
Pers. Commun.,vol. 22, pp.175-186, Aug. 2002.

[11] L. A. Johansson and A. J. Seeds, "Generation
and transmission of millimeter-wave data-
modulated optical signals using an optical
injection phase-lock loop," J. Lightw. Technol.,
vol. 21, pp. 511-520, Feb. 2003.

[12] A. M. ]J. Koonen, M. Garcia Larrode,
A.Ng'Oma, and G. . Rijckenberg, "Reconfigu-
rable fibre-wireless networks using dynamic
wavelength routing,” in Proc. OECC2006,
Kaohsiung, Taiwan, R.O.C..

[13] M. Bakaul, A. Nirmalathas, C. Lim, D. Novak,
and R. B. Waterhouse, "Simultaneous multi-

plexing and demultiplexing of wave-
length-interleaved channels in DWDM
milimeter-wave fiber-radio networks,"

J. Lightw. Technol., vol. 24, pp. 3341-3352, Sep.
2006.

[14] N. H. G. Baken, E. F. M. van Boven, F. T. H. den
Hartog, and R. Hekmat, "A four-tiered hier-
archy in a converged fixed-mobile architec-
ture, enabling personal networks," in Proc.
FITCE2004, Ghent, Belgium, Aug. 2004, pp.
98-104.

[15] M. Ghader, R. L. Olsen, V. Prasad,

M. Jacobsson, L. Sanchez, J. Lanza, W. Louati,
M. G. Genet, D. Zeghlache, and R. Tafazolli,
"Service discovery in personal networks;
design, implementation and analysis," in Proc.
15th IST Mobile Wireless Commun. Summit,
Myconos, Greece, Jun. 2006.

[16] I. Chlamtac, A. Ganz, and G. Karmi,
"Lightpath communication: An approach to
high bandwidth optical WANSs," IEEE Trans.
Commun., vol. 7, pp. 1171-1182, 1992.

[17] J. L. Cox, "Optical ethernet and data networ-
king for large enterprises,”" in Proc. OFC2007,
Anaheim, CA, Mar. 2007.

[18] R.E. Wagner, ].R. Igel, R. Whitman, M.D. Vaughn,
A. B. Ruffin, and S. Bickham, "Fiber-based broad-
band-access deployment in the United States,"
J. Lightw. Technol., vol. 24, pp. 4526-4540, Dec.
2006.

Tijdschrift van het NERG deel 75-nr.1-2010 21




[19] A. Stok and E. H. Sargent, "The role of optical
CDMA in access networks," IEEE Commun.
Mag., vol. 40, pp. 83-87, Sep. 2002.

[20] J. Mitola, "The software radio architecture,”
IEEE Commun. Mag., vol. 33, pp. 26-38, May 1995.

[21] D. Murotake, L. Oafes, and A. Fuchs,

"Real-time implementation of a reconfigu-
rable IMT-2000 base station channel modem,"
IEEE Commun. Mag., vol. 38, pp. 148-152, Feb.
2000.

[22] P. Mahonen, J. Riihijarvi, M. Petrova, and Z.
Shelby, "Hop-by-hop toward future mobile
IP," IEEE Commun. Mag., vol. 42, pp. 138-146,
Mar. 2004.

[23] B. Huiszoon, E. R. Fledderus, G. D. Khoe, H. de
Waardt, and A. M. J. Koonen, "Cost-effective
fiber-to-the-PAN architecture based on PON
and spectral encoded all-optical CDMA," in
Proc. IET ICAT2006, Cambridge, U.K., Jun.
2006, pp. 61-64.

[24] F. T. H. den Hartog, M. Balm, C. M. de Jong,
and J. J. B. Kwaaitaal, "Convergence of resi-
dential gateway technology," IEEE Commun.
Mag., vol. 42, pp. 138-143, May 2004.

[25] A. M. J. Koonen, H. P. A. van den Boom,
A.N'goma, M. Garcia Larrode, J. Zeng, and
G.D. Khoe, "POF application in home systems
and local systems," in Proc. Conf. POF, Hong
Kong, Sep. 2005, pp. 165-168.

[26] S. Randel, S. C. J. Lee, B. Spinnler, F. Breyer,
H. Rohde, J. Walewski, A. M. ]J. Koonen, and
A. Kirchstadter, "1 Gbit/s transmission with
6.3 bit/sHz spectral efficiency in a 100 m
standard 1mm step-index plastic optical fibre
link using adaptive multiple sub-carrier
modulation," in Proc. ECOC’06, Cannes,
France, Sep. 2006, paper Th4.4.1 PD.

[27 F.T. H. den Hartog and M. Peeters, "A con-
crete example of a personal network architec-
ture," in Proc. CCNC2006, Las Vegas, NV, Jan.
2006, pp. 514-518.

[28] F. T. H. den Hartog, M. A. Blom,

C.R. Lageweg, Q. Tao, R. N. J. Veldhuis,

N.H.G. Baken, and F. Selgert, "First expe-
riences with personal networks as an enabling
platform for service providers,” in Proc.
PerNets2007, Philadelphia, PA, Aug. 2007.

[29] B. Huiszoon, L. Bakker, H. de Waardt, G. D.
Khoe, E. R. Fledderus, and A. M. J. Koonen,
"Orthogonal en/decoders for truly asynchro-
nous spectral amplitude encoded OCDMA," in
Proc. 1CC2007, Glasgow, U.K., Jun. 2007, ses-
sion ONSI, paper 3.

[30] C. F. Lam, R. Vrijen, D. T. K. Tong, M. C. Wu,
and E. Yablonovitch, "Experimental demon-
stration of spectrally encoded optical CDMA
systems using Mach Zehnder encoder chains,"
in Proc. CLEO'98, San Francisco, CA, May
1998, paper CThU4.

[31] Eindhoven University of Technology, B. Huis-
zoon, Eindhoven, The Netherlands, "Interfer-
ometric element, interferometric N-stage tree
element, and method of processing a first
optical input signal and a second optical input
signal so as to provide a plurality of orthogonal
output signals," The Netherlands, PCT Patent
Appl. PCT/NL2007 /000123, May 17, 2006.

[32] B. Huiszoon, L. M. Augustin, R. Hanfoug,
L. Bakker, M. J. H. Sander-Jochem, E. R. Fled-
derus, G. D. Khoe, J. J. G. M. v.d. Tol, H. de
Waardt, M. K. Smit, and A. M. J. Koonen, "Inte-
grated parallel spectral OCDMA
En/decoder," IEEE Photon. Technol. Lett., vol.
19, pp. 528-530, Apr. 2007.

[33] B. Huiszoon, L. M. Augustin, E. A. ]. M. Bente,
H. de Waardt, G. D. Khoe, M. K. Smit, and A.
M. J. Koonen, "Integrated Mach-Zehnder
based spectral amplitude OCDMA on a pas-
sive optical network," IEEE ]. Sel. Topics
Quantum Electron., vol. 13, Sep./Oct. 2007.

[34] X. Wang, N. Wada, G. Manzacca, G. Cincotti,
T. Miyazaki, and K. Kitayama, "Demonstra-
tion of 8 2 10.7 asynchronous code-shift-
keying OCDMA with multi-port En/decoder
for multi-dimensional optical code proces-
sing," in Proc. ECOC’06, Cannes, France, Sep.
2006, paper Th3.6.5.

[35] A. M. J. Koonen and A. N'goma, Broadband
Optical Access Networks and Fiber-to-the-Home:
System Technologies and Development Strategies.
Hoboken, NJ: Wiley, 2006, ch. 11.

[36] M. Garcia Larrode, J. J. Vegas Olmos, and
A.M.]. Koonen, "Fiberbased broadband wire-
less access employing optical frequency mul-
tiplication," IEEE . Sel. Topics Quantum
Electron., vol. 12, pp. 875-881, Jul./ Aug. 2006.

[37] M. Garcia Larrode, A. M. J. Koonen, ]. J. Vegas
Olmos, and E. J. M. Verdurmen, "Microwave
signal generation and transmission based on
optical frequency multiplication with a polari-
zation interferometer," J. Lightw. Technol., vol.
25, pp. 1372-1378, Jun. 2007.

[38] H. Sotobayashi, W. Chujo, and K. Kitayama,
"1.6-b/s/Hz 6.4-Tb /s QPSK-OCDM/WDM (4
OCDM x 40 WDM x 40 Gb/s) transmission
experiment using optical hard thresholding,"




IEEE Photon. Technol. Lett., vol.
1041-1135, Apr. 2002.

[39] A.M.]. Koonen, X. Li,]. Zeng, and H. P. A. van
den Boom, "High capacity data transport over
plastic optical fibre links using quadrature
modulation,” in Proc. ICAT2006, Cambridge,
U.K., Jun. 2006, pp. 69-72.

[40] M. Garcia Larrode, A. M. J. Koonen, J. ]. Vegas
Olmos, E. J. M. Verdurmen, and J. P. Turkie-
wicz, "Dispersion tolerant radio-over-fibre
transmission of 16 and 64 QAM radio signals
at 40 GHz," Electron. Lett., vol. 42, no. 15, pp.
53-54, Jul. 2006.

[41] T.Khattab and H. Alnuweiri, "Optical CDMA
for all-optical sub-wavelength switching in
core GMPLS networks," IEEE |. Sel. Areas
Commun., vol. 25, pp. 905-921, Jun. 2007.

[42] B. N. Desai, N. J. Frigo, A. Smiljanic,

K. C. Reichmann, P. P. lannone, and

R.S. Roman, "An optical implementation of a
packet-based (Ethernet) MAC in a WDM pas-
sive optical network overlay," in Proc. OFC
2001, Anaheim, CA, Mar. 2001, vol. 3, pp.
51-53.

[43] C.-]. Chae, E. Wong, and R. S. Tucker, "Optical
CSMA /CD media access scheme for ethernet
over passive optical network," IEEE Photon.
Technol. Lett., vol. 14, pp. 711-713, May 2002.

[44] B. Huiszoon, H. de Waardt, G. D. Khoe, and
A.M.]. Koonen, "On the upgrade of an optical
code division PON with a code-sense ethernet
MAC protocol," in Proc. OFC 2007, Anaheim,
CA, USA, Mar. 2007, paper OWC?7.

[45] Z. Wei and H. Ghafouri-Shiraz, "IP routing by
an optical spectral-amplitude-coding CDMA
network," Proc. Inst. Elect. Eng. Commun., vol.
149, no. 5, pp. 265-269, Oct. 2002.

[46] B. Huiszoon, G. D. Khoe, and A. M. J. Koonen,
"Capacity and traffic flow considerations for
optical access in personal networks," in Proc.
Eur. Conf. Netw. Opt. Commun. (NOC) 2005,
London, U.K,, Jun. 2005, pp. 305-312.

[47] D. Benhaddou, A. Al-Fugaha, and G. Chaudhry,
"New multiprotocol WDM/CDMA-based
optical switch architecture," in Proc. 34th Annu.
Simulation Symp., Seattle, WA, Apr. 2001, pp.
285-291.

[48] A. Texeira, P. Andre, P. Monteiro, M. Lima,
R. Nogucira, and J. da Rocha, "All-optical rou-
ting based on OCDMA headers," in Proc. 16th
Annu. Meeting IEEE LEOS, Tucson, AZ, Oct.
2003, vol. 2, pp. 1046-1047.

14, pp.

[49] G. Cincotti, N. Wada, S. Yoshima, N. Kataoka,
and K.-I. Kitayama, "200 Gchip/s, 16-label
simultaneous multiple-optical encoder/decoder
and its application to optical packet switching,"
in Proc. OFC 2005, Anaheim, CA, Mar. 2005,
paper PDP37.

[50] M. Meenakshi and I. Andonovic, "Code-based all
optical routing using two-level coding," |. Lightw.
Technol., vol. 24, pp. 1627-1637, Apr. 2006.

[61] R. Ramaswami and K. N. Sivarajan, Optical
Networks: A Practical Perspective, 2nd ed. San
Francisco, CA: Morgan Kaufman, 2002.

[52] G. I. Papadimitriou, C. Papazoglou, and A. S.
Pomis, "Optical switching: Switch fabrics,
techniques, and architectures,”" |. Lightw.
Technol., vol. 21, pp. 384-405, Feb. 2003.

[53] Y. Liu, M. T. Hill, H. de Waardt, G. D. Khoe,
and H. J. S. Dorren, "Alloptical buffering using
laser neural networks," IEEE Photon. Technol.
Lett., vol. 15, pp. 596-598, Apr. 2003.

[54] R. Geldenhuys, "Contention resolution in
optical packet-switched cross-connects," Ph.D.
dissertation, Eindhoven Univ. of Technology,
Eindhoven, The Netherlands, Mar. 2007.

[55] E. J. Klein, D. H. Geuzebroek, H. Kelderman,
G. Sengo, N. Baker, and A. Driessen, "Reconfi-
gurable optical add-drop multiplexer using
microring resonators," IEEE Photon. Technol.
Lett., vol. 17, pp. 2358-2360, Nov. 2005.

[56] S. Frisken, "Advances in ligiud ccrystal on
silicon wavelength selective switching," in
Proc. OFC2007, Anaheim, CA, Mar. 2007,
paper OWV4.

Avuthors

B. Huiszoon (5'02) was born in
Vlissingen, The Netherlands, in
1978. He received the M.Sc.
degree in electrical engineering
from the Eindhoven University
of Technology (TU/e), Eind-
hoven, The Netherlands, in 2003,
where he is currently pursuing
the Ph.D. degree.

His research interests are in the field of broadband
optical access networks, optical code-division mul-
tiple access, and broadband service delivery. He is
a Reviewer for the Electronics Letters and Optics and
Laser Technology.

Mr. Huiszoon was a General Member of the first
board in the IEEE LEOS Benelux Student Chapter
from November 2004 until May 2007. He is a
Re-viewer for IEEE PHOTONICS LETTERS. He

Tijdschrift van het NERG deel 75-nr.1-2010 23



received the First Prize for the best thesis of 2003
from TU/e in 2004 (1e Mignot Afstudeerprijs). He
is a Student Member of the IEEE Laser and Elec-
tro-Optics Society and Communications Society.

F. T. H. den Hartog (M'03)
received the M.Sc. degree in
applied physics from Techni-
sche Universiteit Eindhoven,
The Netherlands, and the Ph.D.
degree in physics and mathema-
tics from Leiden University, The
Netherlands.

He joined the R&D Department of the Dutch
incumbent operator KPN. There he specialized in
home networking and established an expert group
dedicated to the subject. In 2003, he continued his
work at the Netherlands Organization for Applied
Scientific Research (TPO). He initiates and leads
various collaborative projects in the field of digital
home, such as "Residential Gateway Environment"
and "Freeband PNP2008." He is a Guest Lecturer at
several universities and has (co)authored about 60
scientific papers, technical reports, and contribu-
tions to international standardization bodies, such
as ITU-T and HGI.

M. Garcia Larrodé (S'04) was born
in Zaragoza, Spain, in 1977. She
received the M.Sc. degree in tele-
communications  engineering
from Centro Politécnico Supe-
rior, University of Zaragoza, in
2001. She is currently pursuing
the Ph.D. degree at the COBRA
Research Institute, Eindhoven University of Tech-
nology, Eindhoven, The Netherlands.

i

Her doctoral work focuses on broadband wireless
access networks employing radio-over-fiber tech-
niques From 2000 to 2004, she was with Siemens
AG, Munich, Germany, as a Systems Engineer

in mobile radio access networks, focusing on radio
resource management, signaling, and performance
evaluation of GSM/GPRS/EDGE and UMTS net-
works.

A. M. |. Koonen (M'00-SM'01-F'07)
was born in Oss, The Netherlands,
in 1954. He received the M.Sc.
degree in electrical engineering
(cum laude) from Eindhoven
University of Technology, Eind-
hoven, The Netherlands, in 1979.
In 1979, he joined Philips' Tele-
communicatie Industrie, part of which has become
Lucent Technologies Network Systems, The
Netherlands. He worked on high-speed transmis-
sion systems and optical fiber systems for hybrid
access networks. From 1987 to 2000, he was a Tech-
nical Manager in the Forward Looking Work
Department, Bell Laboratories, Lucent Technolo-
gies Network Systems. From 1991 to 2000, he was a
part-time Professor at the University of Twente,
Enschede, The Netherlands, holding a Chair in
Photonic Networks. In 2000, he joined Eindhoven
University of Technology as a part-time Professor
and has been a full-time Professor since 2001, hol-
ding a Chair in Broadband Communication Net-
works with the Telecommunication Technology
and Electromagnetics Group, Department of Elec-
trical Engineering.

He became a Bell Laboratories Fellow in 1999.

Ll




Proefschriftenoverzicht 2007-2008

i

L

Hieronder treft u, traditiegetrouw het overzicht aan van de proefschriften behorende bij de promoties in het
academisch jaar 2006/2007 aan de Technische Universiteit Delft en de Technische Universiteit Eindhoven.
Voor detailinformatie verwijzen wij u graag door naar de bibliotheek van de universiteit waar de promotie
heeft plaatsgevonden. Onderstaand vindt u de adressen:

Bibliotheek TU Delft
Postbus 98
2600 MG Delft

Bibliotheek TU /e
Postbus 90159
5600 RM Eindhoven

Technische Universiteit Delft

Analog signal processing for CMOS image sensors

M.FE. Snoeij

4 september 2007

Promotors: prof.dr.ir. A.J.P. Thewissen
prof.dr.ir. J.H. Huijsing

Crystallographic orientation- and location-
controlled si singel grains on amorphous substrate
for large area electronics

M. He
10 september 2007
Promotor: prof.dr. C.LLM. Beenakker

A scalable Mextram model for advanced bipolar
circuit design

H. Wu
24 september 2007
Promotor: prof.dr. J.N. Burghartz

Testing of modern semiconductor memory struc-
tures

G. Gaydadjiev

25 september 2007

Promotor: prof.dr. C.LLM. Beenakker

Resilient video coding for wireless and p2p net-
works

J.R. Taal

2 oktober 2007

Promotor: prof.dr.ir. R.L. Lagendijk

Tijdschrift van het NERG deel 75-nr.1-2010

Scheduling in high performance buffered crossbar
switches

L.B.A. Mhamdi

19 oktober 2007

Promotor: prof.dr. S. Vassiliadis

Suitability of tile-based rendering for low-power
3D graphics accelerators

I. Antochi

29 oktober 2007
Ptomotors: prof.dr. S. Vassiliadis

prof.dr. K.G.W. Goossens

Adaptive sensor management

F. Bolderheij

12 november 2007

Promotors: prof.ir. P. van Genderen
prof.dr.ir. L.P. Ligthart

OFDM transmission over rapidly changing
channels

Z.Tang

20 november 2007

Promotor: prof.dr.ir. A.J. van der Veen
Copromotor:  dr. G.J.T. Leus

Arithmetic soft-core accelerators

D.R.H. Calderén Rocabado

27 november 2007

Promotor: prof.dr. K.G.W. Goossens




Irradation-induced degradation of amorphous
silicon solar cells in space

A. Klaver

3 december 2007

Promotor: prof.dr. C.ILM. Beenakker
Copromotor:  dr. R A.C.M.M. van Swaaij

Sensing microgripper for microparticles handling
T. Chu Duc

3 december 2007

Promotor: prof.dr. P.M. Sarro

Rewriting the sensor network abstraction stack
T.E.V. Parker
15 januari 2008
Promotor:
Copromotor:

prof.dr.ir. H.J. Sips
dr. K.G. Langendoen

Digital testing of vacuum circuit breakers
E.P.A. van Lanen

28 januari 2008
Promotors: prof.ir. L. van der Sluis

prof.dr.ir. R.P.P. Smeets

Autocorrelation receivers for ultra wideband wire-
less communications

M. Pausini

7 december 2007

Promotor: prof.dr.ir. LG.M.M. Niemegeers
Copromotor:  dr.ir. G.J.M. Janssen

Information strategy for decision support in main-
taining high voltage infrastructures

B. Quak
11 december 2007
Promotor: prof.dr. J.J. Smit

Signaalbewerkingsalgoritmes voor draadloze ultra-
breedbandcommunicatie

Q.H. Dang

15 februari 2008

Promotor: prof.dr.ir. A.J. van der Veen

Ontwikkelingen op het gebied van speech enhance-
ment op basis van DFT met één microfoon

R.C. Hendriks
18 februari 2008
Promotor:
Copromotor:

prof.dr.ir. J. Biemond
dr.ir. R. Heusdens

Secure computing in reconfigurable systems

R.J. Fernandes Chaves

11 december 2007

Promotors: prof.dr. K.G.W. Goossens
prof.dr. L.A. Sousa

Beeldkwaliteit in context
J. Besuijen

18 februari 2008
Promotors: prof.dr. G.C. van der Veer

prof.dr. LLE.J.R. Heynderickx

Reconfigurable network processing platforms
C. Kachris

11 december 2007

Promotor: prof.dr. K.G.W. Goossens

Designs and algorithms for packet and content

inspection

I. Sourdis

18 december 2007

Promotor: prof.dr. K.G.W. Goossens

Operating characteristics for the design and opti-
misation of classification systems

T.C.W. Landgrebe

19 december 2007

Promotor: prof.dr.ir. M.J.T. Reinders
Copromotor:  dr.ir. RP.W. Duin

Renovation of idiomatic crosscutting concerns in

embedded systems

M. Bruntink

17 maart 2008

Promotors: prof.dr. A. van Deursen

prof.dr. P. Klint

Relevance models for collaborative filtering

J. Wang

7 april 2008

Promotor: prof.dr.ir. M.J.T. Reinders
Copromotor:  dr.ir. A.P. de Vries

Planar elliptically shaped antenna for UWB
impulse radio
O.V. Vorobyov
14 april 2008
Promotors: prof.dr.ir. L.P. Ligthart

prof.dr. A. Yarovoy




Modeling context in automatic speech recognition

P. Wiggers

4 juni 2008

Promotor: prof.dr. H. Koppelaar
Copromotor:  dr.drs. L.J.M. Rothkrantz

Electro magnetic compatibility of cabling and
wiring in buildings and installations

H.T. Steenstra
4 juni 2008
Promotor:

prof.dr. J.J. Smit

Technische Universiteit Eindhoven

Mapping and management of communication ser-
vices on MP-SoC platforms

T.M. Marescaux

7 september 2007

Promotor: prof.dr. H. Corporaal
Copromotor:  dr.ir. D. Verkest

LEGO: linear embedding via Green's operators
AM. van de Water
31 oktober 2007
Promotor: prof.dr. A.G. Tijhuis
Copromotors: dr.ir. B.P. de Hon

dr.ir. P.J.I. de Maagt

Validating and improving the correction of ocular
artifacts in electro-encephalography
J.J.M. Kierkels

12 november 2007
Promotor: prof.dr.ir. J W.M. Bergmans
Copromotor:  dr. G.J.M. van Boxtel

Accelerated synthesis of electrically and thermally
constrained power electronic converter systems

D.V. Malyna
14 november 2007
Promotor: prof.dr.ir. A.J.A. Vandenput

Copromotors: dr.]J.L. Duarte
ir. M.A.M. Hendrix

Price-based optimal control of electrical power

systems

A. Jokic

10 september 2007

Promotoren:  prof.dr.ir. P.P.J. van den Bosch
prof.ir. W.L. Kling

Copromotor:  dr. M. Lazar Msc

Qualitative modeling in computational systems
biology: applied to vascular aging

M.W.J.M. Musters

18 september 2007

Promotor: prof.dr.ir. P.P.J. van den Bosch
Copromotor:  dr.ir. N.A.W. van Riel

Enhanced applicability of loop transformations
M. Palkovic
24 september 2007
Promotors: prof.dr. H. Corporaal
prof.dr.ir. F. Catthoor

Predictable mapping of streaming applications on
multiprocessors

S. Stuijk

25 oktober 2007

Promotors: prof.dr. H. Corporaal
prof.dr.ir. J. van Meerbergen

Copromotor:  dr.ir. T. Basten

Tijdschrift van het NERG deel 75-nr.1-2010

Echocardiography in cardiac resynchronization
therapy : patient selection and device optimization
A.H.M. Jansen
19 november 2007
Promotors: prof.dr. H-H.M. Korsten

prod.dr. N.M. van Hemel
Copromotors: dr. F.A.L.E. Bracke

dr. .M. van Dantzig

MIMO instantaneous blind identification and
separation based on arbitrary order temporal
structure in the data

J. van de Laar

21 november 2007

Promotors: prof.dr.ir. JW.M. Bergmans
prof.dr.ir. M. Moonen
Copromotor:  dr.ir. P.C.W. Sommen

Magnetically levitated planar actuator with
moving magnets : electromechanical analysis and

design

J.W. Jansen

28 november 2007

Promotors: prof.dr.ir. AJ.A. Vandenput
prof.dr.ir. P.P.J. van den Bosch

Copromotor:  dr. E.A. Lomonova Msc




//28

Predictable design for real-time systems
O. Florescu

04 december 2007

Promotor: prof.dr. H. Corporaal
Copromotor:  dr.ir. ].P.M. Voeten

Dealing with dynamism in embedded system
design : application scenarios

S.V. Gheorghita

4 december 2007

Promotor: prof.dr. H. Corporaal
Copromotor:  dr.ir. T. Basten

Ultrafast integrated semiconductor laser techno-
logy at 1.55 ym
M.J.R. Heck

9 januari 2008
Promotors: prof.dr.ir. M.K. Smit
prof.dr. D. Lenstra

Copromotor:  dr. E.A.J.M. Bente

Multiple-switch pulsed power generation based on
a transmission line transformer

Z.Liu

22 januari 2008

Promotors: prof.dr.ir. ]. H. Blom
prof.dr. M.J. van der Wiel

Copromotor:  dr.ing. A.J.M. Pemen

Performance and QoS-aware MPEG-4 video-
object coding for multiprocessor architecture

M. Pas trnak
24 januari 2008
Promotors: prof.dr.ir. P.H.N. de With

prof.dr.ir. J.L. van Meerbergen

Information-theoretic analysis of a family of addi-
tive energy channels

A. Martinez

28 januari 2008

Promotors: prof.dr.ir. ] W.M. Bergmans
Copromotor:  dr.ir. FM.]. Willems

Mode group diversity multiplexing in multimode
fiber transmission systems

C.P. Tsekrekos
14 januari 2008
Promotors: prof.ir. A.M.]. Koonen
prof.dr.ir. [ W.M. Bergmans

Copromotor:  dr.ir. B.P. de Hon

Reduced-complexity signal processing techniques
for multiple-input multiple-output storage and
wireless communication systems

L. Huang

3 maart 2008
Promotors: prof.dr.ir. JW.M. Bergmans

prof.dr. T.C. Chong

Magnetically levitated planar actuator with
moving magnets : dynamics, commutation and
control design

C.M.M. van Lierop

15 januari 2008
Promotors: prof.dr.ir. P.P.J. van den Bosch
prof.dr.ir. A.J.A. Vandenput

Promotor: dr.ir. A.A.H. Damen

Dynamics and stability of distribution networks
with dispersed generation

A. Ishchenko
16 januari 2008
Promotor:
Copromotor:

prof.ir. W.L. Kling
dr.ir. JM.A. Myrzik

Radio over fiber distributed antenna systems for
in-building broadband wireless services
M. Garcia Larrodé

4 maart 2008

Promotors: prof.ir. A.M.]. Koonen
prof.dr.ir. LG.M.M. Niemegeers

Copromotor:  prof.dr.ir. E.R. Fledderus

Robust optical transmission systems : modulation
and equalization
D. van den Borne

19 maart 2008

Promotors: prof.ir. G.D. Khoe
prof.ir. A.M.]. Koonen

Copromotor:  dr.ir. H. de Waardt

Integration of sustainable energy sources through
power electronic converters in small distributed
electricity generation systems

H. Tao 21-01-2008

Promotors: prof.dr.ir. A.J.A. Vandenput
prof.dr. X. He

Copromotor: ir. M.A.M. Hendrix

Integrated wavelength division multiplexing receivers
M. Nikoufard

25 maart 2008

Promotors: prof.dr.ir. M.K. Smit
prof.dr. D. Lenstra

Copromotor:  dr. X.J.M. Leijtens




Efficiency and time-optimal control of fuel cell -
compressor - electrical drive systems

K. Boynov

8 april 2008

Promotors: prof.dr.ir. A.J.A. Vandenput
prof.ir. W.L. Kling

Copromotor:  dr. E.A. Lomonova Msc

Efficient computation techniques for Galerkin

MoM antenna design

C. Marasini

12 juni 2008

Promotors: prof.dr. A.G. Tijhuis

prof.dr. A.P.M. Zwamborn

Copromotor:  dr.ir. E.S.A.M. Lepelaars

Towards all-optical label switching nodes with
multicast

N. Yan

14 april 2008

Promotor: prof.ir. A.M.]. Koonen
Copromotor:  dr.ir. E. Tangdiongga

Pillar photonic crystals in integrated circuits
A.AM. Kok

16 juni 2008

Promotors: prof.dr.ir. M.K. Smit
prof.dr.ir. R. Baets

Copromotor:  dr.].J.G.M. van der Tol

Run-time management for future MPSoC plat-

forms

V. Nollet

23 april 2008

Promotor: prof.dr. H. Corporaal
Copromotor:  dr.ir. D.T.M.L. Verkest

Video post processing architectures

A. Beric

8 mei 2008

Promotors: prof.dr.ir. G. de Haan
prof.dr.ir. ].L. van Meerbergen

Copromotor:  dr. J.A]. Leijten

Polarization handling in photonic integrated
circuits
L.M. Augustin

2 juni 2008

Promotors: prof.dr.ir. M.K. Smit
prof.dr.ir. R. Baets

Copromotor:  dr.].J.G.M. van der Tol

Optically transparent multiple access networks
employing incoherent spectral codes
B. Huiszoon

10 juni 2008

Promotors: prof.ir. A.M.J. Koonen
prof.ir. G.D. Khoe

Copromotor:  dr.ir. H. de Waardt

|

Tijdschrift van het NERG deel 75-nr.1-2010

Electromagnetic waves in loaded cylindrical struc-
tures : a radial transmission line approach
G. Addamo

17 juni 2008

Promotors: prof.dr. A.G. Tijhuis
prof.dr. R. Orta

Copromotor:  dr.ir. B.P. de Hon

Multi-limit-cycle operation of Sigma Delta modu-
lators and efficient decimation, theory and appli-
cation

S.E. Ouzounov

26 juni 2008
Promotor: prof.dr.ir. A.H.M. van Roermund
Copromotor:  dr.r. J.A. Hegt

Timing analysis of synchronous data flow graphs
A.H. Ghamarian
4 juli 2008
Promotor: prof.dr.ir. RH.J.M. Otten
Copromotors: dr.ir. T. Basten

dr.ir. M.C.W. Geilen

L




Gedrag van radiogolven in mobiele
netwerken in beeld brengen
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TMC Electronics,
E-mail: maurice.kwakkernaat@tme.nl
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De toename van het gebruik van mobiel internet en
telefonie legt een zware last op de capaciteit en
betrouwbaarheid van mobiele netwerken. De
meeste problemen doen zich vooral voor in dicht-
bebouwde stedelijke omgevingen en laat dit nu
juist de plek zijn met de meeste mobiele gebruikers.
Het verhogen van de betrouwbaarheid en de capa-
citeit staat bij mobiele operators dan ook hoog op
de agenda. Het nauwkeurig voorspellen van het
gedrag van radiogolven in dit soort situaties is nog

Figuur 1:  Meetsysteem voor het in beeld brengen
van radiogolven.

-
-

steeds erg lastig en vereist meer kennis over het
echte radiogolf gedrag. De TU/e ontwikkelde een
uniek meetinstrument dat de knelpunten in
mobiele netwerken in beeld kan brengen. Het
meetsysteem is onlangs in samenwerking met
TNO ingezet in Amsterdam en Rotterdam om knel-
punten in mobiele netwerken en de oorzaken
hiervan in beeld te brengen.

In een van de analyses draait het om het gebied
rondom de Amsterdam Arena. Er staan daar twee
UMTS zendmasten. Eén van de masten zou dek-
king moeten geven in een bepaald gebied, maar dat
bleek niet voldoende het geval en daarbovenop
bleek de straling van de andere mast het signaal te
storen op plekken waar dat volgens de voorspel-
lingen eigenlijk niet zou moeten kunnen. Met het
meetsysteem dat geinstalleerd is in en op een
bestelbus, zie figuur 1, is in kaart gebracht hoe dat
komt. De radiostraling blijkt door gebouwen en
andere objecten, zoals bomen en lantaarnpalen, te
worden afgebogen en weerkaatst. Door gebruik te
maken van omni-drectionele videobeelden wordt
met gekleurde vlekken exact getoond hoe dat
gebeurt, zoals in figuur 2. Er wordt namelijk
bepaald vanuit welke richting en met welke tijd-
vertraging de speciale antenne op het dak van het
busje de radiostraling ontvangt.

Figuur 2:  Omni-directionele foto met daarin de ontvangen signalen in kleur weergegeven.

AZIMUTH ANGLE (DEG)




Meer datasnelheid, meer betrouw-
baarheid
De problemen zoals die bij de ArenA zijn niet zeld-
zaam en blijven alleen maar toenemen door de
steeds hogere eisen die we stellen aan mobiele net-
werken voor toepassingen zoals mobiel internet.
Er is een sterke trend van altijd en overal toegang
hebben tot het internet. Dat stelt hoge eisen aan het
mobiele netwerk.

Maar in stedelijke omgevingen komen er door
obstakels in de omgeving talloze radio-echo's
vanuit verschillende richtingen aan bij de ont-
vanger. Een signaal dat de ontvanger via verschil-
lende paden bereikt veroorzaakt fading en kan
storing veroorzaken. De reflecties kunnen echter
ook bijdragen tot het verbeteren van de betrouw-
baarheid, kwaliteit of het verhogen van de data
snelheid. Hierbij is het wel belangrijk dat er vol-
doende kennis van de omgevingseffecten beschik-
baar is bij het ontwerpen of uitrollen van een
mobiel netwerk. Vooral het gebruik van zoge-
naamde slimme antennes of MIMO kan hieraan bij-
dragen. Dit soort multi-antenne systemen zijn in
staat om in specifieke richtingen hun energie te
bundelen. Op deze manier kunnen de eerder on-
gewenste radio-echo's gebruikt worden voor het
verhogen van de kwaliteit of de datasnelheid.
Nauwkeurige kennis over de richting van de radio-
echo's is hierbij van groot belang. Ook bij het uit-
rollen en onderhouden van mobiele netwerken is
het noodzakelijk om een goede voorspelling te
kunnen doen over de manier waarop radiogolven
zich voortplanten. Hierbij moet er gezorgd worden
dat er voldoende dekking is en zo min mogelijk sto-
ring. Om meer kennis hierover te verkrijgen zijn
geavanceerde metingen noodzakelijk.

Uniek meetsysteem

Het meetsysteem is afgelopen jaar samen met TNO
gebruikt voor de hierboven beschreven analyse.
Het bestaat uit twee hoofdbestanddelen: een
antenne en een videocamera, die beide op het dak
van een busje zijn gemonteerd. De antenne,
getoond in Figuur 3, is een uitgebalanceerd ont-
werp waarover lang is nagedacht. Hij is opge-
bouwd uit maar liefst 31 kleine antennes, verdeeld
over drie elkaar kruisende rijen, op zo'n manier dat
nauwkeurig (binnen vijf graden) kan worden vast-
gesteld uit welke richting de opgevangen straling
afkomstig is.

De antennes worden om beurten uitgelezen, in een
zich herhalende sequentie die in totaal minder dan
een milliseconde duurt. Snel uitlezen is nodig,
omdat het busje tijdens de meetsessie gewoon aan
het verkeer deelneemt, en dus niet elke meter kan
stoppen om even rustig data binnen te halen. Met
dit systeem kunnen we meten terwijl het busje met
maximaal vijftig kilometer per uur rondrijdt. Om
de exacte positie en oriéntatie van de antenne bij te
houden, is het busje ook voorzien van een geavan-
ceerd GPS-systeem met aanvullend kompas, hoog-
temeter en apparaatjes die de versnelling en
draaibewegingen van het voertuig in kaart
brengen. Al deze instrumenten zijn nodig om het
standaard GPS-signaal aan te vullen, voornamelijk
als de ontvangst wordt verstoord door omringende
gebouwen. Behalve de radioantenne bevat het
busje ook een zogeheten omni-directionele video-
camera, die de omgeving rondom de antenne over
een bereik van 360 graden in beeld brengt. Deze
beelden worden over radiometingen gelegd,
waardoor in een oogopslag zichtbaar is wat de
bronnen van ongewenste radioreflecties zijn, zoals
in Figuur 2.

Figuur 3:  Antennestelsel bestaande uit
31 antenne-elementen in een 3D gedraaid kruis.
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Het Klokhuis

Het meetsysteem is niet alleen prima geschikt voor
nauwkeurige metingen, maar presenteert de resul-
taten vooral ook op een inzichtelijke en aanspre-
kende manier. Om deze reden is het ook gebruikt
tijdens opnames voor een uitzending van Het
Klokhuis over het onderwerp "De Mobiele Tele-
foon". Deze opnames zijn uitgezonden op
woensdag 10 februari 2010 om 18:25 op Neder-
land 3.
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