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Preface
This Ph.D. thesis presents a study towards an optically transparent access tier in
which 1) personalized and ubiquitous broadband service delivery is enabled and 2)
optical codes are employed for the user-specific data transmission. It is assumed
that the end user may have a wired or wireless connection to the network. Therefore
the research questions have been formulated in such a way that the characteristics
and requirements of the optical and the radio domains are taken into account.
It is the first time that such thorough analysis towards the convergence of both
domains is considered.
The reader may find areas of interest in the following chapters. The introductory chapter 1 motivates the research done from a scientific and business point of
view considering recent (market) developments. Optical codes are treated in detail.
Chapter 2 and 6 review the concept of optical transparency and study its implications on personal networking. A code-based transparent access tier is presented
and analyzed. Chapter 3 and 4 show extensive work done on optical code processors and the photonic integration of such devices is demonstrated. A novel parallel
code generator is presented. Chapter 5 presents the results of the simulated and
experimental transmission performance of an optical code division multiple access
system. Finally, chapter 7 extends the basic transmission scenario with wireless
service-delivery capabilities and a simulated proof-of-concept is shown.

Bas Huiszoon
Eindhoven, June 2008

ii

Summary
Optically transparent multiple access networks employing incoherent spectral codes
This Ph.D. thesis is divided into 7 chapters to provide the reader an overview
of the main results achieved in different sub-topics of the study towards optically
transparent multiple access networks employing incoherent spectral codes taking
into account wireless transmission aspects. The work contains Layer 1 (photonic
integration, fiber-optic transmission), Layer 2 (medium access control) and Layer
3 (packet switching, transmission scheduling) related material with a strong focus
on the optical physical layer, Layer 1. A brief summary is given of the contents
per chapter.
Chapter 1 ”Introduction” places the research done in this thesis within the
context of current networking trends and emerging communication scenarios. On
the one hand, optical technologies are inevitable in order to fulfill the increasing
demand for bandwidth and, on the other hand, mobility through a wireless connection remains to be an important asset of the networking experience as a whole.
An access tier is proposed whereby the focus is on overall reduction of costs and
complexity through an efficient sharing of resources, simplified network nodes and
centralized network management to transparently carry data of wired and wireless
networks in various flavors. As a result, the architecture is based on power-splitting
passive optical networks (PONs), optical code division multiple access (OCDMA)
and radio-over-fiber (RoF). In OCDMA, a unique and (pseudo-)orthogonal optical
code (OC) signs each data bit transmitted by a user which allows the carrier to
be asynchronously shared with other users on the network. RoF techniques enable to perform 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. An architecture based on PON, OCDMA
and RoF matches with the design constraints.
A large portion of the chapter is devoted to OCDMA systems and their performance (issues). Out of the many available techniques, incoherent spectral amplitude encoded OCDMA (SAE OCDMA) is depicted as the preferred OCDMA
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technique in this thesis. SAE OCDMA offers a cost-effective system by means of
integrateable Mach-Zehnder interferometer (MZI) based en/decoders (E/Ds) and
incoherent broad spectral sources. Other OCDMA systems employ short pulse
sources which complicate the setup but offer a higher performance. SAE OCDMA
is chosen based on its low complexity and potentially low system costs. It is shown
that the SAE OCDMA system suffers from multiple user interference (MUI), optical intensity noise and chromatic dispersion. Note that MUI affects all OCDMA
techniques. Finally, the remaining of the chapter presents the developments in
(emerging) user-centric or personal networking as a motivation behind the work
done in this thesis.
Chapter 2 ”Transparent optical access in personal networks” illustrates the eminent role of optical transparent networking in personal networks
(PNs). A PN is defined by the personal area network (PAN) of a user and the
other, remote personal devices the PAN is connected with. A PAN emerges when
the network-aware devices carried by a user interconnect via a short-range wireless
interface such as Bluetooth and constitutes a small, private and literally mobile
network. A PN then extends the local scope of a PAN to a global scope but without modification of its personalized character. It is shown how an optical access
network solves many issues with respect to connectivity and mobility management in PNs. Additionally, a concrete PN user-scenario is given which deduces
requirements for such an architecture.
Chapter 3 ”Incoherent spectral amplitude OCDMA” focusses on the
SAE OCDMA technique which was introduced in chapter 1. Two major topics
are treated in this chapter namely the modular construction of E/Ds and the
orthogonality of the code set. A novel parallel spectral (or tree) E/D is presented
and its performance is analyzed in detail. Compared with a well-known serial
spectral (or cascaded) E/D, the tree E/D only introduces a power penalty due
to the parallel en/decoding operation. The performance of the SAE optical code
(OC) set is analyzed in terms of crosstalk. As the code set grows in size, full
orthogonality is lost and crosstalk (MUI) becomes an issue. Furthermore it is
shown that reasonable fabrication inaccuracies in the building blocks of the E/Ds
can be tolerated by the code set. At the end of the chapter, enhancing the spectral
efficiency is briefly considered via channel interleaving in an SAE OCDMA system.
Chapter 4 ”Photonic integration of multi-stage en/decoders” describes the photonic integration of multi-stage cascaded and tree E/D structures
in two different kinds of material systems namely InP/InGaAsP and Si3 N4 /SiO2 .
The InP/InGaAsP material system enables electro-optic phase shifting and the
monolithic integration of passive and active components such as a semiconductor optical amplifier for a scalable system-on-a-photonic-chip design. However, the
typical propagation losses are in the order of dB per cm and a complicated fabrication process is used. Si3 N4 /SiO2 provides lower propagation losses in the order of
tenths of dB per cm and is compatible with standard CMOS production processes.
However, thermo-optic phase shifters are used which consume more energy and a
similar design requires a larger chip area in Si3 N4 /SiO2 than in InP/InGaAsP. In
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this chapter, the full trajectory is shown of designing, processing and characterizing multiple en/decoder configurations. The measured optical characteristics of the
realized photonic chips have an excellent match with the designed and modelled
properties. The SAE OCDMA en/decoders manufactured in the InP/InGaAsP
material system have the highest potential in terms of low capital and operational expenses when compared with SAE OCDMA en/decoders manufactured
in the Si3 N4 /SiO2 material system considering losses, fabrication process, energy
consumption, scalability and usage of chip area although other factors such as
packaging and polarization dependency also have to be carefully considered.
Chapter 5 ”SAE OCDMA transmission performance” analyses the
transmission performance of the SAE OCDMA technique on a PON via simulations with the cascaded and tree E/Ds at the optical networking unit (ONU)
and central office (CO), respectively. The simulated results of up and downstream
transmission are presented considering a user bit rate of 1 Gbps. It is shown that
MUI and intensity noise severely degrade the performance. Only three users can
transmit error-free by employing forward error correction (FEC) techniques which
add complexity and a transmission overhead to the system. It is confirmed by
simulation that increasing the received power does not improve the system’s MUI
performance. At the end of the chapter, downstream system experiments are discussed and results are shown on measured crosstalk values, the contrast ratios
between a code match/mismatch, and on a successful error-free transmission experiment for a single user at a Gigabit Ethernet (GbE) speed.
Chapter 6 ”Code-based transparent access tier” introduces code-based
all-optical communication between ONUs in a sub-net of PONs such that an optical transparent network is realized. However, collisions may occur between data
transmitted from different ONUs to a single destination therefore network contention resolution methods are required. In order to preserve the transparency in
the network, the network management functionalities are implemented in the optical domain. Optical code-sense multiple access / collision detection (OCSMA/CD)
is proposed to resolve contention when multiple ONUs share a PON. Optical codelabelled packet switching is considered to resolve contention when two ONUs in
the same sub-net do not share a PON. The implementations are discussed for a
generic case allowing any kind of OCDMA system. OCSMA/CD requires a reflective PON which introduces a limitation in the maximum achievable splitting
ratio. Besides, the minimum allowable packet size in the network restricts the fiber
length between the ONU and the reflective coupler. The packet switch adds significant complexity to the CO which becomes more profound when a larger number of
PONs and ONUs have to be accommodated. Therefore depending on the network
parameters, the implementation of optical network contention resolution has to be
carefully considered. The code-sensing mechanism may also be used for continuous
monitoring of network activity. Based on that information, it is shown that the
MUI effect can be mitigated via the avoidance of interference. This has been evaluated via numerical experiments for the SAE OCDMA system in case of different
packet size distributions.
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Chapter 7 ”Microwave service delivery in FTTPAN” presents explorative research done towards broadband service delivery independent of the user’s
location employing an optical fiber network architecture. Three main categories
of RoF systems are considered in detail and the harmonics generation technique
denoted as optical frequency multiplication (OFM) is found to have the optimal
match with an SAE OCDMA system. The OFM/SAE-OCDMA combination is
analyzed on a PON and, as a result, it is concluded that the RoF technique can
only be used for the distribution of radio frequency (RF) signals on PON while
the OCDMA system should be used for the transmission of RAP-specific data.
OCDMA inherently is a digital transmission technique therefore analogue modulation formats are not supported. Therefore a system is proposed in which the
analogue data is remotely ”constructed” at the ONU side, that is, the digital and
analogue (RF) signals are transmitted separately via OCDMA and OFM after
which remote modulation and mixing is performed. The proof of concept is shown
by a simulated hybrid OFM/SAE-OCDMA system which successfully transmits
quadrature phase shift keying (QPSK) data at a symbol rate of 500 MSymbols/s.
Polarization multiplexing (PolMUX) is employed to send the I and Q channels
of the QPSK signal by only using a single code on the network. Additionally, it
is confirmed that a lower operational bit rate improves the system’s MUI performance.
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Chapter 1

Introduction
In this chapter, the work done in this thesis is introduced and motivated from a
scientific and business point of view. It is discussed how the implementation of a
fiber-optic access network, that supports personalized service delivery independent
of the user’s location, has significant benefits for global networking on the long
term. The design considered in this thesis is based on passive optical networks,
optical code division multiple access and radio-over-fiber techniques which has
shown to be an optimal combination in terms of capital and operational expenses in
the broadest sense. The chapter concludes with an overview of which contributions
the thesis makes to the field.
The remaining of the chapter is organized as follows: section 1.1 presents a
global view on modern wired and wireless communications by discussing the past
and present status as well as by giving an outlook on the future market and research
such as on optical network transparency. Section 1.2 considers several solutions to
introduce fiber-optics in the access network whereafter section 1.3 discusses three
techniques to regulate multiple access on a shared optical transmission medium.
Optical code division multiple access (OCDMA) on top of a passive optical network (PON) topology is then considered in the remaining of the chapter. A brief
overview is given in section 1.4 of the available OCDMA techniques after which
spectral amplitude encoded OCDMA is discussed in detail in section 1.5. Then,
section 1.6 gives a brief insight on how mobility can be cost-effectively provided
on a PON. Emerging user-centric and personalized services are highlighted in section 1.7 which are considered to be strong drivers of ubiquitous connectivity. The
problem statement, objectives and tasks are shown in 1.8. Finally, an overview of
the whole thesis and its contributions per chapter are shown in section 1.9.
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1.1

Modern wired and wireless communication

In this section, the current state of the telecommunications sector is reviewed
and forecasts are shown with respect to its future development. In particular,
broadband access networks are considered with a focus on the position of optical
technologies. It can be concluded that fiber-optics are key in order to deliver truly
broadband services to the end-user.

1.1.1

Past

The industrial revolution in the late 19th century has triggered innovations which
have significantly enlarged the reach of communication. Instead of physically delivering messages, real-time interaction with far-away places was enabled for a
majority of the population. At the time of writing, mankind has arrived to a point
at which the notion of distance has virtually disappeared and people can globally
participate in a digital revolution. In this light, a historic time line is depicted in
Figure 1.1 which presents major breakthroughs and commercial-firsts related to
telecommunications since the beginning of the 19th century.

Figure 1.1: Inventions and commercial-firsts in telecommunications [1]
In contrast with the time frame following the inventions of the different kinds
of telegraphs in the mid-1800’s, the innovations have succeeded each other very
rapidly since the 1970’s. Modern wired and wireless communication have shown a
great improvement throughout the years but they took a great leap when Internet
access and mobile communication became commercially available to a mass market in the mid-1990’s. This communication revolution was largely driven by the
progress made in the semiconductor (silicon) industry, and recently, it is fuelled
by the evolutions made in broadband (access) networks.
The impact of available modern forms of communication is clearly shown by
Figure 1.2 and 1.3 which show recent data on the global usage of Internet as well as
the number of fixed (plain old telephone service, POTS)/broadband lines and the
mobile subscribers. Broadband is not further defined by the source but a common
definition is every wired connection with a bandwidth larger than 144 kbps which
is the maximum data rate using integrated services digital network (ISDN).
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Figure 1.2: Global usage of Internet (1990-2006) [2]

Figure 1.3: Global subscriber line deployment (2003-2007) [3]
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Figure 1.2 shows an unprecedented growth in the worldwide popularity of Internet which now has more than 1 billion (109 ) users mostly located in Europe,
North-America, Australia, and the Asia Pacific region. Figure 1.3 shows the steep
increase in mobile subscribers which exceeded the number of fixed subscribers
globally in March 2002 [1]. It has been such a strong technology acceptance that it
largely exceeds, for example, the predictions made back in 2003 by [4]. The figure
also shows a stagnation in the deployment of POTS lines which, of course, has to
cope with severe competition of mobile and broadband access technologies.
Let’s consider the developments in mobile and fixed broadband, and focus on
Europe. Figure 1.4 depicts recent data on the mobile subscribers related to the
population of which the top ten is shown.

Figure 1.4: Development in mobile subscribers (2003-2005), EU top-10 [5]
Figure 1.4 shows that the mobile industry in the EU appears to have saturated
the market but in fact an increasing amount of customers have more than one
subscription and/or more than one network-aware personal device. Therefore, the
mobile network operators are currently introducing data and multimedia services
via next-generation technologies, and are offering innovative bundling strategies
in order to increase their average revenue per user (ARPU) [3].
Figure 1.5 shows the amount of fixed broadband connections related to the
population of which the top ten is shown (taken as reference case in Figure 1.2).
The percentages shown in Figure 1.5 are based on the wired access networks with
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a bandwidth higher than 144 kbps.

Figure 1.5: Development in broadband penetration (2005-2007), EU top-10 [5]

It is clear that the deployment of broadband access networks reaches maturity
in Europe with an average growth rate of 5% in the top-10 and 4.3% considering
all listed countries in [5]. However, only four EU countries have a penetration ratio
over 25% which, in absolute values, is still on the low-side compared with the global
development, for example, in Japan, Korea Rep. and the USA.

1.1.2

Present

A major driver of broadband are the Internet services. An overview of existing and
emerging services is shown in Figure 1.6, including their bandwidth demand. The
maximum rates in commercially available subscriptions to wired access networks
are also shown namely for twisted pair, co-axial (COAX) cable and optical fiber,
solely intended as a matter of illustration. Note that these are advertised values
as found on the Internet and not real-case measured characteristics as they may
depend on the user’s location with respect to the central office or simply the
quality of the line. Besides, the subscriptions are considered when the networks
have reached a significant penetration and thus are available to a mass market. It
is also important to note that wireless access networks provide the wireless drop
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to the user and all exchanged data is eventually sent backhaul by using either one
of the three fixed transmission media.

Figure 1.6: Network services vs. bandwidth demand (modified from [6])

With respect to the services, it can be concluded from Figure 1.6 that the
true driver and killer application in broadband networking is any service that
employs high-resolution images either statically (e.g. photos) or dynamically (e.g.
video) such as (large-)file sharing and (next-generation) high-density television
(HDTV). With respect to commercially available subscriptions on twisted pair and
COAX, these do currently not meet the future demands in bandwidth and a high
asymmetry between the offered up and downstream bandwidths is observed. Latter
is confirmed by a large-scale measurement of commercial access networks in the
USA and Europe [7]. Symmetry is considered to be an important requirement in
next-generation access networks because of the growing amount of user-generated
content in the network [8]. For example, at this moment many people frequently
upload many large files such as high-resolution photos or videos to web-applications
such as Flickr [9], YouTube [10] or personal blogs.
The standardization bodies anticipate on these trends in the network. The latest and ”fastest” standard on twisted pair, very high speed digital subscriber line
(VDSL) 2 or ITU G.993.2, potentially offers 100 Mbps symmetric on a point-topoint architecture. However, it is well known that this capacity decreases very
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rapidly if one’s distance between the central office is increased (∼100s of meters).
The next-generation standard on COAX, data over cable service interface specifications (DOCSIS) standard 3.0, offers higher but still asymmetrical up (∼100 Mbps)
and downstream (∼300-400 Mbps) bandwidths. However, DOCSIS shares the
COAX medium therefore reducing the available bandwidth per user for an increasing amount of active users.
FTTx (x=Home, Curb, Building, etc.) or fiber-optic access is a future-proof
option to truly alleviate the access bottleneck because of the unique properties
of the transmission medium. Optical fiber has a large available bandwidth with
respect to twisted pair and COAX, for example, standard single mode fiber (SSMF)
has a bandwidth-distance (B×D) product far over 10 GHz×km while twisted pair
has a B×D around 25 MHz×km and COAX has a value towards 1 GHz×km. SSMF
exhibits very low losses of 0.25 dB/km at 193.1 THz (1550 nm) while twisted
pair and COAX have losses of 30 dB/km at 1 MHz and 1 GHz, respectively.
Additionally, optical fiber is immune to and does not generate electro-magnetic
interference (EMI), and if many fibers are laid next to each other no crosstalk is
experienced. Regarding optical technologies, the optical carrier creates an extra
flexibility dimension by means of its wavelength and, potentially, optical signal
processing and switching speeds exceed the capabilities in the electrical domain.
Essentially, optical switching requires a lower power consumption per bit [11].
Finally, photonic integration enables many optical functions to be integrated on a
single optical chip thereby offering a strong mass production potential.
Despite all the favorable characteristics, introducing a fiber-optic access network does require a significant upgrade of the network as a whole, i.e. including
the transmission medium, rather than only in the nodes. Therefore a large part of
the investment is required in the actual physical deployment of the optical fiber.
It is recently reported that optical access networks are increasingly being deployed
either to replace the existing infrastructure or in green-field situations [12] based
on the predicted (long-term) savings with respect to the operational and/or capital
expenses (OPEX and CAPEX) when this is compared with installing the ”traditional” access networks. However, the impact of these savings have to be carefully
considered per scenario and per time frame.

1.1.3

Market outlook

Mobility and optical technologies are considered to be key assets of the future
access network. Therefore recent developments in wireless networks and fiber-tothe-home (FTTH) are considered in this section. A forecast is also shown on the
global broadband penetration which includes the wireless broadband technologies
discussed in this section (in contrast the data shown in Figure 1.5 which only
considered Europe and wired access technologies).
The current and emerging landscape of the wireless access technologies is shown
in Figure 1.7. The heterogeneous wireless access technologies presented in Figure 1.7 are either commercially available (solid contour) or still in a research stage

8

CHAPTER 1. INTRODUCTION

Figure 1.7: Landscape of wireless access technologies (mod. by courtesy of [13])

or not yet issued as standard (dashed contour). The networks are categorized with
respect to their classification according to cellular networks, fixed-wireless access
(FWA) networks, wireless local area networks (WLAN) and very-short range networks. It is clear that a diversity of next-generation wireless networks are under
study to deliver broadband services to mobile users. Depending on their degree of
mobility (static, walking or rapid), one network may be more suitable than another in order to maintain a certain quality of service (QoS) during the connection.
Vertical handovers between the different networks may occur when the degree of
mobility (or distance) varies between the subscriber and the radio access point
(RAP). A vertical handover represents a switch between networks i.e. a switch
from one contoured area in Figure 1.7 to another at the RAP and at the terminal
(user) side. Horizontal handovers only represent a switch of the wireless channel
between RAPs when a user physically traverses through the network. For sake of
completeness, a diagonal handover may also occur which is a simultaneous switch
of the wireless channel between RAP and network.
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Since wireless networking has become a commodity for a mass market, it is
obvious that the realm of home networking [14] is to be exploited in the near-future,
for example, via the introduction of femtocells [3] which are currently connected
to twisted pair or COAX. The term ”femtocell” indicates an RAP which provides
wireless coverage in buildings such airports, offices and homes. The interest in such
femtocells continues to accelerate as more vendors announce product availability,
product partnerships and product interoperability, while operators announce trials
and commercial services [15].
Fiber-based femtocells may employ an in-building fiber backbone based on
polymer optical fiber (POF) which is connected to a central node such as a residential gateway (RG). Such fiber-based in-building architectures are currently
considered by various projects [16, 17]. Obviously, the in-building POF facilitates
the distribution of the broadband services which have been delivered to the RG
via a broadband access network. Regarding in-building broadband service transport, promising transmission results have been shown recently on a very large core
step-index POF [18].
The status and forecast of FTTH deployment in Europe is depicted in Figure 1.8 for the top-10.

Figure 1.8: FTTH deployment and forecast (2005-2011), EU top-10 [19]
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Currently, the main activity in FTTH is observed in North-America (USA), Europe (Sweden, Netherlands, Italy and Denmark) and the Asia Pacific region (Hong
Kong, Korea Rep. and Japan) which have a combined total of about 22 million
connected households in the midst of 2007 [20]. The European forecast in Figure 1.8 is estimated considering ten countries in case of a pessimistic, median and
optimistic scenario. It is shown that FTTH is definitely playing a role in the coming
years although its market penetration rate heavily depends on external factors not
related to the technology itself such as progress on legislation/regulation, presence
of market pull, and (inter-)national competition [19]. Finally, Figure 1.9 shows recent and forecasted data on the global broadband penetration (wired and wireless
access considered).

Figure 1.9: Global broadband subscriber penetration by region (2005-2011) [21]
Regarding the Asia Pacific region, Figure 1.9 indicates that the broadband
activity is concentrated just a few countries, e.g. Japan and the Korea Republic,
because if the region is taken as a whole the total percentage of connected households is somewhat on the low side. Eastern Europe shows a strong development
and the penetration rate is slowing down for Western Europe and North America.
The former may be related to increased wealth in that part of Europe while the
latter may indicate all densely populated areas have been connected (in case of
fixed networks) and the remaining 20% are remotely located households which are
more costly to provide with a broadband connection.
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11

Future optical transparency

The global infrastructure network is schematically illustrated by Figure 1.10.

Figure 1.10: Global infrastructure network
Most of the network nodes in Figure 1.10 are interconnected via an optical fiber
and at several places the optical signal is able to traverse through the network
(layers) without any conversion in intermediate network nodes such as opticalelectrical-optical (OEO) or wavelength conversion (opaque transparency). Such
an end-to-end connection is commonly referred to as a lightpath [22]. As shown in
Figure 1.10, the reach of these lightpaths is restricted by non-optical interconnections thus at some point in the network a conversion has to be made. Such bounded
network segments are referred to as islands of transparency (IoTs) [23, 24]. It is
important to notice that islands of transparency always remain to exist given that
a global network can not be served with a single set of lightpaths simply because
of network congestion issues. A conversion may be beneficial at some key nodes
where traffic is aggregated in order to perform network management or monitoring
tasks. Then, the optically non-transparent interconnections serve as links between
IoTs as shown in Figure 1.10. Considering the above, operators have to continuously evaluate which is the ideal size and quantity of IoTs in their network rather
than aiming for a fully optical transparent global network.
Let’s focus on the technologies which alleviate the optically non-transparent interconnections in Figure 1.10 in order to increase the transparency in the network.
Regarding the higher metro and core network layers, intense research efforts are
currently made on realizing high-speed all-optical packet switching [25], high-speed

12

CHAPTER 1. INTRODUCTION

all-optical wavelength conversion [26] and all-optical re-amplification, re-shaping
and re-timing (3R) nodes [27] which could be implemented at strategic points in
the network typically where a large portion of the traffic aggregates.
Optical technologies in the access and in-building network layers are the first
required steps towards realizing end-to-end optical transparent connections between network subscribers. As mentioned in section 1.1.2 a large investment has
to be done in the (lower) access and in-building network layers therefore research
concentrates on developing cost-effective network architectures, transmission techniques and even on novel ducting (digging) methods. Many proposals have been
made in order to serve many users over a large area with a single infrastructure [28]. Simplifications in the networking nodes have been shown, e.g. via remote wavelength delivery and reflective modulation [29]. If a wavelength division
multiplexing (WDM) scheme is adopted in the access network, reconfigurability
enables dynamic bandwidth (re-)allocation [30].

1.2

Fiber-optic access architectures

In this section, several fiber-based topologies are evaluated on their characteristics
with respect to their application in the access network. Only fiber-optic architectures are considered because they provide a strong alternative to alleviate the
existing bottleneck for the reasons given in section 1.1.2. The decisions on the
architecture should be made taking a ”low cost and low complexity” point-of-view
otherwise a large-scale commercial deployment may be less interesting.
Figure 1.11 shows a number of options in order to construct a fiber-optic access
network, including widely deployed architectures such as hybrid fiber-COAX and
fiber-to-the-curb to feed asynchronous digital subscriber line (ADSL) or VDSL
networks on copper. However, in the remaining of this section these two are not
considered because of the constraint that the optical access network should be
terminated as close as possible to the network subscriber such that the optical
transparency is maximized.
As shown in Figure 1.11, the single star option (or: point-to-point, PTP) provides a direct connection between the central office (CO) and the remote node
(RN). Each connection has an optical line termination at the CO and at the RN
and as such a per-node service upgrade is enabled. Essentially, when the amount
of RNs per CO increases PTP becomes an equipment and fiber-rich solution. It
can be shown that PTP has higher system deployment costs than a point-to-multi
point (PTMP) solution at a certain fiber length and given an amount of RNs [32].
The interesting PTMP options in Figure 1.11 are the active double star, the PON,
and the PON with a wireless drop.
The cost-efficiency of a PTMP architecture becomes more profound when the
length and/or the amount of RNs increases. However this is not due to the expenses
made on ducting because these are nearly the same for the PTP and PTMP
architectures. Comprehensively, close to the CO many PTP fibers share the same

1.2. FIBER-OPTIC ACCESS ARCHITECTURES

13

Figure 1.11: Fiber-based access alternatives (from [31])

duct. In any case, ducting constitutes a major portion of the total deployment
costs [33]. A continuous risk after deployment is service interruption due to a cable
failure, e.g. a rupture of the duct. Regarding a PTP architecture, many fibers have
to be fixed while in case of PTMP only a single fiber needs to be repaired. In order
to minimize network outage at PTMP architectures, in particular the PON, the
ITU-T has defined four kinds of protection schemes in Recommendation ITU-T
G.983.1.
Let’s now discuss the PTMP options shown in Figure 1.11. Firstly, the active
double star has additional intelligence in the active node, such as optical amplification or wavelength routing abilities, where the signals are split and distributed
to the RNs. This increases the complexity thus the system costs because the active
node requires powering and possibly housing of the components. Besides, an extra
point of failure is introduced because of the active elements used. Secondly, the
PON has a passive optical distribution node where the signals are broadcasted to
the RNs via power or wavelength splitting. Consequently, PON is a more robust
and cost-effective option than the active double star because no active elements
are in the field and all remaining active components as well as the intelligence are
located at the CO. Both result in a maximal sharing of costs between all RNs
compared with PTP. Finally, the PON may be connected to radio access points
such that broadband services can be delivered independent of the user’s location.
Radio-over-fiber techniques may then be used to enable a seamless transition from
the optical to the wireless domain. They enable the ability to perform the control
and management of a wireless system at the CO and to transparently deliver the
radio signals via optical fiber .
In conclusion, a PTMP fiber-optic access network based on PON is considered
in this work.
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1.3

Multiple access on PON

In this section, a comparison is made between time, wavelength and code division
multiple access (TDMA, WDMA, OCDMA). The latter is currently under great
interest by the academic community.
A multiple access mechanism has to be employed on the PON because the
(feeder) fiber from the central office to the aggregation node is shared and, therefore, if the access is not controlled collisions occur at that node between information
transmitted by different users in the upstream direction. Four well-known techniques are available to provide shared access to the optical transmission medium
namely by assigning each user a time slot via TDMA, a wavelength via WDMA, an
electrical sub-carrier via sub-carrier multiple access (SCMA), or an optical code via
OCDMA by which a wavelength (band) is asynchronously shared in time. In other
words, the signals from different users may be overlapped in time and frequency.
Currently, TDMA is widely implemented in broadband access networks and
employing WDMA, either to multiplex TDMA streams or to provide multiple
access, is considered as a powerful and future-proof upgrade. SCMA is not commonly deployed in fiber-optic access networks due to high requirements on the
user’s equipment and the potential influence of beat noise on the data at the receiver [32]. OCDMA has many attractive features that make it a promising technology for the (future) access networks [34–37]. In the remaining of this section,
SCMA is not considered because of the low interest shown by network operators. TDMA, WDMA and OCDMA are briefly introduced and compared on their
characteristics.
The principle of operation is shown in Figure 1.12.

Figure 1.12: Access to a shared medium via TDMA, WDMA and OCDMA

A TDMA system (repetitively) divides the transmission time into discrete time
slots and each network subscriber may be granted access to the medium during a
(given number of) time slots. As a result, a central clock is present in the system
to which all have to synchronize. When implementing TDMA on PON, synchronization difficulties arise, that is, network subscribers may be located on different
distances with respect to the aggregation node such that ranging techniques have
to be employed in order to properly schedule the transmitted data. This is required
in order to avoid contention of packets at the aggregation node. Additionally, the
system bandwidth increases significantly if a high throughput for each channel is
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required. TDMA may also be applied on top of a WDM scheme to provide a very
high transmission capacity.
A WDMA system divides the frequency spectrum into discrete slots whereby
each slot is assigned to a user. The resolution of such frequency slots, i.e. wavelength bins, may range from coarse to dense depending on the amount of simultaneously active nodes allowed on the network. Commonly, in order to accommodate
a large amount of active wavelengths, high quality optical sources are installed
because of narrow wavelength spacing. WDMA enables a per-node upgrade of services and, as mentioned in section 1.1.4, the dynamic provisioning of bandwidth
via wavelength routing. The latter requires active components such as an optical
add/drop multiplexer (OADM) in the field which transforms the PON into an active double star (section 1.2). A WDMA system exhibits signal transparency, that
is, different bit rates, formats, etc. are allowed on each wavelength independently.
In an OCDMA system, a unique and (pseudo-)orthogonal optical code (OC)
signs each data bit transmitted by a user which allows the optical carrier to be
asynchronously shared with other users on the network [37]. CDMA is a spread
spectrum technique and widely used in radio communication systems. The OCs
are designed in such a way that, on the one hand, if the encoded data matches with
the proper key at the receiver the auto-correlation is maximal and, on the other
hand, if there is no match the cross-correlation approaches zero. This mechanism
enables to correctly detect the data stream while interferers are suppressed. The
OC therefore needs to have a high autocorrelation value and a low slotted and
non-slotted crosscorrelation value. In other words, a low crosscorrelation value
should also be obtained if time-shifted OCs are multiplexed which is the case in
a truly asynchronous OCDMA transmission system. Other features of OCDMA
are the resilience against eavesdropping and interference, signal transparency, and
soft capacity degradation. Intuitively, soft capacity degradation can be understood
as the overall performance degradation when adding another active user to the
network but no channel blocking occurs for this user and all other users. This is
not the case for hard capacity degradation when a limited amount of resources
are available such as time slots or wavelengths. In that case, channel blocking may
occur if no resources are available. Soft capacity degradation is an effect of multiple
user interference (MUI). MUI is an inherent property of OCDMA systems and is a
combination of (cumulative) shot noise at the receiver, optical intensity and beat
noise (system dependent), and the variance in the codes’ cross-correlation [38].
A summary of the main characteristics of TDMA, WDMA and OCDMA is
shown in Table 1.1. Based on Table 1.1, the multiple access techniques are valued
on their complexity, performance, network management, and security. A value
curve [39] may then be drawn which enables a quick identification of the strengths
and weaknesses of the three multiple access techniques. The value curves are shown
in Figure 1.13. Considering all the above, OCDMA is chosen as a cost-effective
and secure multiple access technique on top of a power-splitting PON which is
schematically depicted in Figure 1.14.
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Table 1.1: Main characteristics of TDMA, WDMA and OCDMA on PON
Characteristic
TDMA
WDMA
OCDMA
Medium access
Capacity degradation
Security domain
Origin of crosstalk(1)
Carrier sharing(2)
Channel distribution(3)
Channel selection domain
System bandwidth(4)
Spectral efficiency
Network reconfigurability
Transmission perform.(5)
Signal transparency
System complexity
QoS control(6)

Synchronous
Hard
Electrical
Collisions
Time
Scheduling
Electrical
Nch · Bch
High
Complex
High
No
High
Complex

Asynchronous
Hard
Electrical
λ-drift/dispers.
SoP/MGDM
B.-and-s.
Optical
Bch
High
Fair
High
Yes
Low
Static

Asynchronous
Soft
Optical
MUI/dispers.
Code
B.-and-s.
Optical
Bch
Low
Fair
Low
Yes
Low
Dynamic

(1)

Contention may occur due to signalling issues etc., dispers. = Dispersion, MUI = Multiple
user interference.
(2) SoP = State of polarization, MGDM = Mode group diversity multiplexing (only on
multi-mode fiber [40]).
(3) B.-and-s. = Broadcast-and-select.
(4) In case of electronic TDMA. N
ch = Number of channels, Bch = Channel bandwidth.
(5) With respect to demonstrated reach and total throughput.
(6) TDMA: DiffServ, WDMA: Hardware upgrade, OCDMA: Variable code assignment.

1.4

Optical code division multiple access

Many different OCDMA systems have been demonstrated which may be identified
by their coding principle, coding domain, optical sources, and en/decoder implementation [38]. In this section, the wide scope of OCDMA is briefly touched upon
via these four categories. Then, a specific choice is made for the system considered in this thesis. The coding may be done incoherently via the optical intensity
or coherently via the optical field, and implemented in a one-dimensional fashion
using the time or wavelength domain or in a two-dimensional fashion using the
time and wavelength domain. Coding has also been demonstrated employing the
time and space domain in a multi-core fiber [41] but this is not considered here
because of the use non-standard fiber. Five major categories may be distinguished
between the demonstrated OCDMA systems. These are depicted in Figure 1.15
when transmitting a binary ”110” sequence.
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Figure 1.13: Value curves of multiple access techniques

Figure 1.14: Principle of operation of OCDMA on a power-splitting PON
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Figure 1.15: Classifications of different OCDMA systems (modified from [42])

The discrete time components shown in Figure 1.15 are typically referred to as
the chips of the OCDMA system.
Regarding the incoherent OCDMA systems shown in the upper row of Figure 1.15, each transmitted bit is represented by a certain distribution of optical power either spread in time via time-shifted pulses [43], spread in frequency
via wavelength bins [44], or spread in time and frequency via a wavelengthhopping pattern [45]. The decoder at the receiver-side reassembles such distribution of optical power employing optical delay lines and/or optical filters which
(inversely) match the configuration at the transmitter. In case of a code match the
auto-correlation peak (ACP) is detected while in case of no code match a crosscorrelation value is detected. Therefore the data stream can be correctly retrieved
employing a standard clock and data recovery unit. The incoherent OCDMA systems are easy and cost-effective to implement, but MUI and pseudo-orthogonality
between codes introduce severe crosstalk and degrade the performance.
Regarding coherent OCDMA systems shown in the lower row of Figure 1.15,
each transmitted bit is represented by an optical pulse spread in time either via
temporal-phase encoding [46] or via spectral-phase encoding [47]. The former refers
to a long sequence of phase-shift keyed (PSK) pulses while the latter refers to
phase shifting spectral components of a short pulse. Typically 0 and π phase shifts
are used which can be considered as a +1 and -1 multiplication in amplitude in
the frequency domain. A matched decoder at the receiver-side reconstructs the
time-spread pulse into the original high-intensity short pulse via an inverse or
conjugate operation. Obviously, a coherent system requires coherent sources and
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accurate phase control and stability which increase the cost of such systems.
Due to the use of short pulses, the coherent OCDMA systems and the timedomain incoherent systems suffer from time-spread MUI (note the non-slotted
crosscorrelation performance on page 15) therefore recently several countermeasures have been developed which may reduce this effect such as optical time gating
and/or optical thresholding [35, 48, 49]. Time gating requires synchronization on a
chip-level or time-slotted operation of the whole system and, consequently, effectively removes the advance OCDMA has over TDMA. The incoherent wavelengthdomain OCDMA system does not benefit from time gating because the effect of
MUI is the same for slotted and non-slotted operation. Optical thresholding may
surely provide benefits to suppress MUI in all OCDMA systems. However, this
still requires cumbersome and expensive setups although an integrated design has
been recently proposed based on gain-clamped semiconducting optical amplifiers
(GCSOAs) in [50].
As shown in Table 1.1, the OCDMA’s system bandwidth is governed by the
channel bandwidth Bch . In case of systems operating in the wavelength domain
(second column Figure 1.15) Bch is in the order of the bit rate but in case of
time domain OCDMA (first and third column Figure 1.15) Bch is in the order
of the chip rate thus time domain systems typically require a significantly higher
system bandwidth for a given Bch . All systems shown in Figure 1.15 use short
optical pulses in the picosecond regime either generated by expensive incoherent or
coherent sources. The exception here is the incoherent wavelength-domain system
which typically uses cost-effective incoherent broad spectral sources such as light
emitting diodes (LEDs) or (high power) superluminescent LEDs (SLEDs).
A general comment on the code sets used at all OCDMA systems is that the
longer the length of the optical codes the better or higher the performance. Long
time-domain codes have been shown to reduce beat noise in coherent systems [35]
and to reduce the temporal overlap in incoherent systems [51] if a low code weight
(# 1’s) is applied to minimize the channel crosstalk. Intuitively, long time-domain
codes may set an upper limit to the achievable bit rate for a given pulse width.
Long (or: broad) wavelength-domain codes are applied to reduce the effects of
MUI in coherent systems [48], and to reduce spectral intensity noise in (certain)
incoherent systems [52]. However, long wavelength-domain codes require either a
high-resolution en/decoder or more spectral bandwidth.
A summary of the main characteristics of the different OCDMA systems is
shown in Table 1.2, with the spectral efficiency S defined as [58]
S=

u×B
νT

(1.1)

and u the number of active users, B the bit rate and νT the total required bandwidth considering the transmitted spectra and the guard bands.
Finally, three methods can be distinguished to implement the en/decoders
used in the OCDMA systems namely by using a planar lightwave circuit (PLC),
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Table 1.2: Comparison of five OCDMA systems

Characteristic
(1)

MUI noise
Beat noise(1)
Spectral efficiency(1)
Data rate(2)
Chip rate(2)
Number of users
Source(3)
Reference
(1)
(2)
(3)

Time

Incoherent
Wavelength

2-D

High
Low
Low
250 M
6.6 G
4
LD
[53]

Medium
Medium
Low
622 M
7
BBS
[54]

Medium
Medium
Medium
5G
115 G
8
MLLD
[55]

Coherent
Time
Wavelength
Low
High
Medium
10 G
200 G
8
MLLD
[56]

Low
High
Low
10 G
32
MLLD
[57]

From [38].
Rates per user. M = Mbps, G = Gbps or Gchip/s.
LD = laser diode, BBS = broad band source, MLLD = mode-locked laser diode.

an optical fiber or a free-space setup in which, for example, spatial lightwave modulators (SLMs) or micro-electro-mechanical systems (MEMS) are used. Previous
work presents an overview and comparison between specific types of en/decoders
constructed using one of the three technologies [38]. In addition, Table 1.3 provides a broader and more fundamental comparison between the implementation
methods.
Table 1.3: Comparison of OCDMA system implementation
Characteristic
PLC
Free space Fiber based
Size
Cost(1)
Scalability
Color range
Power
Speed
Stability control
Reconfigurability
(1)

Miniature
Very low
Simple
Narrow
Low
High
Simple
Simple

Large
High
Complex
Wide
High
Medium
Complex
Complex

Bulky
Low
Simple
Narrow
Medium
Medium
Fair
Fair

Initial costs at PLC are high, the very low costs per unit may be
obtained during mass production.
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In conclusion and considering all of the above, the incoherent wavelengthdomain OCDMA systems is chosen as cost-effective OCDMA technique employing
broad spectral sources and integrated en/decoders. The system therefore exhibits
a high potential on low system complexity and mass production at the expense of a
lower (expected) performance. However, this may be a barrier to take considering
the recent pace of technological innovations and, for example, ”the power of Silicon” which refers to the use of the overwhelming computing and signal processing
power currently available as a cheap resource.

1.5

Incoherent spectral amplitude OCDMA

In this section, the principle of operation of an incoherent wavelength-domain
OCDMA system is explained in detail. The particular system considered is the
spectral amplitude encoded OCDMA (SAE OCDMA) firstly introduced by Zaccharin and Kavehrad in 1993 [59]. Throughout the years, SAE OCDMA has
evolved from the initial setup in free-space to an integrated solution based on
Mach-Zehnder interferometers (MZIs). Pioneering research on the latter has been
done in the late nineties by Lam who demonstrated an operational system on
155 Mbps in 1998 [60]. Both systems are discussed in this section to provide the
reader a comprehensive overview of the techniques including their limitations due
to MUI and chromatic dispersion in optical fiber.

1.5.1

Free-space implementation

Figure 1.16 shows the first proposal of incoherent spectral amplitude encoded
OCDMA. Figure 1.16 shows that a spatially patterned amplitude mask filters an
incoherent optical spectrum which is launched into free space by a light emitting
diode (LED). After the spectrum has passed through the mask a fringe pattern,
A(ω), is visible in the spectrum similar to the system shown in Figure 1.15. The
LED is directly modulated with a data sequence via amplitude shift keying (ASK).
At the receiver side the optical signal is split and launched into a spatially patterned mask B(ω) and its complementary copy B(ω). A code match between
encoder and decoder, A(ω) = B(ω), results in maximum optical power at the
output of B(ω) and minimum optical power at the output of B(ω). A code mismatch leads to average optical power at the outputs. The decoder is connected to
a balanced receiver composed by two photo diode (PDs) and a differential amplifier. The total detected current at the output of the balanced receiver is given by
Ibal = Idiode,1 −Idiode,2 . As such, this dual filter setup plus balanced detection maximizes the auto-correlation for a code match and minimizes the cross-correlation
in case of no match. The original ASK data can then be retrieved.
One way to enhance the use of the balanced receiver is to also have the complementary copy A(ω) available at the transmitter [61]. In such a way, the binary
data sequence can be represented by A(ω) and A(ω). This form of modulation is
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Figure 1.16: Incoherent spectral amplitude optical CDMA (modified from [59])
denoted spectral shift keying (SSK). If the proper mask is set at the decoder, the
received optical power at the inputs of the balanced receiver varies between maximum and minimum value along with the transmitted sequence. If this is combined
with balanced detection, bipolar electrical signalling is obtained which exhibits
positive and negative values. Therefore SSK leads to a 3-dB improvement in the
signal to noise ratio (SNR) compared with unipolar signaling which only uses positive values (including zero) [62]. On-off keying (OOK) is an example of a unipolar
modulation format. The main drawback of the proposed system in [61] is the free
space setup which has some particular disadvantages (see also Table 1.3).

1.5.2

Integrated optics implementation

A significant improvement to the setup in Figure 1.16 was made by [60] which
demonstrated low-complexity integrated en/decoders based on Mach-Zehnder interferometers (MZIs) in order to generate the interference patterns A(ω) and B(ω).
The remaining of this section firstly presents the principle of operation using MZIs,
then the MUI in such system is addressed, and finally the effects of dispersion are
shown for transmission on optical fiber.
An integrated MZI is a well-known device that originates from the field of freespace optics [63] and is schematically shown in Figure 1.17. The MZI is denoted
balanced when ∆L = 0 and unbalanced for ∆L 6= 0. The phase shifter φ is tunable
and applies a phase shift to the optical field traversing through that arm of the
MZI. A balanced MZI is mostly used in optical switching applications because
the optical field at the input appears at the upper output for φ = 0 and at the
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Figure 1.17: Basic integrated Mach-Zehnder interferometer
lower output for φ = π. An unbalanced MZI is mostly used in filter applications
because it exhibits a periodic interference pattern as a function of the values
chosen for ∆L and φ. In other words, the two optical fields experience a different
(frequency dependent) path length and interfere at the second 3-dB coupler. The
phase shifter φ may be used to alter or shift the interference pattern. In this work
only unbalanced integrated MZIs are considered which are referred to as MZIs for
sake of simplicity.
MZIs are passive, reciprocal and tunable devices, and their interference patterns
are periodic. This periodicity is known as the free spectral range (FSR) of an MZI,
that is, the FSR represents a single period of a repetitive (filter/interference)
pattern in the frequency domain. An MZI generates two complementary (or π shifted) interference patterns if a broad spectral field is launched on one or both
of its inputs. A single stage device as shown in Figure 1.17 is able to generate two
different interference patterns namely by setting φ to a value of 0 or π/2. two sets
of complementary spectral distributions are shown in Figure 1.18 for a normalized
FSR. The complementary spectral distributions are individually denoted as the
spectral codes of an MZI-based SAE OCDMA system. A single MZI naturally
produces two sets of orthogonal spectral codes which are referred to as phase codes
because of the relation with the setting of the phase shifter. The phase codes are
binary identified by a ”0” or a ”1” when the phase shift is absent (φ = 0) or present
(φ = π/2). The resulting binary word is defined as the phase code identifier (PCI).
It can be proven that the solid and dotted spectral distributions in Figure 1.18
are orthogonal which practically means that when either one of them is taken as
{A(ω),A(ω)} and the other as {B(ω),B(ω)} the ”enhanced system” described in
section 1.5.1 may be implemented with two active users.
The number of phase codes or cardinality of a single-stage MZI can be increased
by cascading another unbalanced stage with a tunable phase shifter. By doing so,
a two-stage cascaded device is constructed as shown in Figure 1.19. The device
in Figure 1.19 has a code cardinality of four with PCIs 00, 01, 10 and 11. For
example, a subscriber has PCI 01 if phase shifters φ1 and φ2 are set to 0 and π/2.
Note that the path length difference of the second stage in 1.19 is related with the
first stage via an integer value. A seven-stage cascaded device has been used in the
experiments of [60]. Note that the same device may serve as encoder or decoder
at the transmitter and receiver side because the MZI is reciprocal.
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Figure 1.18: Interference patterns generated by an unbalanced MZI; φ = 0 (solid),
φ = π/2 (dotted)

Figure 1.19: Two-stage MZI-based cascade
Parallel processing of up and downstream data is required at the central office
of a PON to enable truly asynchronous medium access or, in other words, all
codes have to be instantly available for asynchronous communication between CO
and all the ONUs. Installing as many en/decoders as ONUs at the CO is the
most straightforward solution but it is obviously not cost-efficient. A significant
reduction in cost and hardware complexity is achieved when a single device is
used to generate or process all codes. Such a device has been introduced by [64]
and is based on a tree configuration. The tree en/decoder only uses a single input
to simultaneously generate or process a multitude of phase codes, that is, it may
simultaneously decode all transmitted upstream signals or it may use a single
optical source to generate all phase codes for the downstream communication. Its
code cardinality may be easily increased because of the modular design which is
adopted. However, a passive tree en/decoder introduces a power penalty which
limits its size in a fully passive configuration.
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An extensive discussion on the MZI as a building block of SAE OCDMA
en/decoders, on the orthogonality of the phase codes and on the novel tree component is given in chapter 3.

1.5.3

Multiple user interference

A fundamental assessment of the MUI in SAE OCDMA is shown in [52] where the
noise power at the balanced detector is evaluated. This analysis is briefly reviewed
here. The noise power is modelled by the sum of a number of individual noise
components namely thermal, shot and so-called incoherent ”speckle” noise. The
latter refers to the intensity fluctuations caused by the incoherent summation of
signal powers when spectral codes overlap. This noise source is denoted as speckle
noise by [52] because it is a similar mechanism that gives rise to the spatial intensity
variations in coherent images called ”speckle”. In order to avoid confusion, this
thesis refers to the noise source as incoherent speckle noise. Incoherent speckle noise
is a major contributor to MUI and is present even in the absence of interfering
users. The components of the total noise power are given as follows (the derivation
of the equations can be found in [52]).
2
The thermal noise hIth
i is given by
2
i = 8πkT Bd2 C
hIth

(1.2)

with k the Boltzmann constant, T the temperature in Kelvin, Bd the detector
2
bandwidth in Hertz and C the load capacitance in Farad. The shot noise hIsh
i
follows
2
hIsh
i = 2q<Prec uBd
(1.3)
with q the charge of an electron in Coulomb, < the responsivity of the photodetector, Prec the received power in Watt, and u the number of active users. Finally
2
i is described by
the incoherent speckle noise hIsp
2
2
hIsp
i = <2 Prec
(u2 + 1)

2Bd
mp Mf Bopt

(1.4)

with mp = 1 for polarized light and mp = 2 for unpolarized light, Mf the number
of modes in the fiber and Bopt the spectral width of the code in Hertz. The total
noise contribution hIn2 i at the detector is then
2
2
2
hIn2 i = hIth
i + hIsh
i + hIsp
i.

(1.5)

2
2
On the other hand, the signal power is given by Isig
= <2 Prec
. Thus, given a
number of users u, the bit error rate that they experience (BERu ) is calculated
as [52]

s

2
Isig
1

BERu =
1 − erf 
(1.6)
2
hIn2 i
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The following parameters are taken as realistic values for a polarization dependent
SAE OCDMA transmission system: < = 0.78 A/W, Prec =10−6 W (per user),
T =293 K, C = 0.02 · 10−12 C, mp = Mf = 1, Bd = 0.75 · B Hz, Bopt =624 GHz
(=5 nm at λ0 =1550 nm). With these values, Figure 1.20(a) and (b) shows the
calculated BERu versus the number of active users u assuming B=155.52 Mbps
(synchronous transfer mode base rate, STM-1) and B=1.25 Gbps (Gigabit Ethernet, GbE). The code width Bopt has also been varied to study its effect.
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Figure 1.20: BER vs. active users in SAE OCDMA system, different Bopt
The detrimental effect of MUI in an SAE OCDMA system becomes clear when
more users are transmitting simultaneously, that is, an increasing bit error rate is
experienced also known as the soft capacity degradation introduced in section 1.3.
In the figure, the error-free (10−9 ) BER limit is exceeded when more than four and
twelve users are active for STM-1 and GbE bit rates, respectively, at a code width
of 5 nm. As indicated by [52], an increase in the received power only improves the
performance when multi-mode fiber (MMF, Mf À 1) is used. Other solutions to
reduce the BER as a result of MUI comprise either the increase of Bopt to ”spread”
or smoothen the effect of speckle noise or the decrease of the bit rate B as shown
in Figure 1.20(a) and (b). The latter simply lowers the required bandwidth Bd at
the detector therefore less optical noise is taken in its response.

1.5.4

Dispersion-limited transmission distance

The increase of Bopt , e.g. a broader wavelength-domain code, may have serious
implications on the achievable transmission distance using a dispersive medium
such as an optical fiber. This distance, Ldisp , is calculated as follows [65]
Ldisp ≤

1000
4 | D | Bopt B

(1.7)
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with Ldisp in km, D the fiber chromatic dispersion in ps/km/nm, Bopt in nm, and
B in Gbps.
Equation 1.7 basically states that the dispersion-induced pulse broadening may
not be larger than 25% of the bit slot time. Using the system parameters previously
defined and assuming D=17 ps/nm/km for a SSMF, Ldisp =19 km for the STM-1
bit rate but Ldisp drastically reduces to 2.4 km for a Gigabit Ethernet (GbE) bit
rate of 1.25 Gbps. Figure 1.21 shows Ldisp versus B for Bopt ranging from 5 nm
until 40 nm.
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Figure 1.21: Dispersion-limited transmission distance vs. bit rate in SAE OCDMA
Figure 1.21 shows that dispersion compensation is required when longer transmission distances and high bit rates are desired in an SAE-OCDMA PON. A
broader optical code decreases the MUI as in Figure 1.20 but it also decreases
Ldisp therefore an optimal code width exists with respect to the amount of active
users, the transmission distance and the bit rate per user.

1.6

Mobility on PON

As shown in Figure 1.11, a wireless radio-frequency (RF) drop may be implemented
at the end nodes of a PON in order to enable user mobility. The active end nodes
are then denoted base stations (BS) which provide the interoperability between
the optical and the RF domain. The mobile networks of today can be distinguished
by their range or cell size. As a rule of thumb the higher the available bandwidth
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at a given transmission power the smaller becomes the cell which often is not a
fundamental limitation but a result of legislation. Currently, five network cells may
be defined in order of decreasing range namely the satellite cell, macro cell, micro
cell, pico cell and home cell [66], of which only the latter four are considered in
this thesis. Obviously, the femtocell introduced in section 1.1.3 is analogue to the
home cell. From the above, it can be concluded that a high demand for capacity
in mobile networks leads to a densely distributed fixed access network with a high
density of base stations, and, consequently, high CAPEX and OPEX in order to
have full broadband coverage of a particular area.
RoF techniques as introduced on page 13 enable to centralize the RF signal
processing at the CO which implies costs may be shared by the network subscribers. Additionally, it simplifies the RAP drastically thus employing RoF on
PON results in a cost-effective wireless distribution system. The RAP then merely
exchanges data between an optical carrier and an RF carrier and from this point of
view the wireless network subscriber receives its data directly from the fiber. In an
abstract sense, the fiber is then laid until the wireless network therefore ”wireless
network” may be included in the standard list to describe the ”x” in FTTx which
then results in fiber-to-the-wireless network (FTTWN).
As a conclusion, the PON topology and wireless network provisioning using
an RoF technique have in common that intelligence is centralized at a central
location. By using RoF on PON the optical transparency is logically extended to
the wireless domain via FTTWN.

1.7

Emerging user-centric mobile networking

Currently, network operators are defining marketing strategies in order to increase
their revenues by taking advantage of the strong developments in the wired and
wireless sector which are shown by the various figures throughout this chapter. A
network subscriber will be able to have a customized package of high-value services
rather than only a connection to the network, and, a little more futuristic, these
services are then delivered via either the fixed or the wireless network exactly at
the subscriber’s location. The latter service not only requires a seamless operation
between the fixed and the wireless networks, but also knowledge on the user’s
location or situation and personal settings belonging to that situation.
In any case, the network experience is increasingly getting personalized because subscribers are continuously making trade-offs between the cost, mobility,
convenience and security related to the service [67]. For example, a mobile user
receiving a streaming service might want to switch to the home network connected
to the fixed access network when this user arrives at home because costs may outweigh mobility (given that the mobile subscription is more expensive). A common
trade-off is accepting a lower security for increased convenience such as mobility.
The remaining of this section presents three examples of emerging services in
which a mobile network subscriber either decides on the content delivery or gen-
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erates content itself. These are podcasting, mobile TV and video-on-demand, and
location-aware services. In case of fixed network subscribers, peer-to-peer (P2P),
Internet protocol television (IPTV) and online gaming may be identified as such
services. The first two are briefly touched upon in chapter 2 in relation to optical
network transparency. Finally, this section concludes with a brief introduction of
the personal networking concept.

1.7.1

Podcasting

Podcasting is an increasingly popular service to broadcast and download (multimedia) content on the web which can be anything ranging from short descriptive
messages like daily news up to high-quality experiences such as books or lectures.
At this moment the downloading occurs mainly via a fixed connection to the network. The podcasting market will mainly consist of revenues on advertisement
sales. On the long term, podcasting will have significant competition from mobile
Internet [3], and therefore, should focus on niche-applications such as an information push or availability according to the subscribers needs or location.

1.7.2

Mobile TV and video-on-demand

Mobile TV and video-on-demand are clearly going to disrupt the market in terms
of their bandwidth usage (Figure 1.6) and the associated revenues they will generate [3]. The latter is forecasted for the five largest EU countries in Figure 1.22.
As shown the total revenue in the EU-5 reaches over 4 billion Euro in 2011 with
very strong annual growth rates averaging 70%.

1.7.3

Location-aware services

Thirdly, at the time of writing numerous location-aware services exist which use or
combine the data from the global positioning system (GPS), digital maps shot by
satellites, and user-generated content. Currently, devices such as mobile phones or
cameras have a GPS receiver built-in which enables new services or applications
to be created. New services emerge on a daily basis using these devices. Some
fine examples (and novel words) are given by [69] such as geocaching, geoparsing,
geosniffing, mobile augmented reality, and virtual globetrotting. Another increasing
trend is that users start uploading content related to any kind of news event
occurring in their immediate proximity such as CNN’s i-Report.

1.7.4

Personal networking

The aforementioned services are vast drivers for broadband connectivity anywhere
using any device on any network while retaining a personalized network environment such that a network subscriber virtually carries around his private network.
If not connected to any access network, the user may still carry around his own
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Figure 1.22: Mobile TV and VoD revenues forecast (2006-2011), EU-5 in size [68]

personal area network (PAN) constituted by the network-aware personal devices
via a short-range wireless interface. Such advanced network concept is currently in
a research-stage and under study by various (inter-)national projects. It is denoted
differently by these groups such as personal distributed environment (PDE) [70]
or personal network (PN) [71].
In this thesis, the definition of the PN is considered and the issues related to
the realization of a PN are considered from the optical physical layer. The PN is
studied on the higher network layers in the Dutch Personal Networking Pilot 2008
(PNP2008) project [72]. The PN is discussed in detail in section 2.4 in the context
of optical transparency.

1.8

Problem statement, objectives and tasks

The following problem statement is deduced from the analysis done in the previous
sections:
The access network is a bottleneck when considering the future demands
in bandwidth and the envisioned user-centric mobile network behavior.
Accordingly, the research objective of this thesis is defined as follows:
To employ optical communication technologies in the personal network
concept in order to alleviate boundaries set by today’s and near-future’s
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technologies and systems. The project aims to provide a high speed novel
data transport platform ready to cooperate with higher layer architectures.
The problem statement and goal considered in this thesis lead to the following
(ordered) research tasks:
1. Exploration of the personal network concept and problem identification.
2. Identification of requirements and restrictions of PNs and PN participants
(services, devices and people).
3. A fundamental study to explore the limits of the current and emerging wired
and wireless networks within the context of PNs.
4. Study how optical technologies can alleviate these limits.
5. Identify and quantify key parameters in order to define gravity points for
fiber-optic access network to support PNs.
6. Study novel concepts of flexible and robust multiple access to the fiber. Study
different wireless-over-optics methods.
7. Definition, design and analysis of cost-effective fiber-optic access network
employing analytical and simulation tools. Identify limitations of proposed
solution.
8. Propose, design and analyze techniques to enable optical transparent communication in the network. Study implications on (global) optical networking.
9. Establish an experimental test-bed to experimentally verify the analyzed and
simulated performance.

1.9

Overview of the thesis and contributions

The thesis focuses on the use of incoherent spectral amplitude optical codes to
enable a cost-effective optical access network with a high degree of transparency.
A red line throughout the work is the support of personalized services and mobile
networks thus user mobility by the proposed fixed network architecture. Several
key results are achieved and a number of articles are authored or co-authored
within the time-frame of the study.
The following presents a per-chapter overview of the thesis and the main contributions to the field (numbered), including references to published work.
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Chapter 2
Chapter 2 provides the conceptual framework of this thesis by treating the following three topics in detail: Optical transparency in the access network, the personal
network concept, and the convergence of these two networking scenarios. Furthermore, an overview is given of recent developments in access networks and emerging
network scenarios are discussed which benefit from optical transparency in the network.
Chapter 2 contributes the following to the field:
1) The clear benefits of an optical transparent access tier have been shown for
future/emerging network scenarios with a strong focus on the convergence
of optical and wireless networks and, in particular, within the (mobile) personal network concept. It is shown that many issues regarding connectivity
and mobility management in personal networks may be solved by an optical transparent access tier. Additionally, a cost and complexity reduction is
achieved because of a centralized network architecture which is denoted as
fiber-to-the-PAN or FTTPAN. It is the first time that such lower-layer converged optical-wireless architectures are considered and analyzed for their
usefulness in personal networks.
The results presented in chapter 2 have led to the following publications:
• B. Huiszoon, F.T.H. den Hartog, M. Garcı́a Larrodé, and A. M. J. Koonen, ”Layer 2 and 3 contention resolution and radio-over-fiber in OCDMA
PON for transparent optical access in personal networks”, To be published
in IEEE/OSA J. Lightw. Technol., pp. 1-13, May 2008.
• 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, pp. 61-64, Jun.
2006, Cambridge, United Kingdom.
• B. Huiszoon, G. D. Khoe, and A. M. J. Koonen, ”Fiber-to-the-PAN: towards optical in personal networks”, in Proc. Annual symposium of the
IEEE/LEOS Benelux chapter 2004 ”, pp. 5-8, Dec. 2004, Ghent, Belgium.
Chapter 3
Chapter 3 presents the analytical background of the SAE OCDMA system. In
the first part of the chapter, recent developments are discussed in four areas related to the system. Then, a construction method using modular building blocks
is presented and the analytical model is derived for N -stage cascaded and tree
en/decoders. In the second part of the chapter the optical code set is evaluated in
terms of crosstalk and the interleaving of optically encoded wavelength channels
is studied as a method to increase the spectral efficiency.
Chapter 3 contributes the following to the field:
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2) An integrated parallel spectral en/decoder has been introduced which enables
to process or generate a multitude of spectral codes by only using a single
input signal. Consequently, the complexity and costs are lowered compared
with the situation when as many en/decoders as codes have to be installed.
Three modular building blocks have been defined which enable the construction of N -stage en/decoders. It is shown that the tree en/decoers only
introduces an optical power penalty compared with (well known) cascaded
en/decoders.
3) The SAE OCDMA code set is analyzed on its crosstalk performance and resilience against imbalances in the 3 dB couplers. Two types of crosstalk are
considered which are considered namely inbound and outbound crosstalk.
The former represents the vulnerability to crosstalk and the latter the generation of crosstalk. Inbound crosstalk is a perspective introduced in this thesis. The analysis showed that the incoherent spectral coding technique has
a comparable outbound crosstalk performance compared with time-domain
coherent techniques.
The results presented in chapter 3 have led to the following publications:
• B. Huiszoon, H. de Waardt, G. D. Khoe, and A. M. J. Koonen, ”Performance
analysis of an integrated spectral OCDMA technique including coupler imbalance”, in IEEE Photon. Technol. Lett., vol. 20, no. 4, pp. 276-278, Feb.
2008.
• B. Huiszoon, L. Bakker, H. de Waardt, G. D. Khoe, E. R. Fledderus, and
A. M. J. Koonen, ”Orthogonal en/decoders for truly asynchronous spectral
amplitude encoded OCDMA”, in Proc. ICC2007, session ONS1, paper 3,
Jun. 2007, Glasgow, United Kingdom.
• B. Huiszoon, L. M. Augustin, R. Hanfoug, L. Bakker, M. J. H. Sander Jochem, E. R. Fledderus, G. D. Khoe, J. J. G. M. v.d. Tol, H. de Waardt,
M. K. Smit, and A. M. J. Koonen, ”Novel building block for multiple encoding and decoding in spectral amplitude encoded OCDMA”, in Proc. Annual
meeting of the IEEE/LEOS chapter 2006, paper ThW2, 29 Oct. - 02 Nov.
2006, Montreal, Canada.
• B. Huiszoon, PCT patent WO2007/133066/A3, Eindhoven University of
Technology, May 17, 2006.
Chapter 4
Chapter 4 shows work done on the photonic integration of en/decoders based
on the models in chapter three. The design, fabrication and characterization is
shown in detail for the InP/InGaAsP and Si3 N4 /SiO2 material system. Only the
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processing was done by a third party therefore the design and parameter estimation
are fully described in this thesis.
Chapter 4 contributes the following to the field:
4) Multiple photonic integrated circuits have been developed on two different platforms, namely the InP/InGaAsP and the Si3 N4 /SiO2 material system. The
proof-of-principle was shown by a tree en/decoder integrated in InP/InGaAsP
and the proof-of-concept was provided by the integration of several E/Ds in
Si3 N4 /SiO2 . The latter chips show an excellent match with the designed
and modelled optical characteristics and therefore enable an experimental
test-bed.
The results presented in chapter 4 have led to the following publications:
• B. Huiszoon, A. Leinse, D. H. Geuzebroek, L. M. Augustin, E. J. Klein,
H. de Waardt, G. D. Khoe, and A. M. J. Koonen, ”Multi-stage cascade and
tree en/decoders integrated in Si3 N4 -SiO2 for spectral amplitude OCDMA
on PON”, in Proc. OFC2008, paper OMR4, Feb. 2008, San Diego, CA, USA.
• B. Huiszoon, L. M. Augustin, R. Hanfoug, L. Bakker, M. J. H. Sander Jochem, E. R. Fledderus, G. D. Khoe, J. J. G. M. v.d. Tol, H. de Waardt,
M. K. Smit, and A. M. J. Koonen, ”Integrated parallel spectral OCDMA
en/decoder”, in IEEE Photon. Technol. Lett., vol. 19, no. 7, pp. 528-530,
Apr. 2007.
Chapter 5
Chapter 5 presents the simulated and experimental transmission performance of
an SAE OCDMA system. A multi-user PON is simulated for up and downstream
communication between ONUs and a CO. The performance is further evaluated
by a study toward the system’s resilience against a high-intensity narrowband
continuous wave (CW) and modulated interferer. Results on system experiments
are shown including an error-free transmission at GbE speed.
Chapter 5 contributes the following to the field:
5) The performance of an up- and downstream transmission scenario was evaluated using commercially available simulation software. The SAE-OCDMA
PON was designed to accommodate eight users via four-stage E/Ds. It is
shown that MUI severely degrades the performance when multiple users simultaneously access the PON at an individual bit rate of 1 Gbps. In case of
three active users, error-free transmission can only be achieved by using forward error correction (FEC) techniques. It is confirmed by simulation that
an increase in received power does not improve the MUI performance. Besides the overall network performance, it was shown for the first time that
SAE OCDMA is resilient to high-intensity narrowband interference signal.
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Error-free transmission over 2.25 km SSMF is demonstrated for a single user
at 1.25 Gbps, and measured code match/mismatch contrast ratios are shown.
The results presented in chapter 5 have led to the following publication:
• B. Huiszoon, L. M. Augustin, E. A. J. 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 passive optical network”, in IEEE J. of Sel. Topics
in Quant. Electron, Special issue on Optical Code in Optical Communications
and Networks, vol. 13, no. 5, pp. 1487-1496, Sep./Oct. 2007.
Chapter 6
Chapter 6 presents the concepts and design of a code-based optical access tier.
The performance is evaluated regarding optical transparent communication between networking nodes and in particular the network contention and performance
degradation due to MUI is considered. A dual-layer (Layer 2 and Layer 3) approach
is introduced to resolve contention which is based on a combination of traffic sensing and packet switching. The multiple user interference is studied with respect to
the traffic intensity and various packet size distributions. Active-user monitoring
functionalities may be implemented in the network which can be used to avoid
MUI by means of transmission scheduling.
Chapter 6 contributes the following to the field:
6) All-optical ONU-to-ONU communication has been proposed for the first time
in an access network with multiple passive optical networks and optical code
division multiple access. Such form of networking introduces collisions at
aggregation points in the network if multiple ONUs simultaneously transmit
data to a shared destination. Therefore, a novel combination is shown of
a code-sense medium access control protocol (Layer 2) and an optical code
packet switch (Layer 3), both implemented in the same optical physical layer,
to resolve the contention in the optical transparent access tier. The generic
design is discussed and a specific SAE OCDMA implementation is shown.
Code monitoring functionalities have also been implemented at the ONU by
extending the code-sensing configuration.
7) The use of spectral codes gives rise to multiple user interference when encoded
optical streams are multiplexed. In case of SAE OCDMA, the MUI is continuously experienced at the packet level. The coherence between the observed
state and the state of the network at the aggregation node has been revised
and extended at the packet level therefore simplifying the analysis. It is
shown via numerical experiments that the coherence of state depends on the
packet size distribution. Additionally, it is clear that the a-priori knowledge
of user activity can be exploited, for instance allowing the ONUs to decide
whether or not to transmit a packet and, if so, when to schedule its transmission. Essentially, a mathematical framework is introduced which may be
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used to further develop medium access protocols in interference-restricted
transparent optical access architectures.

The results presented in chapter 6 have led to the following (submitted) publications:
• B. Huiszoon, J. A. Hernández, H. de Waardt, G. D. Khoe, J. Aracil, and
A. M. J. Koonen, ”Performance evaluation of an optical transparent access
tier based on PON and spectral codes”, Submitted to in IEEE J. of Sel.
Areas in Commun., Special issue on Broadband Access Networks, 2008.
• B. Huiszoon, H. de Waardt, G. D. Khoe, and A. M. J. Koonen, ”On the
upgrade of an optical code division PON with a code-sense Ethernet MAC
protocol”, in Proc. OFC2007, paper OWC7, Mar. 2007, Anaheim, CA, USA.
Chapter 7
Chapter 7 presents the study towards remote microwave service delivery in the
FTTPAN network. The radio frequency is to be remotely generated at the ONU
and a radio-over-fiber technique is employed. A thorough analysis has been done to
identify the technique which matches with the (existing) SAE OCDMA based on
four criteria namely reliability, complexity, cost-efficiency and spectral efficiency.
Based on the findings, optical frequency multiplication (a harmonics generation
RoF technique) is found to have the best match with SAE OCDMA thus the
integration of both systems is further studied via analysis and simulation. It is
finally demonstrated that analogue modulation formats such as quadrature phase
shift keying (QPSK) can be remotely transmitted in FTTPAN using a hybrid
OFM/SAE-OCDMA system.
Chapter 7 contributes the following to the field:
8) Detailed results have been presented on the analysis and simulation of a radioover-fibre and OCDMA system operating on a fully passive optical network.
It is shown that an analogue 1 Gbps QPSK signal can be remotely constructed at the ONU using the RF signals distributed via OFM and the
RAP-specific digital data transmitted via SAE OCDMA. Furthermore it is
confirmed that lowering the operational bit rate improves the MUI performance of an SAE OCDMA system.
The results presented in chapter 7 have led to the following submitted publication:
• T. Spuesens, B. Huiszoon, E. Tangdiongga, and A. M. J. Koonen, ”Versatile
broadband service delivery on PON employing a hybrid optical code division multiple access/radio-over-fiber system”, Submitted to ECOC2008, Sep.
2008, Brussels, Belgium.

Chapter 2

Transparent optical access in
personal networks
In this chapter, it is shown how optical transparent networking plays an important
and crucial role in the future communication needs of wired and wireless network
subscribers. Throughout the analysis, the personal network concept is considered
which is taken as the ultimate ubiquitous personalized service using any kind of
connection to the network.
The organization of the chapter is as follows: Firstly, a broad overview of the
state of the art in the access network is given in section 2.1. Then optical network
transparency is reviewed in section 2.2 and a three-layered personal archipelago of
transparency is introduced as the minimum amount of transparent fixed network
domains in order to realize a global connection. Section 2.3 analyses an optical
access layer that supports user mobility in a heterogeneous landscape of wireless
networks. The personal network concept is introduced in section 2.4. Finally, the
conclusions are drawn in section 2.5.
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State of the art in access networks

In this section, the recent developments are presented in the areas of the traditional access networks, peer-to-peer networking, optical virtual private networks,
and wired-wireless network integration. In all areas, the implementation of optical technologies offers a strong future-proof solution which alleviates many of the
currently experienced restrictions while offering new functionalities.

2.1.1

Traditional copper networks

A large-scale measurement experiment recently disclosed important details of commercial access networks in the USA and Europe [7]. Essentially, the traditional
digital subscriber line (DSL) on twisted pair and coaxial cable (COAX) networks
were evaluated in terms of up/downstream bandwidth (BW), packet latency and
packet loss. The measured link BWs were much lower than future residential
BW requirements, which have been estimated in the range of 2/20 Mbps [73]
to 30/100 Mbps [36]. Additionally, although measured bandwidths have been observed highly asymmetrical, the authors in [8] have shown that traffic patterns are
becoming more and more symmetrical. Also the values measured for packet jitter
and queueing delay differ significantly from recommended values (< 1ms and < 150
ms) for interactive audio and video services [74]. In general, the DSL networks show
a better performance than the COAX networks which may be attributed to the
difference in topology (dedicated link vs. shared access, section 1.1.2).
The COAX networks exhibit roughly twice as much jitter as DSL networks and
about 2 to 3 times as much queuing delay in the upstream direction which may be
even up to several seconds. All measurements have been performed under heavy
network loads. A low quality of service (QoS) is to be expected in DSL and COAX
networks for future bandwidth-intensive and time-critical services especially when
both are simultaneously present. Moreover, the network infrastructure has to cope
with the increasingly popular peer-to-peer (P2P) networking which is becoming
the dominant application in terms of traffic volumes, and the emerging internet
protocol television (IPTV) which is considered to be the killer application of the
next-generation internet [75, 76]. Considering Figure 1.6, P2P is an example of a
symmetric bandwidth-intensive service while IPTV is bandwidth-intensive in the
downstream direction.

2.1.2

Peer-to-peer networking

Recently, researchers have analyzed residential networks by studying its parameters, traffic characteristics [77] and implications on the higher network tiers. The
conclusion shared by all studies is that P2P remains to be a heavy load on the
network which is in line with previous work by [78]. With respect to locationdependent data exchange, small-world properties are attributed to typical P2P
applications such as eMule and BitTorrent [79]. However, in practice, poor locality

2.1. STATE OF THE ART IN ACCESS NETWORKS

39

was shown because more than 70% of existing local content was downloaded from
peers outside the domain of the internet service provider (ISP) [8, 80]. Localityaware protocols have been proposed in order to reduce cross-ISP/cross-tier traffic [81]. Certainly, an increase of local traffic intensity is not supported by the
access tier in its current state.

2.1.3

Optical virtual private networks

Essentially, a virtual private network (VPN) is a private data network that uses
a non-private data network to carry its traffic [82]. Private and secure connections while accessing the Internet are essential assets, for example, in a business
environment. As such VPNs are mostly used because they offer cost savings and
communication privacy while no separate physical network needs to be deployed.
Additionally, VPNs can be implemented in different network layers [83]. Smallto medium-size enterprises (SMEs) may lease a VPN for a cost-efficient business
network deployment and operation. Large enterprises or research institutes with a
privately owned infrastructure may run secure connections if different (corporate)
parties are using the network, for example at the High-Tech Campus in Eindhoven,
The Netherlands [84]. A VPN implemented in Layer 1, or optical VPN (OVPN),
is considered to be a key service in the next-generation transport network given
its high speed and efficiency and low cost [85]. A straightforward implementation
of multiple OVPNs is by assigning a wavelength to each secure link.

2.1.4

Wired-wireless network integration

As bandwidth demands rise in wired and wireless 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 [25,27,32,86–88].
Ubiquitous network connectivity has become a commodity but it puts strict requirements to the network. As mentioned above, the access network is a bottleneck and a limiting factor in the network performance. Two interesting global
developments are observed: on the one hand the introduction of optical fiber in
the local loop [12, 89] and on the other hand individual subscribers increasingly
carrying around their own short-range PAN which is enabled by Bluetooth or
IEEE 802.15 [90]. Both developments enhance the user’s experience with high
available bandwidth and/or 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 [71]. The PN is discussed in detail in
section 2.4.
Hence a strong evolution is observed in both the wired and wireless network
domains. Even though optical fiber has proven to be the physical communication 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 focussed on remote
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radio signal distribution via fibre, remote microwave carrier generation and basic
dynamic bandwidth distribution [91–93]. The personal network concept considered in this thesis has much stronger requirements such as very fast discovery
of remote personal devices and services which can only be fulfilled by an optical
infrastructure [94, 95].

2.2

Optical network transparency

In this section the definition of island-of-transparency is reviewed whereafter a
novel perception of the user’s transparent reach is introduced via a personal
archipelago of transparency.
The optical wavelength is the main carrier in todays global network. Its path,
however, is limited in range therefore lightpaths and islands of transparency may
be defined as shown in section 1.1.4. If an island of transparency is present in the
access layer, a personal archipelago of transparency (PAT) can be defined around
each network user. This is shown Figure 2.1 in case of an ideal situation where
the physical fixed network domains access, metro and core each constitute an IoT.
Figure 2.1 is an abstraction of Figure 1.10

Figure 2.1: Side (left) and top-view (right) of personal archipelago of transparency [96]
The solid contours indicate a transition between different domains. The islands
are interconnected by nodes A through D. The network node is present to access
the domains, and can, for example, change the transmission technique, perform
data routing, monitor or regenerate traffic, etc.
The PAT domains in Figure 2.1 match with a three-tiered architecture to design a global (enterprise) Ethernet/internet protocol (IP) network with a virtually
unlimited amount of users [97]. In our work, the wireless access network 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
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represents node A in Figure 2.1. 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 [94]. 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 transparent communication in that domain.
Figure 2.2 shows a local and regional networking scenario using the PATs of
two users. The users may want to establish, for example, a (regular) telephone

Figure 2.2: Local (left) and regional network (right) PAT scenario
connection but this may also be a more complex connection such as the so-called
federation of two PNs which has been studied in [72]. Considering the local networking PAT scenario in Figure 2.2, node B is shared between two access IoTs
while in the regional case nodes B are transparently interconnected via the metro
IoT. Obviously, the allowed distance between two users is much larger in the latter
case. It is advantageous that an IoT is as large as possible from a cost, complexity
and performance point of view. However, as pointed out in section 1.1.4 the continuous trade-off should be made between optical transparency and the ability to
manage the traffic.
Finally, it is clear that by enabling transparent node-to-node communication
the network anticipates on future (mobile) network behavior.

2.3

Fiber-optic network with mobility support

In this section, the requirements and design considerations of an optical access IoT
are discussed. Then it is shown how this is related to the future 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
Figure 2.1 is an RAP or BS. The BS provides the wireless drop to the mobile user
as well as the interconnection with the optical network. Through the BS the fixed
infrastructure network is directly related to the design and functionality of the
wireless network. For example, the density of base stations depends on parameters
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such as the cell size (determined by the expected amount of subscribers), the type
of mobile network, and on the properties of the radio frequency (RF) carrier.
The user mobility and the wireless network (or service) availability have an
immediate impact on the resulting traffic streams in the optical domain. Consider
the simple case of a long-reach/low-bandwidth and a short-reach/high-bandwidth
wireless network. Both networks are supported by the infrastructure and are available to the mobile subscriber. The communication needs of the subscriber may
cause a horizontal, vertical, or even a diagonal handover in the wireless domain
which represents a switch of the wireless channel between BSs, between networks,
or between BSs and networks, respectively. As a result of a handover, the optical
traffic has to be re-routed to the correct base station, the QoS has to be adapted,
or both. For an increasing number of subscribers and wireless networks, the optical access network needs to be able to provide guaranteed content delivery in
an efficient, reconfigurable, secure, and last but not least, cost-effective manner.
The notion of cost and complexity reduction becomes more profound in the access
network than in metro and core domains where expenses are naturally shared by
many users.
As argued in chapter 1, the fiber-optic access network in this thesis is based
on PON, SAE OCDMA and RoF. The broadcast-and-select property of the PON
facilitates horizontal handovers because the data is 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 wireless network has its own infrastructure, such as base stations,
and circuitry, in a network-aware device (e.g. a mobile phone) which is not an
efficient usage of resources at all. On the user-side, software defined radio (SDR)
is an emerging technique. A device that supports SDR is a multi-standard device
and able to reconfigure a large part of its protocol stack to offer a high degree of
flexibility [98]. Similar developments occur at the RAP-side where, for example,
software defined base station (SDBS’s) emerge with similar capabilities as a device with SDR [99]. Both are envisioned capabilities of future wireless broadband
networking [100]. Therefore it is clear that future vertical handovers will occur
between a single SDR terminal and a single SDBS.
In the case of the proposed optical access architecture, the reconfigurability at
the SDBS is provided at the central node and the RF signals are delivered via
an optical fiber. The antenna site then merely exchanges data between an optical
carrier and an RF carrier. Analogous to the FTTWN introduced on page 28,
the optical transparent access network considered in this thesis may be denoted
as a fiber-to-the-PAN (FTTPAN) architecture. The RAP is then included in the
PAN and represents node A in Figure 2.1. The FTTPAN architecture is shown in
Figure 2.3 [101].
Two PONs are interconnected via a remote node (RN), namely a ”circuitswitched” RoF/OCDMA PON and a ”packet-switched” OCDMA PON. Stacking
multiple PONs is a similar technique used in long-reach PONs in order to overcome the low splitting ratio of a single PON. Different long-reach PON architec-
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Figure 2.3: Fiber-to-the-PAN network architecture [101]
tures exist which mostly employ multiple stages with amplification and (dense)
wavelength division multiplexing (WDM) [28]. Regarding Figure 2.3, more intelligence is placed in the remote node instead of just amplification in order to
terminate the RoF signal transport and continue with digital transmission. Therefore two separate (collision) domains can be distinguished in FTTPAN namely an
RoF/OCDMA network which typically is circuit-switched and analogue, and an
OCDMA network which typically is packet-switched and digital.
An indoor and outdoor urban FTTPAN deployment scenario are shown in
Figure 2.4 and 2.5. Regarding the urban indoor scenario in Figure 2.4, the RoF/
OCDMA PON can be the fiber-in-the-Home (FITH) and the OCDMA PON can
be the fiber-to-the-Home (FTTH). The RN is then denoted residential gateway
(RG) which is placed at the user’s premises [102]. Regarding the urban outdoor
scenario in Figure 2.5, the RN may be located at different distances from the RAPs
mainly depending on the wireless network configuration. As shown in Figure 2.3,
the CO may have multiple CNs connected such that it manages a sub-net of PONs.
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Figure 2.4: Fiber-to-the-PAN indoor urban scenario

Figure 2.5: Fiber-to-the-PAN outdoor urban scenario
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The personal network

In this section the personal network concept is discussed and it is shown which
requirements and benefits the concept has when optical transparency is available
in the network. A user scenario is given which clearly shows several issues which
are encountered when using today’s technologies. It is shown that the optical IoT
as presented in section 2.3 mitigates many of these issues and adds functionality
to the PN.

2.4.1

Concept and scenario

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 presence
can be included in the PAN because the wireless interface typically only covers an
area with a radius smaller than 10 meters. Another important property of a PAN
is that it is personalized, i.e. not all devices in the proximity of the user may be
included, but only the ones 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 the ones 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
interfaces such as wireless local area networks (WLAN) or cellular networks. The
local scope of a PAN is then extended to a global scope, but without modification
of its personalized character. The network environment constituted by a PAN and
connections to remote resources and networks is called a personal network [71].
The PAN and PN concepts are shown in Figure 2.6.

Figure 2.6: A mobile user with its PAN and PN
The figure shows a user with his PAN. One or more devices in his PAN can
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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
private networks. The devices that can directly connect to the RAP together are
called the PAN gateway.
The following usage scenario is taken from [103] 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 travelling home, in this case a male person.
While under way, he listens to MP3s, checks messages, has an international video
call, programs a personal 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 [103] deduces requirements for the PAN and the
rest of the PN with respect to service- and device discovery, connectivity and
mobility management. The PN-specific requirements concerning the latter two are
the following:
1. The PAN must allow devices in the PAN to connect 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, [103] analyses how an architecture containing existing technologies can
fulfil 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 the requirements 1. and 2. have to
be met, considering the services described in the usage scenario, and assuming that
the home network has a star configuration instead of a PON. The architecture also
assumes that the end devices in the PAN and the home network support different
higher layer protocols 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 combination of MobileIP and
session initiation protocol (SIP) is suggested, adding even more complexity to the
gateways.

2.4.2

Introducing optical transparency

Let’s consider the connectivity to the home network in Figure 2.6, this IoT can be
an optical fiber backbone in the home. Polymer optical fiber (POF) is preferred because it is very ductile and it allows non-professional handling/installation which
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can therefore be done by the user itself [104]. Its higher losses per unit length are
not a restriction in the home environment because of the short distances, and its
lower bandwidth can be overcome by using advanced modulation techniques and
signal processing [18]. To connect to other, remote private networks in Figure 2.6,
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 (Figure 2.1) in 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.
Optical transparency can solve many issues stated at the analysis of the PN
scenario. The main feature in usage scenario is the handover of the video call when
arriving at home. The requirements in terms of delay are quite strict and cannot
be met with current technologies, which have to perform a cumbersome 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
section, the performance should greatly improve if the PN is a single PAT being
a single broadcast-and-select domain, enabling horizontal handovers. Such a PAT
is schematically given by the overlay in Figure 2.7.
Section 2.3 also concluded that such a broadcast-and-select domain requires
central intelligence in the network for control and management of the PN. This
is in line with the vision of the Freeband PNP2008 project [105], in which PNs
are assumed to be managed by a personal network provider (PNP). The PNP is
basically an omnipotent central server that controls the various nodes in the PN
and presents an abstraction 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 telecom operator or an Internet service provider. The
PNP is the service provider enabling the PN, offering third-party services to the
PN, and providing an operational environment 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 private 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 Figure 2.7.
A way to obtain optical transparency in the PN enabling the usage scenario is
described below. Requirement 1. is fulfilled by applying the upcoming Ultra-wide
band (UWB) technology [106] in the PAN as well as in the home network instead
of the HyperLAN/2/Bluetooth combination previously suggested. 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 may be an optically transparent ONU connecting the home network to a PON
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Figure 2.7: Optical transparency domain in a personal network [96]
access network. The UWB nodes can be relatively unintelligent RoF RAPs, and as
such realizing FTTPAN. This turns the home network, or better even, the whole
neighborhood connected to the PON, into a single broadcast domain. Handovers
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 thirdparty service provider and just broadcasts 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 correct
authentication mechanisms to ensure that the user tunes into the correct stream. If
this puts too much strain to the end device, or if for some reason the PAN needs to
be authenticated as a whole, the PAN gateway should have more intelligence 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 as schematically depicted in Figure 2.2 for a
regional network PAT scenario. Usually, however, the user is communicating via
a cellular network while underway, and optical transparency can only be reached
by interconnecting the mobile and fixed core networks, at last reaching the vision
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of optical mycelia as suggested in [94].
Optical transparency reached in the way as described above also eases the other
services described in the usage scenario. The fact that the PN is now a single
broadcast domain, allows to easily find and control MP3s and movies (PVR) in
the PN with a multicast-based discovery protocol such as Universal Plug and Play
(UPnP) [107]. 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
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 handover.

2.5

Conclusions

The future communication needs of mobile subscribers are reflected in personal
networks for global connectivity to personalized resources. An optical transparent
access layer mitigates many issues currently encountered regarding connectivity
and mobility management in PNs. The application of PON, OCDMA and RoF
techniques decreases the need for distributed control and management, and therefore intelligent and expensive residential gateways placed at the user premises. An
optical transparent access network also paves the way for, for instance, Ultra-wide
band to enable cost-effective, truly broadband mobility in the home network and
any other cluster network in the PN.
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Chapter 3

Incoherent spectral
amplitude OCDMA
This chapter presents the mathematical framework which accurately describes the
principles of a spectral amplitude coding technique via integrated en/decoders.
Furthermore, a novel component is introduced namely a parallel spectral en/ decoder. After presenting the state of the art, the chapter presents an analytical
framework which is used to analyze or improve the performance of two types of
en/decoders, the code’s orthogonality, and the spectral efficiency of the code set.
The chapter is organized as follows. Firstly, an overview is given in section 3.1
of the state of the art with respect to four areas/aspects related to the incoherent wavelength-domain OCDMA system (SAE OCDMA) depicted in chapter 1
namely incoherent OCDMA systems, integrated en/decoders, bipolar signalling,
and parallel code processing. Then, the analytical model is given of the en/decoders
used in SAE OCDMA and modular building blocks are defined in section 3.2. Section 3.3 focusses on the construction of an orthogonal code set using these modular
building blocks. The performance of the code set is then analytically evaluated on
crosstalk in section 3.4. A novel view on the vulnerability to crosstalk is presented
and the influence of coupler imbalance is taken into account. Section 3.5 shows
that the spectral efficiency of an SAE-OCDMA WDM system can be increased by
interleaving the WDM channels. Finally, conclusions are drawn in section 3.6.
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State-of-the-art

This section gives a brief overview of the state of the art in four areas namely on
incoherent coding systems, integrated en/decoders, bipolar signalling using optical
codes and parallel code processing.

3.1.1

Incoherent OCDMA systems

The first experimental demonstration of an all-optical CDMA system can be attributed to Prucnal in 1986 [43] which employed incoherent time-domain coding
and fiber delay lines. Ever since these pioneering results the research towards incoherent time-domain systems has evolved and many techniques have been proposed
to improve the system [58]. An incoherent frequency-domain OCDMA system has
been firstly shown by using amplitude masks in free-space by [59] and a few years
later by [108] after which wavelength division multiplexing components [44], MachZehnder based structures [60], and fiber-Bragg gratings (FBGs) [109–111] followed.
The Mach-Zehnder based en/decoders are also employed in a still rather undiscovered technique known as coherence multiplexing [112, 113]. Two-dimensional
time-frequency domain OCDMA systems have been demonstrated by [45, 55, 114].

3.1.2

Integrated en/decoders

A ladder structure was used for incoherent time-domain OCDMA with short optical pulses [115]. Several solutions in silicon have been demonstrated to construct incoherent wavelength-domain OCDMA systems using PLCs [60,116]. Twodimensional incoherent time-wavelength domain OCDMA systems may use arrayed waveguide gratings (AWGs) to (de)multiplex time-encoded optical wavelengths [45]. Combined with waveguide-based delays a fully integrateable en/ decoder is constructed as in [117]. Recent demonstrations in coherent time-domain
systems are also based on AWG-based photonic devices [118, 119]. Significant advances using PLCs have been made in coherent wavelength-domain OCDMA systems [120–122].

3.1.3

Bipolar signaling

The optical medium is an intensity medium thus bipolar signalling is intrinsically
not supported. In order to cope with this shortcoming, complementary spectral
intensity coding has been proposed and demonstrated in combination with balanced detection [61, 123–125]. Using complementary spectral codes to represent
the logical ”0” and ”1” is denoted spectral shift keying (SSK) [101]. The recently
shown code-shift keying (CSK) in a coherent time-domain system employs the
same principle with two different codes instead of two complementary spectral
codes [126].
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Parallel code processing

The parallel generation or processing of optical codes is particularly interesting for
a number of applications where multiplexed data streams require handling such
as in PTMP networks. Several designs have been demonstrated or proposed recently. A Mach-Zehnder interferometer based tree en/decoder has been proposed
for coherent time-domain systems and its main application is optical code (OC)
label switching in OC generalized multi-protocol label switching (OC-GMPLS)
networks [127]. A variation on that design has been made by [128] which reports
better performance in terms of noise suppression and on improved resilience of
deviations in the phase modulators. A device based on holographic Bragg reflectors has been proposed for incoherent two-dimensional time-wavelength domain
systems [129].

3.2

Analytical model of en/decoders

This section presents the analytical framework of the two types of en/decoders
used in SAE OCDMA, namely a serial and a parallel code processing device. Three
basic building blocks are defined in section 3.2.1 namely the multi-mode interference coupler, the cascade element and the crossed tree element. The propagation
matrix is used to determine the transfer functions. Section 3.2.2 then shows how
to construct a cascade en/decoder of any length. A novel component, the tree
en/decoder, is then discussed in section 3.2.3. Its propagation matrix is derived
which is used to explain the difference between a tree element with and without
waveguide crossing.

3.2.1

Modular building blocks

The en/decoders are modularly designed to construct a device of any size. The
modular building blocks of the two available types of E/Ds, namely cascade and
tree, are defined as the 2 × 2 3 dB multi-mode interference (MMI) coupler, a 2 × 2
cascade element (CE) and a 2 × 4 crossed tree element (XTE). The MMI, CE and
XTE are shown in Figure 3.1. An MMI coupler is preferred over a (standard) 3 dB
directional coupler because of the large optical bandwidth, small device dimensions
and increased fabrication tolerances [131].
We would like to model the frequency characteristics of the building blocks
shown in Figure 3.1. Equation 3.1 shows a general relationship between input Ein
and output Eout via the propagation matrix M [132]
Eout = M · Ein .

(3.1)

For example, the propagation matrix of the MMI in Figure 3.1 is calculated by
·
¸
1
1 j
MMMI = √
(3.2)
2 j 1
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Figure 3.1: Three modular blocks to construct SAE OCDMA en/decoders [130]
with j the imaginary unit (j 2 = −1). The power transfer function is related to M
as follows
Pout = |M |2 · Pin
(3.3)
The frequency characteristics of the building blocks and subsequently the E/Ds
are easily determined via the power transfer function.

3.2.2

Cascaded configuration

The propagation matrix MCE of the CE building block is described as follows
¸
·
h(ϕN m , φm ) 0
MCE = MMMI ·
0
1
·
¸
1
h(ϕN m , φm ) j
= √
(3.4)
2 jh(ϕN m , φm ) 1
with MMMI as in (3.2), h(ϕN m , φm ) = e−j(ϕN m +φm ) , ϕN m = 2πf · ng · KN m ·
∆L/c, f the (optical) frequency, ng the group index of the waveguide, m the stage
counter, KN m the multiplication factor at stage m of an N -stage E/D, ∆L the
path length difference and c the speed of light. The phase shifter φm either set to 0
or π/2 according to the mth -position of the CE in the cascade with respect to the
PCI. Note the frequency dependency of the phase shift ϕN m and the frequency
independency of phase shift φm . A one-stage cascade is then described by an MMI
and a CE with the propagation matrix MC1 as follows
MC1

= MCE · MMMI
·
1
h(ϕ11 , φ1 ) − 1
=
2 jh(ϕ11 , φ1 ) + j

jh(ϕ11 , φ1 ) + j
−h(ϕ11 , φ1 ) + 1

¸
(3.5)

The propagation matrix MC2 is then easily calculated by MC2 = MCE · MC1 ,
until MCN for an N -stage cascade. The values of KN m and φm at each value of
N are shown in section 3.3 which is on code orthogonality.
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Tree configuration

The derivation of the propagation matrix MXTE is more complicated than MCE .
Therefore subsections have been defined which are shown in Figure 3.2.

Figure 3.2: Subsections of the XTE building block shown in Figure 3.1
The matrix Mi is defined to connect the two outputs of the preceding element
to the second and fourth input of the coupler section according to


0
 1
Mi = 
 0
0


0
0 

0 
1

(3.6)

The coupler section matrix is then described by
·
MC44

=

MMMI
0pq

0pq
MMMI

¸
(3.7)

where MMMI was defined in (3.2), and 0pq is a p × q zero matrix with, in this case,
p = 2 and q = 2.
The optical fields in two of the four waveguides are then delayed by KN m ·
∆L and are passed through either phase shifter φmno or φm(no +1) . The specific
interconnection scheme of the waveguides in Figure 3.2 is given by Md as follows


h(ϕN m , φmno )
 0
Md = 
 0
0

0
0
h(ϕN m , φm(no +1) )
0


0 0
1 0 

0 0 
0 1

(3.8)

with h(ϕN m , φmno ) and h(ϕN m , φm(no +1) ) as in (3.4), and no being the odd branch
counter (no = 1, 3, · · · ).
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The propagation matrix of the XTE building block is calculated by
MXTE

=
=

MC44 · Md · MC44 · Mi


jh(ϕN m , φmno )
−1
1
j 
 −h(ϕN m , φmno )


h(ϕN m , φm(no +1) )
j 
2
jh(ϕN m , φm(no +1) ) 1

(3.9)

A one-stage tree is then constructed by an MMI followed by an XTE which results
in the propagation matrix MT1
MT1

=
=

MXTE · MMMI

jh(ϕ11 , φ11 ) − j
 −h(ϕ11 , φ11 ) − 1
A
 h(ϕ12 , φ12 ) − 1
jh(ϕ12 , φ12 ) + j


−h(ϕ11 , φ11 ) − 1
−jh(ϕ11 , φ11 ) + j 

jh(ϕ12 , φ12 ) + j 
−h(ϕ12 , φ12 ) + 1

¡ √ ¢3
and A = 1/ 2 . The propagation matrix MT2 is given by
·
¸
MXTE
0pq
MT2 =
· MT1
0pq
MXTE

(3.10)

(3.11)

with p = 4 and q = 2. Equation 3.11 can be easily expanded for N -stage trees.
The crossover between the upper and lower branch of the XTE is mandatory
to obtain the same functionality in a tree as in a cascade. Without crossover the
XTE contains two individual MZIs. Such a building block can be used to construct
a multi/demultiplexer [132] and is therefore referred to as multi/demultiplexer
element (MDE). The propagation matrix, MMDE , is as follows


jh(ϕN m , φmno ) + j
0

1  −h(ϕN m , φmno ) + 1
0

MMDE = 
(3.12)
0
j(ϕN m , φm(no +1) ) + j 
2
0
−h(ϕN m , φm(no +1) ) + 1
As shown, the MDE modifies the input fields independently which is not the case
for the XTE. This leads to an important difference between MDE and XTE if the
injected optical power is not uniformly distributed over a particular spectral range,
e.g. one FSR period. That situation occurs when a set of complementary spectra is
injected. Crossing over the waveguides of the two arms in the XTE recovers optical
components which are filtered or attenuated in case of the MDE. Cascading MDEs
results in narrow filtering around parts of the original spectrum, while cascading
XTEs results in fringe patterns at the outputs which remain to have the spectral
width of the input signal. In other words, if no interference history is present at
the input the MDE and XTE give a similar response. The first stage of an N -stage
tree can therefore be either of both.
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The frequency response of the MDE and XTE has been simulated. The power
spectral density of the transmitter is ideal, that is, constant for one FSR period
but equals zero for all other frequencies and no optical intensity noise has been
modelled. The traces in Figure 3.3 clearly show the difference between trees constructed by MDEs and XTEs already at the second stage.
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Figure 3.3: Power transfer function of PCI 11 when a two-stage tree is constructed
by XTEs (solid) or MDEs (dashed)

3.3

Code orthogonality

This section shows how to construct orthogonal en/decoders with the modular
building blocks of section 3.2. At first the specific settings are given for the phase
shifters and multiplication factors in order to generate an orthogonal code set. The
values are given for en/decoders up to length N = 6. Then the construction method
is described in section 3.3.2 which is straightforward in case of cascade en/decoders
but more complicated in case of tree en/decoders. Finally the tree en/decoder is
analyzed analytically on its orthogonality in section 3.3.3. It is shown that when
it is constructed properly the same orthogonal codes are generated as with the
(regular) cascade en/decoder.
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Analysis

The following expression is used to evaluate orthogonality between phase codes
½
Z ω2
CCP if k 6= l
sk (ω)sl (ω)dω =
(3.13)
ACP if k = l
ω1
with ω1 and ω2 as the boundaries of the encoded spectrum, sk and sl as the spectral
intensity transfer function of encoder k and decoder l, CCP as the cross-correlation
peak and ACP as the auto-correlation peak. The CCP also represents the amount
of crosstalk between phase codes. Ideally, a full set of orthogonal phase codes has
CCP values of zero. Thus a match between encoder and decoder leads to a high
value (e.g. optical power) whereas no match gives zero. Typically ∆ω = ω2 − ω1
represents one FSR period.
A detailed study on the orthogonality between phase codes has been shown
in [133]. It is derived that two factors determine the orthogonality namely the
PCIs and the multiplication factors KN m at each stage. In previous work of [52],
the cardinality (i.e. size of the code set) increases by 2N with N the number of
stages, and the path length difference of each stage is the double of the path length
difference of the previous stage. It has been mathematically proven that these two
settings will not lead to a full set of orthogonal phase codes [134]. Instead, the
derived values of KN m and PCI for orthogonal phase codes up to N = 6 are
shown in Table 3.1 and 3.2.
Note that at N = 6 at the sixth-stage the multiplication factor K66 has a rather
high value of 96. Let’s consider an en/decoder with an FSR = 640 GHz as shown
in [52] is integrated in a Silicium material system. It’s path length difference ∆L in
the first-stage is about a few hundred µm depending on the exact group refractive
index. The ∆L is multiplied 96 times in the sixth-stage which increases the chip
size significantly. However [52] indicated that broad spectral codes improve the
resilience against optical beat and shot noise. This is addressed in section 1.5.3
which is on multiple user interference. A broader spectral code requires a smaller
∆L thus the total chip size also decreases. Nevertheless some engineering has to
be done in the integration process such as waveguide folding or deep etching in
order to keep to E/D of reasonable size.

3.3.2

Modified construction method

A strict en/decoder design constraint has been derived in [133]: only an increase
in even stages doubles the cardinality Cp . The PCIs shown in Table 3.1 already
pointed in that direction. Consequently, the length of the PCIs should be an even
number in order to have an orthogonal code set. The design of a cascade E/D is
easily adopted but it becomes more complicated in case of a tree E/D. A full (binary) tree E/D only constructed with XTEs also generates non-orthogonal phase
codes. For example, a two-stage tree has a cardinality of four. The cardinality is
doubled to eight only when the PCI has length four. If a tree is constructed only
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Table 3.1: Phase code identifiers up to N = 6 [134]
N =1 N =2 N =3 N =4 N =5 N =6
0
1

(∗)

00
01
10
11

0x0
0x1
1x0
1x1

0000
0001
1000
1001
0110
0111
1110
1111

00000
00001
10000
10001
00010
00011
10010
10011

000000
000001
000110
000111
011000
011001
011110
011111
100000
100001
100110
100111
111000
111001
111110
111111

The x for N = 3 indicates both 0 or 1 may be used

Table 3.2: Multiplication factors up to N = 6 [134]
E/D size m = 1 m = 2 m = 3 m = 4 m = 5 m = 6
N
N
N
N
N
N

=1
=2
=3
=4
=5
=6

1
1
1
1
1
1

0
2
3
3
3
3

0
0
5
7
7
7

0
0
0
12
21
21

0
0
0
0
33
63

0
0
0
0
0
96

with XTEs, a PCI of length four leads to sixteen generated sets of spectral codes
which can not be orthogonal. Therefore the trees have to be constructed by MMI,
XTE and also CE blocks. The XTEs are used until the structure reaches the correct cardinality and the CEs are then used to extend the tree up to the correct
length of the PCI. Obviously this is only true for trees larger than two stages. The
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modular construction of various trees up to Cp = 8 is shown in Figure 3.4.

Figure 3.4: Modular construction of trees up to cardinality of eight
The number of XTE and CE stages of the trees is given by NXTE and NCE ,
respectively. The factor NXTE is related to the cardinality by
Cp = 2NXTE
and NCE is then given as follows
½
0
if NXTE = 1
NCE =
NXTE − 2 if NXTE 6= 1

(3.14)

(3.15)

with NCE , NXTE ∈ N. The number of stages N of trees and cascades then simply
follows via
N = NXTE + NCE
(3.16)
which only gives even values for N except when N = 1. An N -stage orthogonal
tree replaces Cp N -stage cascades. For a given Cp , the total number of building
blocks in trees and cascades is given by NTN and NCN as follows
NTN

=

Cp (NCE + 1)

(3.17)

NCN

=

Cp (N + 1)

(3.18)
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where NCE and N satisfy (3.15) and (3.16). It is then easily derived that for any
Cp , NCN is Cp log2 (Cp ) higher than NTN . This relationship indicates that the
tree design becomes more efficient when Cp increases. Figure 3.5 and 3.6 show the
modular construction of a one, two and N -stage cascades and trees to generate Cp
phase codes.

Figure 3.5: One, two, and N -stage cascade en/decoders

3.3.3

Evaluation of tree en/decoder

From hereon the propagation matrix is evaluated of those trees which comply with
the design rules governed by the orthogonality constraints. It is shown that those
trees have a direct relationship with cascades which also comply with the revised
construction method. As such both structures generate the same phase codes. It is
then concluded that the trees constructed via the revised method are orthogonal.
The following relationship between the propagation matrices in (3.5) and (3.10)
is easily derived
·
¸
1
j · MC1
(3.19)
MT1 = √
2 1 · MC1
which can be rewritten as
MT1 = Θ1 ⊗ MC1
(3.20)
where ⊗ denotes the Kronecker or direct matrix product and Θ1 is given by
· ¸
1
j
Θ1 = √
(3.21)
2 1
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Figure 3.6: One, two, and N -stage tree en/decoders
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Equation (3.20) shows that compared with a cascade a tree gives a power loss
for both branches and an extra π/2 phase shift for the upper branch. The vector
Θ1 is clearly the effect of the extra 3 dB coupler stage in a one-stage tree with
respect to a one-stage cascade. The optical power is split equally over the upper
and lower branch of the tree and the upper branch receives the extra phase shift
because of the specific interconnection of the waveguides in Figure 3.1. This phase
shift however has no effect on the relative phase shift between the two outputs.
The phase codes of a one-stage tree and cascade are therefore equal. For two stages
MT2 similarly relates to MC2 by
MT2 = Θ2 ⊗ MC2
with Θ2 given by


−1
1 j 

Θ2 = 
2 j 
1

(3.22)



(3.23)

where (3.23) represents the effect of two consecutive extra 3 dB coupler stages. It
is then easily derived that the propagation matrix of an N -stage tree relates to
the propagation matrix of an N -stage cascade by
MTN = ΘN ⊗ MCN
where the ith element of ΘN is given by
¯s ¯
¯ 1 ¯
¯
¯ wB (i)
ΘN,i = ¯
¯·j
¯ Cp ¯

(3.24)

(3.25)

with i the branch counter which is element of [1, 2, . . . , Cp ]. The coefficient wB (i)
is the sum of elements of the binary representation of the number w(i) given by
w(i) = Cp − i

(3.26)

For example, the coefficients wB (i) are shown in Table 3.3 for two-stage tree
with cardinality four. The general relationship between an N -stage orthogonal tree
and an N -stage orthogonal cascade in (3.24) shows that both structures generate
the same phase codes. As a result, the correct operation of an orthogonal tree is
confirmed by analysis.
The cascade and tree structures are simulated in two different environments
in order to compare the fringe patterns. A very basic scheme is used namely
the output of a broad spectral superluminescent LED (SLED) is launched into
the E/Ds and then measured by an optical spectrum analyzer (OSA). The first
environment [135] calculates the transfer function given by the analytical model
and does not contain any noise sources. The second environment is GUI-based
and has large libraries of detailed models of different components [136]. Hence
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Table 3.3: Coefficients wB (i) for a two-stage tree
i

w(i)

wB (i)

1
2
3
4

3
2
1
0

1+1=2
1+0=1
0+1=1
0+0=0

more noise will be visible because of the more realistic modelling. The frequency
response of two- and four-stage trees are evaluated in order to compare the GUIbased model with the analytical model. An exact 3 dB coupling ratio is assumed
for all couplers. The results are shown in Figure 3.7 and 3.8 for one normalized
free spectral range.

Figure 3.7: Simulation of PCI 00 and 01 in GUI-based (solid) and analytical
(dashed) environment [130]
The plots show a good resemblance between both models. Moreover they agree
with the traces shown for cascade structures in [134]. Note that all spectral codes
are generated simultaneously. Similar results are shown in Appendix A for N = 4.
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Figure 3.8: Simulation of PCI 10 and 11 in GUI-based (solid) and analytical
(dashed) environment [130]

3.4

Performance analysis

This section studies the performance of the code set in terms of crosstalk and the
resilience of the E/Ds to fabrication errors in the MMI building blocks.
The crosstalk between codes is an important figure of merit for the orthogonality of the set. As mentioned in section 1.3, it contributes to the MUI and eventually limits the cascadeability and transmission performance of the system rather
than losses which can be compensated. Two kinds of crosstalk are discussed in section 3.4.1 namely outbound crosstalk (crosstalk generation) and inbound crosstalk
(crosstalk vulnerability). The latter is a novel insight to analyze the performance.
The MMI is a building block of the E/Ds and any imbalance due to fabrication
errors may have a significant impact on the system performance. Therefore MMI
coupler imbalance is taken into account in section 3.4.2. After a description of the
simulation setup in section 3.4.3, the results on the crosstalk and the impact of
the coupler imbalance are given in section 3.4.4.

3.4.1

Inbound and outbound crosstalk

Equation 3.13 is used to determine the orthogonality of optical codes. The threshold value set at the data recovery unit of the receiver is a function of the autocor-
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relation peak and the crosscorrelation peak shown in (3.13) according to
Ith =

max{CCP} + ACP
.
2

(3.27)

Intuitively, the auto and crosscorrelation peaks are the resulting powers after detection in the balanced photodiode unit. For a given set of PCIs, a transmitter Tx
and a set of receivers {R1 ,. . .,Rn } the ACP and CCP are given by
ACP =
CCP =

PR1 ,1 − PR1 ,2
PRn ,1 − PRn ,2

(3.28)
(3.29)

with output powers PR1 ,1 and PR1 ,2 in case of PCITx = PCIR1 between transmitter
Tx and receiver R1 , output powers PRn ,1 and PRn ,2 in case of PCITx 6= PCIRn
between transmitter Tx and receiver Rn .
Typically CCP in (3.27) is taken as the maximum CCP value recorded when
a particular code is detected by all receivers [137, 138]. However the maximum
value of the CCP is also considered when all other codes are detected by a receiver
because that locally determines Ith at the receiver. As a result the former is referred
to as outbound crosstalk and the latter as inbound crosstalk. Both are a figure of
merit for the code orthogonality, but indicate either the crosstalk generation or
the vulnerability to crosstalk.
Generally the performance of OCDMA systems is analyzed via a (crosstalk)
factor used in [137], or its inverse in dB [138]
rx =

max{CCPx }
,
ACP

(3.30)

with x equal to i or o to denote inbound or outbound crosstalk.

3.4.2

Effect of 3 dB coupler imbalance

Imperfections in the manufacturing process are the dominant cause for imbalance
loss in 3 dB MMI couplers [139]. A power imbalance in the arms of the E/Ds
results in a reduction of the output contrast ratio which causes a performance
degradation. A low amount of phase noise has a negligible effect [134] therefore
the outbound crosstalk factors have been analyzed on the influence of imbalance.
The propagation matrix of the MMI, given by (3.2), is modified as follows
· √
MMMIα =
with α as the coupling factor.

1−α
√
j α

¸
√
√j α
1−α

, for 0 < α < 1

(3.31)
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Figure 3.9: Simulation setup for crosstalk performance analysis

3.4.3

Simulation setup

The two cases in section 3.4.1 and 3.4.2 are evaluated via analytical simulations.
The system shown in Figure 3.9 has been simulated to analyse the performance of
E/Ds constructed with the ”original” [52] and ”orthogonal” settings [134].
The original input spectrum of the superluminescent LED (SLED) is ideal
with an amplitude of 1 a.u. per data point. The ideal band pass filter (BPF) has a
rectangular filter shape and filters exactly one FSR. In the model 1001 data points
are taken in an FSR. The total input power is simply given by a summation of the
power per spectral component as follows
PT =

1001
X

P (fs )

(3.32)

fs =1

with PT as the total power and fs the sampled frequency. In this case, PT at
the input of the transmitter’s E/D equals to 1001 a.u. The output powers of all
active en/decoders, as in (3.28) are determined similarly. Unless noted otherwise,
an exact 3 dB coupling ratio is assumed for all couplers and no phase shifter noise is
taken into account. The relative values presented do not significantly change when
a higher sampling ratio is used, e.g. 2002 data points per FSR. The received power
has been calculated via (3.32) for all PCIs at the positions A and B in Figure 3.9.
A responsivity of <=1 A/W is taken at the balanced photodiodes (PDs), and
both a cascade and tree structure are considered at the receiver-side. The rounded
averages are given in Table 3.4 for E/Ds up to four-stages. Table 3.4 also shows
the resulting E/D losses in dB. The cascade E/D only gives a 3 dB splitting
loss because only one output of the MMI is measured. The tree E/D shows an
additional 3 dB loss per XTE stage. Note that a four-stage tree is constructed
by three XTE stages (=9 dB additional loss). All losses in Table 3.4 agree with
the expected values. Losses caused by the MMI couplers (imbalance and excess),
waveguides, fiber-chip coupling and connectors are not taken into account.
For example, let’s consider the case when PCI 0111 is generated by the cascade E/D and launched into a four-stage tree E/D. The received optical powers
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Table 3.4: Total power (a.u.) and losses of various E/Ds in Figure 3.9
Position
1C(∗)
2C
4C
1T
2T
4T
A
B

1001
501

1001
501

1001
501

1001
250

1001
125

1001
63

Losses (dB)

3

3

3

6

9

12

(∗)

The number indicates the size and the letter indicates the type
of E/D, e.g. 1C is one-stage cascade and 2T is two-stage tree.

at the tree decoder are shown per output (port) in Figure 3.10(a) and per balanced detector (electrical) output in Figure 3.10(b). Note that when PCI 0111 is
launched in the tree decoder, negative electrical values appear at the outputs of the
balanced photodiodes. Therefore bipolar signalling is achieved by using PCI 0111
and PCI 0111 for the binary data modulation.
20
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Output power [a.u. (abs)]

Detected power [a.u.]
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(a) Optical power per output
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(b) Electrical power per balanced detector unit

Figure 3.10: Received powers for PCI 0111 detected by four-stage tree

3.4.4

Results and discussion

In this section the results are discussed firstly on the crosstalk, and then the effect
of the MMI coupler imbalance on the outbound crosstalk.
Crosstalk
The results on outbound and inbound crosstalk factors are shown in Table 3.5
for a cascade or tree E/D at the receiver. Remarkably, both E/D structures have
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the same results. For sake of completeness, the orthogonal settings for the phase
shifters and the multiplication factors are compared with the original settings.
Table 3.5: Inbound and outbound crosstalk factors for cascade and tree E/Ds
placed at the receiver side of Figure 3.9 [140]
PCI
ro
ri
PCI
ro
ri
0
1
00
01
10
11
000
001
010
011
100

0
0.001
0.002
0.002
0.002
0
0.67
0.67
0.67
0.67
0.67

0.001
0
0
0
0
0
0.67
0.67
0.67
0.67
0.67

101
110
111
0000
0001
0110
0111
1000
1001
1110
1111

0.67
0.67
0.67
0.023
0.087
0.028
0.133
0.025
0.127
0.020
0.089

0.67
0.67
0.67
0.131
0.028
0.009
0.083
0.009
0.077
0.128
0.028

Table 3.5 clearly shows that the original settings do not provide an orthogonal
set of codes for E/Ds with N ≥ 2 because of the steep increase of rx in the third
stage in both cases. Remarkably all ”original” PCIs have a similar value for the
inbound and outbound crosstalk.
The outbound crosstalk values for the orthogonal E/Ds are comparable with
previously reported results for coherent coding techniques [137,138]. Obviously increasing the PCI length introduces more outbound crosstalk because of more complicated filter patterns, that is, a higher degree of frequency overlap between codes.
Table 3.5 further shows that the orthogonal tree E/D does not add a crosstalk
penalty compared with an orthogonal cascaded E/D. Remarkably the π/2 phase
shift in the fourth stage raises the outbound crosstalk with about a factor four
for all PCIs. In order to visualize this effect, the filter pattern evolution is shown
for PCI 0110 and PCI 0111 for a cascade E/D in Figure 3.11. It is shown that
increasing the PCI length reduces the differentiation between the different codes
which leads to an increase in outbound crosstalk. Moreover profound minima appear when the π/2 phase shift is applied. Several of these minima are caused by
fully destructive interference. Such minima have a strong effect on other PCIs and
may be the cause for the additional increase in outbound crosstalk. All ”orthogonal” PCIs show different values for their inbound crosstalk compared with their
outbound crosstalk. On average, PCI 0110 and PCI 1000 have the best in- and
outbound crosstalk performance. PCI 0000 however has a low outbound crosstalk
but a high inbound crosstalk. In other words, PCI 0000 itself is not the cause of
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Figure 3.11: Filter pattern evolution for a cascade E/D: PCI 0 (dash-dotted),
PCI 01 (dotted), PCI 0110 (solid) and PCI 0111 (dashed)
much crosstalk in the code set, but it is rather vulnerable when other PCIs are
active. PCI 1001 is identified to be the cause of the high inbound crosstalk at
PCI 0000. The phase code of PCI 0000 and one trace of PCI 1001 are shown in
Figure 3.12. The spectra of PCI 0000 and PCI 1001 show a large degree of overlap,
especially at some profound minima of both PCIs.
MMI coupler imbalance
The effect of coupler imbalance has been studied only in case of orthogonal phase
codes. A maximum and worst-case imbalance loss of 1 dB is simulated which corresponds to a variance in α from 0.44 to 0.56 as shown in (3.31). The imperfections
are assumed to be uniform per fabricated wafer thus the coupling factor is simultaneously varied at the transmitter and the receiver shown in Figure 3.9. This
assumption holds because of the low fabrication tolerances in manufacturing processes. The value of α is increased by 0.005 for 25 data points. The performance
is shown in Figure 3.13 for four-stage cascade and tree E/Ds at the receiver. It is
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Figure 3.12: Phase code of PCI 0000 (dashed) and a single trace of PCI 1001
(dotted) of a cascade E/D
shown for the cascade and tree that, even though the curves in Figure 3.13 vary
per PCI, the minimum of the sum is located at α = 0.5. As expected the performance degrades because of MMI imbalance however it remains acceptable. The
overall difference between a cascade and a tree is negligible.

3.5

WDM channel interleaving

The Mach-Zehnder based en/decoders used in SAE OCDMA are periodic filters
thus, if combined with a tunable BPF, a single device can be tuned to multiple
wavelength division multiplexing channels, or multiple devices can be simultaneously tuned to more channels. In any case, the optical code set may be reused
on each WDM channel. Guard bands may be placed in between each WDM band
in order to properly isolate the different channels. The spectral efficiency of an
OCDMA system has been defined by (1.1) in chapter 1 on page 19. Effectively,
the spectral efficiency reduces when guard bands are used.
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Figure 3.13: Impact of MMI imbalance on ro of four-stage E/Ds [140]
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The effect of partially interleaving SAE-OCDMA WDM channels is studied
in order to decrease νT in (1.1) similar to, e.g. [35] for a coherent time-domain
OCDMA system. In the remaining of this section the simulation setup is described
in 3.5.1 whereafter the results are shown in 3.5.2.

3.5.1

Analysis

The WDM channel interleaving is systematically studied by using the setup shown
in Figure 3.9 and the method depicted in Figure 3.14.

Figure 3.14: Simulation principle to evaluate WDM-channel interleaving in an
SAE-OCDMA system
Figure 3.14 shows that a single spectral code A(ω) is gradually shifted (in 140
steps) with respect to a combination of spectral codes B(ω). Then the effect of
code B(ω) on code A(ω) is evaluated at the output of decoder A(ω). In other
words, parts of different combinations of code B(ω) or B(ω) are added to code
A(ω) to study the effect on its autocorrelation. Both A(ω) and A(ω) are analyzed.
The binary word 001101 in Figure 3.14 is chosen in order to take all possible
spectral transitions into account in a single sweep. In this case, 001101 represents
the spectral arrangement of {B(ω),B(ω),B(ω),B(ω),B(ω),B(ω)}.
PCI 0000 is chosen to represent A(ω) because it has the worst performance
in terms of inbound crosstalk, that is, it is most vulnerable to crosstalk. This
represents the worst case in the analysis. Any of the other seven PCIs are used
to represent B(ω). No guard bands are used in this simulation. Next to the autocorrelation the effect on the crosscorrelation thus the received optical power is
measured at the output of code A(ω) for all PCI combinations not containing code
A(ω) using the method in Figure 3.14. For example, PCI 0110 and PCI 1110 are
summed and launched into the decoder which has been set with PCI 0000.
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3.5.2

Results and discussion

Figure 3.15 shows the results on the auto- and crosscorrelation when PCI 0000
represents A(ω) in Figure 3.14.
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Figure 3.15: Auto and crosscorrelation of PCI 0000 vs. the bit pattern position
The upper and lower curves represent the autocorrelation values for A(ω) and
A(ω) while the center curves represent the crosscorrelation. Figure 3.15 is similar to
Figure 3.10(a) but then for much more simulated cases. All possible combinations
are drawn in Figure 3.15.
As expected the interference (crosscorrelation) level increases when A(ω) and
B(ω) are overlapped but also the autocorrelation level increased with almost a
factor two. The threshold current is determined by the ACP and max{CCP} via
(3.27). Figure 3.15 shows that adaptive thresholding may be a useful technique to
adopt in SAE OCDMA systems in order to achieve error-free transmission. This
has been previously shown in [58] for incoherent time-domain OCDMA systems.
Figure 3.15 shows that it is possible to increase the spectral efficiency in an
SAE-OCDMA WDM system, for example, if the PCIs only partially overlap such
as at the bit-pattern positions < 1 and > 6. A full overlap such as at all bit-
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pattern positions which are > 1 and < 6 results in strong MUI and therefore these
positions are less attractive.

3.6

Conclusions

Section 3.2 and 3.3 show the analysis and results on the modular construction of
encoders/decoders of any size for truly asynchronous and orthogonal spectral amplitude encoded OCDMA. A novel tree en/decoder is introduced for cost-effective
parallel code processing by using a single input on a single device. The novel component is studied in detail and the orthogonality of the code set produced by
the tree was evaluated. As a result, a revised construction method is proposed
in order to design ”orthogonal tree E/Ds”. The improved performance of such
trees compared with an original construction method is confirmed by analysis and
simulation.
The performance of integrated cascade and tree spectral OCDMA en/decoders
is analyzed in section 3.4. It is shown that the incoherent technique considered
in this thesis is comparable with previously reported coherent time-domain techniques in terms of code orthogonality. Additionally, novel insights are shown on the
performance degradation as a result of code cardinality expansion and of imbalance
in 3 dB MMI couplers. In other words, it is demonstrated that full orthogonality
is lost when the code cardinality increases. The overall performance of the E/Ds
remains acceptable for imbalance penalties up to 1 dB. The tree E/D is negligibly
affected by the imbalance compared with the cascade E/D. Thus a tree E/D only
introduces a power penalty and not a crosstalk penalty.
Finally, section 3.5 shows the preliminary results on interleaving two coded
channels in an SAE-OCDMA/WDM transmission scenario. By doing so it is shown
that the spectral efficiency may be increased, however, the analysis also shows the
auto- and crosscorrelation values increase as a result of the interleaving. Adaptive
thresholding should be used in an SAE-OCDMA system to continuously adapt the
decision-threshold at the detector.
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Chapter 4

Photonic integration of
multi-stage en/decoders
This chapter provides background information on the integration of en/decoder
structures in optical chips. It also gives a detailed characterization of the manufactured devices and presents the main results. The integration has been done in
two different material systems namely InP/InGaAsP and Si3 N4 /SiO2 . After designing the masks, only the processing has been done by external parties. In case
of InP/InGaAsP this has been done in-house at the COBRA Institute while in
case of Si3 N4 /SiO2 this has been done at an external party. Therefore the wafer
design in both material systems and the characterization of the chips forms part
of this thesis.
The chapter is organized as follows: The fabrication processes are briefly discussed in section 4.1 and 4.2. The design of three important sub-components is
depicted in section 4.3 namely the multi-mode interference 3 dB coupler, the spot
size converter and the phase shifter. Thereafter, the design and realization of multistaged en/decoders is shown in section 4.4 including images of masks and actual
chips. Section 4.5 shows the experimental setups which are used to measure the
chips presented in the previous section. Extensive measurement results are then
discussed in section 4.6 for a one-stage tree en/decoder in InP/InGaAsP, and oneand two-stage cascade and tree E/Ds in Si3 N4 /SiO2 . Finally, the chapter is concluded in section 4.7.
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InP/InGaAsP material system

An extensive description on photonic integration at the COBRA Research Institute is given by [141] which is partly summarized throughout this section. The
InP/InGaAsP material system allows integration of passive and active waveguides
because of the possibility of growing lattice matched layers with different bandgaps
without strain. Recall that the photon energy Eph is related to the optical frequency ν via
Eph = hν
(4.1)
with h the constant of Planck. As such the active waveguides are constructed by a
growing an additional waveguiding layer with a bandgap that is equal or smaller
than Eph such that they can manipulate the optical field via the absorbtion or
emission of photons. Passive waveguides are then made with a layer which has a
bandgap larger than the photons such that the optical field is only guided.
Hence the InP/InGaAsP material system enables to fully integrate the nodes
of the OCDMA system considered in this thesis on a single photonic integrated
circuit (PIC). In the remaining of this section the used wafer layer structure is
presented whereafter the processing scheme is discussed.

4.1.1

Wafer layers and dimensions

The InP/InGaAsP wafer layer structure is shown in Table 4.1.
Table 4.1: InP/InGaAsP wafer layer structure
Material

Thickness [nm]

p+ InGaAs
p+ InP
i InP
Q(1.25)
n− InP
n+ InP

100
1200
300
500
4000
substrate

The stack is optimized for passive waveguiding with phase shifters and spot
size converters, and all layers are grown on an n-doped InP wafer which serves as
substrate. The stack in Table 4.1 contains a waveguiding layer of 500 nm thick
undoped InGaAsP with a band gap of 1.25 µm. The top-cladding consists of a
300 nm non-intentionally doped (n.i.d.) InP and a 1200 nm p+ doped InP layer.
The top-contact is a p-InGaAs layer. Below these layers a 4 µm thick lowly n-doped
InP layer is present, used as a secondary waveguide layer. The passive waveguides,
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the multi-mode interference couplers and the electro-optical phase shifters are ridge
structures, shallowly etched, 100 nm into the Q(1.25) layer.
The waveguides are 3 µm wide for single mode operation at 1550 nm. All
integrated structures in InP/InGaAsP are polarization dependent due to the strong
polarization dependency of the Pockels effect in the (required) electro-optic phase
shifters. The effective refractive index of the core equals to nc,e =3.27. The group
index ng in the waveguide equals to 3.6 at a wavelength of 1550 nm. A bend radius
of 450 µm is used throughout the design. A typical loss figure in InP/InGaAsP is
in the order of dB per cm although losses down to tenths of dB per cm have been
demonstrated by [142].

4.1.2

Processing scheme and masks

A total of seven masks are used in the InP/InGaAsP fabrication process employing
the wafer layer stack in Table 4.1 which are denoted p-contact, wet etch, vertical
taper, waveguides, isolation, contact and metal layer. A detailed description of the
processing scheme is given by [141] which will not be repeated here. At COBRA
2.5” wafers are used, and at that time only one wafer was available for purely
passive structures. Furthermore, the available space on the wafer was limited to
2 quarts of which only a rectangular part could be used thus few E/D structures
could be integrated.
All wafer masks used in InP/InGaAsP are shown in Figure 4.1 with the structures clearly visible via the waveguides mask and the probe pads connected to
phase shifters via the metal mask. The shaded areas to the side are used to construct the vertical tapers.

Figure 4.1: En/decoder wafer layout in InP/InGaAsP
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Si3 N4 /SiO2 material system

The second considered material system is SiOx Ny [143, 144] which offers a wide
spectral transparency window from visible light up to the far infrared with a high
refractive index contrast ranging from 1.45 (SiO2 ) up to 2 (Si3 N4 ). The loss figure
in the Si3 N4 /SiO2 material system is typically in the order of tenths of dB per
cm which is an attractive characteristic in case of the passive en/decoders used in
SAE OCDMA. Besides it is compatible with standard CMOS production processes
giving it a mass production potential. In the remaining of this section the used
wafer layer structure is presented whereafter the processing scheme is discussed.

4.2.1

Wafer layers and dimensions

The used Si3 N4 /SiO2 layer structure is shown in Table 4.2.
Table 4.2: Si3 N4 /SiO2 wafer layer structure
Material

Thickness [nm]

SiO2
TEOS
Si3 N4
SiO2
Si

3000
1000
145
8000
substrate

All layers are grown on a silicon wafer which is used as the substrate material.
The 8 µm thick SiO2 serves as a buffer layer to prevent leakage of the optical
field into the substrate. The Si3 N4 stripe in Table 4.2 is the actual core of the
waveguide because it has a higher refractive index than SiO2 . The top cladding
is formed by a combined tetra-etyl-ortho-silicate (TEOS) and SiO2 layer with a
thickness of 4 µm. The wafer layer structure in Table 4.2 causes a polarization
dependency of the chips. The TriPleX technology (of the external party) [144] has
been further developed to remove that restriction but this has not been applied
here due to budget restrictions.
At a wavelength of λ0 =1550 nm the core layer has a measured refractive index
nc = 1.98 and the cladding layer has ncl = 1.46. These values have been calculated
by using measured Cauchy parameters Ai and Bi in the following equation
ni = Ai +

Bi
λ20

(4.2)

with ni either the refractive index of the core or the cladding layer and λ0 in
microns.
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The layer stack in Table 4.2 has been simulated for TE-polarization using a
finite difference (FD) two-dimensional mode solver using commercially available
simulation tools [145]. The power distribution of the fundamental mode is shown
in Figure 4.2(a) and (b) for a straight and a curved waveguide. The waveguides
are 2 µm wide in this simulation.

(a) Straight waveguide

(b) Curved waveguide with 50 µm bend radius

Figure 4.2: Power distribution in the fundamental mode at 1550 nm, TE-mode
Both figures show single mode operation but the 50 µm has higher propagation
losses. Therefore, a bend radius of 300 µm is taken as the minimum bending radius
at which the additional losses become negligible. The following effective indices of
the cladding and core have been calculated by the software via the effective index
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method (EIM): ncl,e = 1.46 and nc,e = 1.54. These values are in accordance with
reported values [144]. However the value of the group index is required because
the optical field partly experiences the core and cladding layers (Figure 4.2).
The group index ng is related to the effective index in the core via [146]
¯
dnc,e ¯¯
ng = nc,e (λ0 ) − λ0
(4.3)
¯
dλ ¯
λ0

The effective refractive index of the core has been calculated for a wavelength
span λ0 = {800, 900, . . . , 1600} nm in case of a straight waveguide. Figure 4.3
shows the results with the derivative drawn around λ0 =1550 nm.

Core effective refractive index
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Figure 4.3: Wavelength dependency of nc,e in Si3 N4 /SiO2
Using (4.3), ng equals 1.66 at λ0 = 1550 nm. This value is used in section 4.4
to calculate the path length differences in the different stages of the E/Ds.

4.2.2

Processing scheme and masks

The fabrication process described in this section uses five different lithography
masks employing the wafer layer stack in Table 4.2. The different masks are denoted alignment markers, taper, lead, heater and waveguide. The first four are
laser beam written and the last one (waveguide) is an E-beam mask. A detailed
description of the processing scheme is given by [146] which will not be repeated
here. Four 4” wafers were fully available in Si3 N4 /SiO2 thus many E/Ds could be
designed.
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Since one-stage E/Ds were readily made using the InP/InGaAsP technology,
the design in Si3 N4 /SiO2 focussed on two-stage E/Ds. Clusters were defined which
contained at least one tree E/D and an amount of cascaded E/Ds equal to the code
cardinality. Five one-stage clusters and six two-stage clusters were fabricated per
wafer with a small parameter sweep between the clusters to deal with inaccuracies
in the fabrication process. A one-stage cluster is shown in Figure 4.4 which has one
tree E/D and two cascaded E/Ds but also some test structures such as straight
waveguides, MMI 3 dB couplers and an MZI switch. Figure 4.5 shows a two-stage
cluster which has one tree E/D and four cascaded E/Ds including test structures.
The structures are clearly visible via the waveguide mask and the probe pads
connected to phase shifters via the lead mask.

Figure 4.4: One-stage E/D cluster wafer layout in Si3 N4 /SiO2

4.3

Sub-component design

This section describes the design of three sub-components used in the E/D integration. Section 4.3.1 shows in detail how a 3 dB multi-mode interference coupler is
designed and fabricated in both material systems. Then spot size converters are discussed in section 4.3.2 which are required to enable a fiber-chip coupling with losses
around 1 dB. Finally the construction of phase shifters is depicted in section 4.3.3
in which both electro-optic (InP/InGaAsP) and thermo-optic (Si3 N4 /SiO2 ) phase
shifters are treated.
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Figure 4.5: Two-stage E/D cluster wafer layout in Si3 N4 /SiO2

4.3.1

Multi-mode interference 3 dB coupler

A multi-mode interference 3 dB coupler is one of the three building blocks to construct the SAE OCDMA en/decoders (section 3.2.1). An MMI coupler is preferred
over a 3 dB directional coupler because of the large optical bandwidth, small device dimensions and increased fabrication tolerances [131]. A two-input two-output
(2 × 2) MMI coupler is considered which is shown in Figure 4.6.
The length of the MMI coupler can be calculated as follows [139]
Lb =

4nc,e W 2
3λ0

(4.4)

with Lb the beat length of the two lowest-order modes, W the width of the MMI
coupler, and λ0 the center wavelength. If the lower and upper access waveguides
2W
are placed on the positions xc1 = W
3 and xc2 = 3 , a paired interference coupler
is obtained. The length of a paired interference coupler Lpaired equals to 0.5 · Lb
so a smaller device can be constructed.
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Figure 4.6: General structure of an MMI coupler with access waveguides (modified
by courtesy of [139])
The basic MMI coupler in Figure 4.6 can be optimized on two different parameters, namely losses and back reflections. In the former case, the imbalance
and excess losses can be lowered via the dimensions of the access waveguide width
Wa [139]. If Wa = 0.3 · W a minimum is obtained for both loss factors. If the resulting value for Wa > Wg , adiabatic linear tapers with a length Ltaper have to be
added to match Wa with the waveguide Wg . In the latter case, the back reflections
can be suppressed by replacing the straight ends of the MMI coupler by sections
under an angle Θ as demonstrated by [147] using the COBRA technology. This
is shown in Figure 4.6 by the dashed lines. Note that also the straight sections in
between the access waveguides are replaced by angled sections.
The MMI is integrated in InP/InGaAsP with the parameters shown in Table 4.3
for a width W of 12 µm which were previously reported by [147] for the same wafer
layer structure. As shown in Table 4.3, no adiabatic linear tapering is required
because the access waveguide has the same width as the waveguide used on the
chip.
In case of Si3 N4 /SiO2 the dimensions of the MMI had to be determined. A
standard optimization procedure has been used as follows. Firstly, the width W
is determined which is the most critical parameter. The parameter W has to be
large enough to allow sufficient modes to exist in the cavity of the MMI. Then,
the length Lpaired is optimized based on the losses. Finally, the width of the access
waveguides Wa is optimized also based on the losses.
The MMI has been modelled using commercially available simulation tools [148].
Only the ”straight” structure in Figure 4.6 could be implemented in the simulation
software, however, in the final mask design angled sections are used. The width of
the MMI has been varied from 10 to 24 µm in steps of 2 µm and the values for
Lpaired , Wa and xc1,2 have been calculated accordingly. All simulations have been
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Table 4.3: Optimized MMI parameters for W =12 µm in InP/InGaAsP
Parameters

Value [µm]

Lpaired
Wa
xc1
xc2
Ltaper

230
3
3.8
8.2
0

Θ

200

performed for the TE polarization at a wavelength λ0 = 1550 nm. The width of
the MMI coupler is fixed to 22 µm based on the initial values for the imbalance and
excess losses. Table 4.4 shows a summary of the parameters values for W = 22 µm.
Table 4.4: Non-optimized MMI parameters for W =22 µm in Si3 N4 /SiO2
Parameters

Value [µm]

Lpaired
Wa
xc1
xc2

320.1
6.6
7.3
14.7

The length of the MMI is then varied and the effects on the losses are simulated.
The results are shown in Figure 4.7(a) and (b). A low imbalance loss is very
important in SAE OCDMA such that each phase code is well constructed with
the correct contrast ratios. As shown in Figure 4.7(b) the imbalance loss becomes
negligible around 330 µm. The excess loss is around 0.4 dB for this length. After
optimization with a higher resolution around 330 µm, the MMI length Lpaired is
found to be optimal around 330.1 µm.
The final optimization step is done via Wa . The non-optimized values for Wa ,
xc1 and xc2 shown in Table 4.4 indicate that the gap between the upper and lower
access waveguides is less than 1 µm. However, in order to have a well-defined open
gap the lithography requires a gap equal to or greater than 1 µm. Therefore during
the optimization the gap is fixed to 1 µm. The variation of the access waveguide
width versus the excess and imbalance losses is shown in Figure 4.8(a) and (b).
The width of the access waveguide Wa is determined 7.1 µm based on the
results in Figure 4.8. Adiabatic linear tapers with a length Ltaper = 125 µm are
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Figure 4.7: Losses vs. Lpaired of an MMI coupler with W = 22 µm
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Figure 4.8: Losses vs. Wa of an MMI coupler with W
Lpaired =330.1 µm

= 22 µm and

added to match Wa with Wg =2 µm. In the final design the straight sections of
the MMI have been replaced by angled sections. The angle Θ equals to 200 similar
to [147]. However compared with that work, the sharp edge of the gap in between
the access waveguides is rounded in order to guarantee a well-defined gap by the
lithography. All (optimized) parameters are shown in Table 4.5.
The power distribution of the modes in the optimized low-reflection 3 dB MMI
coupler is simulated using [148] for the TE-polarization. This is shown in case of
input power at the upper input in Figure 4.9. Part of a fabricated MMI is shown
in Figure 4.10 where the angled sections are visible.
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Table 4.5: Optimized MMI parameters for W =22 µm in Si3 N4 /SiO2
Parameters

Value [µm]

Lpaired
Wa
xc1
xc2
Ltaper

330.1
7.1
6.95
15.05
125

Θ

200

Figure 4.9: Mode field distribution of optimized 2×2 3 dB MMI coupler, upper
input launch for TE-mode

Figure 4.10: Microscope image of the fabricated low-reflection 3 dB MMI coupler
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Spot size converter

Spot size converters (SSCs) are made in both material systems in order to maximize the field overlap at the fiber-chip interface. In both cases tapering is done in
the horizontal and vertical direction to allow mode expansion in two dimensions.
The SSC in InP/InGaAsP is schematically shown in Figure 4.11.

Figure 4.11: A schematic of the SSC in InP/InGaAsP [149]
The tapering is done from the waveguides in the Q(1.25) layer down to the
secondary waveguide layer [150, 151]. In this layer an 11 µm wide fiber matched
waveguide (FMW) is etched to efficiently couple to a standard single mode fiber
(SSMF). The horizontal taper from Wg of 3 µm to the FMW of 11 µm is done
over a length of 350 µm. The vertical tapering is done over a length of 2600 µm
yielding a total SSC size of about 3 mm.
The spot size converter in Si3 N4 /SiO2 is schematically shown in Figure 4.12.
The 2 µm wide and 145 nm high waveguide is tapered to a width of 1.5 µm and a
height of 70 nm to match the spot size of an SSMF. The tapering is done in two
separate stages namely in the horizontal and vertical direction. The horizontal
tapering from 2.0 µm to 1.5 µm is done over a length of 100 µm. The vertical
tapering from a height of 150 nm to 70 nm is done over a length of 200 µm,
yielding a SSC size of about 0.5 mm. The calculated overlap loss at the fiber-chip
transition is less than 1 dB. Figure 4.13 shows a measurement using a Dektak
profilometer on the vertical tapering stage during the fabrication process. The
length and height are determined 195 µm and 69.8 nm.
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Figure 4.12: A schematic of the SSC in Si3 N4 /SiO2 (by courtesy of [152])

4.3.3

Phase shifter

The InP/InGaAsP material system allows for electro-optic phase shifting because
the presence of the strong Pockels effect for TE-polarized light. The electro-optic
phase shifters are constructed by evaporating a metal contact on top of a waveguide [141]. The metal contact is made out of Titanium (Ti), Platinum (Pt) and
Gold (Au) layers of 60 nm, 75 nm and 300 nm thick, respectively. A minimal
length of 1 mm is used for a minimal phase shift of 2π if this was allowed due to
space limitations. Note that the phase shifters in InP/InGaAsP are as wide as a
waveguide. The leads to the phase shifters are 10 µm wide and made out of the
same material as the metal contact. Squared pads are added at the ends of the
leads in order to operate the phase shifters via probes if a manufacturing error may
damage the leads. At the phase shifter side smaller pads (20 × 20 µm) are used
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Figure 4.13: Measured profile with Dektak profilometer of the vertical tapering
stage in Figure 4.12

than at the other side (200 × 200 µm) because of space restrictions. A 20 × 20 µm
pad is just large enough to allow a single probe needle to be placed. The larger
pads are placed in a straight line on a pitch of 250 µm such that a multi-pins probe
unit may be used to operate many phase shifters remotely and simultaneously.
The Si3 N4 /SiO2 wafer layer structure shown in Table 4.2 does not allow electrooptic phase shifting. As a result the temperature dependency of the refractive index
has to be employed by placing heaters above the waveguides. Unfortunately this
effect is rather slow (∼ms) thus the heaters can not be used in high frequency
applications such as data modulation. The thermo-optic phase shifters are 10 µm
wide, 150 nm high and made out of Cr for a good heat conduction. It has been
shown for similar structures that only a relatively small increase in performance is
obtained by a wider heater [153]. Such small effect does not outweigh the additional
required power. A minimal length of 2 mm is used for a minimal phase shift of 2π.
The heater leads are 40 µm wide and made out of Au on top of Cr. The Au layer
is designed to be 250 µm. The total height of the Cr+Au stack was verified to be
398.3 µm using the Dektak profilometer. Similar to the design in InP/InGaAsP,
squared pads are added at both sides of the leads. At the heater side the small pads
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are 50 × 50 µm and at the other side the pads are 100 × 100 µm. The same 250 µm
pitch is used to be able to place a multi-pins probe unit. A tapering is made from
the pads to the lead for a gradual transition between leads and pads. A microscope
image of the etched structures is shown in Figure 4.14 at the phase-shifter side.

Figure 4.14: Microscope image of heaters and leads in Si3 N4 /SiO2 at phase shifter

4.4

Design and realization

Designed and actually realized E/Ds are shown in this section. First the overall parameters used in the design are discussed and some issues encountered in
the fabrication process are briefly depicted. Then, the mask files and microscope
images of the realized one and two-stage en/decoders are shown.

4.4.1

Parameters

The phase codes have been designed with an optical bandwidth or FSR of 5 nm
which means the FSR of the first stage of N -stage E/Ds has to equal to 5 nm. This
value has been chosen in accordance with the experiments done in previous work
of [60]. Also at this value bandpass filters are commercially available. As mentioned in section 1.4, a long wavelength-domain code may improve the resilience
against spectral intensity noise generated by the incoherent optical source. For
example, [52] suggests to use a 40 nm code however this would limit the use of few
wavelength channels in the available optical spectrum, for example, only 8 channels may be defined on the standardized 20 nm coarse-WDM grid by the ITU-T in
Recommendation G.694.2. In conclusion, a 5 nm code is depicted to compare this
work with the state of the art, to match with commercially available equipment
and to enable a high WDM channel count on an optical fiber network.
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An optical bandwidth ∆λ is converted from nanometers to Hertz via
∆ν =

c
· ∆λ
λ20

(4.5)

with c the speed of light and λ0 the center wavelength. Recall that all chips are
designed for an operating wavelength of λ0 =1550 nm. The value for ∆ν (=FSR)
is then used in
c
FSR =
(4.6)
ng · ∆L
to calculate the required path length difference ∆L of the first stage. The path
length differences of the higher stages are a multiple of ∆L. Table 4.6 shows the
values used in the design of multi-stage E/Ds for both material systems.
Table 4.6: Calculated path length differences for E/Ds with FSR=5 nm
Stage

∆LInP [µm]

∆LSiO2 [µm]

1
2
3
4

133
267
-

289
578
2023
3468

The multiplication factors shown in section 3.3 are used for the multi-staged
E/Ds in Table 4.6. The structures designed in InP/InGaAsP were not larger than
two-stages as shown in Figure 4.1 due to the limited available space on the wafer.
Only a one-stage tree E/D could be successfully characterized due to various issues
in the fabrication process. In Si3 N4 /SiO2 up to four-stage E/Ds could be manufactured but only one and two-stage structures could be measured due to time
restrictions. Therefore the discussion in the remaining of this chapter is limited to
the realized and characterized E/Ds.
All chips in the remaining of this section have the input and output waveguides
placed on a pitch of 250 µm to allow packaging with commercially available fiber
array units (FAUs). The only exception herein is the chip made in InP/InGaAsP
which was severely limited by space on the wafer. A compromise was made such
that the odd and even output waveguides were placed on the 250 µm pitch respectively. The E/D design in Si3 N4 /SiO2 was based on the experience gained by
the realization in InP/InGaAsP. With respect to the microscope images one has
to keep in mind that the Si3 N4 waveguides are covered by a layer of oxide which
decreases the visibility of the waveguides.
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One-stage en/decoders

A one-stage cascade E/D is a well-known unbalanced MZI. Only a one-stage tree
E/D has been integrated in InP/InGaAsP due to the limited available space as
discussed in section 4.1.2. The mask and a microscope image of an actual tree E/D
are shown in Figure 4.15(a) and (b) with the structures clearly indicated via the
waveguides and probe pads connected to phase shifters.

(a) Mask

(b) Microscope image of actual device

Figure 4.15: Integrated one-stage tree E/D in InP/InGaAsP [64]
Unfortunately, the SSC at the input of the tree E/D in InP/InGaAsP had
to be removed because of a damaged facet. The experimental results shown in
section 4.6.1 are therefore for a tree E/D with only an SSC at the output. The
realization in Si3 N4 /SiO2 was not limited by space thus a one-stage cascade and
a one-stage tree E/D could be constructed which are shown in Figure 4.16(a) and
(b) and in Figure 4.17(a) and (b), respectively.

4.4.3

Two-stage en/decoders

The mask and a microscope image of actual two-stage tree and cascade E/Ds in
Si3 N4 /SiO2 are shown in Figure 4.18(a) and (b).
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(a) Mask

(b) Microscope image of actual device

Figure 4.16: Integrated one-stage cascade E/D in Si3 N4 /SiO2 [154]

(a) Mask

(b) Microscope image of actual device

Figure 4.17: Integrated one-stage tree E/D in Si3 N4 /SiO2 [154]
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(a) Mask

(b) Microscope image of actual devices

Figure 4.18: Integrated two-stage cascade and tree E/Ds in Si3 N4 /SiO2 [154]
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Experimental setups

The optical and electrical (phase shifter) characteristics of the chips are measured
using a setup which is schematically shown in Figure 4.19 in case of both material
systems. Appendix B shows photos of parts of the setups.

(a) InP/InGaAsP chip

(b) Si3 N4 /SiO2 chips

Figure 4.19: Experimental setup to measure chip characteristics

As shown for the InP/InGaAsP chip the optical field is launched free space
instead of via a fiber. A fiber was used before but this complicated the chip alignment because of the absence of an SSC at the input. A free-space launch setup
uses a charge-coupled device (CCD) camera to view the output field which eases
the alignment procedure with respect to fiber launch because in latter case only
the value of the received power is shown. Consequently, for a fiber launch one may
not know if light propagates through the slab or through a waveguide. Additionally the free-space setup enables a better control of the state-of-polarization of the
optical field.
The Si3 N4 /SiO2 material system is transparent for visible light thus a red
Fabry-Perot (FP) laser is used for the chip alignment. The issue of coupling optical
field in the slab is avoided to a large extent because visible light is used during
the alignment and SSCs are present at the input (which match the spot size of a
SSMF). Therefore launching via SSMF is chosen to lower the complexity of the
setup.
In both setups a superluminescent light emitting diode (SLED) is used as
high-power broad spectral source. Driven with a 500 mA bias current the SLED
produces around 12.1 dBm of optical power at a spectral width of 87.5 nm fullwidth at half-maximum (FWHM) around 1535 nm. Even though the state of
polarization of the SLED is not clearly defined as TE or TM, the optical power
is optimized for TE-mode via the polarization controller (PC) before launching
in the chips because of the polarization dependency of all chips. In case of the
InP-setup in Figure 4.19(a) a free-space polarizer is used after the PC for the
strongest electro-optic efficiency in the phase shifters. The optical field is then
coupled into a tapered SSMF after propagation through the chip. The SSC at the
output enabled such configuration. In case of the SiO2 setup in Figure 4.19(b) an
isolator is added in between the PC and the SLED to block any back-reflections.
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Cleaved SSMFs are placed at the input and output of the Si3 N4 /SiO2 chip due to
the unavailability of anti-reflection (AR) coated fibers.
In both setups either a power meter or an optical spectrum analyzer (OSA) is
used to measure the optical field. The received optical power levels are shown in
Table 4.7.
Table 4.7: Received optical power levels in measurement setups of Figure 4.19
Position

Prec,InP [dBm]

Prec,SiO2 [dBm]

A
B
C
D
E

12.1
11.9
-

12.1
11.7
11.5
7.9
0.3

In all experiments the optical power is launched in the lower input which is
indicated as In2 in section 4.4 unless noted otherwise. The InP/InGaAsP chips
were measured with an OSA with a resolution of 0.1 nm and the Si3 N4 /SiO2
chips with an OSA with a resolution of 0.05 nm because of limited availability of
equipment. As shown in Figure 4.19 the multi-pins probe unit was only used in
the Si3 N4 /SiO2 setup.

4.6

Static measurement results

In this section, the results of extensive chip measurements are presented. This
includes loss measurements, spectral characteristics and phase shifter performance
curves. Section 4.6.1 shows the results for a one-stage tree E/D integrated in
InP/InGaAsP. This chip gave the proof-of-principle and the issues encountered are
discussed. Then, section 4.6.2 shows promising results on one-stage cascade and
tree E/Ds integrated in Si3 N4 /SiO2 . Finally, experimental results on two-staged
E/Ds are only shown for devices in Si3 N4 /SiO2 in section 4.6.3.

4.6.1

One-stage tree en/decoder in InP/InGaAsP

The simulated and measured optical spectra are shown in Figure 4.20 for the
InP/InGaAsP one-stage tree E/D. The SLED spectrum is also plotted.
All phase codes shown in Figure 4.20 are generated simultaneously. The center
wavelength is chosen λ0 =1540 nm where the SLED has its flattest response. The
phase shifters φ1 and φ2 (Figure 4.15(a)) are used to tune the spectra to the
center wavelength whereafter one of the phase codes is shifted π/2. The phase
shifters φ1 and φ2 are set to -10 and -16.5 V. The slight difference around 1540 nm
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Figure 4.20: Measured and simulated phase codes of one-stage tree in
InP/InGaAsP, including measured SLED spectrum [64]

between measurements and simulations is merely caused by a tuning error in φ1 .
The periodicity of the tree E/D is clearly observed with a FSR equal to 4.3 nm.
The error of 0.7 nm is mainly due to the various error margins in the fabrication
process. The evenly distributed optical power measured per output indicates an
equal fiber-to-fiber loss budget per output but also that all MMI couplers have a
coupling ratio close to 3 dB.
The observed (large) ripple/oscillation of about 100 GHz (∼0.8 nm) in the
optical spectra corresponds with a resonance cavity of about 415-435 µm. Most
likely this is a cavity between the MMI in front of φ1,2 and the isolation of the
phase shifters. At the isolation the conducting p+ InP layer in Table 4.1 is etched
away which electrically isolates the phase shifter with the connecting waveguide
as it prevents current flow through the cladding of the waveguides. However if
the etch is made too deep, into the lower layers, reflections may be caused [141].
Additionally at various locations in the design, the upper access waveguide of the
2 × 2 MMI coupler has not been connected to any waveguide as indicated with the
arrow in Figure 4.21. As a result the upper access waveguide acts as a mirror for
all optical power reflected from distant parts of the chip. Hence a resonance cavity
is unintentionally created. As indicated in Figure 4.21 the distance between the
upper access waveguide of the MMI and the isolation is around 500 µm.
The losses in the system are as follows. The setup gives a 9 dB back-to-back
loss which consists of losses such as the connectors, patch cords, and polarization
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Figure 4.21: Identified resonance cavity in design InP/InGaAsP one-stage tree
control. Then, 2 × 5 dB overlap losses have to be taken into account because
of a mode field mismatch at the input (objective-waveguide) and at the output
(SSC-tapered fiber). The measured insertion loss of the tree E/D is around 10 dB.
This accounts for propagation losses, 1.5 dB MMI losses, 2 × 3 dB splitting losses
at the XTE and output, and a 1.5 dB SSC loss. The size of the chip can be
determined so if the losses per unit of length are known the propagation losses may
be determined. The losses per unit of length are easily measured by considering a
straight waveguide on the same wafer.
The propagation losses of a straight waveguide are determined via the FabryPerot loss measurement method [141, 155] because the end facets of the chip are
not anti-reflection (AR) coated which causes a significant amount of optical power
to be reflected at both ends of the straight waveguide. As a result the waveguide
acts as a FP resonator and fringes appear in the optical spectrum with an FSR
defined by the length Lg . The propagation loss per unit of length can be calculated
as follows
µ
¶
√
Kp −1
1
− ln √R R √
in out
Kp +1
αwg =
(4.7)
Lg
and
Kp =

Pmax
Pmin

(4.8)

with αwg the propagation loss per unit length, Ri the reflection coefficient, Kp the
contrast ratio, Pi the power level of the fringes in the optical spectrum and Lg
the length of the waveguide. The reflection coefficient is taken 30% because of no
AR coating at the end facets. A value of αwg = 2.5 dB/cm has been measured
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which leads to less than 2 dB total propagation losses for the chip. Via simple
calculations it may be determined that the XTE has about 5 dB insertion loss.
The SSC performance is analyzed by using a CCD camera to view the output
field. The measured values are plotted in Figure 4.22(a) and (b) for the lateral and
vertical direction. From these traces the mode field diameter (MFD) is calculated
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Figure 4.22: CCD traces and Gaussian approx. (dashed) of the SSC output field
which is 10.5 µm in the lateral and 4.7 µm in the vertical direction. From these
results an overlap loss with an SSMF of approximately 1.5 dB is expected. The
coupling tolerance to an SSMF as a function of the offset is also investigated. This
results in an alignment tolerance of ± 1.5 µm for 1 dB excess loss as can be seen
in Figure 4.23. The low overlap and excess loss show a good performance of the
designed SSC which enables the chip to be packaged with a few dB overlap losses
at the fiber-chip transitions.

4.6.2

One-stage en/decoders in Si3 N4 /SiO2

The measured optical spectra of the Si3 N4 /SiO2 cascade and tree E/Ds are shown
in Figure 4.24(a) and (b) respectively.
An output power of -1.1 ± 0.1 dBm was measured at the 2 × 2 one-stage
cascade E/D, and -5 ± 0.1 dBm was measured at the 2 × 4 one-stage tree E/D.
In case of a one-stage cascade the losses from the output of the 3 dB coupler
(Figure 4.19(b)) to the power meter are about 9 dB. Unfortunately the dimensions
of the chip and the low facet losses did not allow for an accurate measurement of
the losses of a straight waveguide via (4.7). The long chip results in very narrowly
spaced fringes (or low FSR) and the low reflection coefficients of around 10-15%
result in a low value for Kp in (4.7) which make the fringes very hard to detect.
However, as mentioned in section 4.2, propagation losses down to 0.1 dB/cm may
be expected.
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Figure 4.23: Coupling tolerance in dB of the InP/InGaAsP SSC to an SSMF [149]
The loss can be divided as (estimated total numbers given): 2 × connector
losses of 0.8 dB, 2 × fiber-chip losses of 1.8 dB, 2 × SSC losses of 1.6 dB, 2 ×
MMI excess losses of 1.2 dB, a 3 dB splitting loss and propagation losses of 0.4 dB.
The one-stage tree has additional losses consisting of a 3 dB splitting loss, 1 ×
MMI excess loss and higher optical propagation losses.
The phase codes shown in Figure 4.24(a) and (b) are very smooth and uniform
patterns with extinction ratios around 25 dB. The error in the FSR is within 1% of
the designed value of 5 nm. For brevity, the spectra generated by the cascaded E/D
in Figure 4.24(a) have not been tuned to any center wavelength and only PCI 0 has
been measured. The tree E/D properly generates all phase codes simultaneously
as shown in Figure 4.24(b). Remarkably, no phase shifter was active during the
measurement. When modelling a one-stage tree E/D, the π/2 phase shift does
need to be applied in order to generate PCI 0 and PCI 1 simultaneously, that is,
with no phase shift applied the same spectral codes appear at both output pairs.
So far no clear reason has been found which explains the observed phenomena.
The oscillation observed in the spectra of Figure 4.20 is not present in Figure 4.24 because the identified resonance cavity has been removed in this design
by connecting a curved anti-reflection waveguide of 100 µm long with a vertical
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(a) Cascade (single code shown)

(b) Tree

Figure 4.24: Phase codes for one-stage E/Ds in Si3 N4 /SiO2 [154]
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offset of 15 µm to the upper input access waveguide. The updated design for the
MMI is shown in Figure 4.25.

Figure 4.25: Anti-reflection waveguide connected to an MMI in Si3 N4 /SiO2
Any reflected power is coupled into the surrounding cladding layer because of
an angled end-facet of 30 degrees. In any case, isolation as in the electro-optic InP
phase shifters is not used in the design of the thermo-optic SiO2 phase shifters.
The phase shifters have been characterized otherwise namely via the achievable
phase shift per unit of dissipated power for the single-stage cascade and tree E/Ds.
The shift of the fringe pattern is measured using an OSA for a power sweep from
0 to 700 mW. The results are shown in Figure 4.26 for all six phase shifters in the
two E/Ds. It is shown that a phase shift of more than 3π can be achieved using the
phase shifters in the cascade and tree E/Ds. All curves are overlapping indicating
a well-defined value of the phase shift per unit dissipated power. Figure 4.26 shows
that this value is around 11.1 pm / mW which is in agreement with a reported value
of similar phase shifter structures used in similarly composed wafer layers [153].

4.6.3

Two-stage en/decoders in Si3 N4 /SiO2

The four measured and modelled phase codes of a two-stage cascade and tree are
shown in Figure 4.27 and 4.28.
An output power of -2.2 ± 0.1 dBm was measured at the 2 × 2 two-stage cascade E/D, and -9.9 ± 0.4 dBm was measured at the 2 × 8 two-stage tree E/D. The
phase codes are indicated via the phase code identifiers which correspond with the
settings of the phase shifters shown in Figure 4.18(a). The setting of a particular
thermo-optic phase shifter is represented by its dissipated or consumed electrical
power Pφi . In case of the cascade E/D, PCI 00, PCI 01, PCI 10 and PCI 11 correspond with (Pφ1 = 31 mW, Pφ2 = 0 mW), (Pφ1 = 31 mW, Pφ2 = 124 mW),
(Pφ1 = 148 mW, Pφ2 = 0 mW) and (Pφ1 = 148 mW, Pφ2 = 124 mW), respectively. In case of the tree E/D the PCIs are set by (Pφ3 = 26 mW, Pφ4 = 0 mW),
(Pφ3 = 26 mW, Pφ5 = 171 mW), (Pφ6 = 268 mW, Pφ7 = 47 mW) and (Pφ6 = 268
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Figure 4.26: Phase shift vs. dissipated power for cascade and tree E/Ds in
Si3 N4 /SiO2 (six measured curves shown)
mW, Pφ8 = 41 mW) at the two-stage tree E/D. Note that the phase codes are not
tuned to any center wavelength. A thermal crosstalk of around 0.3 pm/mW was
measured between {φ4 ,φ5 } and {φ7 ,φ8 } due to a narrow spacing of 35 µm. This
effect is not noticeable at the low thermal tuning powers used.
It can be concluded that all phase codes in Figure 4.27 and 4.28 show an
excellent match with the modelled phase codes. Therefore, the two-stage tree and
cascade E/Ds have a comparable performance which is in line with the conclusions
drawn in section 3.4.4 on the crosstalk analysis. Thus the tree E/D is expected to
only add a power penalty in comparison with a cascaded E/D.
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(a) PCI 00 and 01

(b) PCI 10 and 11

Figure 4.27: Modelled (dashed) and measured (solid) phase codes for a two-stage
cascade E/D in Si3 N4 /SiO2 [154]
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(a) PCI 00 and 01

(b) PCI 10 and 11

Figure 4.28: Modelled (dashed) and measured (solid) phase codes for a two-stage
tree cascade E/D in Si3 N4 /SiO2 [154]
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Conclusions

The passive, periodic and low-loss en/decoders presented in this chapter enable a
cost-efficient multi-user incoherent spectral amplitude OCDMA deployment on a
(coarse-) wavelength division multiplexing passive optical network. The photonic
integration of multi-stage E/Ds has been discussed for two different platforms
namely the InP/InGaAsP and the Si3 N4 /SiO2 material system. In general, the
InP/InGaAsP fabrication process is more complicated than the Si3 N4 /SiO2 fabrication process thus the latter is potentially less expensive.
The available data on the insertion losses of the E/Ds showed that the devices fabricated in Si3 N4 /SiO2 have lower values for the propagation and SSC
losses than the devices fabricated in InP/InGaAsP while the losses in the MMIs
were comparable. Considering the one-stage tree E/Ds realized in both material
systems, the insertion losses were about equal (∼10 dB). In general, an N -stage
tree E/D adds a power penalty of 3 dB splitting loss, 1 × MMI excess loss and
higher optical propagation losses per XTE stage when compared with an N -stage
cascaded E/D. Longer (or: multi-stage) E/Ds have increased path length differences between the branches because of the decreasing FSR values as a function
of the stage number N . As a result, the low propagation losses may become a
differentiating factor between Si3 N4 /SiO2 and InP/InGaAsP for multi-stage E/D
configurations, in particular tree E/Ds, when considering no additional on-chip
amplification. Based on the loss figure, a fully passive tree configuration is found
feasible only up to four stages while a passive cascade configuration may be easily
fabricated up to six or eight stages since that loss budget only increases with 1 ×
MMI excess loss and higher optical propagation losses per stage.
To compensate for the losses, InP/InGaAsP offers the possibility of monolithic
integration of passive and active components such as SOAs in the E/Ds. This is
not possible with Si3 N4 /SiO2 . This material system requires separately designed
passive and active components that can only be hybridly integrated. In that case,
the benefit of having a simple fabrication process in Si3 N4 /SiO2 decreases. If onchip amplification is applied, InP/GaAsP would initially need a higher amount
of amplification because of the higher propagation losses per unit length than in
Si3 N4 /SiO2 . However, the hybrid integration of active components in Si3 N4 /SiO2
gives rise to additional losses such as losses due to mode field mismatch. Essentially,
on-chip amplification in Si3 N4 /SiO2 may not be done as efficiently compared with
a monolithic approach in InP/InGaAsP. In any case, countermeasures should be
taken against the introduction of ASE noise and (amplified) back-reflections by
the active components.
Regarding the phase shifting elements, the electro-optic InP/InGaAsP phase
shifters have a higher energy efficiency than the thermo-optic phase shifters in
Si3 N4 /SiO2 . Besides, the Si3 N4 /SiO2 chips require more cooling in order to efficiently transport the heat away from the chip while (passive) InP/InGaAsP chips
only require temperature stabilization. Additionally, electro-optic phase shifting
is a fast process thus the phase shifters may be designed to perform on-chip data
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modulation instead of using separately acquired data modulators. The thermooptic phase shifting process is too slow to perform data modulation.
Regarding the amount of E/Ds per wafer, InP/InGaAsP has a higher group
index than Si3 N4 /SiO2 which leads to smaller devices. For example, smaller path
length differences are need in InP/InGaAsP than in Si3 N4 /SiO2 for the same FSR
value. Considering a similar wafer size and an equal yield in both material systems,
a higher number of E/Ds can be obtained in case of InP/InGaAsP.
Therefore, large multi-stage E/Ds benefit from the simple fabrication process
and lower losses offered by Si3 N4 /SiO2 which lead to a decrease in expenses made
on processing and on energy used for amplification. However, on-chip amplification
is done via the hybrid integration of active components and the thermo-optic phase
shifters are used which counteract these benefits with increased expenses made
on fabrication and energy consumption (amplification, phase shifting and chip
cooling). Large multi-stage E/Ds benefit from the (efficient) monolithic integration
of passive and active components in InP/InGaAsP, a smaller chip area, and a
lower energy consumption because of the electro-optic phase shifters. However,
InP/InGaAsP has a complicated fabrication process and increased propagation
losses.
The high costs of a tree E/D, typically placed at the CO, may be shared by
many users while the costs for the cascade E/D, typically placed at the ONU, need
to be as low as possible in terms of capital and operational expenses. Considering
the above, the InP/InGaAsP material system then offers the highest potential
compared with the Si3 N4 /SiO2 material system although other factors such as
packaging and polarization dependency also have to be carefully considered.
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Chapter 5

SAE OCDMA transmission
performance
This chapter presents in detail the simulations performed on a spectral shift keying
(SSK) SAE OCDMA system on a PON in which a bit rate of 1 Gbps per user
may be offered to potentially eight active users. An up and downstream network
scenario is considered with a maximum total reach from CO to ONU of 20 km
based on the power budget. The unidirectional performance is studied for a realistic set of operational settings and the simulated eye diagrams suggest that
simultaneous transmission of three users is feasible in both directions using forward error correction (FEC) techniques. Furthermore, the influence is studied of a
narrowband continuous wave (CW) and modulated interferer on a (regular) downstream transmission with a single user because the correlation principle of SAE
OCDMA is based on the incoherent summation of optical intensity and a malicious network subscriber may cause severe interference by launching optical power
in the network. Furthermore, the FTTPAN architecture presented in Figure 2.3
on page 43 employs RoF techniques in an SAE-OCDMA PON. In-band (or: incode) multiplexing of the RoF signal leads to an increase in spectral efficiency.
Besides, an overlay scenario may be considered such as the deployment of SAE
OCDMA in a TDMA PON. It is found that about 10 dB narrowband interference
can be tolerated by the system with respect to the power level of the phase code.
System experiments are shown at the end of the chapter including a single user
error-free transmission over 2.25 km of SSMF and measured optical and electrical
code match/mismatch ratios.
The remaining of the chapter is organized as follows: section 5.1 and 5.2 present
the main results on the downstream and upstream transmission performance, respectively. Then, section 5.3 shows the system tolerance against a narrowband interference signal. The results of the system experiments are shown in Section 5.4.
Conclusions are given in section 5.5.
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Downstream simulation

In this section the downstream configuration of an SAE-OCDMA PON is presented
and the performance is studied in detail. Firstly, the simulation setup is shown in
section 5.1.1 after which the results are discussed in section 5.1.2.

5.1.1

Setup

For sake of simplicity, a two-user downstream configuration is depicted in Figure 5.1 with receiving ONUs and a transmitting CO. The setup shown may be
easily expanded to accommodate more users and from hereon an eight users scenario is considered. The setup is designed as follows: At the CO, an LED is combined with a semiconductor optical amplifier (SOA) due to the absence of an
SLED module in the simulation software. The LED is operated at a bias current
of 500 mA and the SOA at 160 mA. Then a fifth-order Butterworth BPF is used to
filter the SLED spectrum i.e. its -3 dB bandwidth is equal to one period of the FSR
of the four-stage E/Ds. The FSR is taken 640 GHz which closely approximates
the FSR of the optical PICs (∼624 GHz) presented in chapter 4 but corresponds
with the FSR reported in previous work [52].
An SOA operated at 130 mA is placed after the BPF to amplify the spectral
slice in order to compensate for the losses of the filtering and (afterwards) encoding.
After encoding the phase codes are modulated using SSK via high-speed optical
switches driven with a binary unipolar non-return to zero (NRZ) data sequence.
More details on SSK may be found in section 1.5 which introduces the principles
of SAE OCDMA. Due to unavailability of a non-ideal 2 × 2 optical cross-bar
switch in the software environment [136], two single-input single-output (1×1)
MZ modulators (MZMs) are placed in a push-pull configuration as schematically
shown in Figure 5.2.
The 10%-90% rise and fall (R/F) times are set to 20% of the bit slot time
at 1 Gbps which is the lower bound of a very fast commercially available 2 × 2
interferometric switch [156]. In the simulation environment, the 1×1 MZMs require
a voltage sweep of 5 V at the radio frequency (RF) and direct current (DC) inputs
for a π phase shift or switch. The SSK optical stream is generated by operating
the upper MZM at VDC = 2.5 V and Vpp,RF = 2.5 V, and the lower MZM
at VDC = 0 V and Vpp,RF = 2.5 V. Note that the 3 dB coupler in Figure 5.2
introduces an additional 3 dB loss and to compensate for this effect, the insertion
loss of the MZMs is set to zero.
The phase codes generated by the tree E/D originate from the same optical
source thus decorrelation is required, and an array of fiber delay lines introduces
delays ranging from 2 to 14 ns after which the streams are multiplexed via an 8:1
passive coupler. Then, a booster amplifier operated at a bias current of 150 mA is
used to amplify the encoded data streams which reduces the amount of amplifiers
at the ONU side. Such a configuration also results in a better optical SNR (OSNR)
compared with placing the amplifiers at the ONU-side because the ASE produced

5.1. DOWNSTREAM SIMULATION

Figure 5.1: Downstream SAE-OCDMA PON, two users [149]

Figure 5.2: Non-ideal 2×2 interferometric switch
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by the SOAs may have a significant impact with respect to the low received optical
power. To reduce the computation complexity, only the losses of transmission
medium are taken into account by attenuators which are set to values of 10 dB
and 4 dB to represent the losses (0.25 dB/km at λ0 =1550 nm) of the feeder
(∼15 km, Lf ) and distribution (∼5 km, Ld ) fibers and connector losses (0.5 dB
each). These values might be a little overestimated to consider a worst-case powerlimited transmission scenario. Figure 1.21 on page 27 shows that a transmission
distance of 20 km may not be achieved at a bit rate of 1 Gbps without dispersion
compensation. Backscattering effects such as Rayleigh and stimulated Brillouin
scattering are artificially mitigated because computing limitations restricted the
use of fiber and only a unidirectional scheme could be simulated. The computing
limitations are mainly caused by the large optical bandwidth (∼1 THz) that needs
to be simulated. This also restricts the simulation of larger codes, such as the 40 nm
suggested by [52], in order to check improvements on MUI.
In order to mimic a PON, a 1:8 passive coupler equally splits the transmitted optical stream to all eight connected ONUs via the distribution fiber. The
received optical code (OC) stream is decoded by cascade E/Ds and a 40 GHz balanced photodetector with an integrated trans-impedance amplifier (TIA) is used
for detection. The following (realistic) values are used for the responsivity and
dark current of the PDs namely <up =0.77 A/W, <down =0.79 A/W, and 6 nA,
respectively. The electrical bipolar signal is then filtered by a lowpass filter (LPF)
with a GbE-matched cut-off frequency of 938 MHz and amplified by a broadband
linear gain amplifier with a gain of 15 dB. The elements of the E/Ds are simulated ideal meaning that no imbalance and insertion loss at the 3 dB couplers nor
phase noise at the phase shifters is modelled. Section 3.4.4 in this thesis and [134]
showed that the system tolerates a low amount of imbalance loss and phase noise,
respectively.

5.1.2

Results

Figure 5.3 depicts the optical spectra by using an OSA in the simulations at three
different locations in the setup of Figure 5.1. Clearly, the filtering of the SLED
spectrum is shown after which the spectral code is applied by the tree E/D. An
optical power meter is used at various parts in the simulated setup to evaluate
the optical field on its total power. Table 5.1 shows the optical power levels at
the locations indicated by the bold letters in Figure 5.1. The power levels are
also shown for a code match and a non-code match in case of one, two and four
active users in the network. The encoder and modulation stage have a combined
15 dB loss figure which takes into account the ideal tree E/D losses and the optical
switch. Then, the two 1:8 couplers and the attenuators introduce the second large
loss of 32 dB.
Table 5.1 shows that equal optical power levels are received by the eavesdropper which result in a low crosscorrelation value. The autocorrelation value is high
because of the high and low received optical powers for a code match. The soft ca-
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Figure 5.3: Optical spectra at various locations in downstream SSK SAE-OCDMA
PON (Figure 5.1); A: SLED, B: After filtering and amplification, C: Upper output
PCI 0111 of tree encoder
pacity degradation effect becomes clear when the amount of active users increases.
The codes used in the simulation are selected according to the traces shown
in Appendix A based on the match with the analytical model in order to achieve
maximum correlation. As a result, PCI 0111 is found to be the phase code which is
best represented by the simulation software after which PCIs 1110, 0110, and 1111
follow. The single user case in Table 5.1 is represented by transmitting PCI 0111,
the two-users case by transmitting PCI 0111 and 1110, and the four-users case by
transmitting PCI 0111, 1110, 0110 and 1111. PCI 0000 is selected as eavesdropper since it is most vulnerable to inbound crosstalk as discussed in section 3.4.4.
Accordingly, the average optical power levels shown for G and H are referring to
the outputs at the decoder of PCI 0111 and PCI 0000 respectively.
A pseudo-random bit sequence (PRBS) of 64 bits is simulated by using the
PRBS generator in the simulation environment [157] at a bit rate of 1 Gb/s which
has a forced equal appearance of zeros and ones thus 32 zero-bits and 32 one-bits.
The fixed length of the bit stream combined with an equal appearance of zeros and
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Table 5.1: Average optical power levels at various positions in Figure 5.1
Position
A
B
C
D
E
F
G
H
(∗)

One user [dBm]

Two users [dBm]

Four users [dBm]

-8.0
11.7
-11.3
-15.9/-13.3
-14.4/-14.4

2.2
16.0
1.0
-5.0
13.5
-9.5
-13.2/-11.9
-12.4/-12.5

-2.1
14.9
-8.2
-11.6/-11.0
-11.3/-11.2

G properly decodes data stream, H is an eavesdropper

ones significantly limits the maximum length of subsequently transmitted zeros and
ones which also reduces randomness in the simulated sequence. The simulation has
been run 16 times per scenario leading to a total of 1024 simulated bits. A higher
amount of bits was not permitted due to computing limitations. The time traces
and eye diagrams after balanced detection are shown in Figure 5.4(a) and (b) for
the single user case, and only the eye diagrams are shown in Figure 5.5(a) and (b)
for the two and four users case.
The auto and crosscorrelation principles of SAE OCDMA are clearly observed
in Figure 5.4(a) by the data retrieval at the ONU with code PCI 0111 and the noise
detection at all other ONUs. The results in Figure 5.5 show a severe performance
degradation of the received data streams as a result of multiple user interference
(MUI) in the system. Although few bits are simulated, the eye diagrams were used
for an estimation of the Q-factor (and corresponding BER value) in the simulation
environment. Both are shown in Table 5.2 for all three simulated scenarios.
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(a) Time traces, 64 bits (all PCIs shown)

(b) Eye diagrams, 1024 bits (all PCIs shown)

Figure 5.4: Simulation results for a single user downstream transmission, 1 Gbps
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(b) Two users, 1024 bits (all PCIs shown)

(b) Four users, 1024 bits (all PCIs shown)

Figure 5.5: Eye diagrams for a multi-users downstream transmission, 1 Gbps
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Table 5.2: Measured Q and BER values, 1 Gbps downstream transmission
PCI

One user

Two users

0110
0111
1110
1111

9.4 (-)
-

4.5 (2.8 · 10−6 )
5.4 (2.6 · 10−8 )
-

Four users
2.7
2.3
2.9
3.0

(3.4 · 10−3 )
(9.7 · 10−3 )
(1.8 · 10−3 )
(1.5 · 10−3 )

The principle of operation is clearly shown by the single user case namely an
error-free transmission for PCI 0111 and noise detection by all other ONUs. The
MUI has an immediate impact on the performance because the Q-factor is halved
when another active user is added to the network.

5.1.3

Discussion

The low BER values shown in Table 5.2 improve when FEC techniques are applied.
However, this requires coding circuits at the transmitter and the receiver while
FEC itself adds an overhead, that is, a percentage of the transmitted data is
reserved for FEC coding. Authors in [158] show that a BER of 3.3 · 10−3 may be
corrected to 10−9 for a 7% FEC overhead. This enables error-free transmission of
three of the four downstream channels.
One may notice that no additional BPFs have been placed after the SOAs
at the positions B and E while the SOAs not only add in-band (in-code) ASE
noise but definitely also out-of-band (out-of-code). Therefore, in practice, BPFs are
required to filter out the out-of-band ASE noise added by the amplifiers. However,
in the simulation environment ”only” 1 THz could be simulated (Figure 5.3) thus
to a large extend the out-of-band ASE is naturally neglected by the simulation.
Concatenating BPFs with a -3 dB bandwidth equal to the code width may shape
the edges of the phase code and consequently degrade the system’s performance.
Considering the simulated bandwidth, adding BPFs with a larger -3 dB bandwidth,
e.g. 10 nm, only add complexity to the simulation because their effect is limited.
The ripple observed in all time traces is a well understood phenomena when
using SLEDs and SOAs in a fiber-optic transmission system and relates to the
incoherent speckle noise discussed in section 1.5.2. The operational settings of the
SOAs can be optimized to raise the noise figure (NF), for example by operating
them under high bias currents in the gain-saturation regime [159]. The low bias
currents reported in this section and in section 5.2 probably cause a too high NF in
the amplifiers. Several other countermeasures have been suggested in section 1.5.2
such as increasing Bopt and lowering B. Note that the balanced detection unit and
the LPF at the receiver-side not optimized for the data rate used in the simulation
therefore an improvement may be expected if matched components are used. Next
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to optimizing the optical setup, employing electrical signal processing elements
such as an electrical integrator after the balanced detection unit may also improve
the quality of the transmission. However, the integrator may introduce a penalty
for the fastest bit transitions in the data stream.
As many channels are asynchronously multiplexed before the booster amplifier,
the gain each channel receives is not constant. Therefore, individual channel amplification may be considered even in combination with an automatic gain control
in order to have equally distributed optical powers.

5.2

Upstream simulation

In this section the upstream configuration of an SAE-OCDMA PON is presented
and the performance is studied in detail. Firstly, the simulation setup is shown in
section 5.2.1 after which the results are discussed in section 5.2.2.

5.2.1

Setup

The upstream configuration is shown in Figure 5.6 with transmitting ONUs and
a receiving CO for a two-users system. In the remaining of this section an eightusers configuration is considered. All components shown in Figure 5.6 have been
described in the previous section and only the bias currents of the amplifiers are
set differently. The SOA after the SLED is now operated at 100 mA and a preamplifier at the OLT operates at 130 mA.

5.2.2

Results

The following power levels are measured at the locations indicated by the bold
letters in Figure 5.6.
The results are shown in Table 5.3 are (obtained) similar to the results discussed
for the downstream configuration in section 5.1.2. Table 5.3 shows that the optical
switch - cascade E/D combination ideally has 6 dB losses because of the 3-dB
coupling loss at the output and at the switch. Additionally, the upstream setup
only has one passive coupler in the path from the output of the encoder to the input
of the decoder so less amplification is required compared with the downstream
configuration.
Similar to section 5.1.2, 16 runs of 64 bits are simulated on a bit rate of 1 Gbps
per user except for the four-users case because computing limitations only allowed
for 7 runs of 64 bits. The time traces and eye diagrams after balanced detection
are shown in Figure 5.7 and 5.8 for the single and four-users case. The same
detrimental effects of MUI are observed as in the downstream case. The measured
Q-factors are shown in Table 5.4 for all simulated scenarios.
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Figure 5.6: Upstream SAE-OCDMA PON, two users [149]
Table 5.3: Average optical power levels at various positions in Figure 5.6
Position
A
B
C
D
E
F
G
(∗)

One user [dBm]

Two users [dBm]

Four users [dBm]

-14.5
13.9
0.3/3
1.9/1.9

2.2
14.5
8.5
-9.0
14.9
2.3/3.3
2.7/2.9

-5.2
15.5
3.2/3.6
3.3/3.4

F properly decodes data stream, G is an eavesdropper
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(a) Time traces, 64 bits (all PCIs shown)

(b) Eye diagrams, 1024 bits (all PCIs shown)

Figure 5.7: Simulation results for a single user upstream transmission, 1 Gbps
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(a) Two users, 1024 bits (all PCIs shown)

(b) Four users, 448 bits (all PCIs shown)

Figure 5.8: Eye diagrams for a multi-user upstream transmission, 1 Gbps
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Table 5.4: Measured Q and BER values, 1 Gbps upstream transmission

5.2.3

PCI

One user

Two users

0110
0111
1110
1111

11.7 (-)
-

5.9 (1.7 · 10−9 )
5.4 (4 · 10−8 )
-

Four users
2.4
2.9
3.7
3.1

(9.0 · 10−3 )
(2.0 · 10−3 )
(1.0 · 10−4 )
(8.5 · 10−4 )

Discussion

The single user case shows a slight improvement of the Q-factor with respect to the
downstream case which may be related with the higher received optical power at
the balanced detection unit for a given receiver sensitivity. However as mentioned
in section 1.5.3, a higher received optical power does not improve the resilience to
MUI which is indicated by the small difference in the Q-factors of Table 5.2 and 5.4
for a 16 dB power difference. FEC may be used to have an error-free transmission
on three of the four upstream channels.

5.3

Narrowband interference simulation

In this section the influence of a narrowband interferer is studied on the downstream transmission performance as presented in section 5.1. In the remaining of
this section the simulation setup is described in 5.3.1 after which the results are
discussed in section 5.3.2.

5.3.1

Setup

A narrowband distributed feedback (DFB) interferer has been added in the downstream SAE-OCDMA PON configuration as shown in Figure 5.9 for a two-user
scenario. As a matter of illustration, several insets are placed in Figure 5.9 to show
the optical spectra which can be found at that position.
The downstream configuration is slightly different than the setup shown in
Figure 5.1 since no booster amplifier is used but pre-amplification at the ONUs.
The main reason for this architectural modification is that the performance degradation occurs at relatively high interferer-to-phase code ratio (IPCR) values and,
consequently, at the multiplexing point the power level after the booster amplifier
remains too high in order to reach a significant IPCR. Since the losses are more
stringent now, the SOA after the SLED is operated at 300 mA. The pre-amplifier
at the ONU only needs 75 mA bias current in the simulation.
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Figure 5.9: Simulation setup to evaluate narrowband interference in SAE OCDMA

Similar to the setup in Figure 5.1, four-stage E/Ds are used in Figure 5.9. As
shown the narrowband interferer is merged after the encoder with the transmitted
optical signal via a 3 dB coupler. The interfering signal consists of a DFB laser
with a linewidth of 10 MHz which is a typical value of commercially available
products. The output power is increased in the simulation such that its impact on
the phase code performance can be evaluated. Two different phase code widths
have been evaluated, i.e. FSR=256 GHz and FSR=640 GHz, in order to compare
the performance. The broad phase code is expected to be more resilient to narrowband interference than the narrow phase code simply because a broad phase code
contains more optical power. The phase code PCI 0000 is taken in the analysis
which is most vulnerable to interference according to the analysis in section 3.4.4
and as such represents the worst case.
The relative IPCR value is defined as the ratio between the peak power of
the interferer and the average power level of a phase code measured via an optical spectrum analyzer in the simulation. The IPCR is illustrated in the top-right
inset of Figure 5.9 and represents a ”noise-to-signal” ratio. The transmission performance penalty due to the increase in IPCR is determined via the eye opening
factor (EOF). EOF is a figure of merit defined in the simulation software [136] and
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is a statistical metric according to
EOF =

µ1 − µ0 − (σ1 + σ0 )
µ1 − µ0

(5.1)

with µi the mean value of zeros and ones, and σi the standard deviation of the
zero and one values. Using (5.1), an EOF penalty can be determined due to the
increase in IPCR.

5.3.2

Results and discussion

Firstly the results are discussed in case of a continuous wave (CW) interferer after
which the results are presented for a modulated interferer.
The evolution of the EOF as function of the IPCR is shown in Figure 5.10 and
5.10 for PCI 0000 with an FSR=256 GHz (narrow code) and FSR=640 GHz (broad
code) in case of a CW interferer. Figure 5.10 and 5.11 show that IPCR values

Figure 5.10: EOF vs. IPCR for a narrow code (FSR=256 GHz), CW interference
between 5 and 10 dB may be tolerated before the performance starts to degrade.
At an EOF value of 0.65 the performance degradation is clearly visible in the eye
diagram. In principle, the narrowband interferer causes a DC offset in the detected
signal. This offset can be mitigated by using AC-coupled devices or a DC-block
after the balanced PDs. As the IPCR value starts to increase, the interferer does
not only cause a DC offset but also significant distortion which is indicated by the
decrease in EOF in Figure 5.10 and 5.11. All other ONUs receive the PCI 0000
and the interferer because of the broadcast-and-select mechanism of PON. As a
result of a code mismatch, the crosscorrelation is detected and, additionally, the
DC offset due to the interferer. Figure 5.10 and 5.11 clearly show that a broad
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Figure 5.11: EOF vs. IPCR for a broad code (FSR=640 GHz), CW interference
phase code is more robust against high intensity narrowband interference than a
narrow code, and that the position of the narrowband interferer has a significant
influence on the performance. In order to illustrate the latter effect, eye diagrams
of the narrow code are shown in Figure 5.12(a)-(d) when EOF'0.65.
Figure 5.12(a) depicts the reference eye diagram when no interference is present.
Figure 5.12(b) and (c) show when the interference is worst on either A(ω) or A(ω),
that is, when the interference is located on a peak in A(ω) or A(ω) thus on a notch
in A(ω) or A(ω). Finally, Figure 5.12(d) corresponds to the case when the interference is positioned at a -3 dB point of the phase code. Significant distortion of the
one or zero-level can be observed due to the high intensity optical interferer. Only
in the case of Figure 5.12(d) the distortion is averaged on A(ω) and A(ω) and a
higher IPCR can be tolerated. The results are expected to hold for the upstream
configuration because the ICPR is a relative figure of merit.
If the interferer is modulated, a slight increase can be observed in the EOF
penalty. This case is depicted for a broad code only in Figure 5.13 when the
DFB is directly modulated with a 2.4 GHz sinusoidal. The degradation may be
attributed to the spectral broadening associated with the modulation such that
the interference affects a larger part of the phase code. Eye diagrams are shown
in Figure 5.14 in case of EOF=0.65 and compared with the ones shown in Figure 5.12(b) and (c), the modulation adds a ripple in the eye diagram. The other
detecting ONUs (with a code mismatch) also observe this additional ripple for
high IPCR values.
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(a) No interference

(b) A(ω) worst case

(c) A(ω) worst case

(d) -3 dB point phase code

Figure 5.12: Eye diagrams corresponding with EOF'0.65 in Figure 5.10

Figure 5.13: EOF vs. IPCR for a broad code, modulated interference
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(a) A(ω) worst case
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(b) A(ω) worst case

Figure 5.14: Eye diagrams corresponding with EOF'0.65 in Figure 5.13

5.4

Downstream experiments

In this section, the results on SAE OCDMA system experiments are shown. Out
of the many two-stage E/Ds fabricated in the Si3 N4 /SiO2 material system, two
cascades and one tree E/D have been packaged in order to perform SAE OCDMA
system experiments. Appendix B shows a photo of the packaged tree E/D. Due
to time restrictions, only the characterization of the devices via the auto and
crosscorrelation values and an error-free single-user GbE transmission on 2.25 km
of SSMF is shown in this thesis. The results on a multi-user transmission are
expected in the near future.

5.4.1

Setup

The experimental setup is depicted in Figure 5.15. The SLED is filtered by a
first BPF which is placed after the isolator and has a -3 dB cut-off frequency of
5 nm. Then a first Erbium doped fiber amplifier (EDFA) is used to amplify the
spectral slice before it is encoded and modulated. A second BPF filters ASE noise
generated by the EDFA and has a -3 dB cut-off frequency of 12 nm. This value
should be closer to 5 nm in order to filter more ASE noise but such filters were
not available. A performance degradation was observed if BPFs were used of 5 nm
after the EDFA.
The optical power is optimized for the TE-mode via a PC in front of the
tree encoder (ENC). A phase code is selected at its output and a polarization
dependent high-speed 2×2 optical switch [156] is used for the spectral shift keying
modulation. A second (booster) EDFA compensates for the experienced losses of
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Figure 5.15: Experimental setup for downstream transmission experiments
encoding and switching and after ASE filtering by a third BPF the SSK stream is
launched into the SSMF with a length of L=2.25 km. At the receiver, the optical
stream is again optimized for the TE-mode after which the encoded data is decoded
by the cascade decoder (DEC). Then a balanced PD unit with an integrated TIA
detects the optical intensity after which the electrical signal is filtered by a GbE
filter and a broadband amplifier. The values used in the simulations of this chapter
correspond with the values for the components in the experimental setup, except
for the -3 dB BW of the balanced PDs which was 12 GHz.
The measured optical powers at various positions in Figure 5.15 are shown in
Table 5.5.
Table 5.5: Measured optical power levels in Figure 5.15
Position

Power [dBm]

A
B
C
D
E
F

-2.0
8.0
3.7
-12.5
-16.5
9.0
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Results and discussion

The en/decoders have been characterized before the transmission experiment on
their auto and crosscorrelation values similar to the analysis done in section 3.4.
This measurement has been done in the back-to-back configuration of Figure 5.15,
i.e. L=0. The results are shown for the static and dynamic operation of the setup.
Regarding the former, the optical powers are measured at position G in Figure 5.15
when either A(ω) or A(ω) is launched in the decoder using any of the four PCIs.
Regarding the latter, an encoded GbE stream is launched in the decoder and the
electrical power is measured at the output of the ONU in Figure 5.15. The results
are shown in Table 5.6 and 5.7 for the static and dynamic configuration.
Table 5.6: Measured optical correlation values of two-stage E/Ds, static
PCI ENC
PCI DEC

00

00
01
10
11

0.52
0.08
0.04
0.05

A(ω) [mW]
01
10
0.08
0.61
0.09
0.11

0.08
0.08
0.57
0.09

11

00

0.10
0.10
0.13
0.55

-0.35
0.02
0.08
0.06

A(ω) [mW]
01
10
0.10
-0.39
0.07
0.05

0.07
0.08
-0.39
0.05

11
0.14
0.12
-0.09
-0.29

Table 5.7: Measured electrical correlation values of two-stage E/Ds, dynamic

PCI DEC
00
01
10
11

PCI ENC [dBm]
00
01
10
11
-2.7
-19.3
-19.7
-20.6

-19.5
-2.0
-20.0
-19.0

-19.2
-19.7
-2.3
-18.8

-20.0
-20.0
-20.1
-3.4

The values shown in Table 5.6 represent the power difference between the upper
and the lower output of the decoder in mW. As shown, the autocorrelation has
a high bipolar output while the crosscorrelation value remains low. The dynamic
measurement values in Table 5.7 show a contrast ratio of more than 16 dB is
achieved between decoding with a matched code and decoding when the code does
not match. The static correlation values in Table 5.6 are used to calculate the
inbound and outbound crosstalk values for each PCI in case of A(ω) or A(ω). As
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explained in section 3.4, the outbound crosstalk value indicates to which extent
a phase code generates crosstalk at other decoders while the inbound crosstalk
indicates to which extent a decoder is affected by crosstalk from other phase codes.
These values are calculated with equation 3.30.
Let’s consider PCI 00 as an example. Then with respect to the values in Table 5.6, its outbound crosstalk value is determined by dividing the max{CCP}
found in the column of PCI ENC 00 by its ACP. Its inbound crosstalk value is
determined by taking the max{CCP} in the row of PCI DEC 00 and divide this
by its ACP. As a result, the measured inbound and outbound crosstalk factors for
two-stage E/Ds are shown in Table 5.8.
Table 5.8: Measured inbound and outbound crosstalk factors, two-stage E/Ds
A(ω)
ro

PCI

ri

00
01
10
11

0.20
0.16
0.23
0.20

0.15
0.18
0.15
0.24

ri

A(ω)
ro

0.40
0.31
0.23
0.20

0.23
0.26
0.20
0.49

The measured values for ri and ro differ significantly from the values determined via analysis in Table 3.5 on page 3.5. However, the analysis was made with
ideal components therefore represents the optimal case. The measured values for
A(ω) and A(ω) exhibit a discrepancy and in some cases a factor two difference may
be observed. It is not clear yet what causes this difference. Regarding the inbound
crosstalk, PCI 10 and PCI 11 display an equal response both for A(ω) and A(ω).
Considering the outbound crosstalk of these two, PCI 11 generates a large amount
of crosstalk at PCI 00. Therefore in case of transmission experiments, PCI 10 is
the preferred phase code using these E/Ds.
The transmission performance is measured of the setup shown in Figure 5.15.
The optical switch is operated by a pulse pattern generator (PPG) which generates
a 27 -1 PRBS at a bit rate of 1.25 Gbps (GbE). The decoded and detected data
stream is processed by a bit error rate tester (BERT). The BER versus the received
optical power is depicted in Figure 5.16 for all four PCIs measured individually in
case of back-to-back and a transmission over 2.25 km of SSMF. A time gating of
100 s has been used during the measurements. Error-free transmission is clearly
shown in Figure 5.16 with a penalty smaller than 1 dB and no significant difference
is observed between the phase codes. The relatively poor receiver sensitivity of
7 dBm is merely caused by the losses of the decoder and the low sensitivity of the
balanced detection unit. If both figures are improved, a significant improvement
in the link budget can be expected.

5.4. DOWNSTREAM EXPERIMENTS

133

Figure 5.16: BER versus optical power for a single-user point-to-point SAE
OCDMA transmission on 2.25 km of SSMF at 1.25 Gbps, 27 -1 PRBS
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Conclusions

The transmission performance of an SAE-OCDMA PON has been studied by
means of simulations for an upstream and downstream configuration. The modelled
setup operated at a user bit rate of 1 Gbps and could potentially accommodate
eight active users. It is shown that up to three users using FEC can simultaneously
and asynchronously transmit their individual data streams across the network. It
is confirmed that an increase of optical power does not improve the performance.
The resilience to a narrowband CW and modulated optical intensity interferer has
been also been studied. It can be concluded that in the worst case the allowable
interferer-to-phase code ratio is well over 10 dB. System experiments have been
performed employing two-stage E/Ds. A code match/mismatch contrast ratio of
more than 16 dB is demonstrated at a bit rate of 1.25 Gbps. Error-free transmission
over 2.25 km SSMF is shown in a single-user point-to-point configuration using
any phase code on a bit rate of 1.25 Gbps.

Chapter 6

Code-based transparent
access tier
This chapter presents, in detail, a code-based optical transparent access tier in
which all-optical ONU-to-ONU networking is enabled. The network design, the
parameters and functional implementation are firstly introduced after which three
optical network management functionalities are proposed to resolve the contention
in the network at aggregation points namely optical code sensing, activity monitoring of active users, and code-labelled packet switching. The implementations
are shown and limitations are discussed. By using the monitoring functionalities,
the ONUs are able to determine the (past) state of the network and based on that
information a decision can be made in order to avoid MUI on the network. However, the observed state requires to be stable for a given time in the future, that is,
a coherence is required between the observed and the future state. The coherence
of state is studied and numerically evaluated for four different packet length distributions namely the exponential, Gaussian, Pareto and (empirically-observed)
bimodal distributions. A preliminary study towards transmission scheduling is
given at the end of the chapter.
The chapter is organized as follows: section 6.1 briefly introduces the concepts
of all-optical ONU-to-ONU communication on a given architecture. Section 6.2 and
6.3 presents the functional design of optical code-sensing and code-labelled packet
switching in such a network. Then, the implementation of the former is discussed
in case of an SAE OCDMA system in section 6.4. Section 6.5 gives background
information on MUI versus network utilization and interference avoidance after
which the coherence of state is analyzed and evaluated in section 6.6 and 6.7.
Finally, transmission scheduling is introduced in section 6.8 and the chapter is
concluded in section 6.9.
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6.1

All-optical ONU-to-ONU communication

In this section, an optical transparent access tier is introduced in detail where
all-optical communication based on optical codes is enabled. The concept, architecture, and the principles of address and traffic handling in such network are
presented.

6.1.1

Concept

Let’s consider a central office with multiple OCDMA PONs connected as shown in
Figure 6.1 which is similar to the ”packet-switched” OCDMA part of the FTTPAN
network in Figure 2.3 on page 43.

Figure 6.1: Access network based on PONs including traffic streams [96]
In principle, all ONUs in each individual PON asynchronously communicate
with the CO by using an OC on a separate up and downstream wavelength. At
this point it doesn’t matter which class of OCDMA system is used as long as each
ONU in the network is identified (or: addressed) by a unique OC.
The situation may occur when two users located at different ONUs are communicating with each other via the CO and, normally, such ONU-to-ONU (O2O)
communication requires a conversion to the electronic domain in order to perform
the routing of the data. O2O communication has been studied in case of a single
PON, for example by [160], or recently in case of a sub-net of PONs by [161]. In
the latter case, the authors use time-slotted access in a wavelength division multiplexing (WDM) scheme and time-managed traffic scheduling to avoid collisions
between the O2O traffic. A synchronous PON is more complex with respect to a
PON employing asynchronous access via OCs (section 1.3).
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In this work all-optical asynchronous O2O communication is proposed between
the ONUs in Figure 6.1. In other words, the ONUs are allowed to all-optically
communicate with each other inside (intra) a PON and/or in between (inter)
PONs. A strict requirement in the design is the preservation of optical transparency
in the network, that is, the end-to-end transmitted data packets should always
remain in the optical domain. Additionally, no wavelength conversion is applied
at the CO in order to obtain full optical network transparency instead of opaque
optical network transparency as discussed in section 1.1.4. However, this does have
some impact on the complexity of the network nodes which becomes clear later on
in this chapter.

6.1.2

Architecture

The central office shown in Figure 6.1 has M PONs connected with each of them
having Ni ONUs which is equal to the splitting ratio Ni of the passive coupler.
The value for M is largely determined by the backplane of the CO while Ni has
a more physical limitation via the power budget. The power budget determines
the allowable losses on the path between a source and destination for a given
transmitter power and receiver sensitivity. Current PON deployments use Ni =32
or 64 as maximum splitting ratio which gives an ideal loss of 10log(Ni ) dB coupling
loss plus typically 1 dB excess loss [162]. Considering the fiber lengths, an urban
area scenario is assumed meaning a distribution fiber of 1 km and a feeder fiber of
4 km. For sake of simplicity, no variation is taken into account between the fiber
lengths. A symmetric bit rate of 1.25 Gbps (GbE) is offered to each ONU in the
network in order to meet the future BW requirements as shown in section 1.1.2
and 2.1.1.

6.1.3

Address and traffic handling

The following basic addressing principle is used regarding O2O communication
in this thesis namely the transmitting ONU uses the OC of the receiving ONU
to encode the data. If (regular) ONU-to-CO (O2C) communication is made, the
transmitting ONU uses its own OC to encode the data. The CO always encodes
the data with the OC of the receiving ONU. This implies that routing information is available to ONU before transmission. This information is provided via a
collision-free communication channel between the CO and ONUs which is used for
transmission control and network management.
If the up and downstream wavelengths are fixed (thus equal) per PON, for
example because of standardization, a labelling technique such as optical code
labelled generalized multi-protocol label switching (OC-GMPLS) [163,164] can be
used to route and multiplex the data packets provided that the code space is large
enough to address each ONU in the network. In OC-GMPLS only a header packet is
encoded with an optical code and transmitted ahead of a data packet. The different
paths to the ONUs are denoted as OC-labelled paths. At an aggregation node such
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as an optical label switch, the header packet is examined and the data packet is
routed according to the retrieved information. OC-GMPLS employing OC-labelled
paths does not exploit the full capabilities of the optical code considered in this
thesis. The OC may also be applied to the whole packet (header plus data) instead
of only to the header packet. In literature, this is known as OC-GMPLS employing
optical code division multiplexing (OCDM) paths [165,166] or implicit optical code
labelling (ImOCL) [167]. The optical code is then used as modulation format, as
multiple access/multiplexing technique, and as routing mechanism. This approach
is also considered in this work.
The work on OCDM paths and ImOCL considered a multi-hop core network
where OC label-switching is performed at each aggregation node (or: router). In
this chapter the network architecture is considered as shown in Figure 6.1 where
in principle the routing information is known beforehand therefore no OC labelswitching is required at aggregation nodes. There is a need for contention resolution
in the network because of the risk of collisions at the passive coupler and the CO
where traffic from multiple users is aggregated. Recall that the OCs enable asynchronous network access and OC-labelled information from ONUs transmitting to
a shared destination (thus shared OC) may collide. Contention resolution is not
discussed in this section but in the remaining of the chapter.
In case of fixed up and downstream wavelengths, a large set of optical codes
is required to implement all-optical O2O communication via OC-labelled packets.
The code cardinality needs to be at least M·Ni because each ONU needs to have
a unique OC as its optical identifier in the network. If dynamic OC assignment is
adopted more ONUs can be accommodated for a given code cardinality. For sake
of simplicity, only a static usage of OCs is considered here, that is, each ONU has a
fixed OC. As a result the receiver (decoder) is fixed and the transmitter (encoder)
should be tunable. In some specific scenarios the receiver may require tunability
which becomes clear later this section.
The approach that is considered here is using especially allocated O2O wavelengths next to fixed (or: standardized) up and downstream wavelengths. The
fixed wavelengths are then used for the regular O2C traffic. A unique wavelength
(band) is assigned to each PON in the sub-net on which data for ONUs located in
that PON can be transmitted. The broadcast-and-select properties of PON and
OCDMA ensure that the data is delivered to the correct destination and only
a routing decision based on wavelengths has to be performed at the CO. The
principle of performing such O2O communication is shown in Figure 6.2.
As shown in Figure 6.2, ONU1,1 and ONU2,1 reside in the same PON. At t=t1 ,
both ONUs generate intra-PON O2O traffic as indicated by the activity of code c1
and c2 on λ1 in the network. At t=t2 , ONU2,1 transmits inter-PON O2O traffic to
ONU3,M (located elsewhere) on λM while ONU1,1 still transmits intra-PON O2O
data to ONU2,1 . At t=t3 , ONU1,1 also starts transmitting intra-PON O2O data
to ONU3,M which results in a collision at the passive coupler. Such a collision may
also occur at the CO in case of two intra-PON O2O data streams with a shared
destination.

6.2. OPTICAL CODE-SENSE COLLISION DETECTION

139

Figure 6.2: All-optical ONU-to-ONU communication
Users A-D in Figure 6.1 may be either fixed and/or mobile network subscribers
with respect to the application of the FTTPAN network considered in chapter 2.
The ONUs may also be providing services to a sub-network similar to the hybrid
fiber-COAX or fiber-to-the-curb architectures shown in Figure 1.11. In this case,
data to multiple users can be aggregated in a burst. Regarding mobile network
subscribers, if a user moves from ONUa,b to ONUa+1,b the connection may be
easily maintained because of the broadcast-and-select properties of the PON (section 2.3). The only requirement is that the receiver at ONUa+1,b needs to be able
to (temporarily) tune to the OC of ONUa,b in order to capture the data stream
during the handover. After a successful handover, the CO is notified and the data
is then transmitted using the OC of ONUa+1,b .
The network management slightly complicates in case of a handover between
PONs in the same sub-net or even more when the user migrates out of the reach
of the CO. Standard handover techniques may then be applied. In any case, the
CO may keep a regularly updated list of all active users in the network. As such
it easily known at which ONU a network subscriber is located and movements
between nodes can be registered. As shown in Figure 2.3, a second PON with RAPs
may be connected to each ONU thus the ONU is capable of handling handovers
on a smaller (geographic) scale.

6.2

Optical code-sense collision detection

In this section, an optical code-sense multiple access / collision detection (OCSMA/CD) medium access protocol (MAC) is presented in order to resolve contention in case of O2O traffic in a single PON. The implementation of OCSMA/CD
requires a reflective PON. A reflective coupler is introduced and its implications on
the power budget are discussed. Then, the OCSMA/CD MAC limits the distribution fiber length for a certain packet size at a given bit rate. This issue is discussed
for the smallest and largest Ethernet packet sizes and solutions are given.
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Concept

The implementation of a MAC protocol in the optical domain has been studied and
demonstrated on a PON, for example, by [168, 169]. Most of the work focused on
optical carrier-sense which for a code division network obviously does not result in
the correct detection of collisions since the carrier is shared. To mitigate this issue
a MAC protocol based on optical code-sense is required. Optical code-sensing has
been analyzed for IP routing in a star network using a fiber-Bragg grating (FBG)
based incoherent wavelength-domain OCDMA system [170].
Network nodes (ONUs) have to be able to sense each other’s activities in order for the MAC protocol to work therefore a reflective configuration should be
implemented on PON. In [168] the cyclic properties of an arrayed waveguide grating (AWG) are used. However, this imposes a fixed WDM scheme onto the PON.
In [169] an isolator is placed at a star coupler (SC) which also reflects optical power
onto the fiber of the source. As a result, all received packets need to be processed
in the electrical domain (MAC layer) to establish if the data is echoed from its
own transmission or if the data is from other users. Only then may be determined
if the channel is occupied. The authors in [170] consider an N:N star coupler is
considered of which the N input fibers represent the upstream fibers and the N
output fibers represent the downstream fibers. This gives rise to the same issue
and additionally only N ONUs are connected in the network instead of 2N.
In this work, a solution is proposed which only requires a single fiber, no fixed
wavelength-splitting devices and produces no echoing of transmitted signals. The
latter enables the all-optical implementation of the code-sense MAC which is implemented in the optical PHY to lower the complexity in the protocol stack. Alloptical code sensing only requires the detection of the autocorrelation peak of any
transmission (activity) on a particular code.

6.2.2

Reflective PON

The passive coupler of a PON requires a minor upgrade in order to have directional
coupling to all-but-own fibers, that is, the optical power is partly reflected to all
fibers but your own. It is common to reflect at the first aggregation node (passive
coupler) to avoid excessive delays in collision detection due to the long length of the
feeder fiber (Lf) with respect to the distribution fibers (Ld) of the PON. Collision
detection in systems employing directional coupling is straightforward [171].
A reflective passive coupler is shown in Figure 6.3 which is based on the modular construction method for reflective star couplers [172]. As shown, most optical power is coupled towards the CO and smaller portions are coupled towards
the ONUs by the extension of the ”regular” 1:Ni passive coupler with two extra
couplers per distribution fiber. The coupling ratio x of the first coupler is a variable which can be used to optimize the design according a given power budget.
The second added coupler has a 1:Ni -1 splitting ratio to equally distribute the
optical signals of the first coupler. Consequently, the up and downstream traffic
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Figure 6.3: Reflective passive coupler for PON [173]
(O2O + O2C) experience a penalty of 10log(1 − x) plus once excess losses while
the reflected traffic for code-sensing purposes encounters a large splitting loss of
20log(x) − 20 log(Ni -1) and quadruple excess losses.
The loss figures of a regular PON and a reflective PON are shown in Table 6.1
in case x=0.5.
Table 6.1: Splitting losses of PON and reflective PON signals in dB, x=0.5

Split ratio

PON
Up/downstream

Ni =4
Ni =8
Ni =16
Ni =32
Ni =64

6+1=7
9+1=10
12+1=13
15+1=16
18+1=19

Reflective PON
Up/downstream
Reflected
(3+1)+(6+1)=11
(3+1)+(9+1)=14
(3+1)+(12+1)=17
(3+1)+(15+1)=20
(3+1)+(18+1)=23

2*(3+1)+2*(5+1)=20
2*(3+1)+2*(8+1)=26
2*(3+1)+2*(12+1)=34
2*(3+1)+2*(15+1)=40
2*(3+1)+2*(18+1)=46

The loss figures show that implementing the directional coupling as shown in
Figure 6.3 introduces a limitation in the split ratio with respect to the power
budget of the reflected optical signals towards the ONUs. In case of a passive
reflective coupler, a split ratio of 1:16 (with a penalty of 34 dB) seems to be the
maximum feasible under the conditions of a high transmitted optical power and
pre-amplification of the reflected signals at the ONUs. Higher split ratios require
loss compensation via optical amplification at the reflective coupler. The up and
downstream traffic receive a fixed (additional) power penalty of 4 dB in case of
x=0.5. The implementation of the code-sensing unit at the ONU-side depends on
which OCDMA system is considered.
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Limitations and discussion

Besides the split ratio, the OCSMA/CD MAC protocol has two other important
limitations which are related to the packet sizes used for transmission in the network.
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 (6.1) calculates the fiber length L as function of
tRTT as follows
c · tRTT
c · `p
2L ≤
⇒B·L≤
(6.1)
ne
2 · ne
where c is the speed of light, ne is the effective refractive index of a standard single
mode fiber (SSMF) and tRTT equal to the transmission time `p /B with `p the
packet length in bits and B the bit rate. Equation (6.1) shows that OCSMA/CD
limits the bit rate on a PON for a given length of the distribution fiber and
a given packet size. For example, when each user employs a gigabit Ethernet
(GbE) connection (1.25 Gbps) the transmission of the smallest packet via fiber
corresponds with Ld ≈ 50 meters for the distribution fiber. However, [174] shows
that the average empirical packet size is 449.14 bytes which is more than a fourfold
larger than the minimum Ethernet packet size.
Figure 6.4 depicts the length of the distribution fiber versus the bit rate in
the network in case of three different packet lengths namely the minimum, the
average empirical and the maximum size (1526 bytes). It is shown that in practice
the network employing code sensing may be designed with a fiber length up to a
few hundred meters. It is clear that the packet size limits the network deployment
of an OCSMA/CD PON, for example, to a very short range small office / home
office (SOHO) network operating on GbE or to a more distributed networking
environment with speeds up to several hundred Mbps. In any case, bit stuffing can
be applied in order to increase the minimum packet length such that GbE speeds
can be provided using longer distribution fibers.
Another perspective on the bit rates in the network is given by considering the
traffic streams in an FTTPAN architecture with mobile network subscribers [175].
The traffic streams are dominated by the communication needs of the mobile subscriber. As mentioned in section 1.6, high bandwidths in wireless networks require
high RF carriers which typically result in small network cells. Many RAPs (and
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 networks.
The splitting factor and transmission distance of truly passive optical networks is
also limited. Therefore the probability that a source and destination reside in the
range of a single FTTPAN architecture, such as user A and D in Figure 6.1, becomes small. An O2O connection is established only if source and destination are
located in the same sub-net of PONs hence it may be concluded that the majority
of the traffic requires a connection between ONU and CO. Consequently, large
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Figure 6.4: Ld vs. bit rate for different packet sizes in an OCSMA/CD PON
capacity is definitely required for O2C traffic while the O2O traffic may operate
at a lower bit rate.
The second limitation of the OCSMA/CD MAC protocol is related to intraPON O2O communication. The following may occur in that case: The ONU tunes
to the wavelength and the code of its neighboring ONU. Then, if no data is sent
to the addressee at that instant, the ONU sends the data to the central office.
The CO transparently routes the data downstream on the same PON towards
the transmitting and receiving ONU. If the transmitter is still transmitting when
the packet arrives, it receives part of its own transmitted data (the echo) and
the OCSMA/CD MAC detects a collision. Therefore this effect is related to the
maximum Ethernet packet length which according to (6.1) corresponds with an
(Ld +Lf ) ≈ 1 km round-trip transmission distance. Most deployed PONs have
longer transmission distances so in that case this issue is not present. However if
data is sent to the addressee at the moment that the ONU also wants to transmit
data, no intra-PON O2O communication can be established because collisions are
detected. Since the probability of having downstream O2O traffic is continuously
high, it is desirable to have the intra and inter-PON O2O traffic streams interleaved
in order to introduce some fairness for example via a packet switch.
The consequence of the second limitation is to either have intra-PON traffic on
a separate wavelength channel, not to allow intra-PON O2O communication on the
network, or to have space division multiplexing (SDM) of the up and downstream
channels. Initially, the network is designed with all forms of O2O traffic enabled.
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Therefore the option of space division multiplexing is proposed since wavelength
conversion is ruled out in section 6.1.1 because of the desire to have full optical
transparency in the network.
Figure 6.5 shown an OCSMA/CD PON next to an OCDMA PON and the
three different forms of network traffic shown in Figure 6.1 are depicted.

Figure 6.5: Hybrid OCDMA PON - OCSMA/CD PON architecture [96]
The (upper) OCSMA/CD PON only carries the upstream O2O traffic in order
to alleviate the O2C traffic from the drawbacks of the reflective coupler and the
OCSMA/CD MAC. The downstream O2O intra and inter-PON traffic is routed to
the OCDMA PON in order to address the second limitation of the OCSMA/CD
MAC. Figure 6.5 shows the four different kinds of traffic streams. The corresponding code/wavelength combinations are shown in Table 6.2,
Table 6.2: Code/wavelength combinations

upstream
downstream

OCDMA PON

OCSMA PON

(λup , cs )
(λdown , cs ), (λin , cs )

(λin , cd ), (λout , cd )
-

with λup and λdown as the up and downstream wavelengths, λin and λout as the
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wavelengths for intra and inter PON peer-to-peer communication, and finally cs
and cd as the source and destination code from the perspective of the source ONU.

6.3

Optical code-labelled packet switching

In this section, an optical code-labelled packet switch is introduced in order to
resolve contention in case of O2O traffic in a sub-net of PONs. Its design and
principle of operation is discussed and scaling issues are addressed.

6.3.1

Principle of operation

A two input by two output (2 × 2) switch node is shown in Figure 6.6 which is
placed in the CO of Figure 6.5. The number of input and output ports can be
easily increased. Figure 6.6 does not show the handling of the regular O2C traffic
since this is a standard operation.

Figure 6.6: Optical code-labelled packet switch [96]
A simple transmission scenario is shown where three packets arrive from ONUs
in OCSMA/CD PON 1 at t = t0 and t = t1 (c1,1 indicates code 1 sent from
PON 1). Only one packet arrives from an ONU in OCSMA/CD PON 2 at t = t1 .
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
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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 correctly 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 paragraphs.
At the input port the wavelengths are separated by a wavelength demultiplexer
(λ DEMUX) whereafter an optical code (OC) demultiplexer unravels the optical
packet stream into separate packets per output port. The optical code demultiplexing operation can be easily done via OEO packet regeneration [165] which is
shown in work on the OC-GMPLS sub-wavelength core switch of [167] or in the
OC-label optical cross connect (OXC) of [166]. However, a fully optical solution is
desired to preserve the optical transparency [35, 176].
Information on the packet, e.g. size and OC, is retrieved at the output of the
OC demultiplexer by the control and code processing unit either electronically or
optically depending on the architecture of the OC DEMUX. The code processor
checks the correlation properties with all available optical codes per wavelength
which can be cost-efficiently done by a parallel decoder (section 3.1.4). Based on
the information from the code processor, the packets are synchronized after the
OC DEMUX by using, for example, switchable delay lines [177].
It is also decided if an optical packet has to be buffered thus the switch matrix switches optical packets either to the output port or an optical buffer. At
the moment most optical switching technologies are a combination between optical technology and electronics [178] thus an electrical control signal is required
from the control and code processing unit in Figure 6.6. However, an all-optical
approach with optical control signals has been demonstrated and shown feasible
for contention resolution by [179]. A recirculating configuration of fiber delay lines
(FDLs) is envisioned as buffer unit as it reduces the amount of fiber needed and
it 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 [180]. Currently, optical buffers offer a limited size and a limited,
mostly coarsely distributed, amount of buffer times.
After the switch matrix the packets can be desynchronized in a similar fashion as the synchronization. Desynchronization may be required depending on the
OCDMA system used on the network. Synchronous multiplexing of incoherent
time-encoded OCs (or: chip synchronous traffic) represents the worst-case scenario [181]. The desynchronization should then have relative delay values which
are not a multiple of the bit time and should be carefully chosen because the
time-shifted incoherent summation of encoded bits may lead to the detection of
so-called “false positives“. Note that using SAE OCDMA desynchronization is not
an issue since no chips are used (section 1.4).
A passive splitter/combiner is used to multiplex the packets to the output fiber.
A wavelength (λ) 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 implemented,
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for example, by a reconfigurable optical add drop multiplexer (ROADM) [182] or
a wavelength selective switch (WSS) [183]. 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 AWG if full flexibility is not required. The optical cross
connect does not contain any label swapping unit because FTTPAN is a single
hop wavelength routing network (WRN) and the source sends its data with the
address of the destination.

6.3.2

Limitations and discussion

The biggest limitation of the (and perhaps any) optical packet switch is the increase
in complexity (number of ports) when the number of users in the network grows.
As a result, higher powers are required in order to switch a packet which is most
profound in case many OEO conversions have to be made. The complexity of the
switch in Figure 6.6 is governed by the values for M and Ni in Figure 6.1. Then, the
amount of input and output ports of the switch equal to M as well as the number
and ports of λ DEMUX/router components. A total of M2 OC DEMUX, Sync,
Switch and buffer, Desync, and Ni :1 coupler blocks with each Ni ports are then
required to be able to process each possible OC transmitted in each wavelength
band. In order to keep the complexity within reasonable limits, for example, the
standardized coarse-WDM bands can be used in the network (M=18) combined
with a (low) splitting ratio of 16 in order to assign a fixed OC to each ONU
(Ni =16).

6.4

Sensing and monitoring using SAE OCs

In this section, the implementation of optical code sensing and active user monitoring is shown in case of the SAE OCDMA system considered in this thesis. Firstly
the architectures are presented of both all-optical solutions. Then, simulation results are shown of the code-sensing implementation which confirm the principle of
operation.

6.4.1

Implementation

The code-sensing unit is easily constructed at the transmitter because of the reciprocality of the OCDMA en/decoder. Figure 6.7 shows the architecture of the
SAE-OCDMA PON including the required components to implement code sensing
abilities which are denoted with a grey background and dashed outline.
The configuration of the transmitting ONU and the reflective coupler have
been discussed in section 5.2 and 6.2.2. To upgrade the ONU node design with
collision detection only few extra components are required. Firstly, two couplers
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Figure 6.7: Optical code sense multiple access / collision detection on PON [173]
couple part of the received optical field to a (balanced) collision detection unit.
Secondly, a circulator is added to split upstream and downstream traffic. An extra
isolator ensures that upstream traffic is not passed through the E/D again via
the circulator. Finally, a second tunable BPF filters the channel-of-interest out of
the many reflected channels on the distribution fiber. The design of the ONU in
Figure 6.7 is in potential fully integrateable as a PIC which is of key importance.
With respect to the integration of the circulator and isolator progress is made in
research [184, 185].
The node design shown in Figure 6.7 can be modified in order to enable (continuous) user activity monitoring in the physical layer. The proposed design is
depicted in Figure 6.8 which is able to perform code sensing and code activity
monitoring for a specific optical channel. The transmission scheduling module also
contains a means to store data in an electronic buffer.

Figure 6.8: Code activity monitoring using SAE OCDMA on reflective PON [186]
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Simulation results

Simulations have been performed in order to demonstrate the principle of operation
of the code sensing system shown in Figure 6.7. The configuration for the CO
is as shown in section 5.2. Three ONUs have been simulated where one of the
three is transmitting part of its data on the code of one of the other ONUs. The
coupling ratio x in the novel design of the passive splitter is set to x=0.8. A twostage cascade E/D and a two-stage tree E/D are used to generate and process the
required code set. Similar to the simulation in chapter 5 the optical distribution
and feeder fibers are replaced by attenuators and optical delay modules to avoid
excessive simulation time. Figure 6.9(a) and (b) shows the received bit streams
at the CO and the electrical output power of each of the three collision detection
units placed at the ONU-side.

(a) Received and decoded bit streams at the central office

(b) Collision detector (CD) output of three different ONUs

Figure 6.9: Simulation results of the scheme in Figure 6.7
The soft capacity characteristic of OCDMA is clearly seen at the beginning
of the transmissions namely adding active users results in an overall reduction
transmission quality. During its data transmission, ONU2 suddenly switches from
code 2 to code 1. It is then interfering with ONU1 and vice versa. In the response
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at the CO this is observed by faulty detection at code 1 and zero detection at
code 2. This extreme case should not happen if a MAC protocol is used in the
simulation such that upon collision detection ONUs postpone their transmission
i.e. ONU 2 should sense the medium before actually transmitting its data. The
transmission of ONU3 on code 3 remains unaffected. The high collision detector
output of ONU1 and ONU2 indicate a collision is detected. The collision detector
of ONU3 detects no collisions.

6.5

Network utilization and MUI avoidance

A well-known limiting factor of OCDMA networks is the multiple user (or access)
interference as shown in section 1.5.3 by Figure 1.20. Essentially, as more users
simultaneously access the medium, the interference between codes increases at the
expense of network performance. The degradation of the BER per channel may also
be expressed in terms of network utilization. This analysis is done here after which
interference avoidance is introduced as method to increase the network utilization.
From hereon the operating bit rate is considered to be B=155.52 Mbps.
Let Ru be the average packet or burst arrival rate per user and let 1/τav be
the average transmission time. Then, ρ = Ru /τav is the utilization factor of the
output queue at the ONU, smaller than one for stable queues. Note that, from
direct application of the PASTA property, the utilization factor is the probability
to find the queue is busy, as seen by a random (Poisson) arrival. Furthermore, this
result holds regardless of the packet or burst size distribution. Then, it can be
assumed that a given user is active (i.e. transmitting a data packet or burst) with
probability ρ. The probability p(u) to find exactly u active users out of a total
population of U users is then given by the following Binomial distribution
p(u) =

µ ¶
U u
ρ (1 − ρ)U −u ,
u

u = 0, . . . , U

(6.2)

Equation 6.2 above can be combined with (1.6) on page 25 to obtain the average
BER probability (denoted BER) as a function of the number of users, as given by
BER =

U
X

BERu p(u).

(6.3)

u=0

Equation 6.3 has been plotted in Figure 6.10 for several values of ρ. For example, a FEC limit of 10−5 imposes a load operation below 20% in this architecture.
In order to increase ρ a technique denoted interference avoidance is proposed.
A promising method to reduce the effects of MUI was proposed by [187] for an
incoherent time-domain OCDMA system and experimentally confirmed by [188].
In their approach, interference avoidance (IA) decides the ideal bit release time
with respect to the transmitted signals sensed on the line in order to avoid inter-
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Figure 6.10: Average BER for different load levels ρ
ference, thereby improving throughput. The demonstrated IA system operates at
the chip (rate) level.
In case of an incoherent wavelength-domain OCDMA system such as SAE
OCDMA, the MUI is experienced as long as different codes overlap. Moreover, an
SAE OCDMA system transmits a code to represent a logical zero while in [187]
on-off keying (OOK) is used. As such, the interference in the SAE OCDMA system
is continuously experienced at a packet level. Additionally, Figure 1.20 and section 3.4 indicate that the performance of SAE OCDMA system performance does
not strongly depend on which particular codes are being used on the network. This
characteristic, combined with the fact that interference is experienced at packet
level, deduces the objective to minimize the code activity on the network based
on the interference sensed on the line.
The architecture shown in Figure 6.8 is assumed to be available at the ONUside. It enables the ONU to monitor and record code activity on the network similar
to [188] and, basically, the retrieved information discloses the activity on the feeder
fiber of the network. If any decision taken whether or not to transmit based on
that information, the recorded state of the network requires to be stable for, let’s
say, t seconds in the future because of processing time and propagation time on
the distribution fiber needs to be taken into account. The coherence between the
observed network state and the future state is simply denoted as the coherence of
state which is analyzed in detail in the following section.
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Coherence of state analysis

Coherence of state is defined as a property by which the state at a measurement
point and instant is correlated to the state in another measurement point and
instant. In [189], the state of the line at the ONU and the aggregation point is found
coherent via the so-called Pearson’s correlation coefficient, under the assumption
of exponential packet or burst size distributions.
In the forthcoming, a more rigorous estimation is derived of such coherence
of state which takes into account other packet size distributions and also an
empirically-observed bimodal distribution. The reader should note that such analysis is performed at the packet level, rather than at the chip level as pointed out in
the previous section, given the particular characteristics of the optical codes used.
The equations derived shall be evaluated with numerical examples.
The problem can be stated as follows: Given a set of observations of past
“activity” by one of the ONUs, it is desired to find the probability that such
activity will remain at the aggregation point d seconds (d ≥ 0) into the future, as
shown in Figure 6.11 whereby a fixed propagation delay τ is assumed.

Figure 6.11: Basic two-user OCDMA PON transmission scenario
The following studies the case for single and multiple active users.

6.6.1

Single active user

Let X be the packet duration. Let {Y1 , Y2 , . . . , Yn , . . .} be the sampling instants,
with Yn = n · δ and δ is the sampling interval. Let Yn = 1 if activity is sensed and
Yn = 0 otherwise. Our aim is to calculate
P (X > nδ + d|Y1 = 1, . . . , Yn = 1) = P (X > nδ + d|X > nδ)

(6.4)
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for δ > 0 and different packet length distributions namely an exponential, Gaussian, Pareto and empirically-observed bimodal distribution.
Exponential random variable
If the packet duration X is exponentially distributed, with parameter µ, then due
to its memoryless property it turns out that,
P (X > nδ + d|Y1 = 1, . . . , Yn = 1) = P (X > d) = exp (−µd)

(6.5)

Pareto random variable
If X is Pareto of the second kind (Lomax), that is
P (X ≥ x) = (x + 1)−αP ,

(6.6)

with αP as the shape parameter and x ≥ 0 then

P (X > nδ + d|X > nδ) =
=

(1 + nδ + d)−αP
(1 + nδ)−αP
µ
¶αP
1 + nδ
,
1 + nδ + d

(6.7)

with δ ≥ 0, d ≥ 0. If αP ≤ 2, the Pareto distribution has an infinite variance which
represents a heavy-tailed packet length distribution.
Gaussian random variable
If X is a Gaussian random variable with mean µ and standard deviation σ then
³
´
1 − Φ nδ+d−µ
σ
´
³
P (X > nδ + d|X > nδ) =
(6.8)
1 − Φ nδ−µ
σ
where Φ(·) is the distribution function of the standard Gaussian random variable.
Bimodal random variable
It has been observed in previous measurement studies that the packet size distribution typically follows a bimodal distribution, that can be accurately characterized
by the following combination of two Gaussian distributions (see [174]) as follows
P (X = x) = α1 N (µ1 , σ1 ) + α2 N (µ2 , σ2 ),

(6.9)

with x ≥ 0 and N (µ, σ) is the pdf of a Gaussian distribution. The values used
in [174] to empirically characterized the packet size distribution are α1 = 0.74,
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µ1 = 127 bytes, α2 = 0.26, µ2 = 1366 bytes, and σ1 = σ2 = 20 bytes. In this
case (6.4) is given by
h
i
nδ+d−µ2
1
1 − α1 Φ( nδ+d−µ
)
+
α
Φ(
)
2
σ1
σ2
h
i .
P (X > nδ + d|X > nδ) =
nδ−µ1
nδ−µ2
1 − α1 Φ( σ1 ) + α2 Φ( σ2 )

6.6.2

(6.10)

Multiple active users

Consider multiple active users in the network, each of them transmitting with its
own code c1 , c2 , . . . , cu , and let n1 , . . . , nu be the past activity intervals as sensed
by a given ONU. Without loss of generality, let us assume that n1 ≥ n2 ≥ . . . ≥ nu ,
as illustrated in Figure 6.12.

Figure 6.12: Asynchronously multiplexed encoded data packets [186]
Coherence of state refers to the probability to have all u users active d seconds
later, whereby a fixed propagation delay τ is assumed. Then, in order to have all
users active d seconds in the future, it is a necessary and sufficient condition that
the minimum of them remain active for d seconds in the future, i.e

P (min(X1 , . . . , Xu ) > nδ + d|X1 > n1 δ, . . . , Xu > nu δ) =
u
Y
P (Xi > ni δ + d)
i=1

P (Xi > nδ)

,

(6.11)
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i >ni δ+d)
with d ≥ 0. Clearly P (X
< 1, i = 1, . . . , u which directly implies that
P (Xi >nδ)
limu→∞ P (min(X1 , . . . , Xu ) > nδ + d|X1 > n1 δ, . . . , Xu > nu δ) = 0. Namely,
as the number of active users increases the coherence of state approaches null.
Furthermore, P (min(X1 , . . . , Xu ) > nδ + d|X1 > n1 δ, . . . , Xu > nu δ) is strictly
decreasing with u, the number of active users. Also, the more active users sensed,
the less coherence of state. Intuitively, when a large number of codes are present,
it is more unlikely to have all of them active for d seconds into the future.

Exponential random variable
In this case,
P (min(X1 , . . . , Xu ) > nu δ + d|X1 > n1 δ, . . . , Xu > nu δ) =
Ã
exp −

u
X

!
µi

(6.12)

i=1

where 1/µi is the mean packet duration for each code. If all packets are assumed
to have the same average size, the above simply yields
P (min(X1 , . . . , Xu ) > nδ + d|X1 > n1 δ, . . . , Xu > nu δ) = exp (−uµ).
Pareto random variable
In this case,
P (min(X1 , . . . , Xu ) > nu δ + d|X1 > n1 δ, . . . , Xu > nu δ) =
u µ
Y
1 + ni δ
i=1

¶αP

1 + ni δ + d

(6.13)

Gaussian random variable
In this case,
P (min(X1 , . . . , Xu ) > nu δ + d|X1 > n1 δ, . . . , Xu > nu δ) =
³
´
u 1 − Φ ni δ+d−µ
Y
σ
³
´
ni δ−µ
i=1 1 − Φ
σ
Bimodal random variable
In this case,

(6.14)
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P (min(X1 , . . . , Xu ) > nu δ + d|X1 > n1 δ, . . . , Xu > nu δ) =
h
i
u 1 − α Φ( ni δ+d−µ1 ) + α Φ( ni δ+d−µ2 )
Y
1
2
σ1
σ2
i
h
2
1
1 − α1 Φ( ni δ−µ
) + α2 Φ( ni δ−µ
)
i=1
σ1
σ2

6.7

(6.15)

Coherence of state numerical evaluation

In this section, a number of numerical examples are proposed to evaluate the
coherence of state between a given ONU and the passive coupler when either a
single user is transmitting or a number of them.

6.7.1

Parameters

In all packet size distributions, the mean value has been assumed EX = 0.74 ×
127+0.26×1366 = 449.14 bytes, since this is the average empirical packet size [174].
This gives an average transmission delay of 23.14 µs at B=155.52 Mbps. For
Pareto distributed packet sizes, the simulation value of αP was αP = 1.2, and for
Gaussian packet lengths, σX = 0.5EX. Finally, the sampling instant was 5δ, where
δ ∈ {0.01EX, 0.1EX, 0.25EX, 0.75EX}, and an optical fiber length L=1 km which
yields a propagation delay τ = 4.8 µs.
With these parameters, the following shows the coherence of state assuming
a single active user, and multiple active users, for all packet size distributions
discussed in the previous section.

6.7.2

Single active user

Figure 6.13 shows the complementary cumulative distribution function (CCDF)
for the four packet size distributions under study. As shown, exponential (memoryless) behavior shows a straight line CCDF, whereas the Gaussian and Pareto
show faster-than and slower-than exponential decay respectively. The bimodal distribution appears as a combination of two exponential distributions (two straight
lines). It is interesting to observe that the higher the values for inter-sampling instants (δ) the more exponential-like behavior observed as indicated by the straight
line in the semi-log y-axis. Clearly, the information of previous instants vanishes
the more you wait for the next sampling instant, thus approaching memoryless
behavior as shown in Figure 6.13 bottom-right. Hence, when the sampling ratio is
large enough, memorilessness may be assumed.

6.7.3

Multiple active users

Figure 6.14 shows the CCDF of the transmission time duration of all ONUs when a
different number of them is sensed. In this case, δ = 0.1EX (2.314 µs). Obviously,
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Figure 6.13: Comparison sampling instants: 0.01EX (top-left), 0.1EX (top-right),
0.25EX (bottom-left) and 0.5EX (bottom-right).
the higher amount of codes sensed under transmission, the more time it is necessary
to wait until all of them have finished their transmission.
As shown, the CCDF remains the same when more than two users are sensed
in the Bimodal packet size distribution (bottom-right).

6.8

Towards transmission scheduling

As mentioned before, coherence of state can be used to schedule the transmission
of the next packet, that is, to determine the most suitable packet release time in
terms of bit error rate. Essentially, when a number of u users have been sensed
active, the addition of a new user into the network substantially increases the BER
due to interference (Figure 1.20). Then, a given ONU might decide to wait for a
certain amount of time until one or more active users have finished transmitting
their packets.
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Figure 6.14: Comparison when multiple ONUs are transmitting: Exponential (topleft), Pareto (top-right), Gaussian (bottom-left) and Bimodal (bottom-right).
In this light, let X1 , . . . , Xu denote the random variables which represent the
transmission duration of ONU number 1, . . . , u respectively, and let X1 < X2 <
. . . < Xu without loss of generality. Then, the q-th order statistic,
fXq (t) =

u!
fX (t)F (t)q−1 (1 − F (t))u−q ,
(q − 1)!(u − q)!

(6.16)

denotes the probability density function of the q-th packet to have finished its
transmission and F (·) represents the cumulative distribution function. For the
particular case of the exponential distribution, (6.16) yields
fXq (d) =

u!
λe−µd (1 − e−µd )q−1 e−µ(u−q)d
(q − 1)!(u − q)!

(6.17)

Essentially, (6.17) gives the probability to have q ONUs having finished its
transmission, thus u − q still under transmission. Hence, if for BER requirements,
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the system imposes a maximum of 17 ONUs under transmission at the same time,
then (6.17) gives the amount of time required to wait such that u − q ONUs or
less are still under transmission.
As a numerical example, let u = 20 denote the actual number of users active, as
sensed by the 21-st user. Let user number 21 decide to schedule (delay) its packet
to an instant such that the probability to have 11 users or less becomes 90%. The
order statistics defined above can be used to answer the following question: How
long is it necessary to wait until only 11 users at most are present in the PON?
Figure 6.15 shows the order statistics q ∈ {1, 5, 9, 13} assuming that u = 20
are observed active. For brevity, only exponential distributed packet sizes are considered in this example.
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Figure 6.15: Order statistics assuming u = 20. fX1 (top-left); fX5 (top-right); fX9
(bottom-left); and fX13 (bottom-right).
As shown, at time t = 10 µs, the first five users are very likely to have completed its transmission with probability 1.0000, 0.9978, 0.9883, 0.9568 and 0.8844
respectively. However, the ninth and thirteenth users exhibit a probability of 0.2420
and 0.0063 to have completed the transmission of their packets. Hence, the ONU
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sensing the channel is 95% confident that, at time t = 10 µs (remember the propagation delay is approximately 5 µs if the ONUs are 1 km away from the optical
aggregation point), about 4 ONUs have completed their transmission. As a result,
there are no more than 20−4 = 16 ONUs transmitting simultaneously in the PON
under the assumption that no other ONU has started its transmission, of course.
Thus, the ONU may decide to transmit at that time (16 users is still below a FEC
limit of 10−5 ).
It is important to remark that such conclusions are only valid if no other ONU
has started any transmission within the period of time of 10 µs. Intuitively, this
probability is small for such a short period of time.

6.9

Conclusions

In this chapter, an optical transparent access tier has been introduced which is
based on PONs and OCs. The optical transparency is provided by O2O communication in the access tier via an optical address constituted by a wavelength and
an optical code. However, such form of networking introduces collisions at the
aggregation points in the network if multiple ONUs simultaneously transmitted
data to a shared destination. Therefore, a novel hybrid solution of an OCSMA/CD
MAC protocol and an optical code-labelled packet switch, both implemented in the
same optical physical layer, is introduced to resolve the contention in these O2O
enabled networks. The concepts and design are discussed for the generic case. It
is shown that the all-optical contention resolution methods give rise to scalability
issues mostly related to the required (optical) power and complexity of the nodes.
In practice, it should be carefully evaluated to which degree O2O communication
and all-optical contention resolution should be implemented.
In case of the SAE OCDMA system, multiple user interference is continuously
experienced at the packet level. Employing code-activity monitoring in the network gives valuable information to the user about the state of the network. It is
clear that such a-priori knowledge of user activity can be exploited, for instance
allowing the ONUs to anticipate and decide whether or not to transmit a packet
and, if so, when to schedule its transmission in order to avoid interference. The
transmission scheduling mechanism is shown to have a dependency on the packet
size distribution. The mathematical framework introduced in this chapter may be
used for the further development of medium access protocols in transparent optical
access architectures.

Chapter 7

Microwave service delivery
in FTTPAN
In this chapter, the system integration of an OCDMA and RoF technique is studied in detail. Many techniques have been demonstrated to generate and deliver
microwave signals via optical fiber which may be generally divided into three
main categories namely direct transmission of RF signals, optical heterodyning,
and harmonic generation. Each technique is discussed on its principle of operation and the state-of-the-art is given after which they are evaluated on their
match with an SAE OCDMA system based on the following criteria: reliability,
complexity, cost-efficiency and spectral efficiency. Based on the findings, optical
frequency multiplication (OFM), an RoF technique based on harmonics generation, is found to be best compatible with SAE OCDMA. The integration of both
systems is further studied via analysis and simulations. Results are presented on
the remote modulation of quadrature phase shift keying (QPSK) employing a hybrid OFM/SAE-OCDMA configuration with polarization multiplexing (PolMUX)
on a bit rate of 1 Gbps.
The remaining of this chapter is organized as follows: section 7.1 until 7.3
discuss, in detail, the three RoF techniques. Then, the integration of an OFM and
SAE OCDMA system is discussed in detail in section 7.4 and the OFM system is
briefly reviewed via simulations in section 7.5. Section 7.6 evaluates the simulation
results of the proposed novel hybrid system architecture. Finally, the chapter is
concluded in section 7.7.
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Intensity modulation with direct detection

In this section, the principle of operation, state-of-the-art and the system evaluation is presented of the intensity modulation modulation with direct detection
radio-over-fiber technique.

7.1.1

Principle of operation

Intensity modulation with direct detection (IM-DD) directly modulates the intensity of the light source at the transmitter with RF signals and direct detection is
used to recover the RF signal at the receiver. The light source can be modulated
either directly with the RF signal or externally through an external modulator
driven by the RF signal. IM-DD is the simplest form of RoF transmission but modulating the light source with high frequency microwave signals requires expensive
high frequency electronic-optic equipment which introduces a system bandwidth
limitation. Additionally, high-linearity is required from the source and data modulation components. IM-DD systems are also severely limited by fading due to the
experienced chromatic dispersion in the optical fiber. Possible countermeasures
against such fading are dispersion compensation, to suppress the optical carrier
(double sideband with suppressed carrier) or to use single sideband modulation.

7.1.2

State-of-the-art

Interestingly, two hybrid RoF OCDMA systems have been demonstrated both
employing IM-DD. In [190] a direct optical switching (DOS) method has been
proposed in which a laser diode (LD) is intensity modulated with the RF signal.
The transmitter and receiver of such a system are shown in Figure 7.1. The intensity modulated LD is shown at the k-th radio base station (RBS). The optical
signal is sampled by an optical switch (OSW) driven with a pseudo noise (PN)
code sequence after which the encoded RoF stream is multiplexed with signals
from other RBS’s via an optical coupler (OC). The received stream is correlated
at the receiver with a PN code. The RF signal is only retrieved after balanced
detection in case of a code match. The scheme may be classified as an incoherent
time-domain OCDMA system as shown in Figure 1.15.
A combination of spectral amplitude OCDMA employing FBGs and IM-DD
RoF is depicted in Figure 7.2(a) and (b) for the encoder and decoder [191]. As
shown, broadband light source is modulated with the radio signal received at
the RBS by an external modulator after which FBGs are used to encode the
resulting optical signal. At the receiver the signal is decoded by a similar FBG
and balanced detection. This system may be classified as a incoherent wavelengthdomain OCDMA system as shown in Figure 1.15.
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Figure 7.1: DOS OCDMA system using PN codes (by courtesy of [190])

7.1.3

System evaluation

IM-DD RoF systems inherently have a low complexity and are affordable if carrier
frequencies are low because at higher frequencies the driving circuits and highspeed lasers become expensive resources mainly due to the required bandwidth
and linearity of the components. The system shown in Figure 7.1 requires chip
synchronization at the receiver and electrical, not optical, coding is applied. The
fiber-based en/decoder units used in Figure 7.2 are less favored compared with the
integrated en/decoders used in SAE OCDMA (Table 1.3). It is also to be assessed
what is the impact on the SAE OCDMA system’s performance if phase codes are
directly modulated with RF data since this alters the optical spectrum.
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(a) FBG encoder

(b) FBG decoder

Figure 7.2: OCDMA with FBG based encoding (by courtesy of [191])

7.2

Optical heterodyning

In this section, the principle of operation, state-of-the-art and the system evaluation is presented of the optical heterodyning radio-over-fiber technique.

7.2.1

Principle of operation

Remote heterodyne detection (RHD) employs the PD which, next to its regular
electro-optic conversion functionality, acts as a coherent mixer. When two optical
fields on different wavelengths are detected by a PD, an electrical mixing product appears whose spectral location is proportional to the difference between the
incident wavelengths. Hence if one spaces the two optical fields by a microwave
frequency, this carrier appears at the output of the photodiode. It is important to
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keep the instantaneous frequency difference stable because any jitter has a direct
effect on the spectral quality of the generated microwave signal. Several techniques
have been proposed in order to actively control the frequency offset between the
two lasers such as an optical phase-locked loop (OPLL) [192], optical injection
locking (OIL) [193] and combinations of these two [194]. Such stabilizing techniques introduce complexity to the system but they enable very high frequency
microwave signals only limited by the photodetector bandwidth. RHD is also robust to chromatic dispersion and, furthermore, the lasers can be modulated by an
intermediate frequency (IF) or baseband signal which alleviates the requirement
for expensive high-frequency modulators.

7.2.2

State-of-the-art

A pulsed dual-mode DFB laser is used in [195] to generate two optical carriers
which are spaced by a given RF frequency. The modes of the DFB laser are phaselocked using an electrical signal at a subharmonic of the mixing frequency in order
to reduce the phase noise. Authors in [196] studied the use of a commercially
available supercontinuum (SC) light source to combine RoF and WDM which is
shown in Figure 7.3.
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Figure 7.3: RF signal generation via a supercontinuum source (by courtesy of [196])
The broad SC spectrum enables sharing of the optical source by many WDM
channels instead of installing as many sources as WDM channels. The RF carriers
are generated by mode-locking a laser diode to a high-frequency clock electrical
signal. At the receiver, the desired frequency components of the wide spectral comb
are selected by an AWG in order to perform the heterodyning operation.
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System evaluation

Optical heterodyning systems have a high complexity because the technique requires complex locking schemes in order to generate pure RF signals such as a
special (non-generic) dual-mode DFB laser with direct electrical injection in [195]
and a stable and precise high-frequency clock signal to drive a mode-locked laser
diode (MLLD) in Figure 7.3.

7.3

Harmonics generation

In this section, the principle of operation, state-of-the-art and the system evaluation is presented of the harmonics generation radio-over-fiber technique.

7.3.1

Principle of operation

Harmonics generation (HG) is similar to RHD in the sense that HG also makes
use of the mixing properties of the photodiode. However, instead of using two or
more lasers, only one laser is modulated such that harmonics appear in the optical
spectrum. Many different harmonics generating systems are available. The harmonics in HG systems are phase-correlated because they originate from the same
source thus high-frequency microwaves with a very narrow linewidth can be generated. Therefore HG systems have an advantage over conventional heterodyning
techniques because they do not need an extra phase and wavelength locker to keep
the instantaneous frequency difference stable. The desired RF can be selected via,
for example, optical filtering [197] or injection locking [193].

7.3.2

State-of-the-art

It is found that the recently published results on RoF techniques are mostly based
on harmonics generation which shows its potential. Therefore, the state-of-the-art
in harmonics generation is treated more extensively than the IM-DD and RHD
RoF techniques.
Authors in [198] use an integrated reciprocating optical modulator (ROM)
that is constructed by an optical phase modulator sandwiched between two fiber
Bragg gratings (FBGs). The ROM is driven with low RF frequencies and, basically,
sidebands are generated at the modulator if an input signal is injected with a
wavelength close to the lower reflection band. The resulting signals are reflected
at the output filter and re-enter the modulator. The sidebands reciprocate (to
move forward and backward alternately) several times until the desired spectral
components are generated near to the higher edge of the reflection band which may
then pass through the output filter. The ROM enables to generate a microwave
carrier at the receiver equal to the reflection bandwidth of the filters. The ROM
is shown in Figure 7.4.
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Figure 7.4: Harmonics generation using FBGs in a PIC (by courtesy of [198])
Stimulated Brillouin scattering (SBS) is a novel method to amplify RF harmonics as shown by [199, 200]. In principle, a low-power optical source is modulated
to produce harmonics after which it is transmitted via fiber. Pump laser signals
are injected into the fiber whose wavelengths are close to the desired sidebands.
These sidebands are amplified by SBS while propagating through the fiber and,
consequently, very narrow linewidth microwave signals can be generated because
the sidebands originate from the same source. Such architecture is schematically
shown in Figure 7.5(a) and (b) for a single-laser [199] and two-laser system [200].
As shown in Figure 7.5(a) the optical power of the single source is split asymmetrically whereafter the low-power signal is modulated to produce sidebands and the
high-power signal is used as pump while in Figure 7.5(b) multiple lasers are used.
A frequency down-shifting technique is proposed in [201] whereby an optical
carrier is injected into a Mach-Zehnder modulator (MZM) which is driven by a
phase-modulated RF signal. A DC bias is also applied to one arm of the MZM for
quadrature operation. The output of the MZM now consists of the optical carrier
and the lower sideband (LSBD) sub-carrier, introduced by the single sideband
(SSB) modulation, and some higher harmonics. This output is directed to a second
MZM after which not only the optical carrier and its LSBD sub-carrier are present
but also the frequency down-shifted optical carrier and its LSBD sub-carrier. The
architecture and the optical spectrum after the MZMs are shown in Figure 7.6(a)
and (b). As shown, the frequency down-shifted optical carrier is only a few GHz
away from the original LSBD sub-carrier which results in an RF signal equal to
the frequency difference after detection and filtering.
A pulse shaping technique is proposed in [202] to generate microwave signals.
At the transmitter, a pulse train is encoded by a digital sequence using optical
intensity modulation (IM). The pulse shaping module, consisting of a Sagnac-loop
filter (SLF) and a dispersive element, shapes the spectrum of the encoded pulses
to a sinusoidal shape. As a result, a time-domain pulse with the shape of the
spectrum is obtained because of the frequency-to-time conversion in the dispersive
element as schematically shown in Figure 7.7.
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(a) Single-laser system (by courtesy of [199])
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(a) Architecture for downconversion

(b) Optical spectrum after MZMs

Figure 7.6: Frequency downconversion employing MZMs (by courtesy of [201])

Figure 7.7: Microwave signal generation using pulse-shaping (by courtesy of [202])
A technique referred to as optical frequency multiplication (OFM) makes use
of a single laser source and low frequency electronic circuitry to generate high
frequency radio signals at the RAPs [203]. OFM is based on generating harmonics
by frequency modulation to intensity modulation (FM-IM) conversion through a
periodic BPF such as an MZI or a polarization interferometer [204, 205]. OFM
has a high tolerance to dispersion impairments in transmission over SSMF and
MMF and is in principle only limited by the receiver bandwidth. The desired RF
carrier can be selected with an electrical BPF. Figure 7.8 shows the architecture
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of a point-to-point OFM transmission system.

Figure 7.8: Basic optical frequency multiplication system (by courtesy of [204])
A considerable amount of RoF techniques have been demonstrated based on
harmonics generation with carrier suppression. Different schemes shown in [206–
210] are briefly discussed in the forthcoming.
Authors in [206, 207] use an optical phase modulator and a notch filter to
generate continuously tunable microwaves. The output of the phase modulator
consists of an optical carrier with optical sidebands which result in only a DC signal
if launched onto a photodetector. However, if the optical carrier is suppressed by
a notch filter and only the sidebands are detected, the high frequency signals are
recovered. By changing the amplitude of the electrical drive signal, the modulation
depth can be adjusted such that e.g. the second or fourth-order harmonics become
dominant in power. The scheme in [208] uses a directly modulated laser to generate
the baseband signal and a dual-arm MZM driven by two out-of-phase 20 GHz
signals to suppress the optical carrier. The resulting dual-mode lightwave has a
spacing of 40 GHz between the peaks which results in a 40 GHz RF signal at the
output of the photodiode.
Authors in [209] employ the four-wave mixing (FWM) effect by using two
cascaded intensity modulators and a SOA. The baseband signal is applied to the
optical CW carrier via a low frequency signal at the modulators which are biased
at the half-wave voltage in order to suppress the optical carrier. The sidebands
at the output of the second IM are used as pump waves in the SOA for the
FWM effect. The resulting additional optical carriers are spaced by a microwave
frequency which is then obtained at the photodetector.
In [210], a DC-biased amplitude modulator is used to generate sidebands with
the first-order modes suppressed. An optical filter is placed after the modulator to
separate the optical carrier from the sidebands. Frequency quadrupling is achieved
because the spacing between the second-order sidebands is four times the frequency
of the electrical drive signal. The sidebands are modulated with data and recombined with the optical carrier before the transmission to the RAP. The optical
carrier is again separated at the RAP from the sidebands by an optical filter and
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used for the upstream data transport. The sidebands impinge on a photodiode
to generate the RF signals, and the optical carrier is re-used at the RAP for the
upstream data transport which alleviates the need for a laser at the RAP.

7.3.3

System evaluation

An assessment of the implementations found in literature shows that the ROM
setup in Figure 7.4 is promising but can only generate a single harmonic equal
to the filter bandwidth. The frequency-downshifting system in Figure 7.6 is only
verified by simulation and high frequency RF signals are required to drive the
MZMs. Although the SBS system in Figure 7.5(a) only requires one laser, this
method still requires about 10 km of SSMF to achieve the necessary amplification
from the SBS. The similar system in Figure 7.5(b) needs multiple lasers and has
reported a fiber length of 50 km SSMF in their experiments. Such long fiber lengths
determine the minimum transmission distance in FTTPAN. The pulse-shaping
scheme in Figure 7.7 has the advantage that it does not need a reference source
however the frequency of the generated signal depends on the FSR of the SLF
and the dispersion value of the dispersive element. As a result, this system is not
wavelength-tunable and, additionally, amplitude modulation is to be used.
OFM generates high-frequency microwaves by relatively low frequency radio
signals at the FM modulation source. The transmission system shown in Figure 7.8
is also robust against dispersion experienced in the fiber and has a very good
performance both on SSMF and MMF. An FBG is needed as a notch filter in
the carrier suppression technique of [206, 207] which does not match well with the
integration strategy in FTTPAN. The setup in [208] using the same technique
appears to have a low complexity because of a single external modulator. However
relatively high drive frequencies are needed and a DC bias controlling mechanism
for the modulator which significantly increase the system’s complexity. The carriersuppression scheme in [209] uses a low frequency microwave signal to drive the IMs
but a high number of components is required, and, furthermore, the FWM process
has very low efficiency thus producing only a weak effect. In [210], the optical
carrier is used at the RAP for the upstream data transport, so no laser is needed
here. However, the modulator at the central office needs DC biasing and bias
drifting may severely lower the system performance at higher frequencies.

7.4

OFM and SAE OCDMA system integration

As mentioned before, the most promising RoF techniques are based on harmonics generation because these techniques are capable of generating high-frequency
microwaves with relatively low-frequency drive signals via a low complexity optical transmission setup with a single source. Considering the study done in the
section 7.3.3, it is concluded that the OFM harmonics generation RoF technique
offers has the most beneficial characteristics in order to be integrated with an
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SAE OCDMA system on a PON. OFM has a low complexity and cost-efficient
transmitter and receiver architecture, it generates multiple (pure) harmonics simultaneously which are easily reconfigured via the sweep frequency, and it has a
very good transmission performance.
In this section, the main issues arising from the integration of an OFM system
and an SAE OCDMA system are analyzed from the transmitter and the receiver
point of view taking a PON into account as the shared transmission medium.

7.4.1

Transmitter side

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 periodic BPF
or MZI(-based) component used. In the OCDMA case shown in chapter 5, 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 DFB laser with a line width of a few MHz and an MZI with a FSR in
the order of tens of GHz are used. The ratio between the line width of the source
and the FSR of the MZI(-based) component is given by the line width-to-filter
bandwidth ratio χ as follows
δν
χ=
(7.1)
FSR
where δν is the line width of the source in GHz and FSR is also in GHz. The factor
χ has to be equal to one for SAE OCDMA in order to fully imprint the E/D’s
filter pattern in the optical spectrum. In OFM, χ is much smaller because the
influence of the laser phase noise δω (=2π · δν) on the harmonic strength is only
negligible if δν ¿FSR/4 [205]. 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 integrateable, but further simulations have been done. Raising χ via δν in an
OFM system results in the generation of higher harmonics but with a decreasing
signal-to-noise ratio (SNR). This can be caused by the low extinction ratio (ER)
obtained when phase modulating a broad spectral slice with respect to the FSR.
The harmonic strength also has a strong dependency on β, the FM index, which
is determined by the spectral broadening generated by the phase modulator and
the sweep frequency [203]. Thus the FSR of the MZI is inherently bounded by the
optical broadening of the phase modulator. Typical values used at the moment are
in the order of 50 to 60 GHz.
Considering the analysis above, it is clear that the components of both systems
can not be shared at the transmitter (central office) thus a separate OFM head-end
is required.

7.4.2

Receiver side

At the detection side the SAE OCDMA system has an MZI-based E/D in front
of balanced PDs (see chapter 5) instead of only a single PD at the OFM system.
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Mathematical 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 [211].
It is now even possible 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.
It is 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 U2 T was added to the setup as shown in [212]. Figure 7.9 shows
preliminary measurement results which indicate the SNR does improve by balanced
detection but not at all higher harmonics.

Figure 7.9: Effect of balanced detection on harmonic strength in OFM [96]
A time-variance has been noticed during the experiments which may be attributed to the fiber-based MZI used which is not properly temperature-controlled.
Therefore time-variations may occur in the FSR which cause an amplitude variation in the harmonics. Obviously, the effect of adding a single-stage MZI-based
E/D in the OFM system is not noticeable since the periodicity or FSR of the
E/D is an order of magnitude larger than the MZI in OFM. Section 5.3 studied
the effect of a narrowband signal on the SAE OCDMA system’s performance. On
the other hand, if the OFM signal is multiplexed in-band with the phase code,
the phase code may also affect the OFM’s system performance. This is studied in
section 7.6.
Regarding a hybrid SAE-OCDMA/OFM system on a (power-splitting) PON,
all signals from the CO are broadcasted to all the connected ONUs. It is clear
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that the receiver in SAE OCDMA is transparent for the broadcasted OFM signals
thus, consequently, only high RF broadcasting information can be transported via
OFM and user specific information has to be transported via SAE OCDMA. After
detection the data can then be mixed with a selected RF carrier which is generated
by OFM.

7.5

OFM transmission system

In this section, the OFM system is briefly reviewed and the correct operation is
confirmed of the implemented schematic in the GUI-based simulation software
which is also used in chapter 5 [136].

7.5.1

Simulation setup

The optical frequency multiplication setup is schematically depicted in Figure 7.10.

Figure 7.10: Setup to simulate an optical frequency multiplication setup
The DFB laser generates 10 dBm of optical power on a line width of 10 MHz.
The phase modulator (PM) is driven with a sweep frequency of 3 GHz and set
to a phase sweep of (βopt /π)· 180 degrees. Then, the optical FM signal is sent
to a periodic Mach-Zehnder interferometer (MZI) with an FSR equal to 10 GHz
which is set by a time delay of 10 ps in one of the arms via the equivalent path
length difference as in (4.6). The intensity modulator (IM) is used to superimpose
a 1 GHz sinusoidal signal as sub-carrier on the harmonics. At the receiving end,
a 40 GHz photodiode (PD) is used to recover the high frequency harmonics and
their sub-carriers.

7.5.2

Results

The simulation is able to reproduce results previously reported in [213], that is,
to tune the harmonic strengths by varying βopt and by varying the position of the
DFB center wavelength with respect to the fringe pattern of the MZI. Regarding
the value for βopt , it enables the operator to optimize the setup for a selected
higher harmonic. Regarding the position of the center wavelength, it allows the
operator to optimize the setup for either the even or the odd higher harmonics, or
to have an equal response for all harmonics.
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The results on two values of βopt and two different center wavelengths are
shown in Figure 7.11 and 7.12. Considering the data shown, the conclusion can be
drawn that the OFM simulation constructed in the software environment produces
reliable results.

(a) βopt =1.92 (2nd harmonic)

(b) βopt =4.67 (6th harmonic)

Figure 7.11: Effect on the harmonics in OFM when βopt is varied

(a) Even harmonics selected, βopt =4.67

(b) Odd harmonics selected, βopt =4.67

Figure 7.12: Effect on the harmonics in OFM when λ0 is varied vs. the FSR

7.6

Hybrid OFM/SAE-OCDMA system

In this section, a novel hybrid OFM/SAE-OCDMA architecture is presented and
its performance is evaluated via simulations. Firstly, it is shown in section 7.6.1 that
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an analogue modulation format such as QPSK is supported by a hybrid RoF and
the OCDMA system via remote modulation. The transmission scheme is presented
in detail in section 7.6.2 and results are presented and discussed in section 7.6.3.
Finally a novel spectral code multi-level modulator is presented in section 7.6.4 to
enables M -ary quadrature amplitude modulation (QAM) transmission.

7.6.1

Analogue modulation formats

Advanced higher-constellation/coherent analogue modulation formats are widely
used in wireless data transmission instead of only amplitude modulation in order
to improve the transmission performance and spectral efficiency by increasing the
number of bits per transmitted symbol. Essentially, SAE OCDMA is a digital and
incoherent transmission technique thus higher modulation formats such as QPSK
are inherently not supported. However, the in-phase (I) and quadrature-phase
(Q) data of such transmission systems may be separately carried on orthogonal
optical channels such as wavelengths. For example, this is shown feasible for up to
256-QAM employing a directly modulated wavelength-sliced optical transmission
system [214]. The approach of complementary optical channels for the I and Q
data is also applied here.
Let’s consider transmitting the lowest order M -ary QAM in FTTPAN, namely
QPSK, employing both the OFM and SAE OCDMA techniques. A standard QPSK
transmitter is schematically depicted in Figure 7.13.

Figure 7.13: Block diagram of a QPSK transmitter (modified from [215], pp. 246)
As shown in Figure 7.13, unipolar NRZ input data at a bit rate B is processed by the serial-to-parallel converter to generate two bipolar NRZ streams on
a bit rate B/2. The I and Q streams separately modulate local oscillator signals
which are π/2 out-of-phase, after which they are summed to produce the QPSK
signal. Note that the QPSK signal has a symbol rate which is half the original bit
rate hence it is clear that higher-constellation modulation formats are spectrally
efficient.
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If the QPSK transmitter in Figure 7.13 is implemented using SAE OCDMA, the
optical link is inserted in the serial-to-parallel converter where the unipolar NRZ
input data is converted to two bipolar NRZ streams on half the bit rate, that is, the
symbol rate. Not only does SSK combined with balanced detection offer bipolar
signaling but, additionally, transmitting the phase codes on the (lower) QPSK
symbol rate improves the system’s performance as is pointed out in section 1.5.3.
After detection the transmitted data is then combined with a remotely delivered
local oscillator signal to construct the QPSK signal at the ONU-side. The local
oscillator is transmitted via OFM as a sub-carrier using the method shown in
section 7.5.
The I and Q data may be transmitted using two phase codes in an SAE
OCDMA system. However, PolMUX is proposed instead such that the I and Q
data are transmitted on the TE and TM polarizations. Consequently, only a single
phase code is used per ONU which is important when considering the effects of
MUI versus the amount of active users (phase codes) as shown in Figure 1.20.
The impact of polarization dependent effects such as polarization-mode dispersion
(PMD) and polarization-dependent loss (PDL) is expected to be small because
of the relatively short transmission distances in access networks [216]. However,
automatic polarization control is required at the receiver side.

7.6.2

Simulation setup

The hybrid OFM/SAE-OCDMA system employing a passive optical network and
remote QPSK modulation is schematically shown in Figure 7.14 for a downstream
configuration. From hereon the E/Ds are considered to be polarization independent
(in contrast to the fabricated devices shown in chapter 4), and an eight-users
system is discussed.
As shown in Figure 7.14, the OFM system is only used for the remote generation of the microwave carriers at the ONU-side including the sub-carrier which is
used as a local oscillator. The SAE OCDMA system is used to digitally transmit
RAP-specific data via PolMUX. At the ONU the QPSK signal is constructed and
upconverted on a selected RF carrier. The downstream SAE OCDMA setup is fully
reused from section 5.1.1 with only a higher value for the bias current (200 mA)
of the booster amplifier to compensate for the 3 dB additional PolMUX losses and
the LPF after the balanced PDs of ONU2 has been set to a cut-off frequency of
0.75·500 MHz to correspond with the symbol rate.
PCI 0111 is used for the PolMUX data stream similar to section 5.1.2. As shown
in Figure 7.14, PCI 0111 is equally split into a TE and TM state of polarization
via a polarization beam splitter (PBS) after which they are modulated with the
unipolar NRZ data of the I and Q-channel. The modulators are operated using the
settings presented in section 5.1.1. A PRBS of 64 bits is simulated at a bit rate of
1 Gbps which has a forced equal appearance of zeros and ones (32 zero-bits and
32 one-bits) and each scenario is run 8 times for a total of 512 simulated bits. The
symbol rate used in the PolMUX transmission is 500 Msymbols/s. Both polarized

178

CHAPTER 7. MICROWAVE SERVICE DELIVERY IN FTTPAN

Figure 7.14: Hybrid PolMUX OFM/SAE-OCDMA system on PON with remote
QPSK modulation
SSK signals are recombined using a polarization beam combiner (PBC) and then
multiplexed with all other (regular) data streams at the 8:1 coupler. Note that a
variable attenuator is added to equalize the channels with respect to their optical
power.
An OFM system separately generates the higher harmonics according to the
system shown in Figure 7.10. The DFB laser generates 18 mW optical power and
the value for βopt is chosen 4.67 to select the 6th harmonic as in Figure 7.11(b).
The operating wavelength of the DFB laser is chosen such that the OFM spectrum
is placed on the outer edge with respect to the phase code and, with respect to
Figure 7.12, the odd and even harmonics are generated. The former is done to
minimize the effect of the OFM signal on the phase code and vice versa. An
intensity modulator is driven with a sinusoidal signal of 1 GHz which appears as
a sub-carrier of the harmonics. The OFM signal is multiplexed with the PolMUX
I and Q data via a 3 dB coupler after the booster amplifier.
At the ONU, the received optical stream is equally split by a 3 dB coupler such
that the RAP-specific digital data and the OFM signals are separately processed.
In case of the digital data, a fifth-order Butterworth band stop filter (BSF) with a
center wavelength of the DFB laser and a bandwidth of 80 GHz firstly suppresses
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the OFM spectrum before the encoded data stream is launched into the cascade
decoder in order to reduce the mutual system inference. The I and Q data streams
are recovered via standard balanced detection at each polarization. In case of
the OFM signal, the optical stream is first led through a fifth-order Butterworth
BPF with a center wavelength of the DFB laser and a bandwidth of 80 GHz to
suppress the phase codes before a PD (<=0.8 A/W) is used for the opto-electronic
conversion.
Then, a fifth-order Butterworth BPF is used to select an RF carrier fharmonic
and a fifth-order Bessel LPF with a bandwidth of 0.75×fsin is used to recover the
sub-carrier fsin in baseband. The QPSK signal is ”constructed” using the recovered
data and RF signals in a similar fashion as shown in Figure 7.13 after which the
QPSK is upconverted on the selected high frequency carrier. The resulting radio
signal is then transmitted to a mobile receiver via the antenna and at the receiving
end the radio signal is decoded using standard techniques.

7.6.3

Results and discussion

Figure 7.15 shows the optical spectra measured with an OSA in the simulation
environment at four different locations in the setup of Figure 7.14. The amplified
and multiplexed OFM/SAE-OCDMA signals are clearly shown.
An optical power meter is placed at various positions in the simulation setup of
Figure 7.14 as indicated by bold capitalized letters. The measured average power
levels are shown in Table 7.1 in case of a single user using PolMUX, and in case of
multiple users of which one is the PolMUX data stream. Similar to section 5.1.2,
the phase codes PCI 0111, 1110, 0110, and 1111 are chosen in the different scenarios
and the latter three are used for ”regular” data transmission on the data rate of
1 Gbps. The ONU set with PCI 0000 represents the eavesdropper.
The time traces and eye diagrams after receiving the encoded PolMUX data
stream at all ONUs are shown in Figure 7.16(a) and (b). A similar noisy response
is observed in Figure 7.16(a) compared with the time trace shown in Figure 5.4(a).
The received harmonics are shown in Figure 7.17(a) and (b) for ONU decoding
with PCI 0111 and at the eavesdropper decoding with PCI 0000. Little difference
is observed between the RF signals in Figure 7.17(a) and (b) which confirms that
the SAE OCDMA decoders have little influence on the broadcasted OFM signals
as concluded in section 7.4.2.
Figure 7.16 shows that the QPSK information is only retrieved by the ONU
which is decoding with PCI 0111 and Figure 7.17 (c) depicts the QPSK constellation diagram when employing a local oscillator at 1 GHz. The simulation was not
yet optimized such that the up- and downconversion with the recovered RF signals
could be implemented, therefore the results in are shown for QPSK modulation
with a locally generated 1 GHz signal. However, the performance is expected to
be similar considering the recovered RF signals in Figure 7.17(a) and (b).
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Figure 7.15: Optical spectra at various locations in Figure 7.14; B: SLED after
BPF and amplification, C: Lower output PCI 0111 of tree encoder for a single
polarization, D: PolMUX PCI 0111 after booster SOA, F: Multiplexed PolMUX
PCI 0111 and OFM signals

Table 7.1: Average optical power levels at various positions in Figure 7.14
Position
A
B
C
D
E
F
G
H
K
(a)
(∗)

One user [dBm]

Two users [dBm]

Four users [dBm]

13.8
11.3
-11.6
-15.3/-18.3(a)
-20.2/22.9
-18.1/-18.2

2.2
11.4
-6.6
15.1
12.5
-10.5
-14.0/-17.1(a)
-19.3/-21.0
-16.9/-17.0

16.0
13.4
-9.6
-14.0/-16.0(a)
-18.6/-19.7
-15.9/-16.1

In case of a single polarization the ONU
H properly decodes data stream, K is an eavesdropper
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(a) Time traces, 64 bits (all PCIs shown)

(b) Eye diagrams, 512 bits (all PCIs shown)

Figure 7.16: PolMUX OFM/SAE-OCDMA transmission, single user at 500 MSps
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(a) PCI 0000

(b) PCI 0111

(c) QPSK constellation diagram, 512 bits

Figure 7.17: Recovered RF signals and QPSK constellation points using
OFM/SAE-OCDMA, single user at 500 MSps
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The simulation also did not allow for a Q-factor measurement at the symbol rate, but the clear open eye diagram for PCI 0111 suggests that error-free
transmission is feasible by the proposed system in Figure 7.14 for a single user.
Moreover, the QPSK constellation diagram in Figure 7.17(c) shows well-defined
constellation points. However, large fluctuations due to the optical noise in the
SAE OCDMA system which may be mitigated used the countermeasures as discussed in section 5.1.2. It has to be mentioned that the sampling moment at the
receiver has not been optimized yet therefore it is expected to obtain less spread
in the constellation points.
The simulation results for a multi-user transmission scenario are shown in
Figure 7.18(a) and (b) for two and four users at a data rate of 1 Gbps including
the PolMUX data stream at the symbol rate. The Q-factors and corresponding
BER values could only be estimated for the ”regular” SAE OCDMA streams. The
measured values in the simulation are shown in Table 7.2. The Q-factors of the
1 Gbps channels show a similar evolution when compared with the results obtained
in chapter 5 on page 119.
Table 7.2: Measured Q and BER values, 1 Gbps downstream transmission
PCI

Two users

Four users

0110
1110
1111

4.5 (4.2 · 10−6 )
-

2.5 (6.2 · 10−3 )
2.8 (2.7 · 10−3 )
3.1 (1.1 · 10−3 )

Regarding the eye diagrams of the PolMUX stream, the eye is far less noisy
in case of multiple active users in the system compared with the data streams at
1 Gbps and only a penalty in the eye opening is observed. This preliminary result
confirms the behavior of the system as predicted by Figure 1.20 on page 26, that is,
a lower operating bit rate improves the MUI performance of SAE OCDMA. This is
also indicated by the recovered constellation diagrams as shown in Figure 7.18(c)
and (d). A large spread is still observed but clear constellation points can be
distinguished even in the case of four active users.
The higher harmonics may be recovered at the balanced PD unit in order
to reduce the system complexity. In this case, the OFM spectrum needs to be
placed well out-of-band with respect to the phase code such that the mutual interference is minimized. It may even be placed in a guard band between different
SAE-OCDMA/WDM channels. Regarding the sub-carrier in baseband, this signal resides in the data bandwidth such that a separate detection path has to be
employed. Note that local oscillators (LOs) used in conventional wireless systems
are lower than the 1 GHz used in the simulations but due to sampling restrictions
in the simulation a lower value could not be modelled. However if the sub-carrier
value decreases, a very sharp BPF is required at the receiver to isolate the har-
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(a) Eye diagrams of 1 PolMUX and 1 ”regular” data stream, 512 bits (all PCIs shown)

(b) Eye diagrams of 1 PolMUX and 3 ”regular” data streams, 512 bits (all PCIs shown)

(c) Corresponding with (a)

(d) Corresponding with (b)

Figure 7.18: Eye and constellation diagrams of PolMUX OFM/SAE-OCDMA
transmission, multiple users at 1 Gbps
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monic from the (sub-carrier) side-bands. Therefore at LO frequencies it may even
be seriously considered to not deliver the sub-carrier via OFM but to have it locally
available in order to decrease the system’s cost and complexity.

7.6.4

Towards M -ary QAM and OFDM

A migration of the setup shown in Figure 7.14 towards higher-level M -ary QAM
formats may be done by adopting a technique recently demonstrated in [217].
In that work, the total output power of a broadband optical source is split into
XN parts using a 1:XN passive coupler, and the weighted incoherent summation
of those parts results in a multi-level output signal. Inserting BPFs in the arms
of the passive couplers passively splices the broad optical spectrum into multiple
wavelength bands. If such configuration is used in combination with the periodicity
of the E/Ds, a multi-level coded optical stream can be obtained. The channel
spacing of the AWGs needs to be equal to the FSR of the E/Ds used in SAE
OCDMA.
This configuration is shown in Figure 7.19 where the 1×1 MZMs are modulated
by most-significant bit (MSB) streams until least significant bit (LSB) streams.
The decoded data stream is a multi-level bipolar electrical signal suitable for M ary QAM purposes. Note that using higher-level QAM formats lowers the symbol
rate even further which is a significant advantage in SAE OCDMA systems.

Figure 7.19: Optical multi-level signal generation using spectral codes [218]
The hybrid OFM/SAE-OCDMA system may also be used to remotely construct orthogonal frequency division multiplexing (OFDM) data and when a spectral code multi-level modulator is employed as in Figure 7.19 M -ary OFDM signals
can be transmitted at the ONU. A first proof-of-principle has been given by [219]
via simulations in [136] employing the IM-DD/OCDMA system as shown in Figure 7.2.
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Conclusions

A hybrid system architecture based on the optical frequency multiplication (OFM)
radio-over-fiber technique and the SAE OCDMA technique has been presented and
evaluated on its performance on a PON. The SAE OCDMA system is used for the
transmission of RAP (or: ONU) specific data while OFM delivers high frequency
harmonics and sub-carriers to all connected nodes. This novel scheme is shown
feasible for a single and multi-users scenario in which QPSK data is transmitted at
a symbol rate of 500 MSps employing polarization multiplexing of the digital I and
Q-channels. At the ONU side the analogue QPSK signal is constructed using the
recovered RF and digital data. The preliminary results confirm the performance
improvement of a multi-user SAE OCDMA transmission scenario when a lower
operating bit rate is used. Finally, a migration towards the support of M -ary
QAM has been proposed.

Chapter 8

Conclusions and further
work
In this chapter, the conclusions are presented and several options are stated for
future work based on the results presented in the thesis.

8.1

Conclusions

In this section, the main conclusions are given per chapter as follows:
Chapter 2
• An optical transparent access tier solves many issues currently encountered
regarding connectivity and mobility management in personal networks.
• A centralized fiber-to-the-PAN network architecture based on PONs, OCDMA,
and RoF is a cost-effective and low-complexity option in order to introduce
optical technologies in personal networks.
Chapter 3
• An integrated parallel spectral en/decoder lowers the complexity of an SAE
OCDMA system at the expense of an optical power penalty.
• The crosstalk performance of SAE OCDMA is comparable with coherent
time-domain OCDMA techniques.
• The interleaving of spectrally encoded wavelength channels leads to an increase in spectral efficiency.

188

CHAPTER 8. CONCLUSIONS AND FURTHER WORK

Chapter 4
• The one-stage tree en/decoder fabricated in the InP/InGaAsP material system proves the principle of parallel spectral encoding employing incoherent
broadband sources.
• The fabricated two-stage en/decoders in the Si3 N4 /SiO2 material system
exhibit optical characteristics which have an excellent match with the predictions from the analytical model and the simulated performance.
• SAE OCDMA en/decoders manufactured in the InP/InGaAsP material system have the highest potential in terms of low capital and operational expenses when compared with SAE OCDMA en/decoders manufactured in the
Si3 N4 /SiO2 material system considering losses, fabrication process, energy
consumption, scalability and usage of chip area although other factors such
as packaging and polarization dependency also have to be carefully considered.
Chapter 5
• Single-user, error-free transmission at GbE speed has been demonstrated for
a 2.25 km SSMF link employing two-stage spectral E/Ds.
• Multi-user, error-free transmission at GbE speeds is feasible using an SAE
OCDMA system on a PON employing FEC.
• It is confirmed by simulation that increasing the received power does not
improve the MUI performance in an SAE OCDMA system.
• Dispersion compensation is required in order to provide high bit rates and
long transmission distances in an SAE-OCDMA PON.
• An SAE OCDMA system is robust against a high-power CW and modulated
narrowband interference.
Chapter 6
• Optical transparency is introduced by enabling all-optical ONU-to-ONU
(O2O) communication in an access tier based on PONs.
• Optically implemented network management functionalities such as codesensing and code-labelled packet switching resolve O2O traffic contention
while introducing complexity and scalability issues.
• The multiple-user interference in an SAE OCDMA system is experienced
at a packet level therefore transmission scheduling is an effective method to
avoid such interference.
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Chapter 7
• The OFM radio-over-fiber technique implemented in an SAE-OCDMA PON
can only be used to broadcast RF signals to all ONUs.
• PolMUX enables to digitally transmit the I and Q channel of a QPSK or
M -ary QAM signal to any ONU employing only a single code on a single
wavelength band in an SAE OCDMA system.
• A Gbps QPSK signal can be remotely constructed at the ONU side employing the digital data sent via PolMUX SAE-OCDMA and the RF signals sent
via OFM.
• It is confirmed by simulation that lowering the operational bit rate in an
SAE OCDMA system improves the MUI performance.

8.2

Further work

The mobile nature of a personal network inherently causes many handovers as the
network subscriber traverses through the network. Chapter 2 and 6 briefly touch
upon how to deal with wireless handovers in the optical domain. However, the
seamless interaction between the optical and wireless domain should be studied in
more detail by extensive network simulations as well as the implications of flexible
management of (large) optical flows in order to accommodate personal networking.
There is a need for an optical and wireless network management as a whole.
The parallel spectral en/decoder shown in chapter 3 grows in size when the
number of stages increase thus a step towards the miniaturization of the device
should be made, for example, by using arrayed waveguide gratings or other interferometric structures than MZIs. The miniaturization will lead to lower insertion
losses of the device. Other parallel processing areas than SAE OCDMA should
be explored for the tree en/decoder. For example, the component can be used as
a DQPSK receiver since a one-stage tree is a compact version of two individual
MZIs. Also, an antenna diversity system could be realized if the component is
placed at the ONU side of an SAE-OCDMA PON.
The simulated performance of the transmission systems in chapter 5 and 7
should be experimentally confirmed and further optimized using the devices constructed in chapter 4. Also, wavelength division multiplexing, channel interleaving
and full-duplex transmission are scenarios to be validated. The electrical postprocessing of the detected optical signals should be further explored. Several options
are given in chapter 3 and 5 to increase the quality of the electrical signals such
as adaptive thresholding, placing an integrator or even digital signal processing in
order to mitigate the optical impairments in SAE OCDMA systems.
The ONUs used in the transmission setups of chapter 5 and 7 are tunable to
wavelength bands because of the E/D periodicity and the tunable bandpass filter
but not wavelength agnostic or (optical) sourceless. Remote wavelength delivery
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can be applied via a high-power broadband source placed at the CO. The ONU
should then be modified into a reflective configuration for the amplification and
modulation of a selected wavelength band.
Employing code-activity monitoring for transmission scheduling as introduced
in chapter 6 should be explored further via realistic network simulations to study
its effect on the experienced MUI. Also, the analysis made for SAE OCDMA
systems may be applied to the other OCDMA techniques presented in chapter 1.
Furthermore, the transmission scheduling mechanism should be more refined, for
example, by defining a MAC protocol which may encompass both the shared access
on the wireless and the wired network ports.

Appendix A

Four-stage en/decoder phase
codes
In this appendix, the full code set of four-stage E/Ds is shown and a comparison is made between the phase codes represented in the analytical model (as in
section 3.2) and the phase codes represented in the GUI-based simulation environment [136].

(a) PCI 0000

(b) PCI 0001

Figure A.1: Simulation of four-stage E/D phase codes in GUI-based (solid) and
analytical (dashed) environment
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(a) PCI 0110

(b) PCI 0111

Figure A.2: Simulation of four-stage E/D phase codes in GUI-based (solid) and
analytical (dashed) environment

(a) PCI 1000

(b) PCI 1001

Figure A.3: Simulation of four-stage E/D phase codes in GUI-based (solid) and
analytical (dashed) environment

(a) PCI 1110

(b) PCI 1111

Figure A.4: Simulation of four-stage E/D phase codes in GUI-based (solid) and
analytical (dashed) environment

Appendix B

Images of photonic chips
This appendix shows photos taken during the measurement of the InP/InGaAsP
and the Si3 N4 /SiO2 chips and a photo of a packaged tree en/decoder.

Figure B.1: Lens, chip with probes and tapered output SSMF, InP/InGaAsP setup
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Figure B.2: Cleaved input SSMF, chip with probe unit and cleaved output SSMF,
Si3 N4 /SiO2 setup

Figure B.3: Packaged Si3 N4 /SiO2 tree en/decoder
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Acronyms
Abbreviation

Description

2D-OCDMA
ACP
ADSL
ARPU
AR
ASE
ASK
AWG
BER
BERT
BPF
BS
BW
CAPEX
CCDF
CCD
CCP
CE
CMP
COAX
CO
CSK
CW
DC
DEC

Two-dimensional time-wavelength OCDMA
Autocorrelation peak
Asynchronous digital subscriber line
Average revenue per user
Anti-reflection
Amplified spontaneous emission
Amplitude shift keying
Arrayed waveguide grating
Bit error rate
Bit error rate tester
Band pass filter
Base station
Bandwidth
Capital expenses
Complementary cumulative distribution function
Charge-coupled device
Crosscorrelation peak
Cascade element
Chemical mechanical polishing
Coaxial cable
Central office
Code-shift keying
Continuous wave
Direct current
Decoder
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Abbreviation
Description
DEMUX
DFB
DOCSIS
DOS
DSL
E/D
EDFA
EIM
EMI
ENC
EOF
ExOCL
FAU
FBG
FDL
FD
FEC
FHN
FITH
FMW
FP
FSO
FSR
FTTH
FTTPAN
FTTWN
FWA
FWHM
FWM
GCSOA
GMPLS
GPS
GUI
GbE
HG

Demultiplexer
Distributed feedback
Data over cable service interface specifications
Direct optical switching
Digital subscriber line
En/decoder
Erbium doped fiber amplifier
Effective index method
Electro magnetic interference
Encoder
Eye opening factor
Explicit optical code labelling
Fiber array unit
Fiber-Bragg grating
Fiber delay line
Finite difference
Forward error correction
Future home network
Fiber-in-the-home
Fiber matched waveguide
Fabry-Perot
Free-space optics
Free spectral range
Fiber-to-the-home
Fiber-to-the-PAN
Fiber-to-the-wireless network
Fixed-wireless access
Full-width at half-maximum
Four-wave mixing
Gain-clamped semiconducting optical amplifiers
Generalized multi-protocol label switching
Global positioning system
Graphical user interface
Gigabit Ethernet
Harmonics generation
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Abbreviation
Description
IA
IF
IM-DD
IPCR
IPTV
IP
ISDN
ISP
ImOCL
IoT
LAN
LED
LPCVD
LPF
LSBD
LSB
MAC
MAI
MDE
MEMS
MFD
MGDM
MIMO
MLLD
MMF
MMI
MSB
MUI
MUX
MZI
MZM
NRZ
O2C
O2O
OADM

Interference avoidance
Intermediate frequency
Intensity modulation with direct detection
Interferer-to-phase code ratio
IP television
Internet protocol
Integrated services digital network
Internet service provider
Implicit optical code labelling
Island of transparency
Local area network
Light emitting diode
Low pressure chemical vapor deposition
Lowpass filter
Lower sideband
Least significant bit
Medium access control
Multiple access interference
Multi/demultiplexer element
Micro-electrical-mechanical systems
Mode field diameter
Mode group diversity multiplexing
Multiple-input multiple-output
Mode-locked laser diode
Multi-mode fiber
Multi-mode interference
Most significant bit
Multiple user interference
Multiplexer
Mach-Zehnder interferometer
Mach-Zehnder modulator
Non-return to zero
ONU-to-CO
ONU-to-ONU
Optical add-drop multiplexer
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Abbreviation
Description
OC-GMPLS
OCDM
OCDMA
OCSMA/CD
OC
OEO
OFDM
OFM
OIL
OLT
ONU
OOK
OPEX
OPLL
OSA
OSNR
OVPN
P2P
PAN
PAT
PCI
PDA
PDE
PDL
PD
PECVD
PIC
PLC
PMD
PNP
PN
PN
POF
PolMUX

Optical code-GMPLS
Optical code division multiplexing
Optical code division multiple access
Optical code-sense multiple access / collision detection
Optical code
Optical-electrical-optical
Orthogonal frequency division multiplexing
Optical frequency multiplication
Optical injection locking
Optical line termination
Optical networking unit
On-off keying
Operational expenses
Optical phase-locked loop
Optical spectrum analyzer
Optical signal to noise ratio
Optical VPN
Peer-to-peer
Personal area network
Personal archipelago of transparency
Phase code identifier
Personal digital assistent
Personal distributed environment
Polarization dependent loss
Photodiode
Plasma enhanced chemical vapor deposition
Photonic integrated circuit
Planar lightwave circuit
Polarization mode dispersion
Personal network provider
Personal network
Pseudo noise
Polymer optical fiber
Polarization multiplexing
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Abbreviation
Description
PON
POTS
PPG
PRBS
PTMP
PTP
PVR
QAM
QPSK
QoS
R/F
RAP
RAU
RF
RG
RHD
RIE
RN
ROADM
ROM
RTT
RoF
SAE OCDMA
SBS
SC
SCMA
SDBS
SDM
SDR
SIP
SLED
SLF
SLM
SME
SNR

Passive optical network
Plain old telephone network
Pulse pattern generator
Pseudo-random bit sequence
Point-to-multi-point
Point-to-point
Personal video recorder
Quadrature amplitude modulation
Quadrature phase shift keying
Quality of service
Rise and fall
Radio access point
Remote antenna unit
Radio frequency
Residential gateway
Remote heterodyne detection
Reactive ion etching
Remote node
Reconfigurable OADM
Reciprocating optical modulator
Round-trip time
Radio over fiber
Spectral amplitude encoded OCDMA
Stimulated Brillouin scattering
Supercontinuum
Sub-carrier multiple access
Software defined base station
Space division multiplexing
Software defined radio
Session initiation protocol
Superluminescent LED
Sagnac-loop filter
Spatial lightwave modulator
Small to medium-size enterprise
Signal to noise ratio
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Abbreviation
Description
SOA
SOHO
SoP
SPECTS
SSB
SSC
SSK
SSMF
STM
TDMA
TEOS
TFF
TIA
UPnP
UV
UWB
VDSL
VPN
WDMA
WDM
WLAN
WRN
WSS
XTE

Semiconductor optical amplifier
Small office / home office
State of polarization
Spectral phase-encoded time-spreading
Single sideband
Spot size converters
Spectral shift keying
Standard single mode fiber
Synchronous transfer mode
Time division multiple access
Tetra-etyl-ortho-silicate
Thin-film filter
Trans-impedance amplifier
Universal plug and play
Ultra-violet
Ultra-wide band
Very high speed digital subscriber line
Virtual private network
Wavelength division multiple access
Wavelength division multiplexing
Wireless LAN
Wavelength routing network
Wavelength selective switch
Crossed tree element

Glossary
The symbols are ranked in order of appearance.
Symbol

Unit

Description

A(ω)
A(ω)
B(ω)
B(ω)
∆L
φ
Ein
Eout
M
MMMI
Pout
MCE
φm
f
KN m

W/Hz
W/Hz
W/Hz
W/Hz
m
rad
V·m−1
V·m−1
V2 ·m−2
Hz
-

MC1
MC2
MCN
MXTE
Mi
MC44
0pq
no
Md

-

Spectral intensity transfer function A
Spectral intensity transfer function A
Spectral intensity transfer function B
Spectral intensity transfer function B
Path length difference
Phase shift
Optical field at input
Optical field at output
Propagation matrix
Propagation matrix of MMI
Power transfer function
Propagation matrix of CE
Phase shifter m
Frequency
Multiplication factor at stage m of an N -stage
E/D
Propagation matrix of a one-stage casacade
Propagation matrix of a two-stage casacade
Propagation matrix of an N -stage casacade
Propagation matrix of an XTE
Input propagation matrix
Coupler section propagation matrix
A p × q zero matrix
Odd branch counter
Interconnection propagation matrix
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Symbol Unit
Description
MT1
MT2
MTN
MMDE
A
m
N
ωi
si

rad·s−1
W/Hz

Cp
NXTE
NCE
N
Θ1
Θ2
ΘN
i
wB (i)
w(i)
Ith
Tx
Rn
PWn ,k
ri
ro
α
PT
fs
P (fs )
<
S
u
B
νT

a.u.
a.u.
a.u.
a.u.
a.u.
A/W
bits/s/Hz
bits/s
Hz

Propagation matrix of a one-stage tree
Propagation matrix of a two-stage tree
Propagation matrix of a N -stage tree
Propagation matrix of an MDE
Coefficient
Stage counter of E/D
Number of stages of E/D
Angular frequency i
Spectral intensity transfer function of en/decoder
i
Cardinality
Number of XTE stages
Number of CE stages
Natural numbers
Normalization vector at one-stage E/Ds
Normalization vector at two-stage E/Ds
Normalization vector at N -stage E/Ds
Element counter of vector ΘN
Coefficient
Value at position i
Sampled threshold value
Transmitter x
Receiver n
Sampled output power of E/D Wn at port k
Inbound crosstalk factor
Outbound crosstalk factor
Coupling factor
Total sampled output power
Sampled frequency
Power at sampled frequency fs
Responsivity of a photodetector
Spectral efficiency
Number of active users
Bit rate
Total optical bandwidth
continued on the next page –
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– continued from previous page
Symbol Unit
Description
Cch
αc
Eph
ν
ng
λ0
nc
ncl
nc,e
ncl,e
Lb

eV
Hz
m
m

W
Lpaired
Wa
Wg
Θ
Ltaper
Cr
Au
Ti
Pt
∆f
∆λ
FSR
Prec
αwg
Ri
Kp
Pi
Lg
MFD
Ibias
P φi
Ai

m
m
m
m
degrees
m
Hz
m
Hz
dBm or W
dB/m
dB
dBm
m
m
A
W
-

Chip rate
Code length
Photon energy
Optical frequency
Group index
Optical wavelength at the zero reference-point
Refractive index of the core
Refractive index of the cladding
Effective refractive index of the core
Effective refractive index of the cladding
Beat length of two lowest-order mode in an MMI
coupler
Width of an MMI coupler
Length of a paired interference coupler
Access waveguide width of an MMI coupler
Waveguide width
Angle
Adiabatic taper length
Chromium
Gold
Titanium
Platinum
Optical bandwidth
Optical bandwidth
Free spectral range
Received optical power
Propagation losses of a waveguide
Reflection coefficient at facet i of a chip
Contrast ratio
Power level i
Length of the waveguide
Mode field diameter
Bias current
Dissipated power at phase shifter φi
Cauchy parameter of material layer i
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Symbol Unit
Description
Bi
R/F
VDC
Vpp,RF
EOF
µi

s
V
V
-

σi

-

M
Ni
L
tRTT
`p
λi
ci
ti
2
hIth
i
T
Bd
C
2
hIsh
i
2
hIsp
i
mp
Mf
Bopt
hIn2 i
2
Isig
BERu
BER
Ru
1/τav
ρ
p(u)
U

m
s
bits
W
K
Hz
F
W
W
Hz
W
W
s−1
s
-

Cauchy parameter of material layer i
Rise and fall times
Bias voltage
RF driving voltage
Eye opening factor
Mean value of logical zeros and ones after detection
Deviation of the logical zeros and ones after detection
Number of PONs connected to central office
Splitting ratio in PON i
Fiber length
Round trip time
Packet length
Wavelength i
Optical code i
Time instant i
Thermal noise power
Temperature
Detector bandwidth
Load capacitance
Shot noise power
Speckle noise power
State of polarization
Number of modes in the optical fiber
Spectral width of phase code
Total noise power
Total signal power at receiver
Experienced bit error rate per active user
Average bit error rate probability
Average packet or burst arrival rate per user
Average transmission time per user
Utilization factor
Probability as a function of u
Total population of users
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– continued from previous page
Symbol Unit
Description
τ
d
X
Yn
δ
n
µ
αP
t
σ
nu

s
s
s
s
s
s

1/µi
EX
χ
δν
τi
MO
NO

s
Hz
s
-

Propagation time
Elapsed time
Packet duration
Sampling instant n
Sampling interval
Counter
Mean
Shape parameter of the Pareto distribution
Time
Standard deviation
Past activity sampling interval as sensed by user
u
Mean packet duration for node i
Expectation
Line width to filter bandwidth ratio
Line width of optical source
Time delay i
Number of connected ONUs to a single RN
Number of OADM outputs
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