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Summary

Essays on Optical Broadband In-Home Networks

for Converged Service Delivery

Broadband access networks, and in particular fibre-to-the-home (FTTH)
networks, are offering abundantly available bandwidth in the local loop
with high quality of services. Under such broadband connectivity condi-
tions, in-home networks should not represent the bottleneck for high ca-
pacity service delivery to consumers. However, current in-home networks
are a blend of different networks, each optimized for a particular kind of
services and cannot meet such high capacity and quality of service require-
ments. Converging the delivery of various services over a single wired home
network will provide an immediate advantage of reducing the costs and
complexity for both network operators and end users. Optical fibre is at-
tractive as the medium for such converged in-home networks thanks to its
low loss, large bandwidth, electromagnetic resilience to interference (EMI).
The main work presented in this thesis aims at developing low-cost, high
speed, optical broadband in-home networks which can support the distri-
bution of multiple-format services.

1 mm core diameter plastic optical fibre (POF) is a promising trans-
mission medium for short-range communication. The main advantages of
POF are its easy installation, easy splicing and the possibility of using low-
cost optical transceivers. POF technologies for the transport of broadband
wireless signals and converged wired and wireless services are explored in
this thesis.

By employing radio-over-POF technologies, a full solution based on an
eye-safe optical transmitter and graded-index POF has been developed. A
prototype of real-time high definition (HD) video broadcasting using ultra
wideband (UWB) technologies over a large-core POF network is demon-
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strated for the first time.
In order to study the convergence capability of a POF based optical

backbone, techniques to introduce multiple services over a simple POF ar-
chitecture have been investigated. Converged delivery of wired and wireless
signals (UWB, DVB-T), and multiple wireless (WiMAX, LTE, UWB) sig-
nals are discussed in detail. Discrete multi tone (DMT) modulation format
and fractional QAM (3×2N ) schemes are employed for the baseband stream
to achieve an improved spectrum efficiency. Furthermore, employing a bit-
and power-loading algorithm, a flexible POF backbone utilizing frequency
reuse for wireless and wired signals is presented.

Finally, from the network perspective, most studies on POF so far have
been based on a point-to-point (P2P) network topology. This thesis in-
vestigates point-to-multipoint (P2MP) POF infrastructures with different
topologies (tree and bus). A POF based passive optical network (PON)
concept is proposed with various transmission scenarios. The system per-
formance of single/multiple service delivery, unique/bi-directional transmis-
sion, and different optical transceiver concepts is investigated in detail. It
is shown that a distribution of converged multi-Gigabit/s baseband stream
and a UWB service over a POF-PON architecture to four end users can be
achieved. Based on the studies mentioned above, the world’s first field trial
of G.hn standard over a single POF-PON for triple-play service distribution
is demonstrated using commercially available integrated POF devices.

All the techniques, concepts, system designs presented in this thesis
underline the strong potential of optical fibres (especially POF) for the
delivery of broadband services to wired and wireless devices for in-home
networks. Thus, the benefits of broadband FTTH networks can be extended
to end users via versatile fibre-in-the-home (FITH) solutions.
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Chapter 1

Introduction

Optical fibre communication systems have become the predominant net-
work solutions for long-haul and metro networks and are now steadily be-
ing deployed for short-range network applications. Optical communication
solutions offer the possibility of high transmission capacity for professional
as well as consumer networks. For instance, fibre-to-the-home (FTTH) is
increasingly being deployed to deliver high data capacity to the doorstep
of residential homes at speeds of up to 1 Gb/s [1]. Currently, more than 1
million homes receive services over FTTH in The Netherlands [2]. The next
generation passive optical network (PON) aims at 40 Gb/s downstream and
10 Gb/s upstream bandwidth [3]. Optical fibre enables high data rates from
the core network to get all the way to the premises. However, due to the
variety of transmission media of the end users, the connection in the home
is fast becoming the bottleneck. Moreover, the capacity demand inside of
the home increases dramatically, which is driven by high definition (HD)
video streaming, local backups to home servers and/or to cloud services,
information exchange between devices and so on. The aggregate traffic in-
side the home can exceed access line capacity, in some cases up to 2 orders
of magnitude [4]. Such high traffic loads do not fit either copper-based
wire or wireless solutions. It has been shown that copper and wireless net-
working technologies are lagging device interface rates and user needs [5].
The latest copper-based solution is the very high speed digital subscriber
line 2 (VDSL2), which supports up to 200 Mb/s transmission [6]. WiFi
technologies (IEEE 802.11 series) recently standardized 600 Mb/s through-
put [7] but require complex 4×4 multiple-input multiple-output (MIMO)
transmission systems.
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Among different types of services which are provided by in-home net-
works, some of them require only remote connectivity, some stay only lo-
cal, and some will require both. Converging the delivery of the various
services (wirebound and wireless) over a single home network may offer
a number of advantages: only a single network needs to be installed and
maintained, introduction and upgrading of services is facilitated, and flexi-
ble interactions between services can be created as only a single platform is
involved. Fibre-optics are able to carry services with widely different char-
acteristics in a such unified network, which can be considered as a home
backbone. Besides the advantages aforementioned, such solutions can offer
low loss, large bandwidth, immunity to electromagnetic interference (EMI),
and signal format transparency. Therefore, the concerns of the growing ca-
pacity demand and the convergency requirements can be well addressed.

The type of premises whether in-building or in-home connection will
determine the type of medium and transmission required. For medium to
large apartment buildings, silica single mode fibres (SMF) or multimode
fibres (MMF) are preferred due to its high bandwidth and low loss. Sil-
ica SMF is considered to be a future-proof choice for new installations in
large premises. Silica MMF is already installed in many buildings nowa-
days for providing Gigabit Ethernet [8]. This thesis mainly focuses on
smaller scale fibre-in-the-home (FITH) networks, better known as in-home
networks (with coverage less than 100 m). Since the challenge for such net-
works is to offer a cost-effective and user-friendly solution, traditional silica
SMF (9 µm core, ITU-T G.652) is not suitable due to its delicate installa-
tion needs, and hence a high investment is required by the installation and
handling. The optimal fibre for home area communication should provide
sufficient bandwidth, relaxed coupling tolerances, and low bending loss.
Based on such concerns, a bend-loss insensitive SMF and 80 µm core diame-
ter silica MMF have been recently developed [9, 10]. These bend-insensitive
SMF and silica MMF have low loss and high bandwidth but still require
more delicate (and thus more costly) installation methods. Besides the sil-
ica based optical fibre family, plastic optical fibres (POF), especially Poly-
methyl methacrylate (PMMA)-based large-core POFs, are gaining more
attention and have shown to be promising candidates for in-home commu-
nication. Such POFs have shown the capability of being robust, low-cost,
easy-to-install and easy splicing transmission media thanks to the success-
ful resistance to mechanical stress in harsh environments. The duplex POF
solution today is already cheaper than Cat-5 based copper solution when
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sharing existing power line ducts [11]. However, the benefits of large-core
POFs come at the expense of a less bandwidth and a higher attenuation
than silica based solutions. For in-home communication, because of the
short link lengths, these disadvantages can be tolerated or compensated by
applying digital signal processing. Advanced modulation formats, such as
pulse amplitude modulation (PAM), quadrature-like modulation formats,
discrete multitone (DMT), and receiver equalization techniques are pro-
posed to apply to such POF transmission systems to offer high capacity
with an improved spectral efficiency [12–14]. In particular, the real-valued
multi-level modulation technology is intensively investigated in this thesis
with a bit-loading algorithm for various POF-based application scenarios.

Next to the wired technologies, several wireless technologies coexist for
various wireless applications in the home, such as HD video (2K, 4K...)
streaming, and 4G and beyond mobile functions. Since mobile video stream-
ing has become the most important motivation for in-home wireless com-
munication, a suitable wireless technique that can carry a large capacity (>
100 Mb/s) is necessary [15]. The emerging ultra wideband (UWB) tech-
nology at the speed up to 1 Gb/s supports HD multimedia interfaces for
HD video and wireless universal serial bus (USB) for general purpose data
transmission between in-home devices. However, due to its low transmis-
sion power, the transmission distance of the UWB is limited to a few meters
only [16]. This short transmission distance can be extended by employing
a radio-over-fibre (RoF) solution that is convenient and attractive for the
transport of such high capacity wireless services with enhanced radio cov-
erage. Employing RoF techniques, home mobile users can have access to
different services via a wireless connection which is fed by a wired optical
backbone.

As an ultimate in-home network solution, a residential gateway (RG)
performs the bridge between the public access network and the private
in-home network. The RG is a key enabler for converging the various
services into a single network. The services coming from wired access net-
work, satellite and wireless public network are centralized and distributed
to different rooms via a converged optical network. This thesis focuses on
the RoF techniques, especially the employment of large-core POF systems.
Radio-over-POF is particularly challenging due to the unique character-
istics of the POF systems (working at visible light wavelengths, band-
width ≤ 3 GHz@50 m, and available opto-electro components (optical
transceivers)). The work presented in this thesis investigates broadband



4 Introduction

radio signals (e.g., UWB), and converged multi-format data signal trans-
mission over POF by fully exploring the available system bandwidth, by
means of signal processing techniques. From the network perspective, pos-
sible POF network topologies are discussed for different application sce-
narios, considering the conventional point-to-point (P2P) architecture and
the passive point-to-multipoint (P2MP) networks. The rest of the thesis is
organized as follows:

Chapter 2 provides an introduction to state-of-the-art of in-home net-
works. Current in-home architectures and alternative optical fibre based
solutions are discussed with both economic and technical considerations.
Then a brief overview of POFs is given, including the perfluorinated graded-
index POF (PF-GI-POF), the step-index Polymethyl methacrylate (PMMA)
POF (SI-POF), the graded-index PMMA POF (GI-POF), the multi-core
PMMA POF (MC-POF) and the micro-structure PMMA POF (mPOF).
The physical parameters and differences are discussed, which make them
suitable for different short range application scenarios. Focusing on PMMA
POF systems, the characteristics of available optical transceivers are dis-
cussed. Next, an overview of current wireless and wired technologies is
given. The RoF technique is introduced with three kinds of transmission
schemes. As the main type of radio format in the thesis, the UWB sig-
nal format is discussed and evaluated. Current status of in-home wireline
communication by using different modulation formats and techniques is
presented. Especially, advanced modulation format-based high capacity
POF transmission systems are discussed and compared.

Chapter 3 reports a RoF technique for remote generation of RF carri-
ers. The principle of optical frequency multiplication (OFM) is explained
theoretically considering different approaches in the literature. As an appli-
cation of this technique, an UWB-over-fibre system with an up-converted
frequency to 24 GHz region is reported. System performance over different
transmission media (SMF and MMF), is compared. In order to improve
the conversion efficiency and reduce the system complexity, a novel fibre
ring resonator based OFM approach is proposed. The theoretical analysis
of the optical scheme is followed by the experimental demonstration over
SMF, MMF and PF-POF. The results confirm that frequency up-converted
signals with high quality can be achieved using the low-cost fibre ring res-
onator based OFM technology.
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Chapter 4 presents a theoretical and experimental study on UWB-over-
POF systems. The intensity modulation-direct detection (IM-DD) based
approach using radio frequency shifting techniques is compared with a di-
rect modulation based OFM proposal by considering the available optical
components and POF characteristics. The experimental demonstration is
built based on the IM-DD optical scheme. The performance of the optoelec-
tronic components and the system response are characterized. The quality
of the transmitted UWB signal is evaluated considering the important effect
of different system parameters.

Chapter 5 discusses the feasibility of converged multiple service trans-
mission over large-core POFs. To increase the capacity of the baseband
transmission, The DMT modulation with a bit/power-loading algorithm is
employed in order to optimize the bit/power allocation according to the
optical channel response and achieve an improved spectral efficiency. A
fractional quadrature amplitude modulation (QAM) is proposed to fur-
ther improve the spectral efficiency. By partitioning the system bandwidth
into two separate parts, simultaneous transmission of a multi-Gigabit wired
data stream and an UWB signal is achieved. To take advantages of the
bit-loading algorithm, dynamic bit-allocation of the DMT is realized even
with an inband frequency introduced by other signals. This concept is
confirmed by the study of converged DMT and DVB-T signal transmis-
sion over POF. Two transmission schemes, with and without frequency
reuse are compared and evaluated. Finally, a full functionality scenario
for multi-standard wireless transmission comprising the SMF based access
network, the POF based in-home network and the last meter of wireless
link is experimentally demonstrated.

Chapter 3 to 5 are all based on a P2P link, Chapter 6 addresses the
evolution of the POF P2P network to P2MP networks. A novel POF-PON
concept for in-home networks by employing passive POF splitters is pro-
posed. The POF based network architecture is shown to be able to support
a bus/tree topology based P2MP configurations in addition to the conven-
tional P2P topology. Gigabit wired, UWB and converged service distribu-
tion on such a POF-PON platform are studied. The capability of POF-
PON to carry bi-directional transmission is also reported. Finally, a field
trial of POF-PON system using all commercial products is implemented.
The successful distribution of triple-play services justifies the feasibility and
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robustness of the POF-PON infrastructure for in-home networks.

Chapter 7 summarizes the achieved results. Conclusions are drawn and
recommendations for future research directions are stated.

The work presented in this thesis has mainly been done in the Euro-
pean FP7 project POF-PLUS. Part of results are also contributed to FP7
projects ALPHA and Euro-Fos, and Dutch Ministry of Economic Affairs,
Agriculture and Innovation in the MEANS project within the IOP Gener-
ieke Communication programme.



Chapter 2

State-of-the-art of
Broadband In-Home
Networks

FTTH is becoming a reality in a growing number of cities, and offers broad-
band capacity up to the home’s doorstep. The current bottleneck for broad-
band communication is the extension of the fibre’s high capacity into the
home, thus providing truly broadband services to end users. Presently there
is a mixture of wired networks in homes (coax, twisted pair, Cat-5E, pow-
erline,...), each optimized for a particular set of services (TV, telephone,
Ethernet,...). There are wireless links to the devices, such as Wireless Lo-
cal Area Networks (WLAN) and distributed antenna systems (DAS), which
are fed from a wired network. The third and fourth generation mobile cel-
lular systems (e.g., universal mobile telecommunication system (UMTS),
long term evolution (LTE)) may require indoor femto-cell configurations.
In order to achieve greater than the currently available bit rates (e.g., up to
1 Gb/s), the separate networks currently deployed will be too expensive to
upgrade. A single network which can support all these service deliveries is
recommended. Thanks to the large bandwidth and other advantages, such
as low transmission loss, immunity to EMI, small size and weight, optical
fibre is well-known to be considered as the optimum medium to constitute
such an integrated wired backbone for in-home applications, carrying a
plethora of wired as well as wireless services. Among many types of optical
fibres, large-core PMMA POF is a strong candidate because of easy splicing
and easy installation in ducts. In the last 2-3 years there are growing re-
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search activities towards the demonstration of high capacity transmission
over a POF backbone for low-cost in-home communications. Thanks to
the progress in development of POF transceivers and advanced modulation
techniques, the research topics on PMMA POFs are moving from Gigabit
Ethernet over POF towards more ambitious goals, such as multi-Gigabit
and multi-service transmission.

In the following, Section 2.1 discusses the current in-home network so-
lutions and those foreseen for the future. Then a concise comparison of the
economic aspects of in-home networks is given. From the results, PMMA
POF is shown to be a competitive candidate for in-home networks. In Sec-
tion 2.2, an overview of the main characteristics of PMMA POFs and state-
of-the-art of optical transceivers for POF transmission systems is given.
Current wireless and wired technologies and corresponding fibre solutions
are following in Section 2.3.

2.1 In-home network architectures
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Figure 2.1: In-home network infrastructures: current solution (a); ultimate solution (b).

Presently, as illustrated in Fig. 2.1(a), there is a multitude of separate
networks in homes, each optimized to provide a particular set of services.
For example, coaxial cable is used for video and audio broadcast services,
twisted pair is used for voice telephony, Cat-5E/6 is dedicated for data
communication with desktop computers, printers, and data servers, and
WiFi is widely used for laptops, tablets, smart phones and other wireless
devices. Such multiple infrastructures for in-home networks lead to a com-
plicated consumer experience, expensive maintenance costs and high power
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consumption. To avoid these drawbacks, a common backbone infrastruc-
ture, which could deliver all services (wired and wireless), is required. As
shown in Fig. 2.1(b), the RG interfaces the converged in-home network
with the access network. All services can be carried by a simple universal
platform and distributed to each room. Thanks to its signal transparency,
EMI immunity, and large bandwidth, optical fibre is a perfectly suitable
medium for such an integrated network. The RG can also host domes-
tic functions such as storage of local data, signal conversion to match the
service characteristics to the terminals’ capabilities, security, and privacy
protection. Therefore, such an optical backbone infrastructure will not
only provide connections from the RG to the end users but also support
inter-room communications [17].

Various types of optical fibres are commercially available to build such
in-home optical networks. Silica SMF has been considered as a future-proof
transmission medium mainly due to its very low attenuation and the ultra-
large bandwidth×length product. However, link lengths inside houses are
short and therefore these characteristics are not crucial. Furthermore, the
main constraint for in-home networking is the requirement for cost-effective
installation and user-friendly solutions. Therefore, large core POF, espe-
cially 1 mm core diameter PMMA POF, is a strong candidate, providing
the potential for simpler installation and reduced operational complexity
hence reducing cost.

plastic glass 

1 mm 10 m 

Figure 2.2: Large core PMMA POF solutions.

Large core POF provides an acceptable bandwidth with the potential
for do-it-yourself installation [18]. In fact, due to the use of visible light
transceivers, high tolerance to misalignment and bending, and very simple
or no connectorization, as depicted in Fig. 2.2, a POF based system can
be deployed by the home user without the need of a fibre installer. More-
over, due to its EMI insensitivity, heating resistance properties, and small
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size (2.2 mm cable diameter including external coating), POF can also be
deployed in the existing ducts for electrical power cable, as well as in tight
trenches (between parquet floor and wall).

RG 
Access 

network 

(a) P2P

RG 
Access 

network 

(b) Bus

RG Access 

network 

(c) Tree

Figure 2.3: In-home network topologies: (a) P2P; (b) Bus topology; (c) Tree topology.

2.1.1 Economic studies on CAPEX and OPEX

On the economic aspects, recent studies have focused on the installation
cost (CAPEX) and the operation cost (OPEX) regarding different trans-
mission media (CAT-5, SMF, MMF and POF) and network topologies (P2P
and P2MP) [11, 19, 20]. Basic in-home network topologies are illustrated
in Fig. 2.3. Employing a P2P topology, as shown in Fig. 2.3(a), individual
cables connect the RG to each room. In P2MP topologies, such as bus
and tree (Fig. 2.3(b) and (c)), the amount of cables is reduced. In the bus
topology, a cable runs to each floor and the splitting nodes provide con-
nections from the cable to each room. In the tree topology, a cable runs to
each floor, and there from a splitting node individual cables are connected
to each room.

For a typical residential home (M=3 floors and N=4 rooms/floor), the
CAPEX and OPEX of the main transmission media solutions for the vari-
ous cable types assuming typical current (2011) market prices are given in
Fig. 2.4 [11]. In the fibre solutions, duct costs can be saved by duct sharing
with the electrical power lines. Note that for safety issues this is not al-
lowed for coaxial cable and Cat-X cable. Duplex POF cable is assumed for
bidirectional communication. It can be observed that regarding CAPEX,
the duplex POF solution is cost-competitive with the Cat-5E solution, and
clearly outperforms the SMF and MMF solutions. Note that a clear cost
advantage results from the easy connectorization of large-core POFs. The
CAPEX advantage of the duplex POF will become even larger when the
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Figure 2.4: CAPEX and OPEX for P2P network in a typical residential home, using
duct sharing [11].

costs of the media converters come down (as is to be expected that the
POF market will become more mature). Regarding OPEX, Cat-5E solu-
tions consume the least power as they do not need O/E conversion, closely
followed by the POF solutions. Reducing the power consumption in the
media converters for the fibre solutions is needed in order to make them
competitive with the Cat-5E line drivers.

The P2MP POF topologies are currently mainly valid for opaque net-
works (non-signal transparent) with opto-electronic-optical (OEO) signal
conversions in the nodes. With the POF products becoming more mature,
passive POF splitters could be expected to be used in the nodes thus avoid-
ing electrical power consumption. Hence the OPEX will be reduced for POF
based P2MP topologies. Some technical details about POF network con-
figurations are discussed in Chapter 6. Nowadays, the all-optical splitting
functions are readily available only for SMF-based devices. The motivation
for all-optical splitting POF network is that it could provide a future-proof
solution. Such network is fully transparent for any signal format and at
low-cost. It is able to carry both IP and non-IP-based services, for wired as
well as wireless terminals. Thus analog RoF signals may be carried together
with high-speed digital data signals over the same fibre network. When
considering the effective capacity available versus the network infrastruc-
ture costs, three categories of communication media: copper, optical fibre,
and radio (radio waves, possibly carried partly over fibre in RoF solutions)
are compared in Fig. 2.5 [19]. Both for the copper-based (Cat5E/6/7 and
PLC) and for the radio-based (WiFi, 60 GHz,...) solutions the costs grow
more than linearly with effective capacity. This is due to the increasingly
complex signal processing needed to overcome the bandwidth limits and
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Figure 2.5: Trends in effective capacity per user terminal versus infrastructure costs, for
various categories of information transport media [19].

interferences. By employing the RoF technique, higher effective capacity
per network terminal can be achieved and this radio solution is based on
the installation of optical fibre cables. For the fibre-based solutions, in
general, the network infrastructure costs grow less than linearly with the
offered capacity. The large core POF family exhibit the lowest cost when
compared to SMF and MMF approaches. Keeping low-cost as the primary
advantage of POF and increasing its effective capacity would make POF to
become even more competitive. Some potential approaches are: optimiz-
ing the optical transmission scheme (optical transceiver, and POF design),
employing RoF technologies and signal processing techniques.

Therefore, taking into account the foreseen growth of capacity demands,
fibre-based solutions can outperform the copper- and radio-based solutions
in the future both performance- and costs-wise. POF has already exhibited
its attractive advantages in economic terms with sufficient bandwidth to
offer a cost-effective solution for home users.
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2.2 Large core plastic optical fibre

Optical data transmission is traditionally associated with high capacity
communication as well as long reach connections as it is based on silica
fibres, which provide large bandwidth in combination with very low attenu-
ation. The most widely used fibre in optical communication is the standard
single mode fibre (SSMF) with a core diameter of 9 µm. This type of fibre
is called single mode because only one configuration of the electro-magnetic
field (the fundamental LP01 mode) can propagate through the fibre core.
Hence, the modal dispersion is minimal in this fibre. Thus the SSMF is
normally recognized as the best optical transmission medium for long-haul
and FTTH communication systems, mainly due to its high capacity and
low attenuation. But this very beneficial property is achieved at the ex-
pense of a very small fibre core diameter, which requires professionals for
connecterization and installation. Another drawback of the SSMF is that
the coupling between the light source and the fibre requires very precise
alignment and mechanical tolerances. If the transmission distances are not
too long, e.g., less than 1 km, and the data rate is not too high (<10
Gb/s), fibres with more relaxed tolerances and cheaper components can be
used. Silica MMF with core diameters of 50-62.5 µm are gaining interest
for in-building communication since they have relatively bigger core sizes
in comparison to SMF and come with cheaper solutions when considering
the possibility of applying low-cost transceivers. However, due to the in-
trinsic nature of the silica materials, silica becomes more brittle when the
core is made bigger. Therefore, a more elastic material is necessary as an
increased core size can relax alignment and connectivity requirements. A
marked improvement of the silica fibre development in terms of the bending
loss has been achieved in recent years. The bend-loss insensitive SMFs al-
low tight-bend radii as low as several mm [9, 21]. Corning proposed a bend
insensitive MMF with an enlarged core diameter (80 µm core diameter). A
bend loss of < 1 dB is demonstrated at 3 mm bend diameters [9, 10].

Instead of silica fibres, plastic materials based POFs can have a large
core diameter from 0.5 mm to 1 mm keeping flexibility and mechanical
resistance [22]. Among the polymer materials, PMMA is the most popular
and widely used material. Large core POFs (usually with 1 mm core size)
exhibit big advantages such as easy installation and low-cost solutions as
discussed in the previous section. However, the large core diameter and
the large numerical aperture (NA) have to be at the expense with a small
bandwidth due to large modal dispersion, and a high attenuation due to
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Figure 2.6: Comparison of the fibre core/clading diameters for (left-to-right) SSMF,
50 µm silica MMF, 120 µm PF-POF, standard PMMA POF.

multiple internal reflections. However, for short range communication, such
as in-home application scenarios, these disadvantages can be tolerated or
compensated by applying signal processing techniques. Fig. 2.6 illustrates
the comparison between the cross section of the commonly used SMF, MMF
and two main types of POFs (Perfluorinated POF and PMMA POF).

2.2.1 Large core POF systems

In this thesis, plastic optical fibres are investigated for in-home optical
communication systems with link lengths less than one hundred meters [23].
The three most common large-core PMMA based POFs are the single core
SI-POF, the single core GI-POF1, and the step-index MC-POF, all with a
core diameter of about 1 mm. Next to these conventional types of POFs,
some other special POFs also exhibit attractive characteristics, such as
mPOF. The biggest difference between SI-POF and GI-POF is the light
propagation inside the fibre core. In GI-POF, the refractive index (RI) is
contiguously decreasing inside the fibre core, from the highest value at the
fibre center down to the lowest value at the cladding, which results in the
curved light propagation. This effect leads to a smaller modal dispersion
and a higher bandwidth of GI-POF. The light guiding mechanism in mPOF
is fundamentally different from SI-POF and GI-POF. The mPOF utilized
multiple air-holes that run longitudinally along the fibre to guide light.
The core sizes of the mPOFs are generally smaller than 1 mm, however, the

1In this thesis, POF (SI-POF and GI-POF) refer to the single-core, 1 mm core size
PMMA POF, unless otherwise indicated.
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flexibility in the fibre design allows enlarging the core diameter for different
types of mPOFs. Fig. 2.7 shows a schematic drawing of the cross sections
of different types of POFs. As shown in the figure, SI-POF has a core

Figure 2.7: Comparison of the cross section of POFs (left-to-right): SI-POF, GI-POF,
MC-POF, and mPOF.

diameter of 980 µm and a cladding thickness of 20 µm to obtain an overall
fibre diameter of 1000 µm. A typical GI-POF [24], which is used in this
thesis for experimental studies has a core diameter of 900 µm and an overall
fibre diameter of 1000 µm. High quality MC-POFs, developed by Asahi,
have a large number of “cores” (19-1300 cores) emplaced in a sea of “clad”.
mPOFs differ from conventional POFs in their use of microstructure. One
type of the mPOF employed in this thesis which consists of a 150 µm solid
PMMA core surrounded by a single ring of air holes of diameter of 15 µm.

In contrast with PMMA based POFs, another group of POFs is the PF-
POF with core diameters varying from 50 and 62.5 µm to up to 120 µm.
The main properties of all aforementioned fibre types in terms of material,
core diameter, NA, operating wavelength and bandwidth-length product
are summarized in Table 2.1. All PMMA POFs work in the visible wave-
length range, especially in the red (650 nm), green (520 nm, 570 nm) and
blue (470 nm) windows. The core sizes of SI-, GI- and MC-POFs are around
1 mm, which are generally recognized as the large-core POFs. The mPOF,
as a novel PMMA based POF, exhibits its advantages in bandwidth, loss
and bending radius but with smaller core sizes. In contrast with PMMA
based POFs, the PF-POF is a sort of an unusual plastic fibre due to the
material CYTOP, which stands for cyclic transparent optical polymer and
was developed by Asahi Glass in Japan. The PF polymer has smaller mate-
rial dispersion than that of silica or PMMA [25]. In comparison to PMMA
POFs, PF-POFs provide larger bandwidth and lower loss. Since PF-POFs
mainly work in the near-infrared wavelength range at 850 and 1310 nm
with minimum attenuation, optical transceivers and other devices which
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are used for silica MMF systems are also valid for PF-POFs. In addition,
when compared to silica MMF, PF-POF offers more relaxed tolerances in
terms of alignment, bending radii, tensile load and stress, and enables sim-
pler connectorization. However, due to its core size more comparable to the
silica based MMFs when compared to 1 mm core diameter PMMA POF,
thus the big advantage of having a larger core diameter than silica based
fibres does not hold for this kind of fibre.

Table 2.1: Main parameter comparison of different types of plastic optical fibres

Fibre
type

materials
core size
(mm)

wavelength
(nm)

Loss (650 nm)
(dB/km)

BW-length
product
(MHz · km)

NA

Bending
radius
(mm)

SI–POF PMMA ∼ 1 400−650 ≤ 160 ≤ 5 0.5 20

GI–POF PMMA ∼ 1 400−650 ≤ 200 > 150 0.25 25

MC–POF PMMA ∼ 1 400−650 ≤ 160 > 20 0.6 1 − 3

mPOF PMMA 0.1 − 0.3 400−650 160 − 350 > 150 0.4 1 − 3

PF–POF Cytop 0.05−0.12 850/1310 <60 (850 nm) ≥ 300 0.19 5 − 10

Considering the bandwidth-length product, which is one of the main
characteristics in high capacity transmission, the SI-POF has the most
limited bandwidth compared to other POFs. Hence, its ability to carry
data at multi-Gigabit rates for next generation systems is limited. But the
SI-POF is the only type of POF which has been standardized up to now and
many standard products are available in the market nowadays. To improve
the bandwidth and the bending properties of SI-POFs, the step-index MC-
POF was recently introduced [26]. The most significant characteristic of
the MC-POF is its bending radius, which could be lower around 1 mm. The
reason for that is that the smaller diameter of the individual cores supports
less mode groups and hence the fibre is less sensitive to macro bending
loss. However, its bandwidth product is still quite small, which introduces
unavoidable extra cost and complexity for broadband signal transmission
systems. In comparison, the GI-POF has a much higher bandwidth (20
times larger than SI-POFs), which enables its capability to support high
capacity wired and wireless transmission [27], but this has to be paid with a
higher attenuation, a smaller NA and a bigger bending radius. The mPOF
presents large bandwidth, which could be even higher than GI-POF [28].

The attenuation of these four main types POFs as a function of wave-
length is illustrated in Fig. 2.8. Among the three transmission windows in
visible light region, the most commonly used window for data transmission
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is the red window at 650 nm. This is mainly due to the good availability of
light sources (light-emitting diodes (LEDs) and laser diodes) and the good
responsivity of the silicon-based photo diodes. Taking into account the link
power budget of the present visible light transceivers, and the attenuation
of all PMMA POFs in this window being above 150 dB/km, the trans-
mission distance is restricted to be below 100 m. Although the other two
transmission windows in the green and blue spectral range present better
attenuation values, the green and blue light transmitters have shown un-
equal performance regarding stability, lifetime, and bandwidth. Moreover,
red light transceivers are mature in volume and technology when com-
pared to non-red ones. As shown in Fig. 2.8, the SI-POF presents the best
performance among all POFs in terms of the spectral loss. Compared to
0.15 dB/m, which is the typical spectral loss at 650 nm of the SI-POF [18],
the loss of the GI-POF is slightly higher (0.2 dB/m). This extra loss may
introduce a power budget problem for some GI-POF based transmission
systems. With respect to mPOFs, the attenuation at 650 nm is below
0.19 dB/m, even lower to 0.16 dB/m at 650 nm [29]. This performance
is attributed to the fabrication process and material used for the fibre,
which avoid high processing temperature and the use of dopant. mPOF
uses a single material and uses an array of holes to achieve the RI contrast
required for defining a core and guiding and controlling the light. This
attenuation improvement enables potential applications of mPOF for high
capacity data transmission systems.
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Figure 2.8: Spectral attenuation of four main types of POFs: SI-POF, GI-POF and
MC-POF (a); mPOF (b).

NA of a fibre is defined as the sine of the largest angle of an incident
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ray can have for total internal reflectance in the core. Qualitatively, NA is
a measure of the light gathering ability of a fibre. Fibre with a larger NA
requires less precision to splice and work with than fibre with a smaller NA.
However, a high NA increases the amount of dispersion as rays at different
angles have different path lengths and therefore take different times to
traverse the fibre. With the large NA of 0.5 (or 0.6), the SI-POF and
MC-POF allow easy alignment, handling, and can accept more light with a
large incidence angle. Compared to the SI-POF, the lower NA of 0.25 of the
GI-POF results in the decrease of many advantages of POFs such as small
bending radius and large coupling tolerance. Due to different fabrication
process with conventional POFs, mPOFs could achieve very small bending
radius with a small NA. The bend loss of mPOF is shown almost an order
of magnitude lower than SI-POF and GI-POF [30]. However, its small
fibre diameter requires extra optical and mechanical components for fibre
alignment, such as optical lenses. Summarizing, the choice of the type of
POF depends on the application scenarios and system requirements. A
trade-off between different characteristics of these fibres has to be made.

2.2.2 Optical transmitters for POF systems

Presently, three types of light sources are employed for POF systems. The
selection of the optical source is strongly dependent upon the environmental
requirements of the transmission system and on the data speed required.
The simplest and oldest type of a light source for POF transmission systems
is LED. Since the low-loss region of operation is around 650 nm for POF
(red light), 650 nm LEDs are one of the most often used light sources due
to its robustness and large NA. The big advantages of LEDs are low-cost,
long life time and wide operation temperature range. The main drawbacks
in using LEDs are the small bandwidth and nonlinearity, which limit the
applications of LEDs to low speed transmission systems, such as automo-
tive applications [31]. Whilst the larger NA (0.8), on one hand, makes
the light coupling to the fibre easier, on the other hand, even for the type
of POF with a relatively big NA (SI-POF, NA of 0.5), a direct coupling
between LEDs and POFs still leads to a power loss. Recent developments
in LED technologies have resulted in 650 nm Resonant-Cavity LEDs (RC-
LED) which improve the modulation bandwidth but on the other hand,
introduce a smaller launching beam (NA'0.34). LEDs are inherently lim-
ited regarding bandwidth. RC-LED is designed to have more power and
bandwidth to achieve Gb/s Ethernet [32]. Above 1 Gb/s, non-LED solu-
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tions are chosen in this thesis. The best light source in terms of output
power, linearity and modulation bandwidth is a laser diode. In the red
wavelength window, edge-emitting laser diodes are available, which were
originally designed for DVD players. The maximum peak output power is
approximately 7 dBm and the modulation bandwidth is higher than 2 GHz.
However, these types of lasers require strict operating conditions (e.g., am-
bient temperature, high driving current) which result in higher costs due
to power consumption and complex driving circuits. An alternative to the
edge emitting laser diode is the use of a vertical cavity surface emitting
laser (VCSEL). An advantage is that the threshold current of a VCSEL to
get into the lasing mode is much lower, thus the driving current is much
smaller (a few mAs). Furthermore, VCSELs are characterized by low di-
vergent and circular beam patterns ideal for efficient butt coupling to fibre
and high bandwidth (several GHz). Both types of the lasers are suitable
for broadband wired and wireless signal transmission thanks to the better
linearity and broad bandwidth (> 2 GHz). An eye-safe2 VCSEL (output
power <0 dBm) is suitable for a simple end-to-end POF link with a short
transmission distance (≤ 50 m). If the transmission distance is longer (>
50 m) or extra lossy components are introduced (e.g., POF splitters), an
edge-emitting laser diode is preferred in order to meet the power budget
requirement. Presently, the edge emitting lasers and VCSELs have been
widely used in high-capacity POF transmission systems, usually together
with GI-POFs or MC-POFs in order to exploit laser bandwidths.

As shown in Fig. 2.8, in addition to the narrow optical window at
650 nm (loss >150 dB/km), there are also broader and in general lower at-
tenuation windows (≤ 100 dB/km) at 570 nm (amber) and 520 nm (green).
Recently, with the technology development on GaN/InGaN LEDs, optical
transmitters at 520 nm window are gaining more interest [34]. In addi-
tion to operating at a lower and broader attenuation window than that at
650 nm the nitride based LEDs provide a significant improvement in the
thermal stability when considering the output power and emission wave-
length. However, due to their long recombination life-time, poor coupling
efficiency and complex structure hence increased the costs, green LEDs are
still in developing stage and mainly used for low speed transmission. On the
other hand, high power lasers either commercially available or prototypes
at the wavelengths of 400 nm, 450 nm and 510 nm have been developed

2The eye safety regulation (IEC 60825-1 standard) classifies light sources based on
emission power, wavelength, protective case, exposure time and beam waist of NA [33].
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and demonstrated to address multi-Gigab/s transmission [35]. However, a
significant performance difference and much higher cost when compared to
red transmitters make that the research on such laser based POF systems
are mainly in a laboratory phase.

Figure 2.9: POF used for automotive multimedia networks (Media Oriented Systems
Transport (MOST)) [36].

To summarize, a red LED or a RC-LED is the preferred optical light
source for POF systems which are not designed for large bandwidth and
speed, such as in in-car applications (Fig. 2.9). Alternatively, the laser
diode, especially VCSEL, is a promising solution for > 1 Gb/s and analog
applications thanks to its broad bandwidth and good linearity. Although,
the 650 nm window became the facto standard for POF based communi-
cation systems, many other types of optical sources working in the blue,
amber and green regions are under development and have been shown with
many attractive advantages. The main concerns for these transmitters,
such as green lasers, are the high driving current and the temperature sta-
bilization.

2.2.3 Optical receivers for POF systems

Optical receivers used for POF systems include PIN photodiodes, and
avalanche photodiodes (APD). The PIN diode is the simplest and most
common device. The main advantages of PINs are low-cost, easy to use and
relatively fast response time. The active area is usually large to match the
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NA of POF. For instance, the active area sizes of Hamamatsu Si-PIN pho-
todiodes vary from Ø0.8 to Ø3 mm. Larger photo sensitivity area implies
easier fibre-to-PD alignment, but results in narrower bandwidth, which is a
critical factor for high capacity POF transmission systems. The responsiv-
ity of PIN diodes varies with wavelength and materials, but usually ranges
from 0.4 to 0.7 A/W. This low responsivity requires trans-impedance am-
plifiers (TIAs) to have sufficient output power.

Compared to PINs, APDs provide much higher gain and are more sen-
sitive to low-power signals. A typical APD has a responsivity 100 times
larger than a PIN diode. An additional advantage of APDs is that they
work very fast, turning on and off much faster than a PIN diode. The
drawback of the APD is that it requires a high voltage for operation and
is sensitive to variations in temperature. In addition, the noise level of
APD is generally higher than PIN due to its internal stochastic multipli-
cation gain. Therefore, when the input signal is relatively low, PIN+TIA
are preferred above APD and post amplifiers. However, when sufficient
input power is available and speed is required, APD-based receivers are the
preferred choice.

2.3 State-of-the-art of wireless and wired tech-

nologies

With the rapid growth of personal mobile electronic devices, wireless com-
munications have been able to provide flexible, low-cost and comfortable
services according to the consumer’s desire. Varieties of technologies and
systems have been developed to meet different requirements of users in
terms of the coverage and data rates, as illustrated in Fig. 2.10. With
the evolution of wireless communication techniques, the wireless technolo-
gies from 2G standard have moved to 3G/3.5G even 4G standards. The
3rd Generation Partnership Project (3GPP) LTE technique (incl. LTE-
advanced) has been widely adopted for the next generation of wireless
communication for mobile phones and terminals. Based on the IEEE
802.16 standard [37], the worldwide inter-operability for microwave ac-
cess (WiMAX) has been able to provide up to 1 Gbit/s data rates and
aims to support enhanced quality of services (QoS), mobility and nomadic
connectivity for broadband wireless metropolitan area networks (WMAN).

For the local area environment, such as densely populated area (office
building, shopping malls, conference halls, etc.) and short range wireless
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Figure 2.10: Current and emerging wireless communication technologies.

communication scenarios (e.g., in-home), the wireless local area network
(WLAN) standard series IEEE 802.11 [38] has been developed operating
in the frequency bands of 2.4 GHz, 3.65 GHz and 5 GHz and providing a
maximum throughput up to 600 Mbit/s using MIMO antenna techniques
in ranges up to 100 meters. Focusing on the in-home environment, this
WiFi based solution has become one of the main radio solutions to offer a
low-cost wireless communication network.

Considering the wireless personal area networks (WPAN) range (<10
meters) and sharing the licence-free 2.4 GHz band, low complexity, and
low power consumption wireless connection interfaces have proliferated for a
wide variety of applications in the consumer electronics market. Bluetooth,
standardized by IEEE 802.15.1 [39], enables P2P or P2MP wireless con-
nections between wireless devices. Bluetooth uses Gaussian frequency shift
keying (GFSK) to modulate the data to frequencies around 2.4 GHz. The
frequency spectrum is divided up into 79 channels spaced 1 MHz apart with
data rates up to 3 Mbit/s. The up-coming specification for Bluetooth 2.0
expects to offer data rates up to 10 Mbit/s. For security benefits and noise
reduction, a Bluetooth transmitter employs frequency hopping, switching
channels up to 1600 times a second. The ZigBee technology, building on
top of IEEE 802.15.4 [40], is intended to be simpler and less expensive than
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other WPANs, such as Bluetooth, targeting at radio frequency applications
that require a low data rate (typical 250 kbit/s), long battery life time and
secure networking. Its applications include low-bandwidth in-home com-
munication, sensor networking, and industrial equipment with short-range
wireless transfer of data at relatively low rates.

As one of the main technologies for WPAN applications, UWB is an
emerging technology that promises to satisfy the requirements of a low
power and high-speed home wireless network [41]. Different from narrow
band wireless signals, UWB refers to a radio technology with a bandwidth
exceeding the lesser of 500 MHz or 20% of the center frequency, according
to the U.S. Federal Communications Commission (FCC) requirements. The
UWB signal operates between the frequency band from 3.1 to 10.6 GHz pro-
viding up to 1 Gbit/s data rates and at 60 GHz bands the data rates of the
UWB can be up to 2 Gbit/s. The emission power spectral density (PSD)
for UWB transmitters has to be below −41.3 dBm/MHz. This extremely
low power limits the coverage of the UWB application to be within a few
meters. Two UWB proposals are currently coexisting: MB-OFDM UWB,
a carrier-based system dividing UWB bandwidth to sub-bands, and direct
sequence pulse (DS) UWB, an impulse-based system that multiplies an
input with spreading code and transmits the data by modulating the el-
ement of the symbol with a short pulse. MB-OFDM UWB is one of the
main wireless standards discussed in this thesis.

The features of main wireless technologies introduced in this section are
summarized in Table 2.23. There are several wireless technologies that can
connect wireless devices in the home, however, compared to the UWB tech-
nology which has a minimum bandwidth ≥ 528 MHz (even up to 7.5 GHz),
the rest have just a few tens of MHz. Among these narrow band tech-
nologies, the most well known one is WiFi in the set of 802.11 standards.
However, its high throughput relies on MIMO antennas as well as LTE,
WiMAX technologies.

Compared to wireless technologies operating at low frequencies, unli-
censed spectrum surrounding the 60 GHz carrier frequency has the abil-
ity to accommodate high-throughput wireless commiserations. However,
60 GHz implementations must overcome many challenges, such as the high
attenuation and directional nature of the 60 GHz wireless channel as well
as limited gain amplifiers and the complexity of the 60 GHz transceiver
circuit design. Due to the characteristics of 60 GHz systems, the interest in

3This summary is based on the present wireless standards.
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60 GHz for cellular data delivery has waned. Fixed wireless access, WLAN
and WPAN can likely find application at 60 GHz due to the bandwidth
offered [42].

2.3.1 Radio-over-fibre techniques

As the bandwidth demand for wireless communication has increased rapidly
in recent years, solutions are sought which can satisfy such demands at low
powers. Wireless technologies can only work at their maximum speeds
when the wireless devices are close to access points or antennas. Hence,
the wireless cells should be reduced in size. With optical fibre, all antennas
can be remotely fed by a central point at low power thanks to the fibre’s
large bandwidth and low loss. This remotely fed antenna system is called
RoF techniques. The RoF technique for in-home networks in principle
can distribute multiple-wireless services coming from the access network,
the satellite and wireless networks to different end users through a home
RG, therefore enabling the consolidation of the most expensive equipment
in the RG and simplifying the remote antenna unit to a single optical-
electrical (O/E) converter [44, 45]. Furthermore, considering the in-home
environment, conventional wireless networks may need to reach end users
through multiple premises wall. Therefore, the indoor radio coverage can
be irregular and poor or the data rate offered may be inconsistent. DAS is
a network of spatially separated antennas fed by coax, CAT-5 or fibre from
some common electronics and/or amplifying source. Employing the DAS
configuration, high data rates of a wireless network can be enabled inside
the home by the reduction in cell size (pico-, femto-cells), while maintaining
a high SNR at the receiver and limiting the number of users per cell [46].
Based on a wired fibre network, the RoF technology consists a DAS in each
small cell (room) enabling a low power consumption solution [46]. Note
that such RoF systems for wireless signal distribution can be compatible
with wireline signals through a converged optical backbone, as discussed in
the Section 2.1. The home users can have access to the different services
via a wired or wireless connection. The most successful application of RoF
technologies has been shown as the transmission of the wireless standards
over optical fibre links at DAS for both indoor and outdoor applications.
The broad bandwidth of the optical fibre facilities standard independent
multiple service operation for cellular systems [47, 48] and also emerging
technologies [49, 50]. System operating in the 60 GHz band and millimeters-
wave-over-fibre have also been reported to provide high capacities with
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Table 2.2: Main parameters of current wireless technologies.

Technology Standard Coverage
Frequency
bands (GHz)

Modulation
Data-rates (peak down-
link)

Bandwidth

LTE [43] 3GPP Up to 100 km
0.7/0.9,
1.7/1.9, etc

OFDMA/SC-FDMA
345.6 Mb/s (4×4 MIMO,
in 20 MHz FDD)

1.4, 3, 5, 10,
15, 20 MHz

WiMAX [37] 802.16m
3, 5-30, 30-
100 km

2.3, 2.5, 3.5,
and 5.8

SOFDMA
365 Mb/s (4 × 4 MIMO,
2 × 20 MHz FDD)

5, 10, 20 MHz

WiFi [38] 802.11ac
Up to 70 m
(indoor)

2.4, 3.65, 5 OFDM
600 Mb/s (4 × 4 MIMO,
in 40 MHz channel)

20, 40, 80 MHz

Bluetooth [39]802.15.1 10 m (class 1) 2.4
GFSK, π/4-
DQPSK/8DPSK
with FHSS

3 Mb/s
1 MHz
(79 bands)

Zigbee [40] 802.15.4 70 m
0.868, 0.915,
2.4

OQPSK with DSSS
250 kb/s

5 MHz
(16 bands)

UWB [41]
802.15.3
ECMA368

10 m
3.1-10.6

QPSK/OFDM (MB-
OFDM)

480 Mb/s
528 MHz
each sub-band

BPAM (DS-UWB) up to 1 Gb/s < 7.5 GHz
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advanced modulation formats [51, 52].
RoF transmission systems can be classified into three main categories

depending on the frequency range of the radio signal to be transported.

• RF-over-fibre;
RF-over-fibre is the simplest scheme for transporting the wireless sig-
nals via an optical network. This scheme is to transport the wireless
signal at its original wireless carrier frequency over fibre without the
need for frequency translation at the remote antenna. This approach
guarantees complete transparency with additional advantage of real-
izing simple remote antenna designs. However, one of the drawbacks
is the requirement for optical devices with speeds matching that of
the wireless carrier frequency. This requirement becomes more strin-
gent for wireless signals with carrier frequency beyond microwave
bands (i.e., > 2.5 GHz). Wireless signals at these frequencies also
suffer from the impact of fibre chromatic dispersion that limits the fi-
bre transmission distance and degrades the received RF power due to
fading. RF-over-fibre scheme is typically used for all the radio signals
up to 10 GHz [53].

• IF-over-fibre;
In contrast to RF-over-fibre transport, the wireless signals can be
down-converted to a lower intermediate frequency (IF) before optical
transmission. The optical distribution of IF signals has much reduced
fibre chromatic dispersion impact while it also has the advantage of
using relatively low-speed optoelectronic devices. The complexity of
the antenna hardware, however, increases with IF signal transport as
it now requires a stable local oscillator (LO) and linear mixers for
frequency translation processes. This approach is typically used for
the transport of high frequency radio signals, such as at 60 GHz [51]
and at 75-100 GHz [54] and for bandwidth limited transmission sys-
tems [55].

• Digitized RoF (DRoF);
The third transport scheme transports the wireless signal as a digi-
tized signal over fibre, employing bandpass sampling techniques [56].
The DRoF technique enables the signal information bandwidth over a
small fraction of its carrier frequency with low sampling rates, which
mature digital and electronic circuitry for signal processing can eas-
ily provide. On the other hand, this transport scheme necessitates
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the housing of additional hardware (e.g., AD/DA functions) within
the remote antennas to have the intelligence to thoroughly process
the wireless signals [57]. Therefore, this approach currently only sup-
ports the transportation of few narrow-band radio carriers and with
a higher cost compared to the RF-over-Fibre techniques [58].

Comparing the three transport schemes, ultimately there is a trade-off be-
tween the complexity in the RF electronic and the optoelectronic interfaces
within the remote antenna sites. One of the key concerns in implement-
ing RoF systems for in-home applications is to efficiently distribute the
wireless signals while maintaining a functionally simple and compact DAS
design. Amongst the schemes, RF-over-fibre transport scheme has the po-
tential to simplify the DAS design for the distribution of radio signals.
For broadband wireless signals and simultaneous wired and wireless service
distribution, the needed optical bandwidth is much wider than a single
wireless transmission case. In contrast to SMF based optical links, some
optical transmission media have much narrower available bandwidth (e.g.,
POF), which is not capable to distribute high-frequency radio signals using
a RF-over-fibre scheme. In such optical systems, the IF-over-fibre approach
could be an alternative solution. This may present an increased complexity
and cost due to the additional LOs and other electronic components. With
the recent advancements in CMOS technology, many radio-on-chip achieve-
ments have been demonstrated even with high-frequencies [59, 60]. Also,
the emergence of silicon photonic technology may enable the future low-
cost integration of optoelectronic and electronic devices in order to achieve
cost-effective and compact transceiver modules [61].

2.3.2 Ultra wideband radio

Conventionally, radio technologies focus on simultaneously transmitting
separate signals over limited distances. Each signal occupies a narrow fre-
quency band located around a high-frequency carrier. These frequency
bands are allocated by governments throughout the world to specific radio
services. UWB, on the other hand, employs an entirely different tech-
nique than conventional radio technologies. It broadcasts over short dis-
tances (110 Mb/s @10m, 200 Mb/s @4 m, 480 Mb/s @2-4 m [41]) using
a broad spectrum. Instead of concentrating a powerful signal in a narrow
band, the signal is spread over a very wide band at very low power levels
with high data rates. Fig. 2.11 shows the frequency spectra of traditional
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radio technologies and a spectrum of a UWB signal that overlays other
spectra [62]. UWB typically operates well below levels currently allowed
for the radio frequency energy radiated by many electronic devices such as
game players and personal computers (PCs).
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Figure 2.11: Frequency spectra of traditional radio and UWB technologies [62].

For a UWB system, information on each of the sub-bands can be trans-
mitted using either impulse radio (IR) or multi-band techniques. IR-UWB
systems transmit information by modulating the phase and/or amplitude
of a very narrow pulse which has a broad spectrum. The main advantage
of this type of system is that the transmitter has a very simple design be-
cause no up and down conversion is required in the impulse radio technique.
However, there are several practical issues with implementing the impulse
radio. Due to the short pulses, accurate synchronization and channel es-
timation is very difficult. Designing wide-band RF components is still a
big challenge today and analogue-to-digital conversion with high sampling
rates is very hard to achieve [63, 64].

In contrast to IR-UWB, MB-OFDM techniques are used to transmit the
information on each of the sub-bands. OFDM has several nice properties,
including high spectral efficiency, inherent resilience to RF interference, ro-
bustness to multi-path fading and easier in equalization schemes. It is also
well understood and has been proven in other commercial technologies (e.g.,
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IEEE 802.11a/ac). The main advantage is that it is able to deal with the
sub-band signal at the receiver without having to sacrifice the data rate.
The drawback of this type of system is that the transmitter is more complex
because it requires an inverse Fourier fast transform (IFFT) and the receiver
requires an FFT. Additionally, the peak-to-average power ratio (PAPR)
may be higher than that of the pulse-based UWB approaches [65]. The
high PAPR limits its capacity due to the distortion caused by the nonlin-
ear characteristics of the opto-electronics, such as optical transmitter, AD
converter, and high-power amplifier. Several techniques have been reported
in the literature for PAPR reduction in OFDM [66]

Between the two modulation techniques of UWB technologies, MB-
OFDM is preferred for indoor communication and many other applica-
tions (e.g., wireless USB, high-speed Bluetooth, Wireless 1394 FireWire),
due to the widely commercial availability of OFDM-based solution and
more flexibility in the bandwidth selection. According to the ECMA368 [16],
the available spectrum of MB-OFDM technology is divided into 14 bands,
each with a bandwidth of 528 MHz, as illustrated in Fig. 2.12. The first
12 bands are grouped into 4 band groups each consisting of three bands.
The last bands are grouped into a fifth group. A sixth group intended for
worldwide usage is also defined within the spectrum of the first four group
bands. Therefore, MB-OFDM can comply with local regulations by dy-
namically turning off certain tones or channels in software. This capability
will help with the worldwide adoption of multi-band OFDM systems.

The main properties of MB-OFDM UWB are listed in Table 2.3. The
supported data rates range from 53.3 Mbit/s to 480 Mbit/s. For data rates
of 200 Mbit/s and lower, a quadrature phase-shift keying (QPSK) constel-
lation scheme is used. For 320 Mbit/s and higher, a multi-dimensional
constellation using a dual-carrier modulation (DCM) technique is used.
Providing data rates of up to 480 Mbit/s, MB-OFDM has been selected by
the WiMedia Alliance for wireless USB and high-speed Bluetooth [68].

So far, many investigation activities have been carried out to distribute
the UWB signal over an optical fibre link employing RoF technologies,
hence extending the coverage of the UWB signal. An experimental demon-
stration of radio-over-fibre for UWB wireless transmission in FTTH net-
works using standard SMF with lengths ranging up to 100 km was reported
in [69]. The work in [70] reported an all-optical frequency up-conversion
approach using cascaded external modulators for UWB applications in the
60 GHz band. A predistortion circuit using reflective antiparallel diodes for
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Figure 2.12: Frequency bands regulation of MB-OFDM UWB [67].

linearization of electro-absorption modulators was proposed in [71]. MMF
and PF-POF transmission systems to support UWB-over-fibre were dis-
cussed in [72] and [73]. Thanks to the huge channel bandwidth and widely
available optical components in SMF systems, the challenges of UWB-over-
SMF have been shifted from the transmission distance to other topics,
such as the compatibility with other long-reach systems (e.g., PON) and
to improve the UWB performance by utilizing the characteristics of opti-
cal components. For MMF and PF-POF systems which are normally used
for short-range communications, the employment of low-cost optical com-
ponents (e.g. VCSEL) and with an acceptable coverage (in the order of
hundred meters) is of high priority. It is worth to note that the predom-
inant effect that limits the transmission distance is the modal bandwidth
for MMF links (OM1∼100 m, OM3∼700 m) and the attenuation for PF-
POFs (∼200 m, at 850 nm), respectively [73]. Since SMF, MMF and PF-
POF are all with much larger bandwidth than the UWB signal itself, the
optical channels can be treated as a transparent medium. However, this
transparency will not occur for large-core POFs. UWB-over-POF raises
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Table 2.3: MB-OFDM UWB properties

Parameter Description Value

fs Sampling frequency 528 MHz

NF F T Total number of data subcarriers (FFT size) 128

ND Number of data subcarriers 100

NP Number of pilot subcarriers 12

NG Number of guard subcarriers 10

NT = ND + NP + NG Number of subcarriers used 122

Df = fs/NF F T Subcarriers frequency spacing 4.125 MHz

TF F T IFFT and FFT period 242.42 ns

NZPS Number of samples in zero-padded suffix 37

TZPS = NZPS/fs Zero-padded suffix duration in time 70.08 ns

TSY M = TF F T + TZPS Symbol interval 312.5 ns

FSY M = T−1
SY M Symbol rate 3.2 MHz

NSY M = NF F T + NZPS Total number of samples per symbol 165

more challenges than conventional RoF technologies due to the low band-
width performance of large-core POF systems. The narrow bandwidth, the
high link loss, and the slow characteristics of POF transceivers are the most
important challenges for a successful UWB transmission.

2.3.3 In-home wired techniques

The services that could be envisaged for future in-home networks include
not only web-browsing, video streaming, file-sharing, IP telephony, and
so on, but also various flavors of television (including 3D, HD) and video
conferences of a much higher quality than we use today. Most of these
applications are completely or partially transported by a wired network.
Currently, the physical layer (PHY) solutions for the home wired network
are mostly based on copper cables, such as twisted-pair, Cat-5/6, coaxial
cables, and PLC. With Cat-5 technology, a throughput of 100 Mbit/s (of-
ficially 100 BASE-TX, known as Fast-Ethernet) is possible up to 100 m
under any operating conditions [74]. Also Gigabit Ethernet (1000BASE-T)
is possible on Cat-5 up to 100 m [75], but under controlled operating with
condition, e.g., limited bending and electromagnetic interference. Cat-6
and Cat-7 aim at 10G Ethernet (10GBASE-T). However, a strict operating
condition, an improved cable quality and a limited transmission distance
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are required [76]. As the most common cable used for transmitting video
signals, coaxial cable follows radio guide (RG) standard series. RG-6 is
the most commonly used coaxial cable for cable television. High-Definition
Multimedia Interface (HDMI) cable is used to connect HDMI-compliant
devices for transferring compact audio/video signals. Although no maxi-
mum length for an HDMI cable is specified, signal attenuation (dependent
on the cable’s construction quality and conducting materials) limits usable
lengths in practice (Max. 15 m, generally<5 m) [77]. Due to the dramat-
ically increased amount of home devices and bandwidth requirements per
devices and service [4], Cat-5/6/7 and other copper based wired cables will
eventually need to be replaced by high-quality cables, such as optical fi-
bres [78, 79]. POF, as a powerful solution, has been shown as a strong
candidate as aforementioned.

A suitable selection of applied modulation formats is important for both
copper and fibre based transmission systems. From the system complex-
ity point of view, the most efficient modulation format is non-return-to-
zero (NRZ). Considering the bandwidth limited transmission media (cop-
per and POF), spectral/power-efficient advanced modulation formats, such
as QAM, multi-level PAM, and multi-carrier formats, are required in order
to achieve the capacity demand. In addition, the system complexity and
cost have to be taken into account by using different modulation formats.

NRZ NRZ is the simplest modulation format but with a low spectral
efficiency (1 bit/Hz). NRZ has been used for 4B/5B (100BASE-TX) and
8B/10B (1000BASE-SX/LX/CX) Ethernet line coding. For a bandwidth
limited transmission medium, a strong equalizer is usually necessary in
order to overcome such limitation. A real-time Gigabit Ethernet proto-
type over 50 m SI-POF [32] was demonstrated, encoding the signal using a
65B/66B NRZ line code and with Reed-Solomon feedforward error correc-
tion (FEC). An adaptive and blind decision feedback electronic equalizer
structure was used to recover the signal.

PAM PAM is a simple modulation scheme, where the message informa-
tion is encoded in the amplitude of a series of signal pulses. Some ver-
sions of the Ethernet communication standard are an example of PAM us-
age. PAM-5 is specified in the Gigabit Ethernet for 1000BASE-T and Fast
Ethernet 100BASE-T2. The IEEE 802.3an standard defines the wireline
modulation for 10GBASE-T as a Tomlinson-Harashima Precoded (THP)
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version of 16-PAM. The benefit of using M-PAM is that the symbol rate
for a constant bit rate is reduced by a factor of log2 M and thus the re-
quired receiver bandwidth is divided by this factor also, which leads to
less noise at the receiver. The drawback is that the receiver has to detect
M different levels, in which eye magnitude is reduced and high SNR is
needed,. PAM-4 together with a decision-feedback-equalizer (DFE)/feed-
forward-equalizer (FFE) has been shown to support Gigabit Ethernet over
SI-POF [80]. 5.8 Gb/s transmission was demonstrated over single-core GI-
POF with PAM-2+DFE approach using an edge emitting laser [12].

Carrierless amplitude phase modulation (CAP)/QAM One varia-
tion of QAM is CAP, which eliminates the explicit modulation and demodu-
lation in QAM. CAP generates QAM signal by combining two PAM signals
filtered through two filters designed so that their impulse responses form
a Hilbert pair. Complexity is reduced, particularly for channels which do
not introduce frequency offset or phase variation. CAP and QAM are both
single-carrier modulation (SCM) data-coding techniques. The performance
of CAP is fully equivalent to standard QAM [81]. CAP was the de-facto
standard for asymmetric digital subscriber line (ADSL) deployments up un-
til 1996. Now it is deprecated in favor of DMT, but it is still used for some
variants of high-bit-rate DSL (HDSL). Some studies have been carried out
to employ CAP over POF systems. A FPGA-based 1.5 Gbit/s error free
transmission over 50 m standard SI-POF using CAP64 was reported [82].

Discrete multi-tone OFDM is well known for its mass-application in
WLAN, WiMax, LTE and UWB, which has been discussed in previous
sections. DMT, as a baseband version of OFDM, is widely employed
in copper-based DSL for providing high-speed internet access via ADSL
and very high speed DSL (VDSL). DMT has been chosen for the first
ITU-T ADSL standards, G.992.1 and G.992.2 (also called G.DMT and
G.Lite respectively) and the latest version of ADSL2+M (G992.5.Annex
M). DMT is a multicarrier modulation technique where a high-speed serial
data stream is divided into multiple parallel lower-speed streams and mod-
ulated onto multiple subcarriers of different frequencies for simultaneous
transmission [83, 84], shown as Fig. 2.13 (a). Due to the low-pass profile of
the POF channel, in order to achieve the maximum bit rate of the chan-
nel, spectral efficient modulation formats should be employed. Based on
this consideration, the key point of the DMT technique is that it can take
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advantage of a bit and power-loading algorithm which adapts to the POF
channel response. An example to illustrate the DMT adaptive allocation
is shown as Fig. 2.13(b). Therefore, high data rates can be possible when
the bit and power allocation are optimized according to the POF-based
transmission systems [85, 86]. Recently, 10.7 Gb/s DMT transmission over
50 m SI-POF based on wavelength-division multiplexing (WDM) technol-
ogy (3.8 Gb/s at 405 nm, 3.39 Gb/s at 515 nm and 3.53 Gb/s at 650 nm)
was demonstrated [87].
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Figure 2.13: Illustration of DMT (de)modulation scheme (a) and DMT adaptive alloca-
tion for 8 subchannels (b).

In this thesis, DMT is chosen as the main modulation format for base-
band signal transmission in order to achieve high spectral efficiency and
high data rates. The flexibility of bit allocations enables DMT format based
wired services to coexistent with other services for simultaneous transmis-
sion. The details of the DMT employment are shown in Chapter 5.
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2.4 Summary

This chapter briefly overviews the studies on broadband in-home networks.
The current and alternative solutions for in-home networks considering the
economic and technical perspectives are presented in Section 2.1. It is
clear that the optical fibres are the best media for offering a high capac-
ity converged network solution. Among many types of fibre, large-core
POF provides advantages of being robust, low-cost and easy-to-install. A
POF optical transmission system generally consists of the POF link, op-
tical transmitter and optical receiver. The main characteristics of these
three components are discussed in Section 2.2 based on the state-of-the-art
available products in the market. Large core POFs together with low-cost
optical transceivers exhibit many attractive for in-home communications.
Section 2.3 mainly focuses on the current wireless and wired technologies.
Main wireless standards, such as LTE for WWAN, WiMax for WMAN,
WiFi for WLAN and UWB for WPAN have been discussed and their char-
acteristics are compared. RoF technologies enable to integrate the wireless
service distribution to a wired optical backbone and simplify the system
design. This concept has been intensively discussed for optical access net-
works and recently has been introduced to in-home networks. As one of
the emerging wireless technologies for in-home networks, MB-OFDM UWB
technology is discussed in detail together with an overview of UWB-over-
fibre technologies in Section 2.3.2. An overview of current in-home cop-
per based solutions and potential POF solutions for wired transmission is
given in Section 2.3.3. In addition, to address a high capacity communi-
cation need which is foreseeable by the demand of home users, advanced
modulation formats, such as DMT, are recommended in order to achieve
high data rates for wirebound broadband service delivery in a bandwidth
limited channel environment. A simple optical architecture enabling a con-
verged network including the wireless services as well as wirebound delivery
will immediately bring many advantages for both network operators and
home users, such as reduced cost for maintenance and upgrading, reduced
system complexity and long life time. This thesis will further investigate
transport technologies (UWB and DMT over POF) for broadband in-home
networks.





Chapter 3

Remote Generation of RF
Carriers for Radio-over-fibre

Microwave signal generation has been a topic of much interest in recent
years due to numerous applications [88]. One of the main challenges is the
generation of microwave signals with low frequency electronics, while main-
taining the system simplicity. To solve this problem, several RoF techniques
have been proposed to generating high-order harmonics, for instance, using
an external optical modulator together with an optical notch filter for tun-
able millimeter wave generation [89], stimulated Brillouin scattering in an
optical fibre for frequency tripling [90], or cross-gain modulation in a semi-
conductor optical amplifier for frequency doubling [91]. The limitations of
these schemes are the requirement of an ultra-narrow band optical filter, or
have to cope with the carrier suppression effect that is induced by the fibre
chromatic dispersion [92], or make use of several laser sources per link which
leads to increased system costs and complexity. OFM has been shown as
a suitable microwave photonics technology for high frequency microwave
generation [93–95]. This chapter1 is focused on high capacity radio-over-
fibre systems employing the OFM technique. The principle of OFM is
outlined in Section 3.1. Employing the OFM technique, an up-converted
UWB signal transmission is introduced in Section 3.2. Section 3.3 presents
a novel OFM approach using a low-cost fibre ring resonator. Finally the
main conclusions of the chapter are summarized in Section 3.4.

1This chapter is based on the results published in [96, 97].



38 Remote Generation of RF Carriers for Radio-over-fibre

3.1 Optical frequency multiplexing (OFM) prin-
ciple

The OFM is an optical approach of RF harmonic generation, or in other
words, generation of multiple tones by means of frequency/phase-modulation
(FM/PM) to IM conversion [93]. Generally, an OFM system consists of a
sweep radio frequency, a FM/PM (or nonlinear) component and a FM-IM
convertor used for the harmonic generation, and an IM component for the
data modulation. Amongst these components, the FM-IM convertor is the
key constituent whose performance largely determines the OFM efficiency.
Several OFM schemes have been presented in the literature, such as a Mach-
Zehnder or Fabry-Perot interferometer based approaches [94, 98–100], a po-
larization interferometer (PI) based approach [101], and fibre Bragg grating
based approach [102]. In these systems, the FM index β (or equivalent)
determines the relative strengths of the harmonic components. Higher fre-
quency multiplication factors require increased FM indices. Moreover, a
similar laser-filter alignment condition (or carrier suppression) for breaking
the Bessel harmonics balance is necessary. A basic OFM scheme is shown
in Fig. 3.1. A detailed explanation can be found in Appendix A.

Fibre (SMF/MMF)

FM

sww

FM-IM

0w

Figure 3.1: A basic OFM scheme for high order harmonic generation.

3.2 UWB-over-fibre employing OFM technology

As discussed in Chapter 2, due to the extremely low emission power, cur-
rent UWB radio systems are limited to a short distance of a few meters.
Radio-over-fibre is considered as an attractive technique for the reach ex-
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tension of UWB signals as the inherent advantages of optical fibres can be
exploited to extend the coverage area [103]. To avoid competing with other
signals such as WLAN and WPAN, UWB signals could be converted to
other frequency bands by up-conversion to higher frequencies bands with
lower interference. Recently, cascaded external Mach-Zehnder modulators
were used for MB-OFDM up-conversion [70, 104]. This approach is based
on biasing the modulator exactly at the minimum transmission point, us-
ing a high frequency local oscillator, and introduces a high error vector
magnitude (EVM)2 degradation of ∼ 9%.

In this section, employing the OFM technologies as discussed in Sec-
tion 3.1, a cost-effective up-conversion technique applied to MB-OFDM
UWB signals is demonstrated. The main challenge of OFM based up-
conversion technique is the generation of high-order carriers with low fre-
quency electronics and adequate carrier-to-noise ratio (CNR), which is
crucial for signals with broad bandwidth and a low contrast ratio, e.g.,
UWB [106]. A low cost PI based OFM approach could be used for high
order harmonic generation with sufficient carrier strengths. Employing this
OFM scheme, a flexible up-converted UWB signal by choosing the second
and third harmonic terms has been achieved. Original RF UWB signals
with a center frequency of 3.432 GHz are up converted to 22.672 GHz and
25.368 GHz using a relatively low frequency sweep signal of 9.62 GHz. Only
0.5% EVM degradation was introduced by up-converting the UWB signals.

Fig. 3.2 shows the experimental setup of the proposed scheme. The opti-
cal signal generated from the tunable laser at 1310 nm was phase modulated
with a sweep frequency fsw of 9.62 GHz and then intensity modulated by
a MB-OFDM UWB signal at its original frequency fUWB of 3.432 GHz,
with a bandwidth of 528 MHz and a bit rate of 200 Mb/s. The modulated
signal passed through a PI with free spectral range (FSR) of 40 GHz and
was transmitted over the MMF link. A number of electrical harmonics were
generated at the receiver site, whose electrical powers are determined by the
Bessel functions of the first kind. The separation of the harmonics is given

2EVM is defined as the root mean squar error in the estimated symbols, i.e.,
the deviation between the estimated and the ideal constellation points. EV M =√

1

N

∑
N
j=1

((Ij−Ĩj)
2
+(Qj−Q̃j)

2
)

|vmax| , where N is the number of symbols, Ij is the I compo-

nent of the jth symbol received, Qj is the Q component of the jth symbol received, Ĩj

is the ideal of the jth symbol received, Q̃j is the ideal Q component of the jth symbol
received, and vmax is the ideal symbol vector with the longest vector magnitude [105].
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MMF

TL: tunable laser                                   PD: photo detector

PM: phase modulator                            IM: intensity modulator

VOA: variable optical attenuator          DPO: real-time oscilloscope

PC: polarization controller                    PMF: polarization maintaining fiber

PBS: polarization beam splitter             BPF: bandpass filter

PM IM

swf = 9.62GHz

UWB Tx

PC1 PC2

PMF
PBS

SOA

TL:1310nm

Polarization
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LO = 19.24 GHz

BPF

25GHz PD

25 m

Tx Rx

Figure 3.2: Experimental setup of UWB up-conversion.

by fsw. In addition to the harmonics, the UWB signal was up-converted
to fupconvert = n · fsw ± fUWB, where n indicates the nth harmonic. The
implementation of the PI consists of two polarization controllers (PC), i.e.,
one piece of polarization-maintaining fibre and a polarization beam split-
ter (PBS), which were used to implement the FM-IM conversion, as shown
in the inset of Fig. 3.2. A semiconductor optical amplifier (SOA) was
placed before the fibre link to boost the transmitted optical power. By ad-
justing the PC of the PI, the level of odd and even harmonics products can
be optimized, respectively. The transmitter consisted of single mode de-
vices and after the multimode fibre link multimode devices were employed.
Limited by the PD bandwidth of 25 GHz (Newfocus 1434-50), only the
second and the third order harmonics of the up-converted UWB signals
were detected. Finally, the up-converted signal was filtered out using a
bandpass filter around 24 GHz and down-converted to the original band
using a local oscillator at 19.24 GHz. The second order harmonic term
fupconvert = 2 · fsw + fUWB was chosen for analysis due to the frequency
limitation of the electrical mixer (below 20 GHz), which was used for the
frequency down-conversion. The received UWB signal was electrically am-
plified before being sent to a real-time oscilloscope for the performance
evaluation.

In the PI, the first PC (PC1) was used to set the polarization of the
optical signal at the input of the PMF to θin = 45◦ with respect to the
main axes of polarization. The PMF piece introduces a differential group
delay (DGD) τ between the two main polarization axes and PC2 sets the po-
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Figure 3.3: Measured FSR performance of the PI using a SOA as the optical source.

larization before the PBS to θout = 45◦. Thus, the two outputs of the PBS
yield the constructive and destructive interference of the PI (see Eq. A.7
and A.8). Three PMF pieces were evaluated with DGD values τa = 99.1 ps,
τb = 50.2 ps, τc = 25.3 ps at 1310 nm. The corresponding FSR is 10.1 GHz,
19.9 GHz and 39.5 GHz respectively. The measured optical spectrum at
the output of the PIs is presented in Fig. 3.3 when a SOA was applied as
the optical source. In the UWB transmission system, the PMF pieces with
40 GHz FSR were selected to perform the FM-IM conversion due to their
largest extinction ratio and wider tuning range.
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Fig. 3.4 shows the spectrum obtained at the output of the PD when
optimizing the second harmonic. A CNR of the second harmonic of more
than 45 dB can be observed. Meanwhile the first and third harmonic levels
are minimized. Due to the flexibility of the OFM technique, the third har-
monic can also be optimized. As expected, the modulated UWB signals are
seen as dual side-bands around the different order subcarriers. The received
up-converted UWB signal of 22.672 GHz (2·fsw +fUWB = 2× 2.962 GHz +
3.432 GHz) and of 25.368 GHz (3 ·fsw−fUWB = 3× 9.62 GHz-3.432 GHz)
at the output of PD are both shown in Fig. 3.5(a) and (b). In compar-
ison with the spectrum of the original UWB signal shown in Fig. 3.5(c),
less than 10 dB SNR reduction is observed in both of the up-converted
frequency cases. This indicates that a high efficiency for the frequency up-
conversion employing the PI based OFM technique is achieved. The SNR of
the third order harmonic remains similar to the second order one. It can be
concluded that an up-conversion of UWB signals to higher frequency bands
is possible by adjusting the sweep signal and choosing the corresponding
subcarriers.

It is worth to mention that the frequency of the sweep signal should be
higher than 7.4 GHz (for UWB of Band 1, center frequency at 3.424 GHz) in
order to avoid an overlapping with adjacent harmonic side-bands. Fig. 3.5(d)
shows the final received UWB signal which was down-converted to its orig-
inal band at 3.424 GHz. Note that a slight signal degradation was in-
troduced, which was mainly attributed to the frequency response of the
24 GHz bandpass filter and the noise of electrical amplifiers employed.
Fig. 3.6 shows the power spectral density of the received signal after 750 m
MMF transmission with a received power of -3 dBm. The spectral mask
and the adjacent channel power ratio (ACPR) of the received signal were
inline with the ECMA-368 standard [16], as illustrated in Fig. 3.63.

The performances of the original RF UWB signal, the up-converted
UWB signal in the back-to-back link and after transmission over MMF
were evaluated. The EVM value for the optical back-to-back case, where
the UWB signal experienced an optical up-conversion and electrical down-
conversion is 8.9% (-21 dB) with a received optical power of -2 dBm. An
EVM degradation of 0.5% (0.5 dB) was achieved when compared to the

3ECMA 368 specified the transmitted spectral mask of MB-OFDM UWB signal with
the following break points: an emissions level of 0 dBr from −260 MHz to 260 MHz
around the center frequency, −20 dBr at 330 MHz frequency offset and above. For all
other intermediate frequencies, the emissions level is assumed to be linear in the dB
scale [16].
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Figure 3.5: Spectra of up-converted UWB signals (RBW = 1 MHz) at (a) 22.67 GHz, (b)
25.36 GHz and (c) original UWB signals, (d) down-converted UWB signals.
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Figure 3.6: UWB signal spectrum after transmission over 750 m MMF.

performance of the original electrical UWB signal, as shown in Fig. 3.7.
The negligible penalty indicates that the OFM technique based RoF system
induces a very low distortion on the MB-OFDM UWB signal, leading to a
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good transmission and frequency up-conversion performance. Note that the
standard EVM requirement for WiMedia compliance is 15.5% (-16 dB), the
EVM value measurements obtained are well below this requirement. The
demodulated QPSK constellation diagrams are shown in Fig. 3.7.

EVM:-21.56 dB(8.4%)

PASS

(a) Electrical B2B

EVM:-21.00 dB(8.9%)

PASS

(b) Optical B2B

EVM:-18.58 dB(11.8%) 

PASS

(c) over 750 m MMF

Figure 3.7: Constellation diagrams of UWB signal: (a) electrical baseband UWB signal
constellation; (b) optical back-to-back UWB signal after frequency up-conversion and
down-conversion; (c) UWB signal after 750 m MMF fibre transmission.

Fig. 3.8 shows the measured EVM values of the received UWB signals
over 400 m and 750 m MMF transmission compared to the optical back-to-
back system with different received optical powers. The MMF fibres used in
this chapter were all step-index silica MMF with 50 µm core diameter from
Draka. Regarding the transmission performance, an EVM penalty is intro-
duced by the MMF link due to the modal dispersion and the optical power
loss. The EVM for the back-to-back case with a received optical power
of -3 dBm is 10.0% (-20 dB). After 400 m and 750 m transmission with
the same received optical power, the measured EVM are 10.7% (-19.4 dB)
and 11.8% (-18.6 dB), indicating an EVM degradation of 0.7% (0.6 dB)
and 1.8% (1.4 dB) respectively. Note that there is a larger discrepancy at
low optical powers which is mainly due to the modal dispersion and the
amplified spontaneous emission (ASE) noise introduced by the SOA. The
received optical power required for the UWB is higher compared to other
conventional radio formats [107] for the same system performance. The
higher optical power requirement is due to the low power spectral density
of the UWB.
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Figure 3.8: EVM performance measurement over 400 m, 750 m MMF transmission com-
pared with the optical back-to-back case.

3.3 Optical fibre ring based OFM scheme

As is well known, optical ring resonators hold great promise for a variety
of applications, including optical switching [108], laser resonators [109],
channel drop filters [110], and filters with tailored response [111]. In this
section, a novel microwave generation scheme based on a fibre ring resonator
employing the OFM technique is introduced. A fibre ring resonator is
employed for the function of the FM-IM conversion. Compared to the
conventional OFM approaches, this scheme exploits a tunable FSR of the
filter to achieve significant improvement of harmonics conversion efficiency.
Moreover, the complexity of the system is largely reduced because only one
optical modulator is employed in this scheme. The scheme is successfully
tested for various transmission media, lengths, and bit rates that are typical
for in-building access networks.

3.3.1 Fibre ring resonator based OFM

A single-coupler fibre ring resonator can be constructed by taking one out-
put of a directional coupler and connecting it to one input port, as shown
in Fig. 3.9. The directional coupler obeys the field transfer characteristics

|E3|2 + |E4|2 = (1− γ)(|E1|2 + |E2|2) (3.1)

where Ei is the complex field amplitude at the ith port. γ shows the
fractional intensity loss, which is 0.05 ∼ 1 in general. Considering the
coupled mode interaction in the directional coupler and the circulation in



46 Remote Generation of RF Carriers for Radio-over-fibre
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Figure 3.9: Geometry of a fibre resonator.

the fibre ring, the relation of the complex amplitudes is

E3 =
√

1− γ[
√

1− κE1 + j
√

κE2] (3.2)

E4 =
√

1− γ[j
√

κE1 +
√

1− κE2] (3.3)

E2 = E4e
−αLejφL (3.4)

Where κ is the coupling coefficient (0: no coupling, 1: complete coupling),
αL is the fibre loss in the ring part, and φ = nw0/c, where n is the RI of
the fibre. The output from port 4 is fed back into port 2 via an optical
fibre of length L so that

E3

E1
=

√
1− γ[

√
1− κ +

√
1− γe−αLejφL

1−√1− γ
√

1− κe−αLejφL
] (3.5)

The FSR of the resonator is c/nL, which indicates that a variable FSR
value can be obtained just by changing the length of the fibre ring [112]. If
the optical signal passes through a ring resonator, the optical field Eq. A.2
can be written as

E(t) =
n=∞∑

n=−∞

Jn(β) cos[(w0 + nwm)t +
1

2
nπ]× E3

E1
(3.6)

In this section, the coupling coefficient and the ring length of the fibre
ring resonator are configured as γ=0.5 and L=40 cm respectively. The sim-
ulation was performed by MATLAB and VPI. By varying the wavelength
of the laser, different RF signal output of the system can be observed.
Fig. 3.10 presents the simulation results considering the wavelength of the
laser located at the n×, 1/4× and 1/2× of the resonance frequency of the
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Figure 3.10: Output of the fibre ring filter if a constant input power is applied for 10-
12 GHz: (a) f0 = n × FSR, n is an integer; (b) f0 = n × FSR + FSR/4; (c) f0 =
n × FSR + FSR/2. The red dotted line represents the simulation results of the VPI,
and the blue solid line represents the simulation results of the Matlab.

resonator. By tuning the wavelength of the laser, the optimal profile of
the ring resonator based periodic band-pass filter can be realized. Hence,
an OFM concept is achieved by using the ring resonator as the FM-IM
component.

3.3.2 Experimental setup and results

An experimental setup to test the system performance of the proposed
scheme is shown in Fig. 3.11. The optical signal generated from the tunable
laser at 1310 nm was frequency modulated by a sweep signal of frequency
fsw of 1 GHz using a phase modulator. A 64-QAM data signal generated at
a subcarrier frequency fsc of 300 MHz was combined with fsw to drive the
phase modulator. After the fibre ring resonator and transmission through
the fibre link, the RF components at every harmonic of the sweep frequency
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fsw and the data signals which were up-converted to fRF = n · fsw± fsc (n
indicates the nth harmonic of the sweep signal) are mainly focused for dis-
cussion. The photodetector output was then analyzed using a vector signal
analyzer. Apart from the fibre ring resonator, this approach is slightly dif-
ferent when compared to the scheme in Section 3.2, due to the fact that
Fig 3.2 was using IM modulated data and Fig. 3.11b was using PM modu-
lated data.

CW FM-IMPM PD

f
sw f

sc

0
w 0

w

0 sww w

0
w

0 sww w

scw

(a) basic OFM scheme

PM

f
sw f

sc

VSA
Fibre ring 

resonator

data

LNA

Fibre LinkFM-IM

conversion

(b) setup

Figure 3.11: A ring resonator based OFM approach:an OFM scheme (a); experimental
setup: (b), PM: phase modulator; LNA: low-noise amplifier VSA: vector signal analyzer.

The FM-IM conversion was realized by the fibre ring resonator, which
was constructed in the way explained in the Section 3.3.1. A 50/50 fibre
coupler was used to construct the resonator with a ring length of 40 cm.
Fig. 3.12 shows the measured transmission spectrum for this resonator when
applied an input power of 0 dBm for 10-12 GHz (without normalization).
The FSR is 500 MHz and the contrast ratio is more than 23 dB (or 46 dB
electrical), which confirmed the theoretical and simulation results.

Fig. 3.13 shows that higher order harmonics are generated by setting
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Figure 3.12: Measured the output of a 40-cm fibre ring resonator when applied an input
power of 0 dBm for 10-12 GHz.

fsw to 1 GHz. A CNR of more than 40 dB is obtained until the 6th har-
monic, proving that the setup can support multiple-wireless standards such
as WiFi (2.4 GHz), UWB (3.1 ∼ 4.7 GHz) and WiMax (5.8 GHz). The
improved CNR is mainly attributed to the larger contrast ratio and the
steeper slope of the fibre ring resonator frequency response. The improved
extinction ratio and flatness can be explained by the characteristics of the
devices. The two-beam interference produces a sinusoidal filter response.
Hence, the top of the passband is curved or Gaussian-like and the edge of
the passband is shallow. In multi-beam resonators (e.g., Fabry-Perot and
fibre-ring resonators) where multi-beam interference occurs, a square-like
transmission profile is observed in the filter response. Therefore a wide
and flat passband with sharp edges can be mainly attributed to destructive
interference. To demonstrate further the benefits of this OFM scheme, the
performance of the data at the 3rd harmonic (3×fsw) with a corresponding
CNR of 45 dB was mainly focused on. Fig. 3.14 shows the spectrum with
the data placed at fsc of 300 MHz on both sides of the 3rd harmonic. The
SNR of the data signal at 3.3 GHz is more than 38 dB, which is sufficient
for transmission. This high SNR value is due to the excellent performance
of the resonator (see Fig. 3.12): high extinction ratio (> 20 dB), the nar-
row FSR (∼500 MHz), the uniform spectral shape (<1 dB flatness) and
the steep response (>0.55 dB/MHz). In contrast, the conventional FM-
IM converter such as polarization interferometers have a lower extinction
ratio (∼7 dB) with large FSRs and a parabolic transmission profile, lead-
ing to a complex controlling mechanism to have a similar performance as
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shown above [101]. These results imply that the fibre ring resonator not
only improves the OFM system performance of radio-over-fibre link but
also reduces the complexity and the cost. The good performance also re-
quire careful tuning of the central wavelength on a slope of the fibre-ring
resonator curve.
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Figure 3.13: RF harmonics generation ( RBW = 3 MHz).
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Figure 3.14: Up-converted subcarrier ( RBW = 3 MHz).

In Fig. 3.14, the signal beatings due to the sweep signal and the sub-
carrier signal are shown at 2.6, 2.9 and 3.4 GHz. This occurrence is highly
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related to the nonlinearity of the electrical amplifier. The EVM measure-
ments of the data signals at fRF of 3.3 GHz were shown in Fig. 3.15 for
the back-to-back and the transmission over 10 km silica SMF, 400 m silica
MMF and 100 m PF GI-POF (50 µm core diameter). It can be observed in
Fig. 3.15 that EVM values increase for higher symbol rates when transmit-
ted over the three different transmission media. Regarding the transmission
distance, SMF performs much better than MMF and PF-POF. Note that
performance of the 100 m PF-POF transmission rapidly deteriorates after
15 MS/s symbol rate primarily due to the impact of multi-modal effects
and fibre losses in reducing the received data signal power. Taking the
back-to-back EVM as the reference, the EVM penalties for SMF, MMF
and PF-POF are nearly constant as a function of the symbol rates. For
example, when considering the PF-POF performance at 5 and 20 MS/s, the
penalties with respect to the back-to-back case are 7 and 8 dB, respectively.
This small difference of around 1 dB can also be seen for SMF and MMF,
showing that the OFM concept is generally scalable to the symbol rates of
a radio-over-fibre system.
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Figure 3.15: EVM measurement in the back-to-back system and transmission over SMF,
MMF and PF-POF link.
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3.4 Summary

This chapter mainly reported on the theoretical and experimental studies on
RF microwave generation and corresponding radio-over-fibre systems em-
ploying the OFM schemes. The OFM is an optical approach of frequency
up-converting by the means of a conversion of FM-IM in the optical do-
main, where RF microwaves could be generated by the detection of the
IM amplitude after a PD. Another alternative explanation is that coherent
optical carriers are generated by PM. By means of a filter, the strength or
phase of the carriers is changed and heterodyning of carriers in the PD re-
sults in RF microwaves. A detailed explanation is presented in Section 3.1
and Appendix A. Many approaches can be employed to realize the OFM
concept. For instance, an optical interferometer and a dispersive device can
both contribute to the function of the FM-IM conversion.

Section 3.2 presents an optical scheme at 1310 nm for the frequency
up-conversion of RF MB-OFDM UWB signals. The up-converted signal is
around 24 GHz and transmitted over MMF links. The generation of high-
order harmonic subcarriers with good CNR can be realized by employing
the PI based OFM approach to support flexible up-conversion of the UWB
signal. Only 0.5% (0.5 dB) EVM penalty between the up-converted UWB
signal and the original UWB signal is observed. The overall requirements
of ECMA-368 standards are well satisfied in both back-to-back and MMF
transmission cases. After up-conversion to 22.62 GHz, transmission over
400 m, 750 m MMF, and then down-conversion to the original band for
analysis, the EVM performance of 10.7% (-19.4 dB) and 11.8% (-18.6 dB)
is achieved with an acceptable penalty.

In Section 3.3, a cost-effective and high-performance OFM system em-
ploying a fibre ring resonator is proposed and demonstrated. An efficient
high order microwave harmonic generation and transmission over SMF,
MMF and PF-POF using relatively low-frequency sweep signals are shown.
After up-conversion to 3.3 GHz and transmission, the EVM performance
of 20 MS/s 64-QAM signal is shown to be acceptable. In this experiment,
given the response of the fibre ring filter (FSR=500 MHz), a UWB signal
with 528 MHz bandwidth is not possible here. The data spectrum should
be much lower than FSR. A single fibre ring resonator for the FM-IM con-
version allows us to have high-quality frequency up-converted signals at
low costs due to its favorable transmission profile and ease of alignment
to optical carrier. Exploiting this scheme, a robust, flexible and low-cost
radio-over-fibre system for in-building networks is feasible.



Chapter 4

Design of UWB-over-POF
System

4.1 Introduction

This chapter1 discusses a MB-OFDM UWB signal transmission system
based on large core PMMA POF in detail. The feasibility of POF to sup-
port ultra broadband radio services at high data rates is studied and demon-
strated. A basic block diagram of such a radio-over-POF transmission sys-
tem is depicted in Fig. 4.1. It consists of a radio source, a transmitter for
the electro-optical conversion, a fibre link, a receiver for the opto-electrical
conversion, a radio sink and an antenna. In this chapter, a unidirectional
optical transmission over POF is focused, which means a down-stream sig-
nal delivery. Bi-directional transmission will be discussed in Chapter 6.
The radio signals could be WiFi, WiMax, LTE, UWB, etc. In this chapter,
UWB is the main radio signal to be discussed and a downstream signal dis-
tribution is considered. A pre-processing stage may be needed before the
radio transmission, such as spectrum shifting. The electro-optical conver-
sion is done by a light source. VCSELs, edge emitting lasers and RC-LEDs
can be considered as the optical transmitter (Tx), depending on the system
requirements. The coupling to the fibre is done either with simple lenses or
even without any coupling optics. The fibre itself is terminated either with
simple plastic connectors or even without any connector. On the receiver
side (Rx), a photo diode, such as PIN diode or APD, makes the opto-
electrical conversion to recover the transmitted data. In the transmission

1This chapter is based on the results published in [55, 113].
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path, the only components besides the fibre may be some passive connec-
tors. Thus, the optical link consists mainly of three parts, namely the
optical source, the fibre and the photo diode. The received signal reaches
the radio sink part for post-processing before being radiated via the air
interface. An antenna unit is usually configured as a remote unit to realize
the last meter wireless transmission.

Radio 

source

Tx
E/O conversion

Rx
O/E conversion

Radio  

sink

VCSEL,

Edge emitting laser,

RCLED, …

PIN diode,

APD, …

WiFi, WiMax,

LTE, UWB, …

(pre-processing)

Post 

processing

Antenna
PMMA POF

Figure 4.1: Basic radio-over-POF system block diagram.

In this chapter, Section 4.2 represents two proposals for UWB-over-
POF systems based on available POF transceivers. Section 4.3 discusses
the main considerations for the selection of suitable optoelectronic compo-
nents. In Section 4.4, a proof-of-concept demonstration of UWB-over-POF
is described with system evaluation. A real-time HD video stream is suc-
cessfully transmitted employing the UWB technology over 50 m POF and
a 3 m wireless link.

4.2 System study of UWB-over-POF

This section summarizes the feasibility study of UWB-over-POF. To trans-
port and receive UWB signals, one proposal is to employ OFM techniques.
The OFM technologies have been addressed in detail in Chapter 3. The
main principle of OFM is the generation of harmonics by FM-IM conversion
through a periodic optical band-pass filter. The main task of an OFM for
UWB system is to remotely generate carriers from a low frequency carrier
signal that can be used to up-convert the MB-OFDM UWB signal to the
desired frequency. Hence the UWB signals can be transported within the
available bandwidth of the POF channel and up-converted at the receiver
to its original band.
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4.2.1 Direct modulation based OFM proposal

According to the principle of OFM [93], a phase modulator, an intensity
modulator and a band-pass filter are needed for efficient microwave sig-
nal generation. For intensity modulation, an external modulator is not of
primary importance since direct modulation can also be used for signals
imposed on the optical carrier. However, the phase/frequency modulator
is a critical component for an OFM system since the harmonic generation
is based on Bessel function components, which are introduced by the fre-
quency/phase modulation (PM/FM). The FM index, β, determines the
number of sideband lines in the optical FM spectrum, and therefore, the
number of harmonics generated at the photodiode output. The number of
harmonics generated varies with the strength of the FM index β. Thus,
the higher the β, the higher the number of harmonics generated at the
photodiode output for a given fsw. The FM index β is proportional to the
amplitude of the fsw [114]. Therefore, the maximum RF power is applicable
to the phase modulator for the generation of the optical FM sets in OFM.
In addition to β and fsw, the relative amplitude of the generated harmon-
ics is determined by the optical interferometer delay (or equivalent), which
performs the FM-IM conversion.

Thus far, this technique has been demonstrated only using single mode
fibre components. However, due to the lack of single-mode fibre components
in the 650 nm region suitable for POFs, such as a separate phase modu-
lator to realize FM, a different approach is required. This technique is to
directly sweep the frequency of the light source as required for OFM. In the
experiment to validate this technique, the Firecomms VCSEL RVM665T is
employed as a transmitter. Some studies regarding the frequency modula-
tion characteristics of this laser were performed. The experimental setup
is presented in Fig. 4.2.

Base-band 

UWB 

fsw 

VCSEL 

650nm 

(GI)-POF 

Si-(A)PD 

TIA 
E-BPF 

Figure 4.2: Schematic of directly sweeping the phase of the light source for OFM purpose.
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From the P-I curve of the VCSEL shown in Fig. 4.6(a), the threshold
of the laser is around 0.7 mA. The maximum output power of 0 dBm cor-
responds to a bias current around 4.5 mA. The modulation bandwidth of
the VCSEL is 3 GHz at 5 mA [115]. Since the frequency of an electrical
sweep signal needs to be at least twice the bandwidth of the UWB sig-
nal, 1 GHz, 2 GHz and 3 GHz signals were chosen as sweep frequencies
for the measurement of the FM characteristics of the VCSEL. The static
optical spectral width (the power decreases with 3 dB) of the VCSEL is
2.7 GHz (0.004 nm, checked using an Optical Spectrum Analyzer Q8347).
When a sweep signal applied, it can be observed that the spectral broaden-
ing occurs at different bias currents depending on the sweep frequency. For
all spectral measurement, the optical spectral width is taken 3 dB from the
maximum. Broadened optical spectra were measured as shown in Fig. 4.3
and summarized in Table 4.1.
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Figure 4.3: FM spectrum broadening of VCSEL.

Due to the limited resolution of the optical spectrum analyzer (0.001 nm),
the broadened optical spectrum bandwidth cannot be obtained accurately
if less than 3 GHz. Therefore, closely approximated values have been ob-
tained for the purpose of comparison. Fig. 4.3 represents the effect of chirp
in a directly modulated light source. When a laser is biased above its thresh-
old, the laser is always on and the broadening becomes less. The maximum
broadening occurs when the laser is set to be around its threshold. How-
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ever, the output power of the VCSEL is less than 0.3 mW (-5.2 dBm) in
this region, as shown in Fig. 4.6(a). Furthermore, the low bias current may
introduce a severe clipping to the modulated signals. In contrast, if the
bias current is around 4 mA, which can be recognized as the optimized
operating bias current for the VCSEL based system (detailed discussion in
Section 4.3.1), the optical spectrum broadening is much smaller (close to
3 GHz). Moreover, at the bias of 4 mA, even for the first order sidebands
at frequencies of fc ± fsw, the sideband amplitudes were too low to be
measured, which implies a small FM index β. Therefore, an efficient FM
modulation based on the laser chirp effect is not achievable in this proposed
scheme. In addition, since the electrical power injected to the VCSEL is
limited to 0 dBm, to increase the power of the sweep signal in order to
achieve a higher FM index is not feasible. From these results, it can be
concluded that using direct modulation on this VCSEL module to realize
OFM is not feasible.

Table 4.1: VCSEL optical spectrum broadening at different frequencies

Sweep frequency 1 GHz 2 GHz 3 GHz

BWmax(GHz)/Ibias(mA) 29/0.552 29/0.8875 19/1.31

BW at bias of 4.5 mA 3.4 GHz 4.7 GHz 2.7 GHz

The direct frequency modulation capability of a laser through an in-
jection current modulation strongly depends on its structure and material
composition. The inherent parameters are the optical gain coefficient, the
gain compression factor, the photon lifetime and the fraction of the spon-
taneous emission coupled to the lasing mode [116–118]. An enhanced fre-
quency modulated laser could be possible if a specific design is employed.
However, the VCSEL in my study is a commercial product and its main
parameters cannot be retrieved. Furthermore, necessary FM-IM conversion
optical components, such as an interferometer, are not available for POF
systems. Although the modal dispersion of POFs might contribute to the
FM-IM conversion, both FM and IM amplitudes of the OFM system are
quite low.

4.2.2 RF spectrum shifting proposal

UWB-over-POF transmission can be based on RF spectrum shifting by
frequency down-conversion employing IM-DD technique. Allocated from
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3.1 to 10.6 GHz, a MB-OFDM UWB signal has a bandwidth of 528 MHz
for each sub-band. Therefore, to transmit one or more UWB bands over
1 mm core POF requires spectral processing due to the available bandwidth.
As discussed in the previous section, the transmitter has a small-signal
bandwidth of around 3 GHz and the available receiver (both APD and
PIN) employed in this system experiment has a -3 dB bandwidth of less
than 1.5 GHz. Hence, to deliver UWB signals over large core POF systems
with these critical bandwidth limitations requires down-conversion of the
UWB signals from the RF to an IF in the electrical domain within the
-3 dB bandwidth. The VCSEL is modulated by the IF UWB signal and
the optical signal is transmitted over POF. At the receiver end, a frequency
up-conversion is used to restore the UWB signal to its original frequency
band before being radiated over air interfaces.

By using direct modulation, no extra components are needed and the
driving current of an optical source can be directly modulated. In this case,
only the intensity of the light is modulated, so no phase modulation is done.
On the receiver side only the intensity has to be detected, so a single photo
diode is sufficient to capture all the transmitted information. Therefore,
the IM-DD scheme results in a cost-effective system without raising special
requirements for the POF transceiver design.

4.2.3 Link model

The POF system has a low-pass filter characteristic, constituted by the
many-modal dispersion of the fibre and the narrow-band of the transceiver.
This section discusses the optical channel model of UWB-over-POF, which
is based on RF spectrum shifting employing IM-DD techniques. The spec-
trum shifting method implies that the UWB signal is first down-converted
from the RF band to an IF in the electrical domain before modulating the
optical source and at the receiver site, a frequency up-conversion is used to
restore the UWB signal to its original frequency band before being radiated
over the air via an antenna.

In Fig. 4.4, a block diagram of the optical channel is shown. The OFDM
signal yRF (t) is related to the complex baseband signal xk(t) of the kth

OFDM symbol as [41].

yRF (t) = <[

N−1∑

k=0

xk(t− kTsym)VRF exp(j2πfrf t + ϕ(t))] (4.1)
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Figure 4.4: The UWB-over-POF link model.

Where Tsym is the symbol period, N is the number of OFDM symbols,
VRF is the driving voltage of the UWB signals, and frf and ϕ(t) are the
frequency and phase of the RF carrier. The OFDM symbol xk(t) can be
constructed using FFT (IFFT) with certain coefficients Cn. One OFDM
symbol yk(t) can be written as follows:

yk(t) = VRF<[exp(j2πfrf t + ϕ(t))

·
NST/2∑

n=−NST/2

Cn exp(j2πn∆f(t− Tcp))]
(4.2)

Where NST = 128, is the total number of subcarriers, ∆f = BW/NST =
4.125 MHz is the subcarrier frequency spacing, n is the subcarrier number,
Tcp is the cyclic prefix and BW is the signal bandwidth.

After the pre-electrical processing, which shifts the RF UWB signal
to the IF band, the optical source is modulated with the resulting UWB
signal together with a DC bias and then transmitted over the POF link.
The optical intensity modulation block is modeled as an impulse response
of the optical transmitter htx(t), which represents the dynamic behavior of
the laser diode, and a proportionality constant ηext. Then the modulated
signal is transmitted over POF link, which can be modeled as a Gaussian-
lowpass [119, 120] with the impulse response of hopt(t) and a static fibre
length dependent attenuation αF . The modeled channel frequency response

can be expressed as Hopt(f) = e
−( f

f0
)2

, with f0 = f3dB/
√

ln 2. f3dB is the
-3dB bandwidth of the POF channel. At the receiver site, the optical direct
detection block consists of a photo-diode and amplifiers. The photo-diode
can be modeled as a linear transformation of the received optical power
to the photo-diode current via the responsivity R. To take the dynamic
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response into account, the optical receiver is modeled as a RC-lowpass
with a -3dB bandwidth f rx

3dB and impulse response hrx(t). Only Gaussian
noise introduced by the trans-impedance amplifier in the photodetector is
considered. Thus, after photo-detection and up-conversion using another
local oscillator, the received signal can be written as:

y
′
RF (t) = ηextαF R

· <[

N−1∑

k=0

xk(t− kTsym)V
′
RF exp(j2πfrf t + (ϕ(t)−∆φ(t)))]

∗ htx(t) ∗ hopt(t) ∗ hrx(t)

(4.3)

Where ∗ stands for the convolution, ∆φ(t) indicates the phase noise intro-
duced by the local RF oscillators. From the equation above, note that the
electrical power of the received UWB signals depends on the electrical am-
plitude coefficient V

′
RF , which includes the impact on the signal amplitude

by the local oscillators, electrical amplifiers and filters, the E/O and O/E
conversion efficiency described as ηext and R, and the POF attenuation of
αF . The phase noise of the local oscillators, the dynamic behaviors of the
optical transceivers, and the characteristics of the POF link that are mainly
dominated by the mode coupling and the modal dispersion all contribute
towards the phase performance of UWB signals. The impact of the phase
from the other electrical components is ignored for this analysis.

4.2.4 Wireless channel model

The MB-OFDM UWB technology is originally standardized for wireless
communication. When embedded in the optical fibre based datacom net-
works, the UWB signal is also received and transmitted over the air channel
in up- and down-stream as parts of the whole system. The performance of
the wireless channel needs to be investigated in order to optimize the system
design and to determine the performance which can be achieved. In this
subsection, the wireless link budget, and the path loss model are analyzed
including simulation and measurement results. Firstly, the transmission
power at the transmitter antenna site can be written as [121]

PTX = 10 log(PSD×BW )

= −41.3 + 10 log(fU − fL) (dBm)
(4.4)

Where fL is the lower frequency of the operating bandwidth and the upper
frequency is fU . This equation assumes that the transmitted PSD is flat
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over the entire bandwidth. The path loss is defined as the ratio between
the signal power at the transmitter and the signal power at the receiver.
It is affected by the distance between the transmitter and the receiver, the
signal bandwidth, the carrier frequency, the antenna height, and the terrain
characteristics. In an ideal environment, the path-loss model is a free-space
propagation model and is given as (Eq. 4.5 only considers the path loss, in
the power budget analysis, other factors, such as the transceiver antenna
gains, should also be taken into account.):

L(d) = 20 log(
4πfcd

c
) (dB) (4.5)

where fc is defined as the geometric average of the lower and upper fre-
quencies (fc =

√
fL · fH), d is the distance measured in meters, and c is

the speed of light in the propagation medium. However, in practice, the
path loss is affected not only by the free-space loss but also by the signal
refraction, diffraction, and scattering. A more general path loss model that
is able to capture the essence of signal propagation without resorting to
complicated path loss models is given by [122]

L(d) = L(d0) + 10k log(
d

d0
) (dB) (4.6)

where d0 is the reference distance (typically, 1 m), L(d0) is the measured
path loss at the reference distance and typically, k = 2 in free space.
Fig. 4.5(a) shows the free space loss as a function of the upper frequency fU

with a fixed lower frequency fL=3.1 GHz based on Eq. 4.6. It is worth to
note that the models above are more accurate for MB-OFDM UWB than
for the IR-UWB. The operation bandwidth of the OFDM UWB could be
lower to 528 MHz which enables the possibility of a constant gain over
such a bandwidth. In contrast, IR-UWB signals occupy a much larger
bandwidth in the order of several GHz, where the frequency dependence
of Eq. 4.6 appears to have a filter function. In practice, the flatness of
the antenna response (3.1-4.8 GHz, Omni-directional antenna with 0 dB
gain, Fig. 4.5(b)) confirms this consideration and a pair of these antennas
are used for all wireless transmissions of MB-OFDM UWB signals in this
thesis.

The received power can be determined as PRX = PTX +Gt+Gr−L(d),
where Gt,Gr are the gain of the transmitting and receiving antennas respec-
tively. The pair of the antennas used in the experiment are omnidirectional
antennas with an average gain of 0 dB. Therefore, the wireless link budget



62 Design of UWB-over-POF System

3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8

40

50

60

70

80

90

Frequency(GHz)

P
a

th
lo

ss
 (

d
B

)

1 m - 10 m wireless
transmission

(a)

2 3 4 5 6 7 8
-30

-25

-20

-15

-10

-5

0

5

Frequency (GHz)

M
a

g
a

n
it

u
d

e 
re

sp
o

n
se

 (
d

B
)

(b)

Figure 4.5: Wireless channel performance: (a) free space power loss vs. frequency; (b)
measured frequency response of the antenna.

of the OFDM UWB in an ideal condition can be summarized as in the
Table 4.2.

Note that the wireless transmission distance is limited (2 m to 10 m) for
UWB signals due to the small system margin. In practice, the coverage of
the UWB signal can be even shorter because of a larger free space loss (see
Eq. 4.6) introduced by the multi-path fading channel. A more realistic
channel model: Saleh-Valenzuela (S-V) model considering this effect was
introduced for a wideband indoor environment [123, 124]. The S-V chan-
nel uses a statistical process to model the discrete arrivals of the multipath
components by modeling arrivals in clusters, as well as rays within a cluster.
This simulation model highlights the multipath fading challenges posed to
UWB systems design. In an indoor environment, multipath components
could extend over tens of nanoseconds. This will give rise to potential
intersymbol interference (ISI) problems when used for high-rate commu-
nications. Furthermore, it can be observed that a significant amount of
energy exists in the multipath components. In this sense, MB-OFDM is
a more attractive modulation format for UWB communications because it
can capture the multipath energy efficiently.

To conclude the discussion of the wireless channels modeled for the
MB-OFDM UWB signal, some fundamental issues, either from the signal
itself or from the environment, limit the performance of the UWB service
transmission. In order to extend the coverage of the signal by using optical
techniques, a trade-off between the wireless distance and the extra system
margin obtained has to be considered. To keep the entire system low-cost
and easy to use, one solution is to keep the UWB signal standard complaint
and translate it to the wired optical solution using RoF technologies. This
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Table 4.2: The link budget analysis for OFDM UWB

Parameter Value Value Value

Date rate 106.7 Mb/s 200 Mb/s 480 Mb/s

Average Tx power(PTX ) -10.3 dBm -10.3 dBm -10.3 dBm

Tx antenna Gain(Gt) 0 dBi 0 dBi 0 dBi

Geometric center frequency(fc) 3.88GHz 3.88GHz 3.88GHz

Path loss at 1 meter(L(d0)) 44.2 dB 44.2 dB 44.2 dB

Path loss at d meter(20log10(d)) 20 dB@ 10 m 12 dB@ 4 m 6 dB@ 2 m

Rx antenna Gain(Gr) 0 dBi 0 dBi 0 dBi

Rx power(PRX) -74.5 dBm -66.5 dBm -60.5 dBm

Rx noise figure 6.6 dBm 6.6 dBm 6.6 dBm

Implementation loss 2.5 dBm 2.5 dBm 2.5 dBm

Rx sensitivity(S)a -80.8 dBm -77.5 dBm -73.4 dBm

Link margin(PRx − S) 6.3 dB 11 dB 12.9 dB

aThe minimum S considers the noise figure of 6.6 dB and the implementation loss of
2.5 dB for a packet error rate of less than 8% [16].

solution could significantly increase the transmission distance but the wire-
less coverage might be reduced due to the E-O/O-E conversion. Another
approach could be to improve the UWB format by modifying its parame-
ters in the electrical domain [125, 126]. However, this method no longer fits
the UWB standard and may increase the system cost, which will lead to a
challenge in the commercialization of UWB chips.

In this thesis, two different wireless channels are experimentally evalu-
ated together with the signal transmission over the optical POF channel. A
lab environment can be treated as a multi-path fading wireless channel and
an anechoic chamber is close to an ideal path loss model. The performance
differences of the UWB transmission confirmed that the transmission dis-
tance is more limited in multi-path environment.

From an electrical implementation point-of-view (lower power consump-
tion for the channel select filter, lower speed for the analog-to-digital con-
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verters (ADC)s, and lower speeds for the digital processing), using a smaller
sub-band bandwidth is preferred. Although a POF channel has a limited
bandwidth, the transmission of a UWB signal with a 528 MHz bandwidth
over combined optical and wireless links is desirable. The target POF link
length is ≥ 50 m for a UWB-over-POF system, in order to meet the cover-
age requirement of in-home networks (also comparable with PLC and Cat
cables).

4.3 The selection of optoelectronic components

Following the feasibility studies on the POF system infrastructure and the
model discussions on the wireless channel for UWB communications, this
section discusses various transceivers which could be used for UWB-over-
POF systems. These optoelectronic components are developed and charac-
terized within the POF-PLUS project. Particular attention is focused on
the bandwidth, static and dynamic characteristics to support broadband
services. The devices include the VCSELs (Firecomms VCSEL RVM665T)
and the receiver (Silicon sensor AD230-8 TO52S1). In addition, a char-
acterization and comparison between the APD receiver and Hamamatsu
s5052 receiver was performed. The bandwidth and frequency response of
various step-index and graded-index POFs were evaluated. Hence, for the
UWB-over-POF feasibility study, graded-index 1 mm core diameter PMMA
POF (from Optimedia) was employed thanks to its wide bandwidth (up to
3 GHz at 50 meters).

4.3.1 VCSEL static and nonlinear characterization

Due to the property of MB-OFDM UWB signals (528 MHz per band),
optical transmitters in the visible light region with enhanced bandwidth
and linearity are required. Hence, the use of VCSELs is preferred over
RC-LEDs. The design of the optical link is critical to the performance of
the system as discussed in the previous section. In this section, the E/O
conversion coefficient ηext and the dynamic characteristics of the optical
source htx(t) are discussed with experimental results. In the experiment,
the VCSEL emitting light at 667 nm, was used as the optical transmitter.
Firstly, the driving current of the VCSEL can be written as:

Idrive(t) = Ibias + yIF (t) (4.7)
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Where Ibias(t) shows the DC bias current, yIF (t) shows the IF UWB sig-
nals. The resulting instantaneous transmitted power Popt(t) can be written
as:

Popt(t) = Pbias + ηext · yIF (t) (4.8)

where Pbias is the threshold shaped function of Ibias and ηext=ηext(Ibias).
In order to address an optimum bias parameter of the static characteristics
of the VCSEL, the light current curve at an ambient temperature of 21◦C
was measured, as shown in Fig. 4.6(a). The bias current of the VCSEL was
varied from 0 to 6 mA whilst measuring the optical power output. The max-
imum output power of the VCSEL is 0 dBm for a bias current up to 4.3 mA.
Although the bias current of 2 mA seems to imply an operating point in the
linear region, the optimal bias point for UWB transmission over the system
was found to be around 4 mA when the dynamic behavior of the VCSEL is
considered, shown in Fig. 4.6(b). The dynamic characteristics and linear-
ity of the VCSEL were obtained using a two-tone (365 MHz and 375 MHz)
modulation test. The second/third-order intercept point (IIP2/IIP3) re-
lates nonlinear products caused by the second/third-order nonlinear term
to the linearly amplified signal. As shown in Fig. 4.6(b), the bias current of
4 mA corresponds to the maximum IIP2 and close to the maximum IIP3.
On the contrary, the bias current of 2 mA presents the lowest IIP2 and
IIP3, hence operation in this biasing region could introduce a higher de-
gree of non -linearities to the system. IIP3 is more interesting because the
intermodulation products of the 2nd order fall outside the system band.
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Figure 4.6: (a) Optical output power (mW) versus VCSEL bias current (mA); (b) IIP2
and IIP3 (dBm) of the experimental setup with two tones at 365 and 375 MHz versus
VCSEL bias current (mA).
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To study the relationship between the non-linearities and modulated
frequencies, another related figure-of-merit is the spur free dynamic range
(SFDR). It is defined as the dynamic range of the modulation power when
the system noise floor equals the distortion noise. SFDR is linear with
respect to the IIP3 point and it can be expressed as the ratio between the
magnitude of the third order intermodulation (IMD) and the magnitude
of the subcarrier (C) when the power of the IMD is equal to that of the
noise floor. Numerical simulations were performed using the free-running
rate-equations. For each frequency, intermodulation distortion powers are
also plotted. The results were obtained by modulating the laser with two
tones, separated by 20 MHz. This simulation is based on the theory models
below [127, 128]:

Iannone and Darcie formula:

IMD

C
=

1

2
m2

[(( f
fr

)4 − 1
2 ( f

fr
)2)2 + ( f

fr
)6(2πfrτp)

2]1/2

g(f)g(2f)

(4.9)

whereg(f) = [((
f

fr
)2 − 1)2 + (

2πεf

g0
)2]1/2 (4.10)

Helms formula:
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=
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fr
)6(2πfrτp + 3
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)2]1/2

g(f)g(2f)

(4.11)

J. Wang formula:

IMD

C
=

1

2
m2

[(( f
fr

)4 − 1
2 ( f

fr
)2)2 + ( f

fr
)6(2πfrτp + 3

4πfrτn
+ 2πfrε

g0
)2]1/2

g(f)g(2f)
(4.12)

where C is magnitude of subcarrier, f is average of two subcarriers, fr is
small-signal relaxation frequency, g(f) is transfer functions as defined in the
text, g0 is optical gain coefficient, m is optical modulation depth, ε is gain
compression parameter with respect to photon density, τn is recombination
lifetime of carriers, and τp is photon lifetime (parameters are all refereed to
Table 4.3). These three models are used for subcarrier multiplexed (SCM)
optical fibre communication systems, particularly attractive for video de-
livery [127]. By introducing the extra item (ε), model 4.12 is more accurate
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especially when the number of subcarriers is large so the laser is biased far
away from threshold. The simulation results shown in Fig. 4.7 present the
SFDR performance versus the subcarrier frequency. The main parameters
are summarized in Table 4.3. fr, I0, Ith, Im, and m are extracted from the
Firecomms VCSEL used in the experiment and the remaining parameters
can be found in the references [127, 128]. It can be observed that the mag-
nitude of the IMD increases with the subcarrier frequency. A pronounced
dip is around f = fr/

√
2.
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Figure 4.7: SFDR modeling of the VCSEL.

To compare with the simulation performance, the measured system in-
termodulation distortion (the influence of a short length of POF and the
APD receiver has to be included) at different frequencies is shown in Fig. 4.8
at a VCSEL bias current of 4 mA. The solid lines represent the fundamental
RF signal and the dotted lines represent the 3rd order harmonic distortion.
With higher modulation frequency, an increase of the IMD magnitude can
be observed, which presents a similar trend as three simulation models.
Due to the bandwidth limitation of the receiver (bandwidth of 1.3 GHz,
[129]), SFDR performance when the subcarrier frequency beyond this re-
gion can not be obtained. Therefore, the pronounced dip is not shown.
From the simulation, it can be observed that although to allocate the RF
signal to a lower frequency region results in an IMD reduction and an im-
proved SFDR, considering the frequency flexibility, a relatively higher RF
frequency band with acceptable nonlinear distortion may enable more effec-
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tive usage of the system bandwidth (e.g. convergency with baseband). In
the experiment of UWB-over-POF, the influence of down-converted UWB
frequency is studied, showing that only slight signal degradation happens
at a relatively higher frequency region. Detailed discussions can be found
in Section 4.4.3.
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(c) RF of 700 MHz (d) RF of 1100 MHz
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Figure 4.8: Measured system IMD performance when the VCSEL bias current is 4 mA.
The solid lines represent the fundamental RF signal and the dotted lines represent the
3rd order IMD distortion. The dotted red line represents the noise floor (−60 dBm) of
the measured system.

4.3.2 Characteristics of GI-POF

The main attraction of GI-POF is its wider bandwidth than SI-POFs. By
means of the Wentzel-Kramers-Brillouin (WKB) method, the impulse re-
sponse of GI-POFs and hence the bandwidth can be derived from the RI
profile with power-law functions [130, 131]. The RI profile is approximated
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Table 4.3: Main parameters used for simulation of the VCSEL nonlinearity

fr small signal relaxation frequency 3 GHz

I0 bias(or DC)value of I 4e-3(A)

Ith threshold current 0.4e-3(A)

Im peak value of sinusoidal modulation current 4.5e-3(A)

m optical modulation depth (Im/(I0 − Ith))/g(f)

ε gain compression parameter 6.25e-12× g0

τn recombination lifetime of carrier 1e-12

τp photon lifetime 2e-9

g0 optical gain coefficient 1.6e4

by the power-law equation as described by Eq. 4.13.

n(r) =





ncore[1− 2∆( r
a)g]1/2) 0 ≤ r ≥ a

ncladding = ncore[1− 2∆]1/2) n ≥ a
(4.13)

where ncore and nclading are the RIs of the core center and cladding re-
spectively, a is the core radius and ∆ is the relative index difference which
influences the NA of the fibre and defined as Eq. 4.14.

∆ =
n2

core − n2
cladding

2n2
core

(4.14)

Taking a OM-Giga GI-POF product as an example [24, 132], the ∆=0.0176
(ncore=1.52, ncladding = 1.493) in the range of [0.01,0.02]. These fibres
are fabricated to achieve the desired RI profile and minimum attenuation.
Multi-stage reaction and thermal drawing techniques are employed in the
fabrication process. Its reported bandwidth is 3 Gbps-50m (at 650 nm)
and the attenuation < 200 dB/km (at 650 nm).

The index exponent g determines the steepness of the RI profile and an
optimal g gives the maximum bandwidth [133]. Regarding the transmission
speed over GI-POF, when the index exponent is around the optimum value,
the modal dispersion is minimized and the material dispersion determines
the possible bit rate. On the other hand, if g deviates from the optimum,
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Figure 4.9: RI profile (right) of Optimedia OM-Giga POFs [132].

the modal dispersion increases. With increasing the fibre NA, the number of
transmitted mode in the GI-POF also increases. Consequently, the possible
bit rate is affected. On the contrary, the possible bit rate when the GI-POF
has an optimum index profile is almost independent on the ∆ of the GI-
POF.

Recent studies have shown that the effect of differential mode atten-
uation is much larger rather than the mode coupling on the bandwidth
characteristic of the GI-POF [131]. The group delay τ of the mode having
the propagation constant β can be expressed as Eq. 4.15 to 4.17 [134]:

τ =
L

c

k

β
{[

r2∫

r1

n2 + nkdn/dk

R
dr]/

r2∫

r1

dr

R
} (4.15)

where k =
2π

λ
(4.16)

and R =

√
n(r)2k2 − β2 − v2

r2
(4.17)

n(r), c and L signify the RI profile, light velocity in vacuum, and the fibre
length, respectively. k and R are described in Eq. 4.16 and 4.17. v is
the azimuthal mode number2. The group delay of each mode in the GI-

2Modes can be characterized by an azimuthal mode number, v, and a radial mode
number, µ; v = 0, µ = 1 is fundamental mode.
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POF can be expressed by differential mode delay (DMD). The relationship
between the launch position and the mode number of the multimode optical
fibre is described as [135]

m

M
= [(

r

a
)
g
+ (

sin θ

sin θc
)2](g+2)/2g (4.18)

where m and M are the principal mode number (m = 2µ + v, µ is the
radial mode number) and the maximum principal mode number, a is the
core radius, θ is the launch angle with respect to the normal to the fibre
endface, and the θc is the maximum launch angle of the propagating mode.
The mode coupling efficiency analysis carried out in [131] indicated that
the little energy transfer between high and low order modes exists and
each mode independently is transmitted through the GI-POF, while the
power of high order modes significantly decreases. Therefore, the mode
coupling effect is very small in the GI-POF, whereas the differential mode
attenuation effect should be taken into consideration for bandwidth char-
acteristics of GI-POFs. The attenuation of the modes is gradual increased
with an increase in the mode number. A significant power difference ex-
ists between the lowest and the highest order mode after a transmission
distance (e.g. 17 dB for 100 m). The output pulsewidth theoretically and
experimentally confirmed that the mode attenuation is a serious factor for
the bandwidth of GI-POF. In reality, the effect of mode-coupling in GI-
POF can be negligible. More details about the bandwidth prediction and
dispersion calculation can be referred to [134, 136, 137].

4.3.3 System frequency response

The system frequency response depends on the optical transmitter, the opti-
cal receiver and the POF link. In the transmission, the Firecomms VCSEL
has a small-signal bandwidth (f tx

3dB) of 3 GHz when bias at 4 mA [115].
Firstly, a commercial silicium PIN-photodetector with an active area di-
ameter of 800 µm equipped with 4-stage TIAs (one MMIC GALI-51 and
three MMIC GALI-6) was characterized. The frequency response of the
PIN is shown to be around 800 MHz at -3 dB as shown in Fig. 4.10(a).
Employing this PIN diode, a preliminary study on UWB-over-POF was
carried out in [138]. The main advantage of using a silicon PIN diode is its
larger sensitivity area than APD and less power consumption. However, its
photo sensitivity is much less than an APD (s5052: 0.4 A/W at 660 nm,
0.45 A/W at 780 nm). Although the bandwidth of such PIN diode is slightly
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wider than 528 MHz, it is obviously not able to accommodate other wired
or wireless services apart from UWB. An APD may be faster than PIN
but introduces more noise. Both two types receivers are characterized and
experimentally evaluated for UWB-over-POF transmission.

Based on the transceiver above (VCSEL and PIN), the performance and
suitability of the current state-of-the-art plastic optical fibres were evalu-
ated. In this chapter, the suitability of different large-core PMMA POFs
as the transmission medium is studied with respect to the delivery of UWB
signals. Due to the modal dispersion of the POF, the transmitted signal
is broadened in the time domain, which is determined by in the impulse
response hopt(t), and results in a low-pass characteristic in the frequency
domain. As previously mentioned, three types of large-core PMMA POF
are currently available in the market. Single core GI-POF is the preferred
transmission medium to support UWB signals due to its larger bandwidth
× distance product (3 GHz × 50 m [24]) compared to the other two types
of POF: single core SI-POF (100 MHz × 50 m) and multi-core POF (300
MHz × 50 m) [26, 139]. To quantify the bandwidth comparison between
these fibres with available POF optoelectronic components, the frequency
response of these three types of POFs are measured. In contrast with
SI-POF (both single and multi-core POF), the performance of single-core
GI-POF is confirmed with its larger bandwidth compared with SI-POF as
shown in Fig. 4.10(b).
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Figure 4.10: (a) System (Tx, POF, Rx) frequency response with Si-PIN as Rx; (b)
Normalized frequency response of single core, SI, GI and MC-POF.

Due to the selection of VCSEL as the transmitter and the GI-POF, the
bandwidth limitation of the system is mainly attributed to the receiver site
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as the bandwidth of the receiver is 800 MHz. Another consideration is the
power of received UWB signals, which depends on the E/O efficiency of the
laser, the attenuation of POF and the responsivity of the receiver. Since the
output power of the VCSEL remains within eye-safe regulations (≈1 mW,
ηext <0.25 W/A when biased at 4 mA), and the GI-POF introduces 15 dB
optical power loss after a link length of 50 m (αF ∼0.3 dB/m at wavelength
of 667 nm), the received optical power is lower than 0.03 mW after 50 m
transmission. Based on the above considerations, a silicon APD (Si-APD)
with active core diameter of 230 µm is chosen for the UWB-over-POF
demonstration instead of PIN diode due to its relatively broad and flat
response (f rx

3dB=1.3 GHz) with a high spectral responsivity R at 800 nm
of 50 A/W (SiliconSensor AD230 TO52S1 [129]). At the optimum bias
current of the VCSEL (4 mA), the frequency response of the entire op-
tical system was measured. Fig. 4.11 shows a -3 dB decrease in power at
1.1 GHz after 50 m GI-POF transmission in comparison to the back-to-back
measurement.
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Figure 4.11: System frequency response with Tx: VCSEL, GI-POF and Rx: APD.

4.4 Proof-of-concept demonstration

To explore an in-home scenario, a real-time HD video broadcasting sys-
tem over 50 m 1 mm core diameter GI-POF link and 3 m wireless channel
employing MB-OFDM UWB technologies was demonstrated. As shown in
the proposed in-home network scenario in Fig. 2.1(b), the POF infrastruc-
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ture is used to provide the connectivity between the RG and the remote
antennas in each room. A high definition video stream sent from the mas-
ter PC by Ethernet is inserted into UWB frames, and the RG performs
E/O conversion and distributes signals over POF. The user terminal equip-
ment (laptop) in the room can receive the signal from a remote antenna
unit3.

4.4.1 Experimental setup

The experimental setup is illustrated as Fig. 4.12. For the data source, a
real-time HD video is sent from the master computer that is configured as a
user datagram protocol (UDP) server, to a UWB transceiver board (Wisair
DVK9110M) via an Ethernet connection. Due to the limitation of the Wi-
sair board and the Ethernet port, a maximum UWB transmission data rate
is 200 Mbit/s. The generated 528 MHz UWB radio signal, with a center
frequency of 3.96 GHz (TFC6, 3.696-4.224 GHz) is firstly down-converted
to an IF of 1 GHz (0.736-1.264 GHz). A low-pass filter is used to eliminate
unwanted high frequency components. The UWB signal directly modu-
lates the VCSEL together with a bias DC current. The transmitted signal
is launched into the POF with optical power less than 0 dBm to remain
within eye-safety regulations for in-home applications. 1 mm core diameter
GI-POF is chosen to be the transmission medium to support UWB signal
transmission due to its superior bandwidth-distance product (>1.5 GHz ×
50 m). After transmission over the GI-POF (Optimedia OM-Giga [24]) of
50 meters, the signal is coupled to a photo receiver which is based on a
Si-APD (Ø230 µm) integrated with a 2-stage electrical amplifier provid-
ing 40 dB gain (evaluated in the previous section). At the receiver end, a
mixer is used to up-convert the UWB signal to its original frequency band
before being radiated over the air. A digital phosphor oscilloscope (DPO)
and a spectrum analyzer are employed to monitor the emitted signal, which
should be compliant with the UWB spectral mask. The measurements per-
formed by the DPO is based on a packet-by-packet basis according to the
WiMedia PHY specifications (EVM, spectral mask testing, adjacent chan-
nel power ratio (ACPR)...). The downstream UWB signal is transmitted
using an omnidirectional patch antenna (gain: 0 dBi) through the wireless
channel to a second UWB transceiver board at the mobile unit. The HD

3The demonstration of UWB-over-fibre was presented in the final review meeting of
the EU FP7 POF-PLUS project in the innovation lab of Telecom Italia in Turin, Italy (1st
July, 2011, Fig. 4.21)
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video with high quality is received by the client laptop in real-time. For
this proof of concept test, a stream of 1080i HD video (20 Mbit/s) encapsu-
lated into UWB frames is successfully transmitted without any noticeable
artifacts on the video quality. This UWB radio over fibre transmission pro-
posal can be configured as a broadcast system for serving multiple streams
to various end users. An additional omnidirectional antenna with an exter-
nal high gain amplifier and spectrum analyzer is configured at the end-user
UWB transceiver to evaluate the quality of the received signals.
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Figure 4.12: (a) UWB-over-POF on-site demonstration; (b) UWB-over-POF schematic
diagram.

4.4.2 UWB evaluation

First studies on the physical layer quality of the HDV UWB signal trans-
mission over the optical link before the air transmission were carried out.
Electrical spectra were recorded at the output of the UWB transmitter,
after 50 m POF transmission (before the wireless channel) and at the re-
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Figure 4.13: Electrical power spectra of received HD video UWB signals (RBW =
1 MHz): (a) original UWB signal; (b) 50 m POF link; (c) 50 m POF and 2 m wire-
less; (d) 50 m POF and 3 m wireless.

mote antenna unit site with the wireless transmission of 2 meters and 3
meters, as shown in Fig. 4.13(a) to (d), respectively. The comparison be-
tween Figs. 4.13(a) and (b) clearly shows that after the optical transmission
link, the HD video UWB signal maintains a high signal-to-noise ratio as
the original electrical UWB signal and is well within the spectral mask
limit for wireless transmission, hence the transmission distance can only
reach several meters. Due to the multipath fading associated with the
wireless environment [140], air transmission introduces signal distortion at
the client-receiving end, as shown in Fig. 4.13(c) and (d).

Furthermore, a study on EVM performance of UWB signals as a func-
tion of the different POF transmission lengths of 4-50 meters was per-
formed, as shown in Fig. 4.14. The EVM for the optical back-to-back case
is 9.7% (−20.26 dB), which can be used as a reference for the penalty evalu-
ation. In addition, compared to the electrical measurements (without POF)
of the UWB signal from the transmitter to the receiver at 3.96 GHz yields
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Figure 4.14: EVM performance for different transmission length of GI-POF and the
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Figure 4.15: EVM as a function of index of subcarriers for UWB signals.

an EVM of 7% (−23.1 dB), during down and up-conversion from 3.96 GHz
to 1 GHz and back to 3.96 GHz, gives a penalty of 2.84 dB. The EVM of
11.9% (−18.5 dB) was achieved for the 50 m POF link, which means the
POF link gives a system penalty of less than 2 dB, indicating that the op-
tical transmission lengths considered introduce slight signal degradation to
the system. Note that the standard EVM requirement for FCC compliance
is 15.5% (−16 dB), and all measurement results obtained are well below
this requirement, indicating a correct operation of the system up to 50 m
GI-POF link. For this distance, the link margin is approximately 2.5 dB.
Note that even for the worst case of 50 m POF transmission, the constella-
tion points of demodulated UWB signals are still clearly separated, shown
as the inset of Fig. 4.14. The EVM performance of the received UWB signal
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versus the sub-carrier indices NST after 50 m POF transmission is shown
in Fig. 4.15. Although some subcarrier indices have higher EVM than the
average, a benefit of OFDM is that the overall system performance still
meets the required standards.

4.4.3 Effect of system parameters

In this section, the influence of system parameters, such as the VCSEL bias
currents, the phase noise and the frequency tolerance of the local oscillator,
is evaluated by checking the EVM deviation of the received UWB signal. In
addition, the effects of the bending radius of the GI-POF and the network
layer performance of the system are evaluated.
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Figure 4.16: (a) UWB EVM performance as a function of VCSEL bias; (b) UWB EVM
performance as a function of UWB input power.

VCSEL bias and linearity
In this subsection, the influence on the UWB signals by the system pa-
rameters is examined. Eq. 4.7 indicates that the optimal driving current
Idrive(t) depends on both the DC bias current and the input power of UWB
signals. As shown in Fig. 4.6, a bias current of 4 mA is a good operating
point when considering the light source linearity. For further clarification,
Fig. 4.16(a) shows the variation in the EVM of the received UWB signals
versus the DC bias current of the VCSEL when the UWB input power is
kept constant, confirming that the optimum value of bias current is 4 mA.
Around 4 mA, an asymmetric curve is shown. For 1 mA deviation in the
bias current, i.e. 3 mA, the EVM performance degrades more than for
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+1 mA deviation, i.e. 5 mA. Since the UWB signal is SNR limited, its
EVM performance degrades more when low bias currents are applied. For
high bias currents, laser nonlinearity will dominate the signal performance.
Fig. 4.16(b) shows that the choice of UWB signal input power is critical
to the system performance. Increasing the UWB transmitter power from
-9.5 dBm to 1.5 dBm, note that the optimized operation point is around
-3.5 dBm. When the transmitted UWB power is low, the noise in the sys-
tem leads to further degradation to signals. On the other hand, driving the
VCSEL with higher powers means operating in the nonlinear region which
contributes to the distortion of the UWB signal.
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Figure 4.17: (a) phase noise comparison; (b) UWB EVM performance as a function of
VCO frequency.

Phase noise and frequency tolerance of local oscillator
The influence of the LO phase noise on the performance of the UWB signals
is shown in Eq. 4.2. In this experiment, the LO employed for up- and down-
conversion was a signal generator (Rohde&Schwarz SMA20) with a rela-
tively low phase noise (-90 dBc at 10 kHz offset), as shown in Fig. 4.17(a).
The plot also includes the performance of an off-the-shelf voltage controlled
oscillator (VCO) (model: Miteq ETCO series) with a large phase noise (-
66 dBc at 10 kHz, -60 dBc at 100 kHz and -100 dBc at 1 MHz as shown
in Fig. 4.17(a)) for comparison. It can be further observed in Fig. 4.17(b)
that the system performance and the signal quality do not degrade signifi-
cantly when the VCO is tuned away from the optimal region of operation
(2 ≤ v ≤ 4), as the marked gray area in Fig. 4.17(b). This is due to
the robustness of the OFDM modulation format with respect to the phase
noise. Note that for OFDM format, phase noise effects can be separated
into two categories: phase noise maintained within one subcarrier spacing



80 Design of UWB-over-POF System

(also known as common phase error), and phase noise that extends across
subcarrier spacing. The phase noise within the subcarrier spacing can be
eliminated using pilot sub-carriers, while the phase noise extending across
subcarrier spacing leads to demodulation errors that cannot be corrected.
From Eq. 4.1, it can be observed that the carrier spacing of the OFDM
signal ∆f , is 4.125 MHz. Since the phase noise of the VCO is less than
1 MHz, the phase noise introduced by the LO remains within the subcar-
rier spacing, thus hardly introducing any degradation of the signal quality.
Therefore, a rule of thumb for such systems is that the LO phase noise
should remain in the order of hundreds of kHz in order to prevent adverse
signal impairments.
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Figure 4.18: UWB EVM performance with the LO frequency.

Furthermore, since the bandwidth of the system is limited, the IF for
down-converted UWB signals needs to be suitably chosen in order to be
optimized for transmitting over the fibre. Considering a IF range between
300 MHz and 1.3 GHz, which is suitable for the POF system bandwidth pro-
file, the corresponding LO frequency varies from 2.66 GHz to 3.69 GHz. The
EVM performance of the transmitted UWB signals is shown in Fig. 4.18.
Note that the EVM level remains relatively constant when the LO fre-
quency changes from 2.86 GHz to 3.56 GHz, as shown in the blue area of
Fig. 4.18, corresponding to more than 90% available bandwidth being avail-
able for UWB signals. This result is mainly due to the frequency response
of the system. Except the DC and the edge regions, other frequency bands
are quite flat which guarantee the quality of wideband signals. The EVM
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values steeply increase for the LO frequency beyond 3.6 GHz (lowest UWB
carrier<0.096 GHz) is due to AC-coupled receiver.
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Figure 4.19: EVM vs.Bending radius.

Bending Loss
For a realistic in-home deployment, plastic optical fibres are recommended
where the fibres need to be pulled around the corners of walls and conse-
quently suffer mechanical stresses. The allowable bending radius of GI-POF
at 25 mm is somewhat larger than of SI-POF [24]. Hence, to clarify the
influence of bending loss, it is worth to discuss the UWB signal EVM perfor-
mance in relation to bending radius. Fig. 4.19 shows the EVM performance
and the optical bending loss against different values of the bending radius.
No significant penalty is observed at bending radii above 17.5 mm, while
the increase in the EVM is noticeable for a bending radius below 17.5 mm
and becomes non-compliant with UWB standard below bending radius of
12.5 mm. It can be concluded that fibre bending leads to less optical power,
and adversely impacts the link performance. The quality of UWB can be
evaluated versus POF length. Up to 3% EVM penalty is allowed for UWB
transmission over 50 m POF and bending radius larger than 17.5 mm.

Networks layer performance evaluation
For higher-layer analysis of the HDV UWB over POF system, the quality
of the transmitted video signal is analyzed using an Agilent N2X traffic
generator which can generate and receive video streams providing network
layer metrics between the server and client UWB transceiver modules. The
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Figure 4.20: Rx packet loss and average latency of video traffic with different transmission
lengths.

distortion of the video signals can be measured in terms of packet loss [141,
142]. In the measurement, the received packet loss and the average latency
are shown in Fig. 4.20. The average latency for the back-to-back case is
91.27 µs. Although the value of latency increases with the transmission
distance, relative stability is observed, which means the system does not
introduce significant jitter delay to the higher-layer UDP packets. After
50 m POF transmission, the quality of the video maintains a high level
of performance as no significant packet loss is observed. Therefore, the
degradation of the signals is mainly attributed to the wireless channel.
Even in the worst case of 50 m POF transmission with 3 m wireless link, the
packet loss measured remains below 1.2%. The obtained delay and packet
loss values are acceptable in keeping up with the current standard, which
states maximum values of 2 s for delay and 2% for packet loss [143]. Note
that the jitter delay introduced by 50 m POF link is ≤ 0.5 µs compared
to the back-to-back case. Therefore, for a longer link length (100 m or
so), the jitter delay will still remain at a low level (assuming that received
power can be increased sufficiently). The UWB wireless signal degradation
also shown in Fig. 4.13 can be attributed to frequency selective fading
caused by large signal bandwidths exceeding the coherence bandwidth of
the propagation environment [140]. The delay caused by even a few tens
of multipath components can be substantial.
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4.5 Summary

A theoretical and experimental study of an OFDM UWB radio-over-POF
system is carried out in this chapter. The feasibility for delivering such
signal format over a POF infrastructure has been investigated by means of
OFM and IM-DD schemes, as presented in Section 4.2. The OFM technol-
ogy requires a strict performance of the optical components (e.g., strong
FM and IM response of the light source and the transceiver bandwidth
>3 GHz), which leads to an increased system complexity. Given the fact
that some of the optical components required for OFM in the PMMA POF
visible wavelength region are still not readily available. A simple IM-DD
scheme together with a frequency shifting technique is preferred to realize
the UWB-over-POF transmission. For the realization of UWB-over-POF,
a down-converted UWB signal transmission scheme is proposed because
of the low-pass filter characteristics of the POF and optical transceiver.
This means that, prior to transmission over the POF, the UWB signal
frequencies should be shifted downwards to ≤ 1 GHz spectral region be-
fore modulating the light source. Next to the link model discussion, the
characteristics of the wireless model are addressed by considering the ideal
path loss model and a practical multi-path fading model. The wireless
system margin is calculated by indicating the coverage limitation of the
UWB signal. Hence, UWB-over-fibre techniques are recommended for the
transmission distance extension.

A detailed discussion regarding the system specification is presented in
Section 4.3. Due to the bandwidth and linearity requirements, a VCSEL
instead of a LED at 665 nm was chosen to be the optical source. The static
and nonlinear characteristics of the laser diode were evaluated. Since GI-
POFs provide much larger bandwidth×distance products than SI-POFs,
the GI-POF is a preferred choice. However, this choice is at the expense
of a decreased link budget. The system frequency response was studied in
Section 4.3.3. Employing the VCSEL, GI-POF and a Si-APD, a system
bandwidth becomes 1.3 GHz was achieved, enabling the proof-of-concept
demonstration in Section 4.4. A proposed setup for transmitting OFDM
UWB signals over a GI-POF link, and its requirements are described. The
optical transmission was set to 50 m distance in comparison with current
CAT-5/6. After the optical transmission, the photodiode output was am-
plified and then the UWB signal was restored to its original frequency for
wireless transmission. The signal quality was analyzed by measuring the
EVM values. By using a pair of omnidirectional antennas, the UWB signal
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was transmitted over 3 m wireless link. A HD-video was encapsulated into
UWB frames running at 200 Mbit/s (but scalable to 480 Mbit/s), resulting
in a transmission performance within WiMedia standards. A detailed sys-
tem performance with respect to the system parameters, e.g. the VCSEL
bias and linearity, the phase noise and the frequency tolerance of the local
oscillator and the fibre bending loss is discussed in Section 4.4.3. Further-
more, to evaluate the quality of the video transmission, a network layer
measurement regarding the packet loss and latency was performed.

In this chapter, a commercial UWB Tx/Rx kit was employed, with
an original EVM of 7% in an electrical back-to-back case. In the UWB-
over-POF experiment, only 4.9% EVM penalty was introduced after trans-
mission over a 50 m GI-POF link, including the signal distortion during
electrical down- and up-conversion (2.7%) and optical transmission (2.2%).
Moreover, approximately 3.6% system margin is obtained. Therefore, if
sufficient power at the optical receiver can be obtained, longer transmis-
sion distance (75∼100 m with the same UWB transceiver, >100 m with an
improved UWB transceiver) is expectable. High power lasers are mostly
necessary for such systems. In Chapter 5 and 6, UWB generation is realized
by offline processing, given an original EVM reference around 3-4.2%.

Regarding SI-POF and MC-POF, which have a narrower bandwidth
when compared to GI-POF, the transmission distance of UWB signal over
these fibres are also shorter than aforementioned GI-POF cases. On the
other hand, a lower attenuation of these fibres should also be taken into ac-
count. Maximum 33 m long SI-POF transmission (EVM of received UWB:
14.6%) has been achieved in the lab by using the offline UWB genera-
tion (see Section 5.2) and employing the VCSEL and the PIN diode (char-
acterized in Section 4.3).
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Figure 4.21: UWB-over-POF demonstration at POF-PLUS project review meeting
(Torino, 01/07/2011).





Chapter 5

Converged Services over
POF

Many types of services are delivered by in-home networks today and a
growing trend of emerging signal formats is foreseeable, such as HDTV,
fast-Ethernet, LTE, WiMax, UWB and digital video broadcasting (DVB).
As discussed in Chapter 2, combining the transport of many services over
a simple infrastructure for in-home networks is recommended [144–147],
which will provide an immediate advantage of reducing the costs and com-
plexity for both network operators and end users. The convergence of
multi-format services delivery by using a single POF network is a recom-
mended solution to meet the cost-effective requirements for the future in-
home consumer environment. Services coming from the access network,
the satellite and wireless networks are centralized and controlled by the
home gate way. The in-home users can have access to the different services
via a single optical backbone and a simple RF front-end. Only in such
an infrastructure, the bandwidth advantage of optical fibres can be uti-
lized to eventually bring the broadband experience to the end users in both
baseband and RF domains. The capability of large-core POF as a com-
mon optical backbone to enable simultaneous multi-standard transmission
of multiple wireless services or both wired and wireless services is discussed
in this chapter. This chapter1 is dedicated to discuss three possible sce-
narios of such infrastructures: converged baseband DMT and MB-OFDM
UWB wireless service over a single POF infrastructure in Section 5.2, base-
band DMT and DVB-T video services distribution over POF considering

1This chapter is based on the results published in [27, 148–151].
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the frequency reuse in Section 5.3, and Section 5.4 addresses an integrated
high capacity multi-wireless standard system over both SMF and POF for
access and in-home networks.

5.1 Introduction

The main challenge of multiple services delivery over large-core POF-based
systems is the limited system bandwidth. In order to achieve high data
rates within an available bandwidth, advanced modulation formats with
high spectral efficiency are recommended, such as DMT and OFDM. For
most wireless signals, whose frequency bands are beyond 2 GHz, a fre-
quency spectrum shifting has to be introduced. In my study, a single LO
was used to provide a universal RF frequency for necessary frequency spec-
trum shifting. The frequency allocation between multiple services can ei-
ther be without or with frequency reuse, as discussed in Section 5.2, 5.4
and 5.3 respectively. OFDM is the main modulation format for all radio
signals and the DMT modulation format is chosen for baseband signals.
The DMT technique together with a bit/power loading algorithm allows a
dynamic allocation of bits corresponding to channel performance. A frac-
tional QAM scheme gives a finer bit granularity to improve the spectral
efficiency. The principle of DMT and fractional DMT is discussed in Sec-
tion 5.1.2. In this chapter, the basic POF optical transmission scheme used
for all experimental studies is realized by an eye-safe VCSEL, a silica APD
and 1 mm core diameter PMMA GI-POFs. The characteristics of these
devices have been discussed in Chapter 4.

5.1.1 OFDM based various signals

In mid-1980s, OFDM began to be firstly considered for practical wireless
applications. Up till now, the OFDM concept has been the basis of many
practical telecommunication standards including DSL transmission using
the DMT modulation format, as discussed in Section 5.1.2, the wireless
WAN, MAN, LAN and PAN, as discussed in Section 5.4, and the television
and radio broadcasting [152], which is discussed in Section 5.3. Among
these applications, DMT is the only version which is not modulated onto
a carrier frequency. In a wireless OFDM systems, the OFDM signal x(t)
at the transmitter front end (after coding, interleaving, mapping, IFFT,
adding cyclic prefix (CP), D/A) is a complex signal which forms the input
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to an IQ modulator for up-conversion to the carrier frequency. In this case,
the transmitted signal can be expressed as

S(t) = <{x(t)} cos(2πfct)−={x(t)} sin(2πfct)

= <{x(t)e2πfct}
(5.1)

Where <{} represents the real component and ={} represents the imaginary
component. In the baseband DMT systems, x(t) is a real signal where only
a half of the carriers are used for carrying data information and the imagi-
nary components of the IFFT output are canceled. In contrast, in wireless
OFDM systems, the in-phase and quadrature components are modulated
on the two orthogonal components of the carriers. The difference of the
carrier frequency and phase can cause the wireless signal distortion at the
receiver.

Regarding the employment of the OFDM formats in optical communi-
cation, a variety of OFDM solutions have been proposed for different ap-
plications [153–157]. Focusing on the large-core POF transmission systems
which are based on a simple IM-DD optical scheme, the baseband DMT
and the radio-over-POF are the two main techniques for the distribution of
an OFDM format based signal. In the DMT wireline transmission, a DC-
bias is added after the DA conversion in order to keep the signal both real
and positive. However, because of the large PAPR, even with a large bias,
some of the negative peaks of the signal will be clipped and the resulting
distortion limits performance. To efficiently transmit the DMT signal over
an optical IM-DD channel and suppress the PAPR effect, the signal has first
to be limited in amplitude, for instance, by clipping the DMT waveform
in the digital domain. However, this method may introduce signal distor-
tion. An optimized crest factor (peak signal amplitude/roor-mean-square
amplitude of signal) is required [158].

RoF technologies enable to transmit wireless signals with their original
formats over an optical channel. In this case, the OFDM format based
radio signals directly modulate an optical transmitter without signal trans-
lation. This is the case for OFDM-UWB and DVB signals. Compared to
the baseband OFDM, the phase noise and frequency offset introduce extra
impairments to RF OFDM signals. To track the phase noise, pilot tones
can be inserted to OFDM symbols (12 pilot subcarriers in UWB; contin-
ual and scattering pilots in DVB). Furthermore, the use of CP (or zero
prefix (ZP)), coding interleaving and equalizer can also help against the
dispersive channel environment.
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5.1.2 DMT and fractional DMT

Different from conventional OFDM, which is commonly used in wireless
transmission (passband channels), DMT is mainly applied in ADSL sys-
tems and power-line communication systems (lowpass channels). In DMT
modulation, a high-speed serial data stream is divided into multiple paral-
lel low-speed streams and modulated onto subcarriers of different frequen-
cies for transmission [84]. Usually, each subcarrier stream is mapped onto
complex values Cn according to an M-array quadrature amplitude modu-
lation (M-QAM) constellation mapping. Here, the number of signal points
in M-QAM is a power of 2, which means M = 2n (M = 4, 16, 32, 64, etc),
where n = 1, 2, ..., N−1 denotes the subcarrier number and N−1 is the total
number of data-carrying subcarriers used for transmission (The N th carrier
is set as null). By using the inverse discrete Fourier transform (DFT) to
modulate Cn onto different subcarrier frequencies, the resulting subcarriers
are mutually orthogonal. Due to its computational efficiency, the FFT is
often used in the practical realization of the modulators and demodulators.

Furthermore, when the N−1 information symbols Cn(n = 1, 2, ..., N−1)
are used as input values for a 2N -point inverse FFT (IFFT), where C0 =
CN = 0 and Hermitian symmetry property [119, 159]:

C2N−n = C∗
n (5.2)

is satisfied, the resulting output multicarrier DMT time-domain sequence
sk can be written as [159]

sk =
1√
2N

2N−1∑

n=0

Cn exp (j2πk
n

2N
), k = 0, 1, ..., 2N − 1. (5.3)

where sk is a real-valued, baseband multicarrier signal consisting of 2N
points. The resilience of DMT in a dispersive channel is the result of parallel
transmission and the CP. CP insertion consists of some predefined tail-end
portion of a data frame to its beginning. Due to the parallel transmission
of the data, the symbol period is much longer than in the case of standard
serial transmission. Therefore, the ISI affects only a small fraction of a
symbol period. By use of a CP, this ISI can be easily eliminated and or-
thogonality among the subcarriers is ensured [160]. In optical transmission,
the CP is used to counter the fibre dispersion [161, 162].

At the receiver, demodulation of the DMT frames is then accomplished
by using a 2N -point FFT. For every received DMT frame, demodulation
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results in [119]

Ĉn =

2N−1∑

k=0

ŝk exp(−j2πk
n

2N
), n = 0, 1, ..., 2N − 1. (5.4)

With a one-tap equalizer, the magnitude and phase shift of each subcar-
rier (as a result of channel impulse response) can be corrected and the
information symbols Ĉn recovered after demodulation with the FFT [159].

Bit-loading algorithm DMT is a recommended modulation format for
high-capacity POF transmission systems due to its possibility to use a
bit/power loading algorithm which adapts to the channel. The subcarriers
are treated as separate narrowband channels whose power and modulation
scheme can be optimized to fit better the channel characteristics at the
subcarrier frequency. The bit loading algorithm enables to allocate the
number of bits per subcarrier according to its corresponding SNR, and it
includes two categories, namely rate-adaptive and margin-adaptive. Rate-
adaptive algorithms maximize the bit rate for a fixed bit-error ratio (BER)2

and a given received power constraint, while margin-adaptive algorithms
minimize the BER for a given bit rate. Since the optimization is always
subject to a constraint on the total power, the rate-adaptive bit-loading is
considered in my study in order to maximize the transmission rate over the
POF links while keeping the BER at an acceptable level [164].

The rate-adaptive bit-loading algorithm is a reformulation of the Shan-
non capacity formula [84] and can be expressed as a problem of maximising
the total achievable bandwidth-normalized bit-rate b, which is the sum-
mation of the normalized bit-rates per subcarrier used for DMT transmis-
sion [158]:

2BER = the number of bit errors/total number of bits. The BER can be
evaluated from the EVM of a M-ary QAM based OFDM system. The BER ≈

2 1−L−1

log
2

L
Q(

√
[
3 log

2
L

L2−1
] 2
EV M2 log

2
M

), where L is the number of levels in each dimen-

sion of the M-QAM, the Gaussian probability of error Q(·) is defined by Q(x) =∫ ∞
x

1√
2π

e−y2/2 dy [163].
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max
En

(b) = max
En

(

N∑

n=1

bn)

= max
En

[
N∑

n=1

log2(1 +
SNRn

Γ
)]

= max
En

[

N∑

n=1

log2(1 +
En · gn

Γ
)]

(5.5)

subject to:
N∑

n=1

En = Etot (5.6)

Where N is the number of subcarrier, bn and En are the number of bits
and the energy allocated for the nth subcarrier respectively. SNRn = En ·gn

is the SNR per subcarrier, gn represents the subcarrier SNR when unit
energy is applied, Γ is the difference (gap) between the SNR needed to
achieve maximum (Shannon) capacity and the SNR to achieve this capacity
at a given bit error probability. Etot is the fixed total available energy for
transmission. The problem is now to find the optimum distribution of bn,
for n = 0, 1, ..., N , and the corresponding power distribution per subcarrier
En, in order to maximize the bit-rate. Note that the maximum bit-rate is
not always achieved when all N subcarriers are allocated with information
bits, so that bn and En can be 0 for some particular n. Therefore, the
optimal solution is not always to use all available subcarriers to transmit
information, but to use only the ones with the highest SNR.

The solution to this bit and power allocation problem in Eq. 5.5 and
5.6 is the water-filling method as described in [84]. Based on the lagrange
multipliers, the water-filling algorithm computes the maximum achievable
bit-rate R for a given communication channel when the SNR per subchan-
nel is known. The number of bits per subcarrier, and the corresponding
energy distribution per subcarrier En are optimized, in order to maximize
the bit-rate. Water-filling algorithms have bit distributions where bn can
be any real number. Realization of bit distributions with non-integer values
can be difficult. In [165], Chow proposed that the water-filling solution can
be computed numerically and the finite bit-loading algorithm can be easily
adapted for practical use. This algorithm, based on Eq. 5.5, initially dis-
cards the sub-carriers that are the least energy-efficient from information
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transmission, and redistributes the energy to more efficient sub-carriers in
order to support higher data rates. The non-integer number of allocated
bits per subcarrier are then rounded to the nearest integer and the cor-
responding energy is dynamically adapted to support the newly-allocated
number of bits at the same performance [158].

Fractional QAM schemes Depending on the condition of the channel,
the transmitter can choose the appropriate modulation scheme. Therefore,
the SNR values are known as switching levels since when a subchannel
operates above one of these values it can switch its operating mode to a
1-step higher constellation and vice versa when the received SNR decays
to a subsequent lower value. A significant SNR requirement gap for the
conventional M-QAM (M = 2n) switching can be noticed [163], such as
6.85 dB difference between 4-QAM and 16-QAM and 6.5 dB between 16-
QAM and 64-QAM. Furthermore, M is an exponential function of the signal
point number which means that the number of symbols becomes very large
with an only small n. Moreover when n is integer, the number of modulation
schemes is limited, and not many choices are available for the adaptive
modulation. It is obvious that the more modulation schemes are, the better
performance and the more flexibility can be achieved for the bit-loading
based DMT algorithm.

S/P 
Converter

B/T
Converter

M
U

X

3×2N-QAM

Mod.

2N+3 [bit] 

…
 

…
 

N [bit] 

3 [bit] 

N [bit] 

N [bit] 

1[ternary] 

…
 

Symbol 

Figure 5.1: 3 × 2N -QAM modulator.

To allow a higher adaptability of the DMT signals to the channel, a
finer granularity in SNR is needed. Therefore M-QAM in which the num-
ber of signal points is not a power of 2 to fill these gaps is considered. To be
concrete, the family of 3× 2N -QAM (6, 12, 24, 48, ...when N=1, 2, 3, 4...)
is studied in this chapter. This novel constellation scheme has been pro-
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posed for wireless communication in recent years [166]. For bandwidth lim-
ited large-core POF transmission systems, this scheme was demonstrated
to improve the spectral efficiency and bit-rate [167]. Fig. 5.1 shows the
(de)modulator for 3 × 2N -QAM constellations. 2N+3 bits are parallelized
and then divided into three groups: one group of 3 bits and two groups of
N bits. The 3 bits are then converted from binary to a ternary format. One
of the ternary values and one group of N bits are selected for each sym-
bol time to be mapped on the 3 × 2N -QAM constellations. The mapping
strategy was described in detail in [166, 168]. Therefore, two symbols every
2N+3 bits can be obtained, leading to N+1.5 bits per symbol.

(a) 6-QAM (b) 12-QAM

(c) 24-QAM (d) 48-QAM

Figure 5.2: An example of 3 × 2N -QAM constellation diagrams.

Fig. 5.2 shows an example of 3× 2N -QAM constellation diagrams with
6-QAM to 48-QAM when N =1, 2, 3 and 4. For a M-ary QAM modulation
system, the symbol error probability Pe can be written as Eq. 5.7 with
respect to the SNR gap Γ.

Pe ≈ 4Q
√

3Γ (5.7)

For an uncoded QAM system, when Pe=10−3, the SNR gap Γ is approx-
imately at 4.03 dB, and when Pe=10−6, the SNR gap Γ is approximately at
8.4 dB. If employing FEC and/or other coding method, the SNR gap can
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be reduced. The BER performance corresponding to the Pe depends on the
modulation and mapping method employed and is always < Pe due to a
number of bits related to a symbol. In this thesis, the BER of DMT signals
is controlled to be below 10−3 considering the FEC limit which could fur-
ther bring the BER lower to an error free level [169]. In order to compare
the required SNR for different M-ary QAM, Table 5.1 shows the minimum
SNR to support Pe = 10−3 and Pe=10−6.

Table 5.1: SNR requirements for M-QAM

M-QAM 4 6 8 12 16 24 32 48

Number of bits 2 2.5 3 3.5 4 4.5 5 5.5

SNR (dB)/Pe = 10−3 10.83 12.74 14.51 16.20 17.82 19.41 20.98 22.52

SNR (dB)/Pe = 10−6 14.03 15.93 17.70 19.39 21.01 22.60 24.17 25.71

It can be observed that a finer SNR granularity can be obtained by
employing the 3× 2N QAM scheme, which lead to the Chow’s-algorithm a
closer approximation to the ideal water-filling solution. The Chows algo-
rithm are implemented differently by using the conventional DMT and the
fractional DMT:

1. Re-oder gn so that g1 is the largest

2. Set btemp(N + 1) = 0, i = N (btemp and i are the tentative total bits
and number of used subchannels, respectively.)

3. Set equal energy on used tones:En = Etot/i, for n− 1, ..., i

4. Compute btemp(i) =
∑i

n=1 log2 (1 + En · gn)

5. If btemp(i) < btemp(i + 1), then i ← i + 1 and go to step 6, otherwise
i← i− 1 and go to step 3

6. Scale En so that performance is the same as other subchannels and
then bn = 1

2 log2 (1 + En · gn)

(a) for conventional DMT, round by the factor 2round(bn)−1
2(bn)−1

(round

bn to the nearest integer)

(b) for fractional DMT, round by the factor 2round(2·bn)/2−1
2(bn)−1

(round

bn to the nearest integer)

7. Compute total energy Etot =
∑

n En
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5.2 DMT and UWB over POF

For an application scenario where a high capacity transmission is required
for both baseband and radio wireless services, this section presents a study
of combined transmission of a multi-Gigabit baseband data stream, based
on DMT, and a broadband radio signal, based on UWB technology, over
1 mm core diameter POF. The two signals are allocated separately within
the available POF channel. The experimental setup is shown in Fig. 5.3.
The optical transmission scheme is as the same as the basic block shown
in Fig. 4.1. For the signal source, a baseband DMT signal and a WiMedia-
compliant 528 MHz RF UWB signal, with a center frequency of 3.96 GHz
at 480 Mb/s are generated by an arbitrary waveform generator (AWG) with
two channel outputs. Employing the frequency spectral shifting approach,
which has been discussed in detail in Chapter 4, the generated UWB radio
is firstly down-converted to an IF using a local oscillator. In order to utilize
all the available system bandwidth of 1.4 GHz, DMT and IF UWB signals
are located from DC to 800 MHz and from 0.836 GHz to 1.364 GHz, respec-
tively, as shown the inset of Fig. 5.3. Moreover, a bit loading algorithm with
a novel 3× 2N constellation scheme is employed for the DMT modulation
format to achieve maximum date rate. Off-line processing is used to gener-
ate the DMT signal using AWG sampling at 1.6 GSa/s. Both the DMT and
UWB signals are combined in the electrical domain and directly modulate
an eye-safe VCSEL [115]. The modulated optical power is launched into a
1 mm core diameter GI-POF [24]. The optical signal after 50 m link with
an output power of -15 dBm is detected by a Si-APD based receiver [129].
The received DMT and UWB signals are filtered out using a low pass and
a high pass filter, respectively. The DMT signal is captured by a DPO with
a sampling rate of 50 GSa/s for off-line processing. On the other hand, for
the UWB signal, a mixer is used to up-convert the IF UWB signal to its
original frequency band before being radiated wirelessly. The downstream
UWB signal is transmitted using an omnidirectional patch antenna (gain:
0 dBi) over a wireless channel of 2.5 meters. An additional omnidirectional
antenna with an external 30 dB gain amplifier is configured at the mobile
unit to receive UWB signals. The DPO is used to evaluate the quality of
the received UWB signals at different transmission points.
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Figure 5.3: Experimental setup of converged DMT and UWB transmission over POF.

5.2.1 System performance

Since the VCSEL is directly modulated by the combination of the two
signals, its characteristics are of primary importance for the nonlinear per-
formance of the optical link. Hence, a considerable level of electrical power
that modulates the VCSEL needs to be studied. The maximum data rate
achievable by DMT is measured with a BER below 10−3 (threshold for
FEC) while varying the total input electrical power of two signals. A
maximum data rate of 3 Gb/s is achieved with the total input power of
2 dBm (DMT+UWB), shown in Fig. 5.4. Compared to previous work
in [170] which employed a conventional 2N QAM scheme, maximum 20%
data-rates increase is obtained. In this case, 256 sub-carriers are chosen,
ranging from 0 to 0.8 GHz. Fig. 5.5 presents the detailed measurement
results for the DMT signal using the bit-loading algorithm with 3×2N con-
stellations. The maximum bit allocation value is 5 bits per carrier and
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Figure 5.4: DMT bit rates with the total electrical power into the VCSEL.

a fractional number N+1.5 of bits per symbol is supported, which means
6-QAM, 12-QAM and 24-QAM are also employed to achieve a finer granu-
larity in the bit allocation, shown in Fig. 5.5(a)(upper). The bit allocations
result in a discrete mapping of the SNR to the sub-carriers index and fre-
quency, as shown in Fig. 5.5(a)(middle). Two examples of demodulated
signal constellation diagrams are shown for two sub-carrier index groups in
Fig. 5.5(a). As shown in Fig. 5.5(b), 5 bits are mainly allocated for the 20th

to 29th sub-carriers, corresponding to the 32-QAM constellation. While 4.5
bits corresponding to 24-QAM, is used for the 36th to 45th sub-carriers.

To study the performance of transmitted UWB signal, the DMT signal
is kept running with optimized parameters and then the performance of the
received electrical spectra and the EVM for UWB signals after 50 m POF
transmission is evaluated, including 1 m, 2 m and 2.5 m wireless links. As
depicted in Fig. 5.6, the EVM values change from 9% to 14.1% with an
increasing transmission distance. However, even for the worst case of 50 m
POF link plus 2.5 m wireless link the EVM is below 15%.

Spectra and constellations at different evaluation points are shown in
Fig. 5.7(a) to (d). It can be observed that the signal after the optical link
maintains a high quality with slight penalty. The main degradation to
UWB signals is attributed to the air transmission which introduces 20 dB
SNR degradation and 5% EVM degradations. This is mainly due to the
impact of multi-path fading and other wireless interferences. It is worth to
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Figure 5.5: (a) DMT performance with UWB coexistence: (upper) bit allocation; (mid-
dle) SNR and (down) power allocation. (b) Constellation of received signal: (upper)
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− 45th.

note that longer optical and wireless links can be obtained by using higher
optical launch power and directive antennas.

5.3 DMT and DVB-T over POF

DVB is a suite of internationally accepted open standards for digital tele-
vision. DVB standards are maintained by the DVB project, an interna-
tional industry consortium with more than 270 members. DVB systems
distribute data using a variety of approaches, including satellite (DVB-
S, DVB-S2 and DVB-SH), cable (DVB-C, DVB-C2), microwave (DTT,
MMDS, MVDS) and terrestrial television (DVB-T, DVB-T2). DVB-T is
the DVB European-based consortium standard for the broadcast transmis-
sion of digital terrestrial television operating within the VHF and UHF
frequency bands [171]. It extends the scope of digital terrestrial television
into the mobile field, which was simply not possible before. Many countries
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Figure 5.6: Received UWB signals evaluation: EVM performance with different trans-
mission distances (POF and air).

that have adopted DVB-T have published specifications for its implemen-
tation, including the D-Book in the UK, the Italian DGTVi, the ETSI
E-Book and Scandivian NorDig.

The DVB-T system transmits compressed digital audio, digital video
and other data in an MPEG transport stream, using coded OFDM (COFDM,
or OFDM) modulation. The OFDM system is specified for 8 MHz, 7 MHz
and 6 MHz channel spacing with three different modulation schemes (QPSK,
16QAM, 64QAM), which are chosen depending on a robustness versus data
rate compromise. The nominal center frequency of the RF signal for 8 MHz
UHF channels can be written as:

470 MHz + 4 MHz + i× 8 MHz, i = 0, 1, 2, 3, ... (5.8)

Table 5.2 summarizes the ultra-high frequency (UHF) channel frequencies
used in Europe for digital terrestrial television.

Two modes of operation, a “2K mode”and an “8K mode”, are defined
for DVB-T transmissions. Each OFDM symbol is constituted by a set
of 6817 carriers in the 8K mode and 1705 carriers in the 2K mode. The
“2K mode” is suitable for single transmitter operation and for small single-
frequency network (SFN) with limited transmitter distances. The “8K
mode” can be used both for single transmitter operation and for small and
large SFN networks. Regarding the standards, DVB-T has been further
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Figure 5.7: Spectra (RBW = 5 MHz) and constellations of UWB signals: (a) 50 m POF
link; (b) 50 m POF and 1 m air link; (c) 50 m POF and 2 m air link; (d) 50 m POF and
2.5 m air link.

developed into newer standards such as DVB-H (Handheld), now in oper-
ation, and DVB-T2, which has been recently finalized.

The application scenario of converged DVB-T broadcast and baseband
service distribution is shown in Fig. 5.8. The DVB-T signals can be easily
photodetected and amplified to be provided to a full-standard TV, which
can demodulate them as conventional digital TV channels. The baseband
stream is implemented with DMT modulation, which allows adaptive bit-
and power-allocation. As shown in Fig. 5.8, both baseband DMT and gen-
erated DVB-T signals can be combined at the RG and delivered over the
same POF link to different terminals, such as a PC for DMT signals and a
TV set for DVB-T signals. Employing the rate-adaptive DMT algorithm,
the link capacity can be dynamically optimized when both a baseband
service (DMT format) and multiple DVB-T channels are present using a
shared wavelength approach without introducing extra optical and electri-
cal devices.
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Table 5.2: European DVB-T channel frequencies (MHz)

Channel Start frequency Center frequency End frequency

21 470 474 478

22 478 482 486

23 486 490 494

... ... ... ...

68 846 850 854

69 854 858 862

Access 

network RG

POF

POF

DVB-T

DMT
Digital TV

(DVB-T signals)

DVB-T

High-bitrate DATA

(DMT signal)

PC

Laptop

DMT

Figure 5.8: POF based in-home networks. Data connectivity provided by the access
network and digital TV gathered from the master-antenna TV (MATV) on roof are
distributed by POF.

5.3.1 Experimental demonstration

The experimental setup is built as shown in Fig. 5.93. A baseband DMT
signal is generated by an AWG. Two DVB-T channels with approximately
the same output power are generated by two commercially available trans-
mitters (IKUSI, MAC-HOME), which are connected in cascade4, as shown

3This experiment was a joint experiment collaborated with University Polytechnic
Valencia, and carried out in TU/e in April, 2012.

4The DVB-T Tx unit has 1 AV analogue TV signal to RF UHF output. Several units
can be cascaded in order to increase the capacity. The maximum capacity of a series of
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the inset of Fig. 5.9. These transmitters can modulate analogue audio/video
signals to coded OFDM (COFDM) digital TV signals at UHF frequencies
from 470 to 862 MHz. The two original analogue signals are generated
from a DVD player and a video camera, respectively. These signals are
digitized, video coded in MPEG2 MP@ML at 10 Mb/s and audio coded in
MPEG1 Layer II at 192 Kb/s, and modulated in COFDM at two different
RF center frequencies. Each COFDM-based DVB-T channel is configured
with 6817 subcarriers (8K mode), 8 MHz bandwidth, 64-QAM modulation
format, 1/32 guard interval, and 7/8 code rate, which results in the max-
imum useful bit-rate of 31.67 Mb/s [173]. In order to adaptively define
the bit and power allocations of DMT signals, which is coexistent with
DVB-T channels, a bit and power loading algorithm is used to optimize
the constellation size in each subcarrier of the DMT signal according to
the channel performance. The optical transmission scheme is similar as in
Fig. 5.3 with the same optical transceiver and type of POF (1 mm core di-
ameter GI-POF). The signal after the photodiode is split to two paths and
connected to the DMT and DVB-T receivers separately. A DPO is used for
the DMT signal processing. Meanwhile, the DVB-T signals are evaluated
by a digital TV analyzer (Promax, Prolink-4 Premium) and the selected
DVB-T channel is playing on a TV screen. Two scenarios are considered:
first, an implementation of DMT combined with other services without in-
troducing inband frequency is described in Section 5.3.2. This scenario can
be treated as a reference to be compared with the second scenario. In the
second scenario, the optical transmission of DMT and two DVB-T coexis-
tence with frequency reuse has been studied as a function of the DVB-T
channel allocation, as shown in Section 5.3.3.

5.3.2 DMT and DVB-T coexistence

In this scenario, DMT and DVB-T signals are allocated in different fre-
quency bands. The first two adjacent DVB-T channels centered at 474 MHz
and 482 MHz (lowest RF frequency) are considered. In this case, the fre-
quency band of the DMT signal ranges from 0 to 400 MHz with the AWG
sampling at 800 MSa/s. The data rate of baseband DMT was limited to
1.5 Gb/s (BER of 4.3 × 10−4) due to its small bandwidth. Therefore, the
performance of DMT in terms of data rate can be considered as the worst

N units is 1 × N incorporated TV signals. To cascade 2 or more units, connect the RF
output of the preceding unit to the TV input of the next unit [172].
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Figure 5.9: Experimental setup of DMT and DVB-T transmission over POF. Inset: Two
cascaded DVB-T Tx.

case with the DVB-T signal coexistence. The optimized DMT parameters
are summarized in Table 5.3.

Table 5.3: DMT parameters

Number of subcarriers 128

Cyclic prefix length 8

Schmidl blocks 2 every 200 DMT frames

Digital clipping Clipping factor µ = 8 dB

Transmitter sampling rate 0.8 GSa/s

Receiver sampling rate 12.5 GSa/s

The DMT performance after 50 m POF transmission is depicted in
Fig. 5.10. The bit allocation ranges from 2 to 5 bits per subcarrier de-
pendent on the system response. Corresponding constellation diagrams are
shown in Fig. 5.11(a) and (b). The SNR values after bit-loading are above
14 dB for most subcarriers and stay relatively flat, indicating the system re-
sponse has no significant degradation within the 400 MHz frequency band.
The low SNR values close to the DC frequency area are mainly attributed
to the AC-coupled receiver. The number of bits per subchannel slightly
decreases when the subcarrier index is larger than 110th mainly due to
the interference of the DVB-T signals whose frequency band ranges from
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Figure 5.10: DMT performance with DVB-T coexistence: (a) bit and power allocation;
(b) SNR and BER performance.

(a) DMT 32-QAM (b) DMT 16-QAM (c) DVB ch1 (d) DVB ch2

Figure 5.11: Constellation diagrams of DMT and DVB-T: (a) 32-QAM for DMT subcar-
rier 15th to 26th, (b) 16-QAM for DMT subcarrier 85th-95th, (c) DVB-T channel 1, (d)
DVB-T channel 2.

To study the performance of transmitted DVB-T signals, the DMT sig-
nal is kept running with optimized parameters and then the performance
of the received DVB-T signals after 50 m POF transmission is evaluated.
The two DVB-T channels are transmitted with the same relative power,
the average power at point (3) in Fig. 5.9 being -1.5 dBm. Modulation
error rate (MER) is a figure-of-merit to quantify the performance of a dig-
ital radio transmitter or receiver in a communications system using digital
modulation format5. The MER performance of two DVB-T channels after
50 m POF transmission is 26 dB and 23.4 dB, respectively. Fig. 5.11(c) and

5MER = 10 log10

∑N
j=1

(Ĩ2

j +Q̃2

j )
∑

N
j=1

((Ij−Ĩj)
2
+(Qj−Q̃j)

2
)
, where N is the number of symbols, Ij is
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(d) show the corresponding 64-QAM constellations. Furthermore, the BER
of the DVB-T channel is below 10−7 with a CNR higher than 25 dB thus
meeting all the DVB-T regulated quality requirements [175]. The average
output power of the DVB-T channels is -1.5 dBm.

Additionally, the DMT signal has been transmitted individually target-
ing to evaluate the performance degradation induced by the coexistence
with the two DVB-T channels. The data rate of the DMT signal when the
two DVB-T channels are disabled is 1.85 Gb/s with a BER of 5.7 × 10−4,
corresponding to an effective data rate of 1.5 Gb/s after 7% FEC.

5.3.3 DMT and DVB-T coexistence with frequency reuse

The performance of a DMT signal and two DVB-T channels is evaluated
when both signals are transmitted over POF using frequency reuse. DMT
signals are maximized in performance in presence of DVB-T signals. The
sampling rates of the AWG and the DPO are 3 GSa/s and 50 GSa/s,
respectively. The DMT signal consists of 128 subcarriers ranging from 0
to 1.5 GHz. Transmission performance is evaluated as a function of the
DVB-T channel allocation considering adjacent and non-adjacent DVB-T
channels, respectively.

Adjacent DVB-T channels By shifting the frequency band of the DVB-
T signals, two adjacent DVB-T channels with optimized baseband DMT
signal are studied. The spectra of the received electrical signals after APD
detection are shown in Fig. 5.12 with varied DVB-T frequencies. The DMT
signals are self-located in two frequency parts with the DVB-T signals
placed in the middle of the spectrum. The full system bandwidth (1.3 GHz)
is exploited to support coexisting services.

The performance of both DMT and DVB-T signals is evaluated. For the
transmission scenario in Fig. 5.12(a), 128 subcarriers are used for the DMT
transmission, ranging from 0 to 1.5 GHz. The optimized DMT parameters
are summarized in Table 5.4.

The DMT performance after 50 m POF transmission is depicted in
Fig. 5.13. The DVB-T signal affects the DMT channel response, which
can be noticed as a deep notch (or gap) between 474 MHz-486 MHz in the

the I component of the jth symbol received, Qj is the Q component of the jth symbol
received, Ĩj is the ideal of the jth symbol received, and Q̃j is the ideal Q component
of the jth symbol received [174]. EVM is related to the MER. EVM decreases if MER
increases, hence link performance becomes better.
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Figure 5.12: Received electrical spectra (RBW = 1 MHz): (a) with DVB-Channel 21st

to 22nd (470-486 MHz), (b) with DVB-Channel 34th-35th (574-590 MHz), (c) with DVB-
Channel 39th to 40th (614-630 MHz), (d) with DVB-Channel 47th-48th (478-494 MHz).

evaluated bit (upper) and power allocations (down) and SNR (middle), as
shown in Fig. 5.13. Nevertheless, DMT with bit-loading adapts well to the
high level of interference from DVB-T. From the 40th to 45th subcarrier, no
bits are allocated, which results in the low SNR (<6 dB) of these channels.
In other words, the low SNR of the DMT signals at these frequencies intro-
duces less noise to the DVB-T signal. Apart from this notch, the maximum
bit allocation value is 3 bits per carrier and the number of allocated bits
per subcarrier decreases to 1 when the frequency increases. For the higher
frequency region (>1.3 GHz), the bit allocation is either 0 or 1 dependent
on the system response. The discrete SNR after bit-loading is due to the
non-uniform power allocation to each subcarrier, as shown in Fig. 5.13. The
average BER in this measurement is 5.27 ×10−4 , which is sufficient for the
FEC. The bit rates mentioned include the 7% FEC bits, cyclic prefix and
preambles. As shown in Fig. 5.14(a), 3 bits are mainly allocated for the
4th to 13rd subcarriers, corresponding to the 8-QAM constellation, while 2
bits, QPSK, is used for the 75th − 93rd subcarriers, shown in Fig. 5.14(b).
The clearly distinguishable constellation points indicate that the received
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Table 5.4: DMT parameters with DVB-T frequency inband

Number of subcarriers 128

Cyclic prefix length 8

Schmidl blocks 2 every 200 DMT frames

Digital clipping Clipping factor µ = 8 dB

Transmitter sampling rate 3 GSa/s

Receiver sampling rate 50 GSa/s

signal quality is good after the equalization step. From the performance, it
can be observed that the DMT automatically adjusts for the effects of the
DVB-T signals thereby supporting the simultaneous broadcasting of the
DVB-T signal.
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Figure 5.13: DMT performance over 50 m POF with DVB coexistence: DMT bit alloca-
tion map (upper), SNR performance (middle), and power allocation (down).
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(a) (b)

Figure 5.14: Constellation diagrams of the demodulated DMT signals: (a) 8-QAM for
4th to 13rd subcarriers, (b) 4-QAM for 75th-93rd subcarriers.

The transmitted DVB-T signals are evaluated while the DMT signal is
kept running with optimized parameters. The input power of two DVB-T
channels are approximately the same while the average power at point (3)
in Fig. 5.9 is of -2 dBm. The MER performance of channel 1 (with DVD
video source) centered at 474 MHz is 23.7 dB and the channel 2 (with
camera video source) centered at 482 MHz is 25.3 dB. The BERs of received
signals of two DVB-T channels are below 10−7 with the CNR larger than
25 dB, as shown in Fig. 5.12(a). All performances of the DVB-T signals
are inline with the standard requirements [175]. Fig. 5.15 shows the 64-
QAM constellation diagrams of the two DVB-T channels. Snapshots of the
original video source and the received video after the optical transmission
of each channel are taken. From the comparison shown in Fig. 5.16, it can
be clearly observed that the transmitted video signal over 50 m optical link
maintains high performance without visible signal degradation. In addition,
the DVB-T channels exhibit a MER of 26.5 dB and 28 dB, respectively, at
point (3) in Fig. 5.9. Hence, the POF transmission system induces a MER
degradation of 2.8 dB and 2.7 dB, respectively.

Additionally, the DMT and DVB-T signals have been transmitted in-
dividually over the POF link targeting to evaluate the performance degra-
dation induced by coexistence. The aggregate data rate of the DMT signal
when the two DVB-T channels are disabled is 4.2 Gb/s with a BER of
1.4 × 10−3, corresponding to an effective data rate of 3.4 Gb/s after FEC.
The corresponding average power of the DMT signal at point (3) in Fig. 5.9
is -2.5 dBm. When only DVB-T channels are enabled, the average power
and the MER of the cascaded two DVB-T channels (at point (3) in Fig. 5.9)
is -7 dBm and 34 dB respectively. After the optical link, a MER of 31 dB
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(a) (b)

Figure 5.15: Constellation diagrams of the received DVB-T signals: (a) DVB-T channel
1 centered at 474 MHz; (b) DVB-T chanel 2 centered at 482 MHz.

(a) (b)

(c) (d)

Figure 5.16: Snapshot of DVB-T channel 1 with DVD video stream: (a) video source
direct output, (b) received DVB-T video after POF; snapshot of DVB-T channel 2 with
video camera: (c) video source direct output, (d) received DVB-T video after POF.
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and 32 dB is achieved for the DVB-T channel 1 and channel 2, respectively.
Hence, in this case, the POF transmission system induces only a degrada-
tion of 3 dB and 2 dB in the MER of the DVB-T channel 1 and channel 2,
respectively.

Table 5.5 summarizes 50 m POF transmission performance of the DMT
signal in coexistence with two DVB-T adjacent channels as a function of the
DVB-T channel allocation. The system performance can be approximately
maintained independent of the frequency of the DVB-T channels as long
as the level of the DVB-T channels at point (3) in Fig. 5.9 is appropriately
set to compensate for the frequency response of the system.

Table 5.5: System performance when DMT coexists with two adjacent DVB-T channels

DMT DVB-T

Date Rates BER FreqCH1 FreqCH2 MERCH1 MERCH2

2.96 Gb/s 5.3 × 10−4 474 MHz 482 MHz 23.7 dB 25.3 dB

3.32 Gb/s 3.5 × 10−4 482 MHz 490 MHz 25.2 dB 24.8 dB

2.99 Gb/s 4.5 × 10−5 498 MHz 506 MHz 25.5 dB 25.2 dB

3.19 Gb/s 1.2 × 10−4 578 MHz 586 MHz 23.7 dB 24.6 dB

2.98 Gb/s 2.1 × 10−4 618 MHz 626 MHz 23.0 dB 25.2 dB

3.01 Gb/s 3.5 × 10−4 682 MHz 690 MHz 23.5 dB 24.8 dB

Non-adjacent DVB-T channels The spectra of the received DMT and
DVB-T signals are illustrated in Fig. 5.17 when choosing different frequency
gaps between two DVB-T channels. The DMT signal is shown to be capable
of supporting the broadcasting of coexistent DVB-T channels when the
channels are not adjacent as well. The DMT performance after 50 m POF
transmission is evaluated when the frequency space is increased between
the two DVB-channels, as shown in Fig. 5.18. It can be observed that the
DMT signal can be put between the two non-adjacent DVB-T channels if
the frequency gap meets the minimum SNR requirement (7 dB) for the bit-
allocation. In contrast, if the two DVB-T channels are close, as shown in
Fig. 5.18(a), the frequency band in between cannot be used to accommodate
the DMT bits due to the adjacent DVB-T interference and the channel
noise.

From the summarized transmission results as shown in Table 5.6, it
can be noticed that the maximum DMT data rates achieved with two non-
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Figure 5.17: Received electrical spectra with two non-adjacent DVB-T channels inband
to DMT (RBW = 1 MHz): (a) DVB-T centered at 474 MHz and 506 MHz, (b) DVB-T
centered at 474 MHz and 586 MHz; (c) DVB-T centered at 474 MHz and 658 MHz, (d)
DVB-T centered at 474 MHz and 682 MHz.

Table 5.6: System performance when DMT coexists with two non-adjacent DVB-T chan-
nels

DMT DVB-T

Date Rates BER FreqCH1 FreqCH2 MERCH1 MERCH2

3.14 Gb/s 2.5 × 10−4 474 MHz 506 MHz 23.7 dB 25.3 dB

2.94 Gb/s 2.1 × 10−4 474 MHz 586 MHz 25.2 dB 24.8 dB

2.78 Gb/s 4.7 × 10−5 474 MHz 658 MHz 25.5 dB 25.2 dB

2.84 Gb/s 1.8 × 10−4 474 MHz 682 MHz 23.7 dB 24.6 dB

adjacent DVB-T channels coexistence are slightly lower than with two ad-
jacent DVB-T channels, especially when the frequency gap between the two
DVB-T channels is relatively broad. The reason for that is mainly that the
effective frequency bandwidth used for DMT bit-loading is reduced in such
cases. Hence, the discontinuous frequencies, in another word, subcarriers,
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Figure 5.18: DMT bit allocation and SNR performance with two non-adjacent DVB-T
channels inband to DMT: (a) DVB-T centered at 474 MHz and 506 MHz, (b) DVB-T
centered at 474 MHz and 586 MHz; (c) DVB-T centered at 474 MHz and 658 MHz, (d)
DVB-T centered at 474 MHz and 682 MHz.

result in a stair-case-look bit-allocation profile being interrupted. It is fore-
seeable that the more non-adjacent DVB-T channels are allocated inside
the frequency band of the DMT, the lower the DMT bit rates will be.

5.4 Multi-standard wireless transmission

The convergence of different signal formats has been discussed in Section 5.2
and 5.3. This section will look at different forms of convergence in a network
rather than between two formats of signals. FTTH converges with FITH to
offer home users an end-to-end connectivity in the access domain. In this
section, the most common RF signals are chosen from today’s wireless ac-
cess services: WiMAX, LTE and short range wireless service: MB-OFDM
UWB. Many studies have been carried out to investigate multi-standard
wireless distribution over access networks for FTTH approach [176, 177].
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To extend the high capacity transmission into the home and realize the
last mile data communication, a complete scenario of multiple-wireless sig-
nals coming from the central office, simultaneously transmitted through
SMF based access network and POF based in-home network, then finally
distributed over antennas to end users is studied in this section. The coexis-
tence of broadband signals is particularly challenging due to the bandwidth
distance product limitation of POF systems and the maintenance of high
quality wireless signals through SMF, POF and air.

The experimental setup is shown in Fig. 5.196. Two vector signal gen-
erators (Agilent E4438C) are used for the generation of standard WiMAX
and LTE signals (OFDM with 16-QAM format was chosen due to available
EVM specified in the standards [178]). A Wisair UWB transmitter (DVK-
DV 9110M) is used to generate a WiMedia-compliant UWB signal with
QPSK format. The generated UWB signal centered at 3.96 GHz (TFC6,
3.696-4.224 GHz), WiMAX signal at 3.5 GHz and LTE signal at 0.73 GHz
are combined in the electrical domain to drive a Mach-Zehnder modulator
working at the quadrature bias point. A CW DFB laser (FOL15DCWD-A)
at 1557 nm is the access optical source with an output power of 11 dBm.
After transmission over 25 km of SSMF, a PIN-diode (R2860E) detects the
optical signal. Then the received signals are split into two paths using band-
pass and low-pass filters. UWB and WiMAX are first down-converted to an
IF using a local oscillator at fLO=2.94 GHz. The resulting IF UWB (0.756-
1.284 GHz) and IF WiMAX (0.56 GHz) are combined with LTE (0.73 GHz)
and transmitted through the 1 mm core diameter GI-POF system (25 m
link). The POF system scheme is similar as in Fig. 5.3 with the same opti-
cal transceiver and type of POF. The detected LTE signal is isolated for air
transmission using a directional antenna (WXA-N2SL) with a gain of 2 dBi.
The UWB and WiMAX signals are up-converted to their original frequency
bands before being radiated over the air. A pair of omnidirectional patch
antennas (Wisair, 0 dBi gain) is employed to emit and receive these two
wireless signals. For EVM evaluation, a digital signal analyzer (Agilent
DSA91304A) is used.

Fig. 5.20 shows the normalized POF system spectral response of 1.3 GHz,
which is largely attributed to the response of the photo-detector. There-
fore, all wireless signals should be spectrally located within this bandwidth
when converted to the optical domain. For this purpose, the setting of the

6This experiment was a joint experiment, and carried out in University Polytechnic
Valencia, in July, 2011.
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Figure 5.19: Experimental setup for radio-over-fibre end-to-end transmission.

LO frequency is critical for the IF of the WiMAX and UWB signals. The
optimized frequency bands of LTE, WiMAX and UWB are represented in
Fig. 5.20 to illustrate the usage of the available bandwidth of the POF sys-
tem. Fig. 5.21 shows the optimization of the received power input to the
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Figure 5.20: POF link frequency response with wireless band signals.

PIN diode after SSMF transmission and the output power of the VCSEL.
Considering the EVM performance at point (2) of Fig. 5.19, the optimized
received optical power at the PIN is -2 dBm to avoid saturation. When the
optical power launched to the POF link is 0.63 dBm the best EVM per-
formance can be achieved at the transmitting antenna sites (point (4) of
Fig. 5.19). Higher EVM is observed when the optical power was increased
above -0.63 dBm, which can be attributed to nonlinearity of the VCSEL.
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For all measurements shown here, the same optical power budget was main-
tained. In order to ensure the coexistence condition, the measurements are
based on the three signals being simultaneously present during analysis.
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Figure 5.21: (a) Measured EVM at point (2) of Fig. 5.19 with different optical power
arriving at PIN; (b) EVM at point (4) with different VCSEL output power.

The received signals after SSMF transmission and the IF signals launched
to the VCSEL are shown in Fig. 5.22. Since different antennas are used for
WiMAX/UWB and LTE, the electrical spectra at the transmitter antenna
are shown in Fig. 5.23 and the ones at the reception antenna in Fig. 5.24,
respectively. Although some beating components are introduced, they do
not affect the quality of the received signal and can be removed by proper
filtering before wireless radiation.

As shown in Fig. 5.25(a), the signal performance in terms of EVM is
studied at different points in the transmission link. The EVM values of
LTE, WiMAX and UWB at point (1) in Fig. 5.19 are 34.91, 39.45 and
24.73 dB respectively, which can be used as a reference for the penalty
evaluation. The system penalty given by the 25 km SSMF link is 8, 13 and
6.87 dB respectively for these signals. For the 25 m POF link, the transmis-
sion penalty is 1.09, 5.16 and 1.34 dB respectively. The signal degradation
difference for the same optical channel is due to the robustness of the ra-
dio signals and the input power balance between LTE (5 dBm), WiMAX
(5 dBm), and UWB (1.7 dBm). After optical fibre and air transmission,
the EVM performances are compliant with current standards for each sig-
nal [16, 37, 178]. The path losses introduced by 1 m air transmission for
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Figure 5.22: Electrical spectra (RBW = 1 MHz) at: (a) received signals after SMF link
at point (2) of Fig. 5.19; (b) signals inserted to VCSEL at point (3).
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Figure 5.23: Electrical spectra (RBW = 1 MHz) at transmitting antenna site at point (4)
of Fig. 5.19 for (a) LTE, and (b) WiMAX and UWB.

LTE, WiMax and UWB are 29.34 dB, 43.32 dB and 44.39 dB, respectively.
Therefore, high gain amplifiers (35 dB gain amplifier at the LTE receiver
and 40 dB gain amplifier at the WiMAX/UWB receiver) are employed at
the receiving antenna sites in order to compensate the power loss before
the signal evaluation. Fig. 5.25(b)-(d) show the constellation diagram of
each signal at point (5).

In order to compare the signal performances in coexistence with each
other and in single transmission case, Fig. 5.26 shows the EVM values
of each signal with and without the existence of the other two signals at
the different transmission points. As proof of concept test, a HD 1080i
(1920×1080 pixels) video encapsulated in UWB frames was transmitted in
the presence of the LTE and WIMAX signals. Fig. 5.26(d) shows the packet
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Figure 5.24: Electrical spectra (RBW = 1 MHz) at receiving antenna site at point (5) of
Fig. 5.19 for (a) LTE, and (b) WiMAX and UWB.

loss measurements at various locations indicating a maximum packet loss
of only 0.03%.

To summarize, an end-to-end simultaneous transmission of multi-standard
radio signals from the central station to the end-user personal area network
employing heterogeneous optical media is demonstrated. The radio signals
include OFDM based LTE, WiMAX and UWB signals over 25 km SSMF,
25 m large-core POF and 1 m wireless link. HD 1080i video transmission
with minimal packet loss was demonstrated using the system. With off-the-
shelf and low-cost opto-electronic and RF components, high performance
transmission of the radio signals to the end user wireless terminal has been
achieved.

5.5 Summary

In this chapter, a single fibre infrastructure for in-home networks has been
presented, which is able to deliver more than one signal format. The large
core 1 mm core size POF, as a common platform for multiple signal distribu-
tion, is demonstrated to support converged high capacity baseband (DMT)
and UWB, DVB-T and UWB, and multi-standard wireless (LTE, WiMax
and UWB) transmission. A brief introduction about the DMT format and
a fractional QAM scheme is discussed in Section 5.1.2. By employing the
3×2N -QAM (6, 12, 24, 48, ...) modulation, an improved spectral efficiency
compared to that of the convectional DMT is obtained. This technique
enables to further increase the capacity of the wired signal transmission
over POF within a limited available bandwidth. Simultaneous transmis-
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sion over 50 m GI-POF of DMT and UWB signals has been investigated
in Section 5.2. An experimental study on the impact of the non-linearity
of the laser diode was performed to determine the optimum signal power
values for the transmission. By exploring the system bandwidth to two
separate parts for each signal service, 3 Gb/s bit rate for baseband signals
with BER < 10−3 before FEC and a MB-OFDM UWB signals with EVM
less than 15% at the receiving antenna have been achieved.

Compared to the approach which divides the available bandwidth to sub
frequency bands for individual signals, the bit-loading algorithm enables
the baseband DMT covering the full system bandwidth while other signals
coexist using frequency reuse. An adaptive bit allocation for DMT signal
can be realized while optimized the DMT signal performance when a non-
ignorable interference is introduced. This idea was validated by the study of
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Figure 5.26: EVM in coexistence and single transmission scenarios: (a) LTE, (b)
WiMAX, (c) UWB. (d) HD 1080i video transmission packet loss.

converged DMT and DVB-T signal transmission over POF in Section 5.3.
Two transmission schemes with and without frequency reuse are compared
and evaluated. 3 Gb/s DMT transmission is demonstrated in coexistence
with two DVB-T channels exhibiting a MER >23 dB regulated limit. The
performance stays the same within the 470∼862 MHz digital TV band in
Europe independent of the spectral allocation of the DVB-T channels.

In Section 5.4, an end-to-end simultaneous transmission of multi-standard
radio signals from the central station to the end-user personal area network
employing heterogeneous optical media is demonstrated. The radio signals
include OFDM based LTE, WiMAX and UWB signals over SSMF, large
core POF and wireless link. HD 1080i video transmission with minimal
packet loss was demonstrated using the system. This work proved the idea
that large-core POFs used as the universal optical backbone for in-home
networks can be connected with the SMF based access networks and the
last meter of wireless link providing multi-format services.



Chapter 6

Point-to-multipoint POF
Networks

As discussed in Section 2.1 in Chapter 2, a conventional POF network is
based on a P2P configuration, as shown in Fig. 2.3(a), which means indi-
vidual cables run from the residential gateway to each room. This topol-
ogy allows easy upgrading and maintenance per room. However, the main
drawback of this topology is a big amount of cables and optical transceivers
with associated installation issues, in particular in a larger building. Al-
though P2MP network approaches can reduce the number of cables, they
are typically based on active splitting nodes in which OEO conversion is
done. They require multiple access control techniques to give each room a
fair part of the shared cables’ capacity. Moreover, a big amount of optical
transceivers is still required. Because of the OEO conversion and MAC
issues, these approaches are not transparent for every signal format and
result in an opaque network.

An all-optical P2MP POF topology by employing passive POF splitters
was proposed in [179]. A novel POF-PON architecture is introduced here
to cover larger areas with an advanced network concept. In such POF-PON
networks, the passive splitting nodes can largely reduce the number of re-
quired POF cabels. Multiple-services can be simultaneously distributed to
each end user with all available system capacity without MAC issues (ev-
ery user terminal can be given its own optical channel). For these passive
P2MP networks, both bus and star/tree topologies could be considered.
A general economic consideration regarding the installation cost for basic
opaque P2MP topologies has been discussed in Chapter 2. A bus topology
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may be preferred rather than a tree topology because of lower installation
cost if the same type of POF splitters are employed for both configurations.
However, from the technical point of view, asymmetric POF splitters are
recommended for the bus topology in order to offer a similar link budget to
each end user and at the meantime, optimize the achievable transmission
distance. Due to the complex mode attenuation and coupling occurring in
POFs, the required control of the splitting ratio is difficult to achieve in
the fabrication process, especially for asymmetric POF splitters. Hence, the
system complexity and the cost will largely increase by employing asym-
metric POF splitters. In comparison, for the tree topology, with simple
symmetric POF splitters the whole POF network is relatively easier to
configure and control. This consideration is confirmed by the characteriza-
tion of POF splitters and the experimental results reported in the following
sections.

In this chapter1, both bus and tree topologies are discussed employing
passive POF splitters, as shown in Section 6.1. The capability of P2MP
POF networks carrying high capacity baseband, radio and converged ser-
vices is studied in Sections 6.2, 6.3 and 6.4. Employing radio-over-POF
technologies, a bi-directional UWB distribution over large-core POF-PON
is presented in Section 6.5. In Section 6.6, a multi-service transmission
trial over a bidirectional P2MP topology utilizing ITU-T G.hn standard
is demonstrated in an optical network comprising 20 km SMF for access
networks and 50 m SI-POF for in-home networks .

6.1 Characterization of POF splitters

6.1.1 Excess loss and crosstalk

In this study, Diemount symmetric 1× 2 POF splitters [184] are employed
to realize the P2MP topologies. As shown in Fig. 6.1, this SI-POF-based
Y-branch splitter was fabricated by polishing techniques which have been
widely employed for the production of low cost passive POF devices. Nor-
mally, the excess loss of POF splitters is higher than single mode fibre
splitters and the splitting ratio can be vary between samples due to the
fabrication issues and the large core size of POFs. Table 6.1 and 6.2 show
the main characteristics of the samples used in this chapter. The excess
losses of the splitters are around 2.38-3.06 dB, which are slightly higher

1This chapter is based on the results published in [179–183].
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Figure 6.1: POF splitter scheme.

than the values reported in the data sheet [185]. The extra loss was due
to the connection between the fibre and the splitter. The splitting ratio of
the two beams is close to 50:50. The crosstalk between the two branches
is ignorable, which can be observed from the values of the received reflec-
tion power (∼ −40 dB) in Table 6.2. The low crosstalk indicates that low
interference between multiple users and the potential bi-directional config-
uration can be possible.

Table 6.1: Excess loss of POF splitters

Sample

Input
(dBm)

Output
(dBm)

Output
(dBm)

Excess loss
(dB)

Port3 Port2 Port2

A -4 -9.95 -10.2 3.06

B - 4.04 -9.02 -9.80 2.38

6.1.2 POF splitter based bus and tree topologies

By employing the 1 × 2 POF splitters, which have been discussed above,
the bus and tree topologies are configured in POF transmission systems,
as illustrated in Fig. 6.2. For the bus topology, three drop points with
different transmission lengths imply reaching rooms at different distances.
In comparison, with the same riser fibre (POF1 tree) and distribution fi-
bre (POF2 tree), the four outputs of the tree topologies are approximately
equal. Different locations on the same floor can be connected by different
lengths of the distribution fibre. Various lengths of riser fibres (POF1 bus
and POF1 tree) in both two topologies can be configured in order to meet
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Table 6.2: Directivity of POF splitters

Sample

Input
(dBm)

Output
(dBm)

Output
(dBm)

Input
(dBm)

Output
(dBm)

Output
(dBm)

Port1 Port3 Port2 Port2 Port3 Port1

A -4.05 -9.8 -41.0 -4.05 -10.2 -41.0

B - 4 -9.35 -41.0 -4 -10.4 -41

the requirement for different floors. Since 50:50 splitters are employed for
the bus topology, a difference in the received power can be observed at its
drop points (A)-(C). Indeed, the bus topology exhibits a higher dynamic
range (DR) in the out put powers than the tree topology system,
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Figure 6.2: POF splitters based bus (a) and tree (b) P2MP large core POF systems.

DR bus = 10 log10(
P rmax bus

P rmin bus

)

= 10(N − 1) log10 2

' 3(N − 1)

(6.1)
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DR tree = 10 log10(
P rmax tree

P rmin tree

) = 0 (6.2)

(If POF splitters are exactly equally splitting and fibre lengths are equal.)

where P rmax bus and P rmax tree indicate the maximum received average
power, and P rmin bus and P rmin tree indicate the minimum received aver-
age power for bus and tree topologies respectively. N is the number of
splitting nodes. The main issue with the bus topology is different received
optical power level at each output when the signal is passing through the
splitting nodes, and therefore the rooms located far from the RG may have
a power budget problem. In comparison, the splitting of the tree topology
is concentrated in a single location; thus it is simple to detect a network
problem and all end users on the same floor have the same power budget
which means that they all receive roughly the same optical signal qual-
ity. These considerations were confirmed experimentally in [180] by the
signal evaluations for end users at different locations with various system
configurations.

6.2 Gigabit wired broadcasting

High capacity baseband transmission over a P2P POF system has been
extensively discussed. The main challenges for such transmission systems
are the selection of suitable advanced modulation formats to overcome the
bandwidth limitation problem and low-cost optical transceivers in order to
keep the system as cheap as possible. However, a trade-off between the high
data rates and the system costs has to be always considered. This is also
the case for P2MP POF systems. Compared to a conventional P2P POF
link, the biggest challenge for passive P2MP POF (POF-PON) networks is
the optical power budget due to the large link losses (POF and splitters).
An increased number of splitting nodes leads to increased power loss thus
resulting a shorter transmission link.

To keep the target of low-cost, in this section, an eye-safe VCSEL [115]
is employed as the optical source (characterized in Section 4.3.1). Due
to the low optical input power, the transmission distance is limited while
keeping Gigabit data rates. The DMT modulation format employing the
bit-loading algorithm is used to optimize the capacity of the system. The



126 Point-to-multipoint POF Networks

experimental setup is depicted in Fig. 6.3. The DMT signal is generated
by an AWG at a sampling rate of 3 GSa/s and evaluated by a DPO at
a sampling rate of 50 GSa/s following the same approach as shown in
the previous chapter. The optical transmission link comprises two 1×2
passive POF splitters in cascade, which split the signal into four ports.
Using 1 mm core diameter GI-POF as the transmission medium, the riser
fibre (POF1) and distribution fibre (POF2) are configured as the optical
connections between the RG to each floor in a house and from the splitting
node per floor to an individual room, respectively. The launching condition
of the laser into the riser POF is such that modes are excited providing an
even and stable power distribution at the output of the ports of the POF
splitter. Therefore, 1×2 POF splitters used here can be considered as a
50/50 splitter with 5 dB insertion loss, so with 2 dB extra loss. Due to
the large total splitting loss of the complete 1 × 4 POF splitter, a total
transmission length of only 35 m could be demonstrated. An APD receiver
with an active diameter of 230 µm without post amplification is employed
for the photo detection. A lens is used to match the numerical aperture of
the fibre to the photo receiver.
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VCSEL
667nm
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ADCDAC
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Arbitary Waveform
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Tektronix
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Real-Time
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Tektronix
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POF1 POF2

1x4 Splitter

Tree Topology

Riser Fibre Distribution Fibre

Figure 6.3: Experimental Setup.

The system performance is shown in terms of the bit allocation and
power allocation in Fig. 6.4(a)(upper) and (lower) respectively for the link
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including the riser POF (POF1=10 m) followed by the splitter and the dis-
tribution POF (POF2=10 m). In this case, 256 sub-carriers are used for the
DMT signal. The maximum bit allocation value is 2 bits per carrier. The
small number of allocated bits in the low frequency region is attributed to
the AC-coupled receiver employed. For the higher frequency region, notice
that in Fig. 6.4(a)(upper) the bit allocation is low either 0 or 1 due to the
system bandwidth. The bit allocation results in a discrete mapping of the
SNR to the sub-carrier index and frequency, as shown in Fig. 6.4(b)(lower).

0 50 100 150 200 250

0

2

4

Subcarrier number

B
it

 a
ll

o
ca

ti
o

n

0 0.5 1 1.51.250.25 0.75
-2

0

2

4

Frequency (GHz)

P
o

w
er

 a
ll

o
ca

ti
o

n
(d

B
)

(a)

0 50 100 150 200 250

-4

-3

-2

-1

Subcarrier number

lo
g 1

0(
B

E
R

)

0 0.25 0.5 0.75 1 1.25 1.5
4

6

8

10

12

14

Frequency (GHz)
S

N
R

 (
d

B
)

(b)

Figure 6.4: Performance for the total length (POF1+splitter+POF2) of 20 m: (a) bit
allocation map (upper) and power allocation (down); (b) BER (upper) and received
SNR (lower).

Fig. 6.4b(upper) illustrates the received BER as a function of sub-carrier
index, for the system with a total length of 20 m. The averaged BER value
in this measurement is 2 × 10−4. In the DMT transmission, the signal is
not demodulated per subcarrier but as an entire frame. This provides the
benefit that even if some subcarriers have BER values larger than 10−3, the
signal quality is still good enough to achieve a total average BER of below
10−3, which meets the FEC limit for error-free operation. The demodulated
signal constellation diagrams are shown for two sub-carrier index groups in
Fig. 6.5. As shown in Fig. 6.4(a)(upper), 2 bits are mainly allocated for
the 30th to 239th sub-carrier, corresponding to the 4-QAM constellation,
while only 1 bit, i.e. BPSK, is used below the 30th and above the 240th

sub-carrier.

The measured maximum bit rates for different system designs are pre-
sented, with the total length varying from 20 to 35 meters, and with dif-
ferent POF1 and POF2 length combinations, in Fig. 6.6 and Table 6.3.
The maximum achieved bit rate remains larger than 1 Gbit/s for up to
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(a) (b)

Figure 6.5: Constellation diagrams of the demodulated signals; (a) 4-QAM for 51th to
60th and (b) BPSK for 231th to 240th subcarriers.

30 m total POF length. For a total length below 20 m, the bit rate is
at 2.5 Gbit/s, while for lengths longer than 35 m, 1 Gigabit capacity can
hardly be researched due to the large loss of the system (mainly attributed
to the 10 dB loss across the 1×4 splitter) and the losses of the POF of
0.3 dB/m at 667 nm wavelength.
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Figure 6.6: The maximum bit rate for different system designs with the total length
varying from 20, 25, 30 and 35 meters.

Table 6.3 summarizes the combination of lengths for the riser and dis-
tribution POF distances before and after the splitter. The system has been
designed in a symmetric way so that it conforms to the requirements for
in-home networks. In Table 6.3, the resulting BER for each length is also
measured and shown to be below the FEC limit, so that sufficient BER
margin is achieved.
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Table 6.3: Data rate with different POF1 and POF2 length combinations

POF1 POF2 Total Data Rate (Gb/s) BER

10 10 20 2.5 2e-4

15 10 25 1.9 1.7e-4

15 15 30 1.2 6.9e-4

20 15 35 0.89 4e-4

6.3 Ultra wideband wireless signals broadcasting

The study on Gigabit/s wired connectivity over a P2MP POF configuration
reported in Section 6.2 is only based on a tree topology and the transmis-
sion distance is limited (<50 m). In order to further explore the potential
of P2MP POF networks with different topologies and study the transport
of broadband analog signals over such infrastructures, a UWB signal distri-
bution over POF based on bus and tree topologies is studied in this section.
A high power laser is employed here, which can be compared regarding per-
formance with the VCSEL used in the previous section. In this study, the
UWB signal running at its maximum data rate is successfully distributed
to multiple-terminals (1×4) up to 55 m transmission. The achievements
show that an advanced network concept, POF-PON, support a small radio
cell topology together with DAS systems for future in-home networks.

Based on the bus and tree topologies shown in Fig. 6.2, an edge-emitting
laser (U-LD-651041A) with λ=650 nm is employed as the Tx [186] and the
same silicon APD [129] as in the previous section is used in the Rx. The
UWB signal is generated, frequency converted (IF at 0.69 GHz) and evalu-
ated similarly as in the Section 5.2. Different lengths of 1 mm core diameter
GI-POFs are configured for various transmission cases. The experimental
setup is illustrated in Fig. 6.7. Both bus and tree topologies configured
with different POF lengths have been studied, as shown in Table 6.4(a).
The lengths of the riser and distribution fibres in both systems are varied
in order to assess the suitability for in-home networks. The power budget
measurements for the longest transmission case (55 m) are summarized in
Table 6.4(b). After 55 m POF transmission, the received optical power at
the drop point (C) of the bus system and at the drop points (A)-(D) of
the tree system are -18 and -17 dBm, respectively. For the bus topology,
a difference in the received power is observed at its drop points (A)-(C)
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Figure 6.7: UWB broadcasting over Ø 1 mm core PMMA GI-POF: (a) bus topology
based setup; (b) tree topology based setup.

and exhibits a DR larger than the tree topology system, according to the
Eq. 6.1-6.2.

To evaluate the quality of the received UWB signals, the EVM perfor-
mance has been studied and is presented in Fig. 6.8. For a bus topology
based configuration, note that the EVM values increase with the transmis-
sion distance from configurations Conf1 to Conf3 (see Table 6.4), which are
configured with the different lengths of the riser fibre, and from the drop
point (A) to (C) which are configured with different distribution lengths in
the bus system, shown in Fig. 6.8(a). In the maximum reach case in Conf3,
an EVM of 15.8% at the drop point (C) can be achieved. In comparison,
corresponding to the configuration of a tree based system in Table 6.4,
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Table 6.4: Bus and Tree topologies based systems with received power
(a) Bus and tree topology based systems with different POF lengths

Bus Tree

Riser (m) Total at Total at Total at Riser (m) Distribution (m) Drop (A-D)

POF1 bus drop (A) drop (B) drop (C) POF1 tree POF2 tree Max total (m)

Conf1 20 25 35 45 15 5/ 10 20/25

Conf2 25 30 40 50 20 5/10 25/30

Conf3 35 40 50 55 25 10/ 20 35/45

35 10/20 45/55

(b) Bus and tree topologies based systems with received
power

Bus Tree

Drop point Received power Drop point Received power

(dBm) (dBm)

A -9.3 A -16.9

B -16 B -17.2

C -18 C -16.9

D -17

Fig. 6.8(b) shows the EVM performance with the total transmission dis-
tance at the drop point (D) and the EVM value at each point (A)-(D)
for the longest 55 m transmission case in the tree system. Note that for
the same transmission length, the EVM performances in the bus and tree
systems are comparable. The difference between the signal quality at (A),
(B) and (C) for the bus system is largely due to the received optical power.
On the other hand, the performances at four output points in the tree sys-
tem are similar. UWB signals at the data rate of 480 Mb/s simultaneously
have been distributed to multiple terminal nodes. Furthermore, the elec-
trical spectra and the constellation diagrams at the longest reach distance
case (55 m) are shown in Fig. 6.9(a) and (b), Fig. 6.10(a) and (b) for the
bus and tree systems respectively. The constellation diagrams of the signals
exhibit clearly separated constellation points.

From the experimental results shown above, it can be observed that
both bus and tree topologies can be employed for large core POF based
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Figure 6.8: Transmission performance of (a) bus topology and (b) tree topology.
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Figure 6.9: Electrical spectra after signals transmission 55 m (RBW = 1 MHz): (a) bus
topology and (b) tree topology.

P2MP networks. From the transmission point of view, a UWB radio signal
transmission with good quality can be achieved in both cases. However,
a significant difference can be found at different drop points in the bus
system due to the splitting ratio of the POF splitter, which might be further
improved by using novel asymmetric splitters. However, an issue is the
precise splitting ratio control at each node and the increased system cost
and complexity. On the other hand, 50:50 splitters are preferred for the
tree system in order to achieve a comparable transmission performance at
different end user sites when the fibre links are similar. Other split ratios
might be slightly better when the fibre links after the tree splitter have
different lengths.
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(a) bus (b) tree

Figure 6.10: Constellation diagrams after transmission over 55 m: (a) bus topology and
(b) tree topology.

6.4 Converged services broadcasting

A single service, such as Gigabit wired connectivity as well as ultra wide-
band wireless, broadcasting over a P2MP POF topology is discussed as
aforementioned. Since the POF backbone used as a common infrastructure
could simplify the network design and reduce the system cost, a converged
wired and wireless distribution over a P2MP POF platform is worth to
investigate. In Chapter 4 and 5, P2P POF systems with a target of 50 m
transmission distance are shown as a robust end-to-end solution for both
wired and wireless services. In this section, the capability of large-core
POF together with passive POF splitters constructing a 1×4 POF-PON
for simultaneous signal distribution is discussed.

The way of the signal generation and modulation is similar in Section 5.2
of Chapter 5. A baseband DMT signal and WiMedia-compliant RF UWB
are generated by an AWG with two channel outputs. Moreover, a bit
loading algorithm with a novel 3× 2N constellation scheme is employed for
the baseband DMT modulation format to achieve maximum date rates and
a local oscillator is used for the spectrum shifting of the UWB signal. The
available system bandwidth is split into two separate spectra for DMT (DC
to f1) and IF UWB (f1 to f2). The same type of optical transceiver (an
edge-emitting laser and a silicon APD) and POF (1 mm core diameter
PMMA GI-POF) are employed for the optical link as in Section 6.3. A
tree topology is constructed to demonstrate a typical P2MP POF system
with cascaded 1 × 2 POF splitters. The DMT and UWB performances
are evaluated separately using a DPO. In the case of the DMT format,
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the demodulation is performed off-line in MATLAB. The UWB signal is
converted to its RF frequency band before demodulation. The experimental
setup is illustrated in Fig. 6.11.
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Figure 6.11: Experimental setup of converged service distribution over a P2MP Ø 1 mm
core PMMA GI-POF infrastructure.

The proposed system is based on a simple IM-DD optical link, of which
the frequency response is shown in Fig. 6.12(a). In order to utilize all the
available system bandwidth of 1.3 GHz, DMT and IF UWB signals are
located from DC to 750 MHz and from 0.786 GHz to 1.314 GHz, respec-
tively. The electrical spectrum of the combined DMT and UWB signals at
the transmitter side (point (1) at Fig. 6.11) is shown as Fig. 6.12(b), where
the DMT was the original signal without performing bit and power-loading
with an equal modulation format for all subcarrers. The spectral alloca-
tions of the DMT (left) and the IF UWB (right) signals are considered to
make full usage of the system bandwidth. The output signal measured at
(2) in Fig. 6.11 is shaped by the bit and power loading algorithm as shown
in Fig. 6.12(c). Due to the channel response, the DMT signal experienced
a low-pass filtering until 750 MHz because of the employed low pass filters,
which were used for isolating the two signal. The decrease in power for the
DMT signal at 0.4-0.7 GHz is due to the profile of the employed low-pass



6.4 Converged services broadcasting 135

filter and the bit/power loading process (as less power and bits are allocated
around the guard band frequencies).
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Figure 6.12: Spectral responses of (a) the POF link, (b) the input signal at (1) in
Fig. 6.11 (RBW = 1 MHz), and (c) the output signal at (2) in Fig. 6.11 after being
shaped by the bit and power loading (RBW = 1 MHz).

System performance First, the impact of the down/up-conversion pro-
cess on the UWB wireless performance was studied. Electrical back-to-back
measurements (without POF) of the UWB signal from the transmitter to
the receiver at 3.96 GHz yield an EVM of 3.6%. In the optical back-to-
back case, down and up-conversion from 3.96 GHz to 1.05 GHz and back
to 3.96 GHz, results in an EVM of 5.9% (a penalty of 2.3%), which can
be used as a reference for the optical transmission. Fig. 6.13 summarizes
the performance of DMT and UWB signals with different transmission dis-
tances. The configurations of the riser and distribution fibres are shown
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in the Table 6.5. Note that the transmission rates of DMT and the EVM
of UWB degraded with the increased link length, which is mainly due to
the mode attenuation of the links of POF and the link losses caused by
the POF couplers and POFs. After total 50 m transmission, the received
optical power is around -14.5 dBm. Longer reach distance could be possible
when the fibre-coupler connection is improved and the excess loss reduction
of POF couplers is reduced.
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Figure 6.13: DMT and UWB performance with varied transmission distances of the POF
link.

Table 6.5: Transmission cases

Riser (m) Distribution (m) Total length (m)

10 10 20

20 10 30

20 20 40

30 20 50

30 25 55

Focusing on the 50 m transmission case, the parameters of the DMT
signal were set as in Table 6.6. The characteristics of the waveform are:
256 subcarriers with a spacing of 3.125 MHz, within the bandwidth of
0.75 GHz. The cyclic prefix length of 8 and 2 preambles every 200 DMT
frames were set after an experimental optimization process. Although a
high sampling rate could be avoided in practice, for off-line processing, the
high oversampling rate at AD site is chosen in order to retrieve the clock
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recovery information and reduce the quantization noise with an enhanced
bit-resolution.

Table 6.6: DMT signal performance for 50 m transmission case

Number of subcarriers 256

Cyclic prefix length 8

Schmidl blocks 2 every 200 DMT frames

Digital clipping Clipping factor µ = 8 dB

Transmitter sampling rate 1.5 GSa/s

Receiver sampling rate 50 GSa/s
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Figure 6.14: DMT and UWB performance in coexistence and single transmission scenar-
ios: (a) DMT and (b) UWB.

In order to compare the signal performance in coexistence with each
other and in the single transmission case, Fig. 6.14 shows the achieved
data rates of the DMT and the EVM values of the UWB as a function of
input power with and without the existence of the other signal. Here, the
input power is referred as the power of the DMT, or UWB signal, before
modulating the laser diode. In Fig. 6.14(a) the UWB power is fixed to -
1 dBm and the DMT power varies between -5 and +2 dBm. The maximum
data rate achievable is optimized with BER below 10−3. Note that without
the coexistence of UWB, the maximum data rate of DMT transmission
keeps increasing with the input power. A 2.8 Gb/s DMT transmission can
be achieved when the input power is 2 dBm. In contrast, with the UWB
present, the maximum data rate of the DMT saturates around the input
power of 0 dBm and then the trend goes down. With the DMT power fixed
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to 0 dBm, the UWB performance is illustrated in Fig. 6.14(b). The UWB
signal shows an EVM penalty of 3-4.2% when DMT present compared to
the single UWB transmission. Similar trends of the EVM performance in
both cases are shown: the EVM gets better with an increase of the input
UWB power and then degrades when saturated (0 dBm for UWB alone
case; 2 dBm for coexistence case). The performance degradation noticed
when a high input power is applied is attributed to the large electrical input
power which drives the laser diode towards the non-linear regime. Using
Fig. 6.14, the optimum electrical input power for DMT was set to be 0 dBm
and UWB -1 dBm.
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Figure 6.15: DMT performance over 50 m P2MP POF transmission with the coexistence
of the UWB signal: (a) DMT bit allocation map (upper) and power allocation (down); (b)
received SNR (upper) and BER (down) as a function of sub-carrier number and frequency.

Considering the case of the fractional DMT (3×2N constellation) trans-
mission over 50 m POF with coexistence of the UWB signal, the bit allo-
cation and power allocation determined by the bit and power-loading algo-
rithm are shown in Fig. 6.15(a) (upper) and (lower), respectively. In this
case, 256 sub-carriers are used for the DMT signal. The maximum bit allo-
cation value is 4.5 bits per carrier and a fractional number N+1.5 of bits per
symbol is supported, which means 6-QAM, 12-QAM and 24-QAM are also
employed to achieve a finer granularity in the bit allocation. The half bit
allocation could reduce the SNR granularity requirements, which determine
the supported order of the mapping scheme (M-QAM). The bit allocations
resulted in a discrete mapping of the SNR to the sub-carriers index and
frequency which is shown in Fig. 6.15 (b) (upper). Fig. 6.15 (b) (down) il-
lustrates the received BER as a function of sub-carrier index. Note that the
BER at the subcarriers at lower and higher frequencies are very high. The
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large BER at lower frequencies is caused by the low frequency cut off of the
electrical components while the degradation of the SNR causes the BER to
worsen at higher frequencies. Note that for a number of sub-carriers, no
BER values are presented in Fig. 9(down) due to the corresponding BER
values being below 1 × 10−5 (or error-free). In contrast, few individual
subcarrier BER values are higher than 1 × 10−3 especially at higher fre-
quencies. In the DMT transmission scheme, the signal is not demodulated
on a per subcarrier basis but as an entire frame. This provides the bene-
fit that although some subcarriers have a BER above 1 × 10−3, the signal
quality is still good enough to achieve a total average BER of 6× 10−4 as
shown in this case. When employing enhanced FEC coding with an over-
head of 6.7% [169], the BER decreases to below 10−12 and after deduction
of all overheads, the net data rate is 2 Gb/s, corresponding to a spectral
efficiency of 2.67 bit/s/Hz. Two examples of demodulated signal constella-
tion diagrams are shown for two sub-carrier index groups in Fig. 6.16. As
shown in Fig. 6.16 (a), 3.5 bits are mainly allocated for the 121th to 130th

sub-carrier, corresponding to the 12-QAM (3× 22) constellation, while 2.5
bits corresponding to 6-QAM (3 × 2), are used for the 190th to 210th sub-
carrier. Fig. 6.17 (a) shows the spectrogram of the received UWB frames.

(a) 12-QAM (b) 6-QAM

Figure 6.16: Constellation diagrams of the demodulated DMT signals; (a) 12-QAM for
121th to 130th and (b) 6-QAM for 190th to 210th subcarriers.

It is shown that one sub-band centered at 3.96 GHz is transmitted over the
measuring time period. A 5 GHz low-pass filter was used to filter higher
frequencies. The constellation of the received signal after 50 m P2MP con-
figuration is illustrated in Fig. 6.17 (b) with clearly separated constellation
points. In Fig. 6.17 (c), the EVM of the received signal is shown as a
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function of the index of the sub-carrier, varying from 6% to 18%. As one
of the advantages of MB-OFDM format, although some of the sub-carriers
experience a bad transmission performance, the overall performance of the
transmission system is still good enough to achieve low EVM values.
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Figure 6.17: UWB performance over 50 m P2MP POF transmission with coexistence of
the DMT signal: received UWB spectrum (a), constellation diagram (b) and EVM as a
function of subcarriers (c).

In this section, the feasibility for converged multi-Gigabit/s baseband
and high capacity radio transmission over a P2MP POF infrastructure has
been validated. The POF infrastructure is envisaged for simultaneously
transmission of converged wired and wireless services, thereby showing that
the usage of large-core POF is not limited to P2P networks and single ser-
vice distribution. The main parameters of the DMT-based baseband signal
have been optimized while keeping the 480 Mb/s 528 MHz UWB signal
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in line with the standard requirements. Only downstream performance is
discussed here without considering the influence of upstream and crosstalk
introduced by adjacent channels when multi-channels/multi-users are re-
quiring bi-direction services. These concerns are addressed in Section 6.5.

6.5 Bi-directional POF-PON

By employing radio-over-POF technologies, the capability of POF to dis-
tribute UWB radio service based on P2P and P2MP topologies has been
discussed in Chapter 4 and Section 6.3 of this Chapter respectively. To
further justify the POF-PON networks, in this section, a bi-directional
UWB transmission system is studied considering both optical and wireless
channel performance. The impact of crosstalk between adjacent channels is
addressed in order to evaluate the robustness of the architecture. Similarly,
an OFDM UWB signal using DCM modulation format is used as the radio
service. Various transmission distances regarding both optical and wireless
channels are discussed.

6.5.1 Experimental scheme

Mainly focusing on wireless signal distribution for in-home networks, the
proposed POF-PON network is illustrated in Fig. 6.18. As aforementioned,
a large residential house or an apartment as the application case is consid-
ered where a tree topology is used for providing the P2MP configuration.
The RG plays a role as a central site, where all services coming from the
access, wireless and in-home networks are processed. Then these services
are distributed to the different rooms through a POF-PON based optical
backbone. A passive POF splitter based node is allocated per floor, from
where individual cables run to each room. A wireless connection is enabled
through a wireless access point in each room, where a simple antenna is
used to radiate the wireless services. Mobile units can be flexibly con-
nected to the in-home network for downloading and uploading of contents
via antennas, shown in the inset of Fig. 6.18(a). Based on such network
configuration, an experimental setup is built as shown in Fig. 6.18(b). For
the downstream link, the same UWB Tx/Rx components and the optical
transceiver are chosen as in Section 6.3. A 528 MHz OFDM UWB signal
with a center frequency of 3.96 GHz running at 480 Mb/s is generated
using an AWG and a DPO is used for received signal evaluation. The IF
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Figure 6.18: In-home radio distribution based on POF-PON network architecture (a);
experimental demonstration setup (b).

UWB centered at 0.9 GHz is within the available system bandwidth. The
optical transmission scheme follows the basic block scheme as Fig. 4.1. The
E-O conversion at the optical Tx can be treated as a part of the RG. A



6.5 Bi-directional POF-PON 143

tree topology is configured with the riser POF (POF1), the splitting nodes
and the distribution POF (POF2) by employing 1 mm core diameter GI-
POF. At the individual room sites, the detected UWB signal is frequency
up-converted before being radiated over the air. The onward UWB sig-
nal is transmitted using an omnidirectional patch antenna (Wisair) over a
wireless channel of 2-4 meters. An additional omnidirectional antenna with
an external 40 dB gain amplifier (AMF-3F-03000350-04-13P) is configured
at the mobile unit to receive UWB signals. Due to the unavailability of
additional ports on the DPO, both downstream and upstream links are
transmitted simultaneously but evaluated separately. For the upstream
transmission, the UWB signal is transmitted through the wireless chan-
nel first and modulates the same type of laser diode before launching into
the optical link. After transmission over the distribution fibre, the splitting
node and then the riser fibre, which are configured the same as in the down-
stream link, the optical signal reaches the configured residential gateway
for signal detection and evaluation. In this experiment, the bi-directional
transmission is conducted by using separate POF links and the POF split-
ters are used for supporting unidirectional multiple users. The influence
of an adjacent channel is evaluated by adding another distribution POF
link carrying UWB modulated optical power to the other port of the same
POF splitter. Hence, the effect of the neighboring channel can be detected
at the RG. The wireless channel performance is evaluated in an anechoic
chamber in order to check the system margin. The emitted power of the
UWB signal in all configurations is strictly controlled before being radiated
over the air.

6.5.2 Results discussion

The frequency coverage of the omni-directional antennas used in this ex-
periment is between 3 and 4.5 GHz with a maximum peak gain of 0 dBi.
Its frequency response is characterized in Fig. 4.5(b). Based on the trans-
mission scenarios in the down- and up-link as summarized in Table 6.7, the
system performance in terms of EVM in both directions is illustrated in
Fig. 6.19(a) and (b) including the 1×4 POF-PON based optical transmis-
sion and the wireless transmission.

It can be observed that the EVM performance of the UWB signal de-
grades with the increase in link length, varying from 11.5% to 16.5%. The
optical power penalty is mainly due to the coupling of POFs and the link
losses caused by the POF splitters and POF links. The extremely low
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Table 6.7: Various transmission scenarios

POF1 (m) POF2 (m) Optical total (m) Wireless (m)

25 5 30 2, 3, 4

25 10 35 2, 3, 4

35 10 45 2, 3, 4

35 15 50 2, 3, 4

30 35 40 45 50
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Figure 6.19: UWB transmission performance over POF based optical channel and wireless
channel: (a) downstream; (b) upstream.

wireless emitted power of the UWB signal and the high loss of the wire-
less channel limit the UWB wireless transmission distance to a few meters.
Even in the worst case of a total of 50 m POF (35 m +15 m) transmission
and 4 m wireless channels, the EVM values of 16.0% and 16.5% are achieved
for both down-and uplink channel transmission, respectively. The electrical
spectra and the constellation diagrams of the received UWB signal in these
two systems are illustrated in Fig. 6.20 and Fig. 6.21 respectively. Signif-
icant signal degradation in the higher frequency region is mainly caused
by the cut-off frequency of the electrical amplifier and the antenna at the
receiving site.

The crosstalk between multiple users is evaluated by adding another
upstream channel with a wireless link of 4 m, distribution POF of 20 m
and sharing the same riser POF of 35 m. The same optical input power
of 7 dBm is launched into the added channel. The two adjacent channels
are connected to the two ports of the same 1×2 POF splitter in order to
check the impact of interference. By varying the bias current of the laser,
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Figure 6.20: Electrical spectra for downstream transmission (RBW = 1 MHz): (a) 50 m
POF, (b) 50 m POF+4 m air; upstream transmission: (c) 4 m air, (d) 4 m+50 m POF.
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Figure 6.21: Constellation diagrams of downstream (a) and upstream (b) at different
evaluation points.

the output optical power after 20 m POF transmission of the added chan-
nel ranges from -7.25 to 1.48 dBm. Note that the inserted power at the
splitting node can be treated as the interfere for the reference channel. As
the results show in Fig. 6.22, a maximum of 2.8 dB EVM penalty can be
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observed. This crosstalk problem can be solved by using different optical
sources (e.g. red, green and blue) together with optical filters [87]. In
addition, multiple access techniques already deployed in access networks,
such as time division multiplexing, could be employed. A full-duplex bidi-
rectional POF-PON system could be easily realized by using duplex POF
cable with a separate up- and down-link transmission or simplex POF cable
with POF splitters [187]. The latter case has to consider the extra loss and
the impact of crosstalk in both transmission directions between the two
arms of the splitter.
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Figure 6.22: Adjacent channel influence.

6.6 Field trial of G.hn over POF-PON

A recent survey amongst service providers showed that in-home networking
technologies must comply with the following requirements: multicast, up
to 4 HD video streams, co-existence with other network domains and in-
stalled technology base, green features, remote management, security, and
customer premises equipment (CPE) certification [188]. The ITU-T G.hn
group of standards fits all these requirements, and leading service providers
and silicon vendors are strongly pushing its market potential. G.hn sup-
ports coax, phone line and power line, and, recently, SI-POF was added in
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Annex F of [189]. Based on the advanced P2MP POF network rather than
a P2P simplex POF configuration, in this field trial work, G.hn standard
over large core POF for a P2MP and bidirectional transmission system is
shown2. The experimental setup comprises an end-to-end triple-play ser-
vice delivery scenario using all commercial products over a combined FTTH
and FITH network. Two different POF links are used at the FITH wide
area and local area network (WAN; LAN) interfaces, namely duplex SI-
POF P2P and simplex 1×2 SI-POF PON. The former employs technology
by Innodul and the latter uses prototypes of a G.hn silicon vendor.

G.hn standards over SI-POF To prove the G.hn over POF function-
ality, various POF modules are developed [190], as depicted in Fig. 6.23.
The optical Tx and Rx G.hn specifications are shown in Table 6.8. The
LED based Tx used for the optical signal generation complies with eye-safe
output power levels.

(a) Media converter (PON case); inset
POF splitter.

(b) Integrated module in FTTH + FITH
gateway.

Figure 6.23: OminiPOF implementation of POF FITH G.hn.

The physical medium dependent sub-layer of G.hn is based on OFDM.
The OFDM band plans are specified as well in [189]. A selection of pa-
rameters is shown in Table 6.9 for two profiles. It is important to note
that 200 MHz-SB provides an aggregated rate above 1 Gb/s, including a
FEC overhead. Each OFDM sub-carrier is modulated with M-ary QAM.
A G.hn network is organized into one or more domains that each consist
of several nodes. Each domain can be set to one of the following modes:

2This section was a joint experiment collaborated with Genexis and Teleconnect and
carried out in TU/e in August, 2012.
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Table 6.8: SI-POF G.hn optical
specifications

λcenter 640-660 nm

∆λmax 30 nm

PTx 0 dBm

PRx -20 dBm

λ: Wavelength, ∆λ: Spectral
width

Table 6.9: G.hn OFDM parameters

Name 100 MHz-SB 200 MHz-SB

Nsc 512 1024

Fsc(kHz) 195.3125 195.3125

B(MHz) 100 200

Nsc: Number of subcarriers, Fsc Subcarrier
spacing, B: Bandwidth

peer-to-peer, unified, and centralized. The latter is employed in the POF
PON: a so-called domain master is the single relay node that coordinates
all other nodes in the same domain.

6.6.1 Trial setup and results

The network configuration is shown in Fig. 6.24. The triple-play services
are in the cloud in Fig. 6.24(a). The VoIP service is sent via a virtual
LAN (VLAN) tagged following IEEE 802.1Q. The tag is removed at the
RG (model DRG-703). The internet and IP-TV data services are sharing an
untagged data path and IEEE 802.1p is used for the priority settings. Note
that PC-s A and B are not able to handle tagged traffic. An Ethernet ac-
cess switch (model ME3400) provides the connection between the standard
SMF link of 20 km length (type Draka BendBright-XS) and the services
cloud that includes a connection to the campus network of the Eindhoven
University of Technology. The optical network termination (ONT) depicted
in Fig. 6.24(a) is the device shown in Fig. 6.23(b). It employs 1000BASE-
BX10 to communicate with the switch. The integrated POF module has
the Innodul ID200 PHY on board with Firecomms IDL300T digital op-
tics. An Innodul-based media converter (MC) is placed at the end of a
50 m duplex SI-POF link (type Sojitz TC-1000W), which has the DRG-
703 connected via 1000BASE-T. The FITH LAN, following Fig. 6.24(b), is
established by three omniPOF G.hn MCs that are all equipped with ana-
logue optics FC1000T from Firecomms. Four standard 1×2 POF splitters
from DieMount (see inset Fig. 6.23(a)) are used to build the 1×2 simplex
POF PON. Short strands of POF were used to interconnect the POF PON
splitters.

The trial setup is largely shown in Fig. 6.25. Note that not enough
modules and POF splitters were available in order to realize the FITH WAN
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Figure 6.24: Field trial scheme.

and LAN in simplex SI-POF and with only G.hn technology. However, the
50 m PTP simplex link was also verified using G.hn modules. The Innodul
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Figure 6.25: Trial setup.

NRZ link was measured separately following RFC 2544 requirements [191].
The throughput was determined to be 192 Mb/s for a 1518 bytes Ethernet
frame size. The transmitted optical powers by the three G.hn nodes are
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Figure 6.26: File download over G.hn POF PON.

-2.4 dBm, -3.1 dBm, and -2.6 dBm for the domain master, Node A and
Node B. The received optical powers are -10.9 dBm and -11.8 dBm at the
inputs of Node A and B. Due to the prototype status of the provided G.hn
chip sets, the band plans as shown in Table 6.9 were not yet available.
Therefore, a special coax profile was used that ranges from 2-80 MHz and
uses 3202 sub-carriers with a 24.41 kHz spacing. Two HD 1080i video
streams of 20 Mb/s were sent downstream using the VLC application. Each
PC received a stream with no visual impairments. In the other direction,
Node A streamed a 15 Mb/s HD video to a receiver in the services cloud.
At the same time, a YouTube movie was watched or a file was downloaded
from the Internet. In the latter case, an 8 to 10 Mb/s download rate was
obtained as shown in Fig. 6.26. Lastly, a voice call was made at the same
time between two plain old telephone service (POTS) devices as shown in
Fig. 6.24(a).

The analysis tool that came with the G.hn chip set was not yet pre-
pared to measure a P2MP network scenario. As a result, only P2P link
characterization measurements are shown for different lengths of simplex
and duplex POF. The focus here is on the impact of increasing POF length
rather than reporting measured bit rates. Not only were prototypes used
in this trial, the used band plan was not the one specified for POF, and
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the analogue optics still require optimization for optimal performance. Gi-
gabit/s operation of optical G.hn is found feasible. The presentation of
detailed measurement results for optimized optical G.hn is part of future
work. Fig. 6.27(a) shows the data rate versus POF length, in case of simplex

(a) (b)

Figure 6.27: Characterization of G.hn PTP POF links. (a) Data rate vs. POF length,
simplex and duplex; (b) SNR at Rx, simplex POF (10 m steps, 40 m not done).

and duplex PTP links. The 0 meters/100% reference data point refers to
a direct electrical connection. The lower performance of simplex compared
with duplex is due to a decrease in link budget of about 8 dB because of two
1×2 POF splitters. The overall performance degradation can be attributed
to non-optimal driving conditions of the optical source (RC-LED): auto-
matic gain control is not yet implemented and the Tx is always on. Hence,
the Rx saturates at short transmission distances or more optical noise is
present. Future releases of G.hn hardware will address these limitations.
The SNR is measured at the optical Rx as shown in Fig. 6.27(b) for the
simplex case of Fig. 6.27(a). The low SNR at long distances in Fig. 6.27(b)
leads to a low transmission rate as shown in Fig. 6.27(a).

6.7 Summary

This chapter proposed a new concept of P2MP based POF-PON architec-
ture for in-home networks by employing passive POF splitters and Ø 1 mm
core PMMA GI-POF. The employment of the POF splitters enables more
flexibility for POF networks depending on the application environment. A
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characterization study of the POF splitters is carried out in Section 6.1.
Two key performance items are the insertion loss and the splitting ratio,
which largely determine the power budget of the optical link and the ac-
ceptable capacity at each end user site. The feasibility of both tree and
bus topologies are discussed by considering the state-of-the-art POF com-
ponents. In Section 6.2 and 6.3, Gigabit/s baseband and UWB signal
transmission over such POF-PON networks are demonstrated respectively.
By using an eye-safe VCSEL at 665 nm, a 2.5 Gbit/s transmission over
1×4 tree topology with a total length of 20 m GI-POF is reported em-
ploying a DMT modulation format. In comparison, a high capacity UWB
service is distributed over both tree and bus topology based configurations
up to 55 m with an EVM performance of less than 16% by employing
a high power edge emitting laser. Cascaded 1×2 POF splitters are used
to construct such an all-optical splitting network interconnecting the RG
with the rooms. Realistic lengths of riser and distribution fibres are chosen
considering the different requirements for in-home networks.

In addition, the capability of a POF-PON network to support con-
verged services has been studied in Section 6.4. Two broadband signals are
simultaneously transmitted up to 50 m distance: 2.2 Gb/s fractional DMT
signal with BER< 10−3, and a 480 Mb/s 528 MHz WiMedia-compliant
UWB signal with EVM <15.5%. The optimized operation point consider-
ing the performance of both DMT and UWB signals is discussed in detail.
The improved wireless capacity and last wireless link could be expected
by increasing the system power budget using low loss POFs and splitters,
changing the operation wavelength to green or blue regions and optimizing
the UWB formats (e.g. adaptive modulation formats).

Section 6.5 focuses on the feasibility of bi-directional high capacity
UWB signals transmission over P2MP POF-PON networks. Standard-
compliant signal distribution over 50 m POF and 4 m wireless link has
been achieved. Finally, in Section 6.6 the first field trial of triple-play ser-
vices over bidirectional PTMP topology utilizing ITU-T G.hn standard is
demonstrated on an optical network comprising POF for an in-home net-
work and SMF for an access network. To conclude, a POF-PON based low-
cost backbone infrastructure is a potential solution for future high-capacity
broadband in-home communications with convergence of both wirebound
and wireless bidirectional networks.

There are at least two reasons why bi-directionality in POF is preferred
to be implemented in duplex POF rather than simplex POF. Firstly, 1× 2
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splitters are lossy. Secondly, the lengths of POF are relatively short and
POF itself is not expensive.

The works presented in this chapter have achieved 1×4 splitting ratio
and maximum 55 m reach in a POF-PON. A higher splitting ratio is ex-
pectable regarding two factors. One is to reduce the excess loss of POF
splitters by using improved technologies, such as planar waveguide based
couplers [192, 193], hollow waveguide taper structure [194]. Secondly, as
a simple metal ferrules was used for fibre-coupler assembly in the experi-
ments (0.5-1 dB extra loss), a better connectivity solution may reduce the
introduced power loss by inserting POF splitters. As aforementioned, the
polishing technique is the cheapest and easiest technique of producing low
cost POF couplers but it is normally fixed at 50:50 coupling ratios. Various
approaches have been proposed for asymmetric couplers [195, 196]. Such
technologies may enable further feasibility of a bus topology for POF-PON.
From the comparison between the bus and tree topologies, it can be con-
cluded that the system performance are comparable when considering the
same splitting ratio and fibre lengths. When POF splitter techniques be-
come more mature, an increased and variable splitting factor (1×6, 1×8,
2×2,...) will further enlarge the coverage and give more flexibilities for a
POF-PON architecture.





Chapter 7

Conclusions and
Recommendations

7.1 Conclusions

The impending wide spread commercial deployment of FTTH will mean
the offering of very high performance connections to the front door of end-
users. Hence, with the large bandwidth and high quality of service connec-
tions directed towards the end users, the real bottleneck is shifted from the
access networks to the short-reach small networks inside the premises. Cur-
rently, the amount of data generated and distributed within the premises
is about to exceed the amount with the access network brings to the home.
This is due to the plethora of interconnected devices sharing large files and
inter/intra room streaming high-definition video content and other types
of data. With the increasing level of real-time data, the quality of ser-
vice, quality of experience and reliability become of utmost importance to
the end-users. Presently, although WiFi claims that it can support up to
600 Mb/s transmission, wireless link impairments and unguaranteed data
rate means that WiFi communication is far from ideal for the require-
ments of high capacity in-home applications (e.g. HD video streaming).
For wireline services, the copper-based cable solution has shown its limits
with fundamental drawbacks, such as electromagnetic interference, large
dimension, and heavy weight (Cat-6, 7). Introducing optical fibre and op-
tical techniques to in-home networks has been foreseen as a further step of
penetrating fibre-optics from the doorstep into the inner building, enabling
real broadband communications including both wired and wireless services
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to the users without the above-mentioned drawbacks. It is worth to point
out that preliminary studies have already indicated that with present mar-
ket prices for POF device (which should come down in the future when
market volume grows), PMMA POF network solutions are already cost-
competitive with mature copper solutions (CAT-5E). This thesis focuses
on the investigation of how to provide a cost-effective optical solution to
deliver broadband wired and wireless services. Especially, the capability
of a large-core POF based solution is discussed deploying radio-over-POF
techniques.

Chapter 4 reported a study on UWB-over-POF systems. Due to the
strict performance of the optical components required by the OFM ap-
proach, in the visible wavelength region, PMMA POF based OFM sys-
tems are not readily feasible. The main reason for that is that the critical
components missing (e.g. PM modulator and FM-IM convertor) and the
too small bandwidth of optical sources available in the visible wavelengths
range. A basic POF transmission scheme is composed of an optical trans-
mitter, POF and optical receiver. Based on such scheme, a simple IM-DD
solution together with a frequency shifting technique is preferred to real-
ize the UWB-over-POF transmission. Prior to transmission over the POF,
the UWB signal frequencies should be shifted downwards to the spectral
region below circa 1 GHz before modulating the light source. A proof-of-
concept demonstration to distribute HD video over 50 m POF and 3 m
wireless channel was realized by employing UWB-over-POF technologies.
A detailed discussion has been presented with respect to the fixed link and
wireless link models, the system performance, the optimization of system
parameters, and network layer performance. This experiment proved the
capability of large-core POFs to carry broadband radio services. Further-
more, this achievement confirms the potential of a POF based optical back-
bone to serve as a universal infrastructure supporting wireless distribution,
as well as wired services.

To further justify that POF can be used as a universal backbone, multi-
format signal distribution over a simple POF system is studied in Chapter 5.
The DMT technology has been widely employed in DSL systems and is pro-
posed to support high-capacity baseband transmission over POF systems.
In the convergence study, a DMT based modulation format together with
an adaptive bit-loading algorithm is proposed to address multi-Gigabit/s
wired service transmission. 3×2N QAM schemes can be employed to further
improve the spectral efficiency. This concept provides a finer bit granular-
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ity to achieve 0.5 bit step of the discrete mapping. To achieve simultaneous
transmission of multiple signals, the biggest challenge is to map them into
the POF bandwidth. One approach is to split the bandwidth into separate
bands for individual signals; the other one is to allow the baseband signal
covering the entire bandwidth with wireless signal frequencies inband. The
first approach is proved by realizing converged 3 Gb/s DMT and 480 Mb/s
UWB transmission over 50 m Ø 1 mm core PMMA GI-POF and 2.5 m wire-
less channel. The latter approach is investigated by the coexistence case of
two DVB-T channels with the DMT signals. After the initial loading, the
bit-loading mechanism could adaptively allocate the bits to subchannels by
judging the channel SNR. The subchannels, in which the DVB-T signals
are allocated, can be treated as noise for the DMT signals. Therefore, the
resulting bit allocation of the DMT avoids to occupy the same frequen-
cies as the DVB-T channels. Hence, an optimized system capacity with a
relaxed frequency band selection supporting multiple services is achieved.
The main advantage introduced by such a system is that flexibility is given
to end users for choosing which TV channel(s) they want while keeping a
fast, stable wired service connection (e.g. Ethernet). Finally, the compati-
bility of the converged POF backbone with the SMF based access network
is studied. Triple-play signals, OFDM based LTE, WiMAX and UWB,
transmission over SSMF, large core POF and wireless link is demonstrated
while complying to the standards.

The studies in Chapter 4 and 5 about either single or multi service
transmission over POF are all based on an end-to-end topology. A new
concept of P2MP POF-PON architecture by employing passive POF split-
ters is proposed in Chapter 6. The performance of the POF splitters is
characterized in terms of the insertion loss and the crosstalk. Cascaded
1×2 POF splitters are used to construct such all-optically split network
interconnecting the RG with the rooms. The feasibility of both tree and
bus topologies is studied by considering the state-of-the-art optical compo-
nents. The main issue risen by the POF splitter-based P2MP systems is
the low power margin which may require the employment of optical trans-
mitters with high power. Both transmitted optical power and transmission
distance need to be taken into account when designing a P2MP system.
The capability of a POF-PON network to support single, converged and
bi-directional services is studied. Finally, the feasibility of this advanced
network concept is proven by the field trial of triple-play services over bidi-
rectional 1× 4 P2MP topology utilizing the ITU-T G.hn standard.



158 Conclusions and Recommendations

As discussed in the introduction, the target of this thesis is to investigate
a cost-effective optical solution for converged in-home networks supporting
both wired and wireless services. The main contributions of this thesis are
as follows:

• Broadband wireless technologies over a wired POF backbone enabling
radio-over-POF applications at high data rates;

• Introduction of an advanced point-to-multipoint POF network con-
cept, POF-PON;

The large core PMMA POF is the main transmission medium discussed
in this thesis. The conclusions on optical techniques for POF systems can
be summarized as:

• Intensity modulation and direct detection is the most feasible and
reliable optical scheme for POF transmission;

• Advanced modulation formats are recommended for spectrum effi-
cient transmission of both wired and wireless services;

• A suitable selection of the system components is important with spe-
cific application requirements, such a optical components operating
in the visible spectrum.

• Large-core PMMA GI-POF is the most feasible for economically af-
fordable POF solutions, especially for broadband digital and analog
signal transmission.

7.2 Recommendations

It is clear that many challenges are still existing in RoF solutions for in-
home networks. Fist of all, the cost factor is of the highest priority since
nobody else than the home user should pay for the home network devices.
Therefore, low frequency RF components and a simple IM-DD optical mod-
ulation scheme should be considered first. The OFM proposal presents
many advantages in terms of high conversion efficiency, and relaxing re-
quirements for transmission media. However, the key components of the
OFM scheme are thus far only feasible in single mode and a high RF power
is needed. Furthermore, it is not suitable to be applied to large core POF
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systems. In this sense, a practical OFM system is preferred for access
networks and other single/multi mode small core fibre application areas.

The main fibre type considered in this thesis is the large core PMMA
POF. POF is recommended to be used as the next generation home back-
bone to replace copper cables. In Europe and Japan, SMF based network
solutions are also considered but there are issues to introduce these into
existing houses due to the relatively high CAPEX factors. Therefore, a
low-cost POF solution is more feasible and expected to be the most-suited
alternative in the coming ten to twenty years. In contrast, for green field
applications (e.g., in China), silica SMFs are considered to be future-proof.
Next to the fibre solutions, there are other competitors coexisting, such as
optical-wireless (free space) and techniques upgrading current wired and
wireless solutions. It is foreseeable that on the short term, multiple trans-
mission media will still exist before optical fibre solutions being introduced.
On a long term, free space optical-wireless technologies may be introduced
which utilize light propagating in free space to transmit data. Both in-
frared [197] and visible light [198] wavelength based approaches are in-
vestigated. In these systems, steering mirrors, coupling lenses and signal
processing functions at the receiver site are usually required in order to
achieve high data rates. Regarding different fibre solutions, novel SMFs,
MMFs with improved properties in order to meet the in-home network
requirements have been recently developed. The ITU-T G.657 specifies
two categories (A and B) for bend-insensitive SMF. The bending loss of
G.657.B fibres is a significant improvement in the bending characteris-
tics when compared to conventional SSMF (G.652)). Many commercial
products are available employing different techniques. These fibres use the
near infrared transmission windows, at 1310 nm, 1550 nm, and 1625 nm
with a small core size. This limitation is also the case for bend-insensitive
MMFs [10], although its core diameter is relatively bigger (80µm).

In a future perspective, a converged wired and wireless optical architec-
ture will bring the solution to transport and manage all potential in-home
services. Compared to the solutions aforementioned, thanks to the large
core size and other advantages, POF could play a key role in such perspec-
tive since it can provide an easy-to-install, converged optical solution even
based on current product prices in the market. Furthermore, it is clear
that all services in the future will be IP-based, encompassing both wired
and wireless ones. A single universal platform for control, storage and
delivery will immediately reduce the system cost and complexity. Telecom-
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munication operators, terminal equipment providers and home users will
be able to deploy only one network system. Next to the proposal based on
a single POF link which is intensively discussed in this thesis, multi-core
POF might be used to transmit different services through each of its cores
employing optical spatial multiplexing [199, 200]. However, the launching
condition will be complicated when coupling the signals in and out of each
core separately. Optical alignment from each transmitter to its correspond-
ing receiver becomes difficult to establish and maintain. A slight turning
of POF will make the link out of operation.

Among all types of PMMA POFs, SI-POF is the only one that has been
standardized so that the deployment of Gigabit/s baseband over SI-POF
systems may be expected soon. However, due to the fundamental limitation
of SI-POF, the scalability of SI-POF to address high capacity transmission
is not clear and complex digital signal processing (DSP) processing has to
be introduced which will largely increase the system cost and power con-
sumption. Note that several emerging types of POFs have brought many
attractions, such as the single core GI-POF, which has been extensively
discussed in this thesis. At the moment, this fibre is not yet available as a
standard product, because in recent years the manufacturers had problems
to get the fibre stable in terms of temperature stability and purity of the
material. Other problems are the high bending loss and the higher than
SI-POF attenuation. Once these problems are solved, broadband GI-POF
will be a very promising candidate for multi-Gigabit/s applications. Mi-
crostructured POF has been recently introduced and it has been shown to
support multi-Gigabit/s transmission [164]. The question to mPOF is to
how big of the the core size can be enlarged while keeping its other charac-
teristics stable. If its core size can be lose to 1 mm, this type of POF will
be quite meaningful in home communication scenarios.

OFDM and DMT formats have been chosen to be the main modulation
formats in this thesis. It is worth to point out that these formats have
a set of drawbacks, such as PAPR and clipping noise. Other modulation
formats, such as PAM [12], duobinary [13] and CAP [82] could also pro-
vide a target transmission performance over GI-POFs and SI-POFs. For
certain system designs, a PAM scheme could provide higher link margins
than DMT format for similar channel bandwidth-bitrate ratio and bit-error
probability [14]. Asymmetric-OFDM, and PAM-DMT are also potential
candidates to support high spectral efficiency systems. Besides the selec-
tion of the modulation formats, high-speed ADC/DAC technology largely
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determines the commercial availability of high capacity real-time POF sys-
tems. Nowadays, 50+ GS/s single-chip ADC and DAC ASICs represent
the state-of-the-art and 100+ GS/s has been demonstrated [201]. CMOS
technologies have been shown to largely reduce the power consumption and
cost which further enables high-speed DSP applications [202].

Radio-over-POF techniques can not be directly translated from silica
fibre based RoF solutions to large core POF systems due to the small sys-
tem bandwidth of POFs and POF transceivers. The main issue raised by
an IM-DD optical scheme together with the frequency shifting techniques
is that an RF local oscillator has to be introduced. The increased system
cost and complexity can be largely reduced by the implementation of an in-
tegrated receiver employing CMOS technologies. On the other hand, if the
wireless services operat at high frequency (> 10 GHz), the corresponding
local oscillator will become more costly. For instance, 60 GHz wireless is not
recommended to be applied for such radio-over-POF systems. But could
be more feasible when using radio-over SMF/MMF techniques, deploying
the OFM scheme.

The splitting ratio of the POF-PON infrastructure discussed in this
thesis is 1×4. This ratio seems much lower than a normal SSMF based
PON network (1×32 and higher). First of all, the coverage of POF-PON
here refers to relatively small houses or buildings with the longest reach of
less than 100 m/floor. A large splitting ratio is not necessary. Secondly,
since the insertion loss of the POF splitters is higher than that of single
mode splitters, the power budget of POF-PONs becomes a big issue in
order to reach a certain distance. Compared to P2P links where a low-cost
optical source is sufficient (RC-LED, VCSEL), POF-PONs have to come
with laser diodes with high output power (up to 10 dBm). In addition,
the technology progress on the design and fabrication of POF splitters may
further improve the link performance. When RoF splitter techniques can
be improved significantly, this would open the way to even more versatile
and powerful P2MP converged PON indoor networks.

Chapter 4 and 5 mainly focus on a unidirectional transmission which
means a downstream signal delivery from the RG side to individual rooms.
Section 6.5 and 6.6 in Chapter 6 have demonstrated bi-directional trans-
missions by utilizing dual-POF and single-POF cables, respectively. For
bidirectional transmission, the dual-POF solution is the most suitable for
home networks although bidirectionality using a single POF was demon-
strated [187]. Firstly, passive splitters/combiners for POF induce high
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losses. Hence, bidirectionality using these components will lead to a de-
creased link margin. Currently, active splitters/combiners are on the mar-
ket and are used to increase the link margin up to a certain bit rates. But
these devices are only meant for a unidirectional operation, hence cannot
be used for bidirectional links. Secondly, passive splitters do not have a
sufficient isolation. A portion of power from a transmitter will be reflected
back to a receiver. This crosstalk will affect considerably the receiver per-
formance. Finally, home networks only require relatively short lengths of
fibres. Extra cost of fibres for the return path is still manageable when
compared to fibre costs in medium-to-long haul fibre networks.

————————————————————————



Appendix A

Analysis of OFM method

Based on the OFM scheme shown in Fig. 3.1, a normalized amplitude of
the phase-modulated optical field E(t) can be written as

E(t) = cos[ω0t + β cos(ωswt)] (A.1)

where ω0 is the frequency of the laser, β is the frequency modulation in-
dex and ωsw is the frequency of the sweep radio signal. Using the Bessel
functions of the first kind, Eq. A.1 can be written as

E(t) =
n=∞∑

n=−∞

Jn(β) cos[(ω0 + nwsw)t +
1

2
nπ]

E(t) = J0 cos(ω0t)

+ J1 cos[(ω0 + ωsw)t +
1

2
π] + J−1 cos[(ω0 − ωsw)t− 1

2
π]

+ J2 cos[(ω0 + 2ωsw)t + π] + J−2 cos[(ω0 − 2ωsw)t− π] + ...

(A.2)

From Eq. A.2, it can be observed that for each carrier, the corresponding
sidebands have symmetric frequency deviations, ±ωsw, ±2ωsw, ±3ωsw, ...
and Jn = −J−n, when n is odd. Therefore, the two sidebands are π out
of phase at the output of the phase modulator. If this signal is directly
detected using a photodiode, the RF signal cannot be recovered because the
beating between the carrier and upper sideband exactly cancels the beating
between the carrier and the lower sideband. However, if the modulated
signal passes through a FM-IM component, which performs a role to break
the balance of the Bessel function based harmonics, different orders of RF
components can be obtained at the photodetector site. For instance, this
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FM-IM conversion can be implemented through a MZI with an impulse
response hMZI = 1

2(δ(t) + δ(t − τ)), which is used as a periodic bandpass
filter [93]. τ is the time delay in one of the arms of the MZI. Then the
resulting OFM signal is launched into a photodiode, an intensity of the
electrical signal obtained at its output

i(t) = |E(t)|2 (A.3)

Then the electrical field can be expressed as [114]:

i(t) =
1

2
(1 + cos(ω0τ) · J0(2β sin(ωsw

τ

2
)))

+ cos(ω0τ)

n=∞∑

n=1

(−1)nJ2n(2β sin(ωsw
τ

2
)) · cos(2nωsw(t− τ

2
))

+ sin(ω0τ)
n=∞∑

n=1

(−1)nJ2n−1(2β sin(ωsw
τ

2
)) · cos((2n − 1)ωsw(t− τ

2
))

(A.4)

which contains the even as well as odd harmonic frequencies.

Another interferometer named PI can also perform a similar function
as an MZI [114]. Its principle is to introduce a polarizing element with a
certain angle θ with respect to the main polarization axis. Therefore, the
two non-polarization-orthogonal PM components can interfere with each
other and lead to a harmonic generation. Eq. A.1 can also be represented
as

E(t) = E0 · ejΨ(t) (A.5)

where Ψ(t) = ω0t+β cos(ωswt) and E0 is the amplitude of the optical field.
Assuming that the optical signal E(t) has linear polarization, it can be
expressed as

−−→
E(t) = Ex(t) · −→x + Ey(t) · −→y (A.6)

where (−→x ,−→y ) are the principle states of polarization. Considering the
differential group delay τ between the two polarization axes, the output at
the PD can be expressed as follows [101]:

−→x component

ix(t) =
|E0|2

2
· (1 + 2 · sin θ · cos θ · cos(Ψ(t)−Ψ(t− τ)))

(A.7)
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−→y component

iy(t) =
|E0|2

2
· (1− 2 · sin θ · cos θ · cos(Ψ(t)−Ψ(t− τ)))

(A.8)

If the polarizer is set as θ = 45◦,

iPI(t) =
|E0|2

2
· (1 + cos(Ψ(t)−Ψ(t− τ))) (A.9)

The generated harmonics in OFM depend on the optical FM modulation (β
and fsw) and the FM-IM conversion efficiency. The optical spectrum broad-
ening produced by the optical FM modulation, BW = 2(β + 1)fsw, deter-
mines the number of sideband lines in the optical FM spectrum, and there-
fore, the number of harmonics generated at the photodiode output with
significant power level. Thus, the higher the FM index β, the higher the
number of harmonics generated at the photodiode output for a given fsw.
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3GPP 3rd generation partnership project
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ADC analog-to-digital converter
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CW continuous wave
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CPE customer premises equipment
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COFDM coded OFDM

DAC digital-to-analog converter
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DAS distributed antenna system
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DC direct current

DFB distributed feedback

DFT discrete Fourier transform

DFE decision-feedback-equalizer

DMT discrete multi-tone

DMD differential mode delay

DPO digital phosphor oscilloscopes

DR dynamic range

DS UWB direct sequence pulse ultra wideband
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IM intensity modulation
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IM/DD intensity modulation and direct detection
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ISO international organization for standardiza-
tion

LAN local area network

LD laser diode
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OEO opto-electronic-optical

O/E optical-electrical
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O/E optical to electrical

OFDM orthogonal frequency division multiplexing

OFM optical frequency multiplication

PAM pulse amplitude modulation
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PBS polarization beam splitter

PAN personal area network

PC personal computer

PC polarization controllers

PD photo-detector

PF perfluorinated

PHY physical layer

PIN postive-intrinsic-negative
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PMMA poly-methyl-methacrylate

continued on the next page –



BIBLIOGRAPHY 195

– continued from previous page

Abbreviation Description

POF plastic optical fibre
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P2P point-to-point

P2MP point-to-multipoint

PON passive optical network

POTS plain old telephone service

PM phase-modulation

PMF polarization maintaining fibre

PSD power spectral density

QAM quadrature amplitude modulation

QPSK quadrature phase-shift keying

QoS quality of services

RAU remote antenna unit

RBW resolution bandwidth

RC-LED resonate-cavity light emitting diode

RF radio frequency

RG residential gateway

RG radio guide

RoF radio-over-fibre

RC-LED resonant-cavity light emitting diode

RI refractive-index

Rx receiver

RMS root mean square

SCM sub-carrier modulation

SFN single-frequency network

SFDR spur free dynamic range

SI-POF step-index plastic optical fibre
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SNR signal-to-noise ratio
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SMF single-mode fibre

SSMF standard single-mode fibre

SOA semiconductor optical amplifer

TDD time-division duplexing

TFC time-frequency code

TFI time-frequency-interleaving

TIA trans-impedance amplifier

Tx transmitter

TL tunable laser

TP twisted pair

THP tomlinson-harashima precoded

UMTS universal mobile telecommunication system

UHF ultra-high frequency

UDP user datagram protocol

UWB ultra-wideband

USB universal serial bus
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VCO voltage controlled oscillator
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VNI visual networking index

VLAN virtual LAN

VSA vector signal analyser

VOA variable optical attenuator

WDM wavelength division multiplexing

WiFi wireless fidelity

WiMAX worldwide interoperability for microwave ac-
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WLAN wireless local area network

WPAN wireless personal area network
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WAN wide area network

WWAN wireless wide area network

WMAN wireless metropolitan area network
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ZP zero prefix



List of publications

Journals

1. Y. Shi, C.M. Okonkwo, D. Visani, E. Tangdiongga and A.M.J. Koo-
nen, “Distribution of Broadband Services over 1-mm Core Diameter
Plastic Optical Fiber for Point-to-Multipoint In-Home Networks”, J.
Lightw. Technol., vol. 31, no. 6, pp. 874-881, Mar. 2013.

2. Y. Shi, C.M. Okonkwo, A. Argyros, S.G. Leon-Saval, R. Lwin, E. Tang-
diongga and A.M.J. Koonen, “7.3 Gbit/s Transmission over Microstruc-
tured Polymer Optical Fiber for In-Home Networks”, IEEE Photon.
Technol. Lett., vol. 24, no. 14, pp. 1257-1259, Jul. 2012.

3. Y. Shi, C.M. Okonkwo, D. Visani, H. Yang, H.P.A. van den Boom,
G. Tartarini, E. Tangdiongga and A.M.J. Koonen, “Ultra-Wideband
Signal Distribution over Large-Core POF for In-Home Networks”, J.
Lightw. Technol., vol. 30, no. 17, pp. 2995-3002, Oct. 2012.

4. Y. Shi, M. Morant, C.M. Okonkwo, R. Llorente, E. Tangdiongga and
A.M.J. Koonen, “Multistandard Wireless Transmission over SSMF
and Large-Core POF for Access and In-Home Networks”, IEEE Pho-
ton. Technol. Lett., vol. 24, no. 9, pp. 736-738, May. 2012.

5. M. Beltrán, Y. Shi, C.M. Okonkwo, R. Llorente, E. Tangdiongga and
A.M.J. Koonen, “In-home networks integrating high-capacity DMT
data and DVB-T over large-core GI-POF”, Opt. Express, vol. 20 ,
no. 28 , pp. 29769-29775, Dec. 2012.

6. D. Visani, C.M. Okonkwo, S. Loquai, H. Yang, Y. Shi, H.P.A. van
den Boom, A.M.H. Ditewig, G. Tartarini, B. Schmauss, S.C.J. Lee,
E. Tangdiongga and A.M.J. Koonen, ”Beyond 1 Gbit/s Transmission



199

over 1 mm Core Diameter Plastic Optical Fiber employing DMT for
In Home Communication Systems”, J. Lightw. Technol., vol. 29,
no. 4, pp. 622-628, Feb. 2011.

7. D. Visani, Y. Shi, C.M. Okonkwo, H. Yang, H.P.A. van den Boom,
G. Tartarini, E. Tangdiongga and A.M.J. Koonen, ”Wired and wire-
less multi-service transmission over 1mm-core GI-POF for in-home
networks”, Electron. Lett., vol. 47, no. 3, pp. 203-204, Feb. 2011.

8. C.M. Okonkwo, H. Yang, Y. Shi, R. Alemany, R. Sambaraju, J. Her-
rera, E. Tangdiongga and A.M.J. Koonen, ”Bi-directional Transmis-
sion of WiMedia-Compliant UWB Signals over 100m Perfluorinated
Graded Index-Plastic Optical Fibre for In-Building Networks”, IEEE
Photon. Technol. Lett., vol. 23, no. 14, pp. 995-997, Jul. 2011.

9. D. Visani, C.M. Okonkwo, Y. Shi, H. Yang, H.P.A. van den Boom,
G. Tartarini, E. Tangdiongga and A.M.J. Koonen, ”3×2N -QAM con-
stellation formats for DMT over 1-mm core diameter plastic optical
fiber”, IEEE Photon. Technol. Lett., vol. 23, no. 12, pp. 768-770,
June. 2011.

10. S.T. Abraha, C.M. Okonkwo, H. Yang, D. Visani, Y. Shi, H.D. Hung,
E. Tangdiongga and A.M.J. Koonen, “Performance evaluation of IR-
UWB in short-range fiber communication using linear combination
of monocycles”, J. Lightw. Technol., vol. 29, no. 8, pp. 1143-1151,
April. 2011.

11. M.K. Hong, N.C. Tran, Y. Shi, E. Tangdiongga, S.K. Han and A.M.J.
Koonen, “10-Gb/s transmission over 20-km single fiber link using 1-
GHz RSOA by discrete multitone with multiple access”, Opt. Ex-
press, vol. 19, no. 26, pp. B486-B495, Dec. 2011.

12. Y. Shi, H. Yang, C.M. Okonkwo, A.M.J. Koonen, and E. Tangdiongga,
“Optical frequency multiplication using fibre ring resonator”, Elec-
tron. Lett., vol. 46, no. 11, pp. 781-783, June. 2010.

13. H. Yang, Y. Shi, W. Wang, C.M. Okonkwo, H.P.A. van den Boom,
A.M.J. Koonen, and E. Tangdiongga, “WiMedia-compliant UWB
transmission over 1 mm core diameter plastic optical fibre”, Electron.
Lett., vol. 46, no. 6, pp. 434-436, March. 2010.



200 List of publications

Books chapters and magazines

14. Y. Shi, E. Tangdiongga, A.M.J. Koonen, A. Bluschke, P. Rietzsch,
J. Montalvo, M.M. de Laat, G.N. van den Hoven and B. Huiszoon.
“Plastic Optical Fiber based In-home Optical Networks”, submitted
to IEEE Commun. Mag..

15. Y. Shi, C.M. Okonkwo, E. Tangdiongga and A.M.J. Koonen, “Con-
verged service transport over 1 mm core GI-POF for in-home net-
works”, In O. Ziemann (Ed.), POF-PLUS handbook: handbook of the
European POF PLUS project 2008-2011, pp. 96-99, 2011, Berlin:POF
plus project.

16. C.M. Okonkwo, Y. Shi, E. Tangdiongga and A.M.J. Koonen, “Multi-
Gigabit Transmission over 1 mm Core Diameter Graded-Index POF”,
In O. Ziemann (Ed.), POF-PLUS handbook: handbook of the Euro-
pean POF PLUS project 2008-2011, pp. 85-89, 2011, Berlin:POF plus
project.

17. Y. Shi, C.M. Okonkwo, E. Tangdiongga and A.M.J. Koonen, “Large
Core Plastic Optical Fibre for Low Cost and High Capacity In-Home
Optical Networks”, Fotonica Magazine, pp. 5-9, 2011, June, 2012
(Invited).

International conferences

18. Y. Shi, C.M. Okonkwo, E. Tangdiongga and A.M.J. Koonen, “ Bi-
directional Ultra-Wideband Services over Large-Core POF-PON based
Home Networks ”, in Proc. of Optical Fiber Communication/National
Fiber Optic Engineers Conference (OFC/NFOC), Anaheim, USA.,
17-21, March, 2013, Paper NTu3J.4.

19. Y. Shi, M. Beltrán, C.M. Okonkwo, R. Llorente, E. Tangdiongga and
A.M.J. Koonen, “Converged Transmission of High-Capacity DMT
and Real-Time DVB T Broadcast using 50-m Long 1-mm Core Size
Plastic Optical Fibre for In-Home Networks”, in Proc. European
Conference on Optical Communication (ECOC), Amsterdam, The
Netherlands, 16-20, Sep. 2012, Paper We.3.B.1.



201

20. Y. Shi, A.M.J. Koonen, C.M. Okonkwo and E. Tangdiongga, “Broad-
band Services Distribution Over Large-core Plastic Optical Fibre for
In-door Networks”, the International Broadcasting Conference (IBC),
Amsterdam, The Netherlands, 6-11, Sep. 2012 (Invited).

21. Y. Shi, C.M. Okonkwo, H.P.A. van den Boom, E. Tangdiongga and
A.M.J. Koonen, “480Mb/s UWB Distribution over Large-Core POF
Based Bus and Tree P2MP Systems for In-Home Networks”, in Proc.
of Optical Fiber Communication/National Fiber Optic Engineers Con-
ference (OFC/NFOC), Los Angels, USA., 4-8, March, 2012, Paper
OTh3G.5.

22. Y. Shi, C.M. Okonkwo, A.M.J. Koonen and E. Tangdiongga, “Large-
Core Plastic Optical Fibre Based In-home Optical Networks”, in
Proc. of the 16th International Conference on Optical Network De-
sign and Modeling (ONDM), Colchester, UK, 17-20, April, 2012, Page
1-5.

23. E. Tangdiongga, Y. Shi, C.M. Okonkwo, H.P.A. van den Boom and
A.M.J. Koonen, “Recent Achievements in POF Transmission”, in
Proc. European Conference on Optical Communication (ECOC), Am-
sterdam, The Netherlands, 16-20, Sep. 2012, Paper Mo.2.G.1, (Invited).

24. A.M.J. Koonen, Y. Shi, N.C. Tran, C.M. Okonkwo, H.P.A. van den
Boom and E. Tangdiongga, “A perspective from Europe on in-home
networking”, in Proc. of Optical Fiber Communication/National Fiber
Optic Engineers Conference (OFC/NFOC), Los Angels, USA., 4-8,
March, 2012, Paper Nth1D.1-1/3, (Invited).

25. A.M.J. Koonen, Y. Shi, S. Zao, C.M. Okonkwo, H.P.A. van den Boom
and E. Tangdiongga, “Recent Progress in Photonic In-building Net-
works ”, in Proc. of the 17th Opto-Electronics and Communications
Conference, Busan, Korea, 2-6, Jul, 2012, Paper 6A3-2, 729-730,
(Invited).

26. Y. Shi, D. Visani, C.M. Okonkwo, H.P.A. van den Boom, G. Tar-
tarini, E. Tangdiongga and A.M.J. Koonen, “Simultaneous Trans-
mission of Wired and Wireless Services over Large Core POF for
In-Home Networks”, in Proc. European Conference on Optical Com-
munication (ECOC), Geneva, Switzerland, 18-22, Sep. 2011, Paper
Tu.3.c.5.



202 List of publications

27. Y. Shi, D. Visani, C.M. Okonkwo, H. Yang, H.P.A. van den Boom,
G. Tartarini, E. Tangdiongga and A.M.J. Koonen, “480Mb/s UWB
Distribution over Large-Core POF Based Bus and Tree P2MP Sys-
tems for In-Home Networks”, in Proc. of Optical Fiber Communica-
tion/National Fiber Optic Engineers Conference (OFC/NFOC), Los
Angels, USA., 6-10, March, 2011, Paper OWB5-1/3.

28. Y. Shi, M. Morant, E. Tangdiongga, R. Llorente and A.M.J. Koo-
nen, “Full standard triple wireless transmission over 50m large core
diameter graded index POF”, in Proc. of the 20th international con-
ference on Plastic Optical Fibers, Bilbao, Spain, 14-16, Sep., 2011,
pp.579-582 (Post-deadline).

29. Y. Shi, M. Nieto Munoz, C.M. Okonkwo, H.P.A. van den Boom,
E. Tangdiongga and A.M.J. Koonen, “Full standard triple wireless
transmission over 50m large core diameter graded index POF”, in
Proc. of the 20th international conference on Plastic Optical Fibers,
Bilbao, Spain, 14-16, Sep., 2011, pp.487-489).

30. A.M.J. Koonen, A. Pizzinat, E. Ortego Martinez, J. Faller, B. Lan-
noo, H.P.A. van den Boom, C.M. Okonkwo, Y. Shi, E. Tangdiongga,
P. Guignard and B. Charbonnier, “A look into the future of in-
building networks: roadmapping the fiber invasion”, in Proc. of the
20th international conference on Plastic Optical Fibers, Bilbao, Spain,
14-16, Sep., 2011, pp.41-46).

31. E. Tangdiongga, D. Visani, H. Yang, Y. Shi, C.M. Okonkwo, H.P.A.
van den Boom, G. Tartarini and A.M.J. Koonen, “Converged in-
home networks using 1 mm core size plastic optical fiber”, in Proc. of
the Access Networks and In-house Communications (ANIC), Toronto,
Canada, 12-15, June, 2011, pp.ATuC2-1/3.

32. E. Tangdiongga, C.M. Okonkwo, Y. Shi, D. Visani, H. Yang, H.P.A.
van den Boom and A.M.J. Koonen, “High-speed short-range trans-
mission over POF ”, in Proc. of Optical Fiber Communication/National
Fiber Optic Engineers Conference (OFC/NFOC), Los Angels, USA.,
6-10, March, 2011, Paper OWS5-1/3, (Invited).

33. M.K. Hong, N.C. Tran, Y. Shi, E. Tangdiongga, S.K. Han and A.M.J.
Koonen, “10Gb/s Transmission over 20km Single Fiber Link using



203

1GHz RSOA by Discrete Multitone with Multiple Access Access Net-
works”, in Proc. European Conference on Optical Communication
(ECOC), Geneva, Switzerland, 18-22, Sep. 2011, Paper Th.11.C3-
1/3.

34. D. Visani, G. Tartarini, Y. Shi, H. Yang, C.M. Okonkwo, E. Tang-
diongga and A.M.J. Koonen, “Towards converged broadband wired
and wireless in-home optical networks”, in Proc. of the 15th Interna-
tional Conference on Optical Network Design and Modeling (ONDM),
Bologna, Italy, 8-10, Feb., 2011, Page 1-6.

35. A.M.J. Koonen, C.M. Okonkwo, Y. Shi, H.P.A. van den Boom, N.C.
Tran and E. Tangdiongga, “Recent research advancements in in-
building optical networks”, in Proc. of the 13th International Confer-
ence on Transparent Optical Networks (ICTON), Stockholm, Sweden,
26-30, June, 2011, Paper Tu.A5.1-1/5.

36. Y. Shi, H. Yang, D. Visani, C.M. Okonkwo, H.P.A. van den Boom,
H. Kragl, G. Tartarini, S. Randel, E. Tangdiongga and A.M.J. Koo-
nen, “First demonstration of broadcasting high capacity data in large-
core POF-based in-home networks”, in Proc. European Conference
on Optical Communication (ECOC), Torino, Italy, 19-23, Sep. 2010,
Paper We.6.B.2-1/3.

37. Y. Shi, H. Yang, C.M. Okonkwo, E. Tangdiongga, A.M.J. Koonen,
D. Visani and G. Tartarini, “Multimode fiber transmission of up-
converted MB-OFDM UWB employing optical frequency multiplica-
tion”, in Proc. of IEEE International topical meeting on microwave
photonics (MWP), Montreal, Canada, 5-9, Oct., 2010, Page 343-345.

38. A. Ruben, Y. Shi, H. Yang, R. Sambaraju, C.M. Okonkwo, E. Tang-
diongga, A.M.J. Koonen and J. Herrera, “UWB Radio over MMF
Transmission with Optical Frequency Up-conversion to the 24-GHz
Band”, in Proc. of the Access Networks and In-house Communica-
tions (ANIC), karlsruhe, Germany, 21-24, June, 2010, Paper AThD
(Post-deadline).

39. H. Yang, Y. Shi, W. Wang, C.M. Okonkwo, H.P.A. van den Boom,
A.M.J. Koonen and E. Tangdiongga, “Multiband OFDM UWB trans-
mission over 1-mm core diameter graded-index plastic optical fiber”,



204 List of publications

in Proc. of the Access Networks and In-house Communications (ANIC),
karlsruhe, Germany, 21-24, June, 2010, Paper AThA-1/2.

40. H. Yang, D. Visani, C.M. Okonkwo, Y. Shi, G. Tartarini, E. Tang-
diongga and A.M.J. Koonen, “Multi-standard transmission of con-
verged wired and wireless services over 100m plastic optical fibre”,
in Proc. European Conference on Optical Communication (ECOC),
Torino, Italy, 19-23, Sep. 2010, Paper We.7.B.3-1/3.

41. C.M. Okonkwo, S.T. Abraha, Y. Shi, H. Yang, H.De. Waardt, E. Tang-
diongga and A.M.J. Koonen, “Simultaneous generation and routing of
millimetre-wave signals exploiting optical frequency multiplication”,
in Proc. European Conference on Optical Communication (ECOC),
Torino, Italy, 19-23, Sep. 2010, Paper Th.10.B.7-1/3.

42. D. Visani, C.M. Okonkwo, S. Loquai, H. Yang, Y. Shi, H.P.A. van
den Boom, A.M.H. Ditewig, G. Tartarini, B. Schmauss, S. Randel,
A.M.J. Koonen and E. Tangdiongga, “Record 5.3 Gbit/s tranmis-
sion over 50m 1mm core diameter graded-index plastic optical fiber”,
in Proc. of Optical Fiber Communication/National Fiber Optic En-
gineers Conference (OFC/NFOC), San Diego, USA., 21-25, March,
2010, Paper PDPA3-1/3, (Post-deadline).

43. A.M.J. Koonen, H.P.A. van den Boom, H. Yang, C.M. Okonkwo,
Y. Shi, S.T. Abraha, E. Ortego Martinez and E. Tangdiongga, “Con-
verged in-building networks using POF”, in Proc. of the of the 19th
International Conference on Plastic Optical Fiber, Yokohama, Japan,
19-21, Oct., 2010, Page. 1-4.

Symposiums

44. Y. Shi, H. Yang, J. Herrera Llorente, E. Tangdiongga and A.M.J. Koo-
nen, ”Multi-standard wireless distribution over MMF and plastic op-
tical fibre”,in Proc. of the 16th Annual Symposium of the IEEE Pho-
tonics Benelux Chapter, Ghent, Belgium, Dec. 2011, Page. 117-120.

45. Y. Shi, H. Yang, C.M. Okonkwo, E. Tangdiongga and A.M.J. Koonen,
”Performance evaluation of multi-band OFDM systems for short-haul
optical communications”,in Proc. of the 14th Annual Symposium of
the IEEE Photonics Benelux Chapter, Brussels, Belgium, Dec. 2009,
Page. 125-128.







Acknowledgements

First of all, I would like to thank my first promotor Prof. Ton Koonen for
offering me the opportunity to work in the ECO group. I am very grateful
for his guidance and support, not only in terms content, but also everything
else related to it. I would also like to thank my co-promoter, Dr. Eduward
Tangdiongga, for his inspiring guidance, advices and numerous technical
discussion in the past four years. Many thanks to Dr. Chigo Okonkwo. I’ll
never forget the days we set up experiments in the lab, modified papers
until midnight and worked together for postdeadline papers. Without their
supervision and kind help, every single step of the progress during my PhD
project would have been much more difficult.

I would like to give my acknowledgement to the EU project POF-PLUS,
for which I would like to express my appreciation to Dr. Roberto Gaudino,
Dr. Olaf Ziemann, Dr. John Lambkin and the other POF-PLUS partners.
I am also very grateful to all the members of my PhD committee for review-
ing, commenting and approving this work. I appreciate your time and kind
considerations. During my PhD studies, I had the opportunity to visit twice
University Polytechnic Valencia, in Valencia, Spain, to try new ideas and
carry out experiments in the framework of the EURO-FOS project. I want
to sincerely thank Dr. Maria Morant Pérez, Dr. Marta Beltrán Ramı́rez
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