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Abstract

This doctoral dissertation aims to establish fiber-optic technologies overcoming the limiting issues of data communications in indoor environments.
Specific applications are broadband mobile distribution in different in-building scenarios and high-speed digital transmission over short-range wired optical systems.
Two key enabling technologies are considered: Radio over Fiber (RoF)
techniques over standard silica fibers for distributed antenna systems (DASs)
and plastic optical fibers (POFs) for short-range communications.
The combination of RoF and DAS, which allows to shift the complex
electronic processing from the antenna base station towards a central office,
has already been recognized as a cost-effective solution for the radio coverage of hostile propagation environments and scenarios with a high traffic
demand. However, the RoF technology is mainly limited to large locations,
such as stadiums, conference centers and university campi. The application
of RoF technologies to in-building scenarios needs to be deeply investigated in
conjunction with the exploitation of the available fiber infrastructures based
either on single or multi mode fibers.
POF is a well-known medium for short-range data communication with
two main advantages: the large-core size together with robustness and flexibility, and the low cost mainly due to the use of silicon transceivers. Extensive research activities on gigabit transmission over POF for home networking
have been performed in recent years. However, the ultimate exploitation of
i
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POF for higher data rates and transport of wireless signals needs still to be
investigated.
The objectives of this thesis are related to the application of RoF and
POF technologies in different in-building scenarios.
On one hand, a theoretical and experimental analysis combined with
demonstration activities has been performed on cost-effective RoF systems
for the distribution of mobile signals over silica single and multi mode fibers.
On the other hand, digital signal processing techniques to overcome the
bandwidth limitation of POF have been investigated. In particular, discrete multitone (DMT) modulation and novel constellation formats have been
studied with the purpose to maximize the transmission throughput of a POF
link. Moreover, the exploitation of POF for wireless signal distribution has
also been investigated.
The main achievements of the work included in this dissertation can be
summarized as follows:
• Theoretical and experimental characterization of distortion effects on a
radio multi-standard transmission over state-of-the-art intensity-modulated direct-detection (IM–DD) RoF links over silica singlemode fiber
with directly modulated laser diodes (LDs). This activity was pursued
through modeling and measurements with third generation (3G) mobile
signals.
• Extensive modeling on modal noise impact both on linear and nonlinear characteristics of IM–DD RoF links over silica multimode fiber
with directly modulated LDs. The theoretical activity was validated
with experimental results leading to the definition of link design rules
for an optimum choice of the transmitter, receiver and launching technique.
• Successful transmission of Long Term Evolution (LTE) mobile signals
on the resulting optimized RoF system over silica multimode fiber employing a Fabry-Perot LD, central launch technique and a photodiode
ii
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with a built-in ball lens. The performances were well compliant with
standard requirements up to 525 m of multimode fiber.
• Theoretical investigation and experimental demonstration of multigigabit transmission over IM–DD POF links. An uncoded net bit-rate
of 5.15 Gbit/s was obtained on a 50 m long IM–DD POF link employing an eye-safe transmitter, a silicon photodiode, and DMT modulation
with bit and power loading algorithm.
• Insertion of 3 × 2N quadrature amplitude modulation (QAM) in the
constellations set of the DMT bit and power loading algorithm for
maximum capacity attainment in IM–DD POF links. An uncoded net
bit-rate of 5.4 Gbit/s was obtained on a 50 m long IM–DD POF link
employing an eye-safe transmitter and a silicon avalanche photodiode.
• Experimental validation of the simultaneous transmission of a multigigabit baseband signal based on DMT and a radio frequency signal
based on ultra wideband (UWB) technology over a 50 m long IM–DD
POF link. An uncoded net bit-rate of 2 Gbit/s was obtained with
DMT, while a data stream of 200 Mbit/s was transported with the
UWB radio signal.
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Introduction

“Broadband access for everyone, everywhere”. This is one popular motto
of the information and communications technology (ICT) community since
the rising of broadband wireline and wireless technologies. The possibility to
use broadband services wherever you are (everywhere) and at an affordable
price (everyone) was an added benefit provided by wireless broadband technologies since the first introduction of the third generation (3G) mobile network. For this reason, telecom operators have put considerable efforts in the
last decade on wireline last-mile solutions and wireless coverage. Although
wireline and wireless access technologies are considered as competitors, they
have one thing in common: they are mostly deployed outdoor. However, the
majority of the broadband traffic is generated inside premises by devices using wireless connections, such as smartphones and tablets, or using wireline
connections, such as desktop PCs and data centers. Until now, the industry did not put a large emphasis on planning for in-building deployments
capable of supporting new broadband telecommunication services, such as
new video-based services and advanced Internet applications. But, this is
expected to become soon a basic necessity.
The chances that telecom operators will solve every in-building wireline
and wireless coverage issue are very slim. Hence, technical solutions are
highly case-dependent and mainly based on a compromise between present
service requirements, future-proofness and cost. In this framework, fiberoptic technologies are typically considered an answer to the request to be
1
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Figure 1: Summary of the topics investigated (yellow cells) in this thesis
future-proof and to comply with present services for wireline networks. But,
are they convenient in every scenario? Are they still a need now that wireless
technologies are driving the market?
This thesis aims to give some answers investigating fiber-optic technologies which enable broadband wireline and wireless connectivity for in-building
networks. As fiber technologies both silica fibers, singlemode (SMF) and multimode (MMF), and plastic optical fibers (POFs) are considered for different
in-building application areas. Indeed, silica fibers are suitable for large and
medium building deployment, while large diameter plastic optical fibers are
considered for small buildings, such as home networks.
The solutions enabling wireline and wireless broadband connectivity are
presented at a physical and transmission level. Fig. 1 summarizes my contributions (colored cells) within the application areas of silica and plastic
fibers for wireline and wireless broadband services in an in-building scenario.
For broadband wireline connectivity, multi-gigabit serial data transmission
with discrete multitone modulation on large core plastic optical fiber is stud2
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ied for small building deployment. For in-building wireless connectivity, two
main categories are investigated. For large and medium building deployment,
radio over fiber techniques for fiber distributed antenna systems employing
silica fibers are studied as an enabling technology for the efficient distribution of 3G and fourth generation (4G) mobile services. For small buildings,
the feasibility of a converged optical infrastructure based on plastic optical
fiber supporting wireless signal transport and multi-gigabit baseband data
transmission is inquired.
The thesis is organized in five chapters.
Chapter 1 gives an overview of the optical properties of silica fibers and
large diameter plastic optical fibers. Hence, the application of these fiber
media to the distribution of wireline and wireless communication technologies
is depicted and referred to the in-building application scenario.
Chapter 2 presents a numerical model for the evaluation of the transmission performance of real radio signals in radio over fiber links employing
directly modulated lasers and singlemode fiber. Transmission experiments
are also shown and compared with the simulated results.
Chapter 3 reports the modeling and experimental activity on radio over
fiber links employing directly modulated lasers and multimode fiber. The
developed model describes the impact of modal noise on linear and non-linear
characteristics of the link. The experimental results are used to confirm the
model prediction and to design a radio over multimode fiber link with good
characteristics. Finally, transmission experiments are shown.
Chapter 4 presents the research activity on multi-gigabit transmission
over large diameter plastic optical fibers. A model for the estimation of the
channel capacity is derived. Multi-gigabit transmission experiments employing discrete multitone modulation with bit-loading are presented. Finally,
constellation formats transporting a fractional number of bits per symbol
are introduced and applied to transmission experiments with discrete multitone modulation and bit-loading.
Chapter 5 reports the experimental activity on the simultaneous transmission of an ultra wideband radio signal and a multi-gigabit data stream
based on discrete multitone modulation.
3
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Finally, the achieved results are summarized with a unified approach in
the Conclusions section.
The work presented in this thesis is the outcome of my Ph.D. research
activity at the “Dipartimento di Elettronica, Informatica e Sistemistica”
(DEIS) of the University of Bologna within the European FP7 project 212352
ICT “Architectures for fLexible Photonic Home and Access networks”
(ALPHA). Part of this work was performed in collaboration with Commscope Italy S.r.l. Part of this work is a result of a research period at the
COBRA Research Institute of the Eindhoven University of Technology, The
Netherlands.
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Chapter

1

Technologies for in-building networks

In this chapter an overview of fiber-optic technologies and solutions for
in-building networks are presented. An in-building network can be defined as
a communication system which connects devices and users inside a premise
with each other and with the external networks, i.e. access and/or mobile
networks.
In section 1.1 classification and main properties of optical fibers based on
silica and Poly(methyl methacrylate) (PMMA) will be illustrated.
In section 1.2 and 1.3 the appropriate fiber-optic technology for large/medium buildings and small buildings is discussed. Section 1.2 refers to the
distribution of wireline services, in particular referred to high-speed local
area and home networks. Section 1.3 describes the distribution of wireless
services, with emphasis on in-building radio coverage with current and emerging wireless standards. In this dissertation, I considered separately wireline
and wireless services since the proposed solutions needs to meet different
service requirements.
5
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850 nm and 1310 nm
62.5 µm

Operating
wavelenghts

50 µm

1310-1625 nm
≈ 9 µm

125 µm

62.5/125
MMF

50/125
MMF

SMF

Figure 1.1: Schematic drawing of multimode and singlemode fibers

1.1
1.1.1

Fiber technologies
Silica optical fiber

Silica optical fiber is by definition the optical fiber for data communication. It consists of two silica-based materials: a higher refractive index core
and a lower refractive index cladding. As summarized in Fig. 1.1 there are
two main types of silica optical fiber: multimode and singlemode fiber. Multimode fiber (MMF) for data communications has a core diameter of 62.5
or 50 µm, a cladding diameter of 125 µm, and is used in the 850 nm and
1310 nm spectral windows. Singlemode fiber (SMF) has a narrow core diameter of about 9 µm, a cladding diameter of 125 µm, and is used between
1310 and 1625 nm. I will not consider in this work other silica-based optical
fibers such as plastic and hard polymer clad silica fibers, where a silica core is
surrounded by a thin plastic polymer material [1], or photonic crystal fibers,
in which the light is guided by a reduced effective index of the cladding or
by a photonic bandgap effect [2].
SMF is based on a step-index (SI) profile meaning that there is an abrupt
index change at the core-cladding surface, while core and cladding have a uniform refractive index as shown in Fig. 1.2. Due to the small core diameter
SMF supports only one mode, or more correctly two orthogonal polariza6
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Refractive index
profile

Step-index (SI)

Graded-index (GI)

Figure 1.2: Schematic drawing of step-index and graded-index profiles

tion modes whose different propagation properties are revealed after long
transmission distances [3]. SMF is standardized under several international
standards. One of the most known is the ITU–T G.652 recommendation of
the International Telecommunication Union (ITU) [4]. The typical optical
attenuation is 0.2 dB/km at 1550 nm and 0.35 dB/km at 1310 nm which,
together with the availability of optical amplifiers, allows for long-haul transmission [5]. The bandwidth (BW) per distance product of SMF systems is
typically limited by the modulating signal bandwidth of the transmitter (TX)
and the receiver (RX) in short-range transmission and by the effects of chromatic dispersion, polarization mode dispersion and non-linearity in medium
and long-haul transmission [3].
MMF for data communication is designed with a graded-index (GI) profile
where the refractive index decreases gradually from the center of the core to
the cladding as shown in Fig. 1.2. Since MMF core diameter is more than
five times larger than SMF core diameter, MMF supports a large number
of guided modes. This characteristic produces a strong BW limitation of
MMF compared to SMF. Indeed, because of an effect similar to multi-path
propagation in a radio channel, the BW of MMF systems is typically limited
by modal dispersion. Chromatic dispersion, polarization mode dispersion and
7
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non-linear effects are also present in MMF systems, but their contributions
are typically negligible with respect to modal dispersion. To minimize modal
dispersion an accurate design of the GI profile is employed. However, modal
dispersion compensation depends in an critical manner on the refractive index
profile and so modal dispersion can be minimized just for a small interval of
operating wavelengths [6].
NA = sin(θmax) (coming from air)

θmax

NA = 0.275 for 62.5/125 MMF
NA = 0.200 for 50/125 MMF

(a) Multimode fiber
NA = sin(θmax) (coming from air)

θmax

NA ≈ 0.1 for SMF

(b) Singlemode fiber

Figure 1.3: Schematic drawing of numerical aperture of multimode (a) and
singlemode (b) fibers
MMF is standardized under ISO/IEC 11801 standards and ITU–T G.651.1
(only 50/125 MMF) [7, 8], but also the TIA–492AAAx classification is often
used [9]. The maximum optical attenuation should comply with the values
of 3.5 dB/km at 850 nm and 1 dB/km at 1310 nm, while the numerical
aperture (NA) is set to 0.2 for 50/125 MMF and 0.275 for 62.5/125 MMF.
Fig. 1.3 shows graphically the meaning of the numerical aperture which is
related to the half-angle θmax of the maximum cone of light that can enter or
8
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OM
designation
OM1
OM2
OM3
OM4

Core
OFL BW
diameter
850 nm
1310 nm
(µm)
(M Hz · km) (M Hz · km)
62.5
200
500
50
500
500
50
1500
500
50
3500
500

EMB
850 nm
(M Hz · km)
N/A
N/A
2000
4700

Table 1.1: ISO/IEC 11801 OM designation

exit the fiber. In the same figure the NA of MMF is also compared to a typical value of 0.1 for SMF. However, the NA is not standardized for SMF in
[4]. The higher NA of MMF at 850 nm allows the possibility to use relatively
low-cost optical components and light sources such as silicon light emitting
diodes (LEDs) and vertical cavity surface emitting lasers (VCSELs).
Tab. 1.1 shows the identification of current MMFs for data communication as outlined in the ISO/IEC 11801 international cabling standard [8].
OM1 and OM2 fibers are, respectively, 62.5/125 and 50/125 MMFs. They
are intended for use with LED sources at speeds of 10 or 100 Mbit/s. Their
standard performances are specified by the minimum overfilled launch (OFL)
BW that is the measured bandwidth when a light source with approximately
uniform power emission in all directions and NA larger than the MMF NA
illuminates the fiber. This case corresponds to the excitation of all the MMF
modes with comparable power levels and hence to the worst case in terms of
modal dispersion.
OM3 and OM4 fibers are 50/125 MMFs and are laser-optimized, or optimized for use with VCSEL light sources. OM3 and OM4 fibers are designed
to get the most performance out of VCSELs compared to LEDs. For this
reason, in Tab. 1.1 the effective modal bandwidth (EMB) is specified together
with the OFL BW. OM3 and OM4 MMFs with laser sources are intended
for 1 and 10 Gbit/s transmission, and even higher data rate. OM1 and OM2
cables can also be applied for shorter reach 1 Gb/s networks.
9
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1.1.2

PMMA-based plastic optical fiber

SMF
9/125 µm

MMF
50/125 µm

PMMA POF
980/1000 µm

Figure 1.4: Comparison of the fiber core diameters for (left-to-right) SMF,
50/125 MMF and 1 mm diameter PMMA SI–POF
An optical fiber based on silica is also called a glass optical fiber (GOF).
Due to the intrinsic nature of glass materials the size of the core of GOF
cannot overcome approximately 200 µm without incurring in mechanical
stiffness. However, other materials can be employed to manufacture optical fibers. Utilizing polymer, or plastic, materials it is possible to obtain
plastic optical fibers (POFs). POFs can have a large core diameter of 0.5
and 1 mm keeping flexibility and mechanical resistance [10]. This leads to a
simpler termination, splicing, connectorization, and coupling between a light
source and the fiber compared to GOF.
Among polymer materials, Poly(methyl methacrylate) (PMMA) is the
most popular and used material for POFs. Fig. 1.4 shows a comparison
between the cross section of SMF, 50/125 MMF and 1 mm diameter PMMA
SI–POF. As suggested in the figure, a PMMA based SI–POF has a core
10
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Figure 1.5: Spectral attenuation for 1 mm diameter PMMA SI–POF, GI–
POF and MC–POF

diameter of 980 µm and a cladding thickness of 20 µm to obtain an overall
fiber diameter of 1000 µm. The refractive index difference between core and
cladding is kept at higher values compared to GOF [11]. This index profile
determines a NA of 0.5. However, all the positive features of PMMA–POF
are paid with a small bandwidth and a large attenuation. Indeed, the optical
attenuation of PMMA SI–POF is typically above 100 dB/km and regards
the visible wavelength region (see Fig. 1.5), while the bandwidth is limited to
50 MHz after 100 m. Consequently, PMMA SI–POF is intended for use with
visible light LED and resonant cavity (RC) LEDs in short-range datacom
applications, such as automotive and short-range communications. Other
non datacom applications are sensor, illumination and industrial automation.
To overcome the bandwidth limitation of SI–POF, GI–POF with a gradedindex profile can be manufactured. This fiber can increase the bandwidth
of more than 20 times. This type of fiber is suitable to enable multi-gigabit
transmission and is intended to be used with RC–LEDs, edge-emitting lasers
and VCSELs. Due to the manufacturing process, some of the benefits of
POF such as small bending radius and large coupling tolerance are decreased
11
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Step-index (SI)

Graded-index (GI)

Multi-Core (MC)

Figure 1.6: Schematic drawing for the cross section of (left-to-right) 1 mm
diameter PMMA SI–POF, GI–POF and MC–POF
caused by the lower NA of 0.25 compared to SI–POF. Moreover, the attenuation of GI–POF is increased approximately at 200 dB/km in the visible
region as can be observed from Fig. 1.5. Another disadvantage is the small
operating temperature range between −30 and +60 ◦ C, which avoids the
use of this fiber for automotive applications. Nevertheless, GI–POF is a
promising candidate for providing multi-gigabit communication networks in
consumer applications.
Another type of 1 mm diameter POF which is worthy to be discussed is
the multi-core (MC)–POF. The design of MC–POF was based on the consideration that keeping fixed the NA while reducing the fiber core, the ratio
between fiber core diameter and bending radius diminishes, hence reducing
the impact of a small bending radius. However, the use of smaller diameter fibers lose the ease of handling which is typical of 1 mm diameter POF.
Hence, Asahi developed a MC fiber where many cores (19 to over 1000) are
manufactured together is such a way that they fill a round cross-section of
1 mm diameter. Fig. 1.6 shows a schematic drawing of a 19 core 1 mm diameter MC–POF compared with a SI–POF and a GI–POF. Note that the
the single fiber cores are not perfect circles since during the manufacturing
process the fibers are placed together at high temperatures meaning that
their shapes are changed.
MC–POF can reduce the bending radius down to 1 mm, which is much
12
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Fiber type
SI–POF
GI–POF
MC–POF

Loss at 650 nm
(dB/km)
< 160
< 200
< 160

BW-length product NA Bending radius
(M Hz · km)
(mm)
5
0.5
20
> 100
0.25
25
> 20
0.6
1-3

Table 1.2: Characteristics of some 1 mm diameter PMMA POF
less than 20 mm for SI–POF and 25 mm for GI–POF. The optical attenuation
of MC–POF is similar to the one of SI–POF as shown in Fig. 1.5. Due to a
NA of 0.6 and to the step-index profile of each fiber core MC–POF should
have bandwidth properties similar to SI–POF. However, the measured values
are actually higher than the one of SI–POF. This fact has been explained
by means of mode coupling and mode-selective attenuation [11].
Tab. 1.2 summarizes the main optical properties of SI–POF, GI–POF
and MC–POF. I underline that 1 mm diameter SI–POF is at present the
only standardized cable for indoor applications under A4a category in IEC
60793-2-40 standard [12]. GI–POF and MC–POF are not yet standardized,
hence limiting their widespread availability and causing higher prices due the
lack of a volume market.

1.2

Wireline communication technologies

At present, most of the services offered to an in-building device or user
are completely or partially transported by a wired network. Some example
of current services are VoIP, IPTV, Internet related applications, like large
file-sharing, high-definition video streaming. The current wired technologies
are mostly based on copper cables, such as twisted-pair, Category 5 (Cat-5),
coaxial, and power-lines. With Cat-5 technology a throughput of 100 Mbit/s
(officially 100 BASE-TX, known as Fast-Ethernet) is possible up to 100 m
under any operating condition [13]. Also Gigabit Ethernet (1000BASE-T)
is possible on Cat-5 up to 100 m [14], but under controlled operating condition, e.g. limited bending condition and electromagnetic interference. Higher
13
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Horizontal distribution:
• Predominately copper
(10/100/1000 Ethernet)
• POF as alternative
• Silica fiber for higher speed

Vertical distribution:
• MMF or SMF

Access network

Figure 1.7: Large and medium buildings wireline network
speeds are instead not feasible with Cat-5 and requires higher-quality cables
(Category 6 or better) [15]. In the framework of this limitation for copper
wires, fiber-optic cables show their advantages. Indeed, SMF is a futureproof transmission medium, whose bandwidth per length product can be
considered unlimited for in-building application, and limited just by the current transceiver technology. Anyway, SMF–based in-building networks have
a cost which is not suitable for every scenario. For this reason, I divide the
deployment choice among fiber-optic cables on the network size, i.e. usually
the building size.

1.2.1

Large and medium in-building networks

For large and medium building networks I consider a telecommunication
network deployed over several floors and rooms. Some examples of a large
building are a shopping mall, a large corporate building, and a sport-center,
14
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while medium buildings are a medium corporate building, a full-service hotel,
and a school. The wired coverage of these scenarios with fiber-optic solutions
is currently implemented as shown in Fig. 1.7.
The vertical distribution from the bottom to the top of the building is
performed with silica SMF or MMF due to the large amount of data which
needs to be delivered. For horizontal, or floor, distribution copper technologies are currently employed, mostly Cat-5 and Cat-6. This is due to the
lower amount of data to be distributed, typically 100/1000 Mbit/s, and to
the short requested range, typically around 100 m. As an optical alternative
to copper solutions, standard POF can be employed as it will be described in
section 1.2.2. For future-proof deployment or when the requested data rate
or range increases, silica fiber gains attraction.
Although SMF has a fundamental larger bandwidth compared to MMF,
there is still an increasing interest to install silica MMF in an indoor scenario.
This is not due to a lower fiber cost per unit length, since from this point
of view there is no advantage to choose MMF. However, there are other
aspects, rather than fiber cost, which are more favorable for MMF than for
SMF:
• SMF has a much smaller core diameter, and hence needs very accurate tools for splicing and connectorizing, plus highly-skilled installers.
Thus, splicing and connectorizing of MMF is cheaper
• Due to its small core diameter, a SMF connection is more vulnerable
for contamination by dust and scratches, as may happen easily in detachable connections in in-building networks. The larger core size of
MMF significantly relaxes these contamination problems
• For wavelengths below 1 µm, silicon photodetectors may be used, which
offer the advantage of co-integration with the electronic circuitry in a
single silicon-based receiver integrated circuit. This enables really lowcost receiver modules and reduced power consumption. However, a
standard SMF is no longer single-mode at wavelengths below its cutoff wavelength, typically around 1.2 µm. On the other hand, silica
15
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SMF MMF
Information carrying capacity
×
Distance supported
×
Fiber price
×
Transceiver and connector price
×
Ease of handling
×
Transceiver power consumption
×
Table 1.3: Comparison of the advantages of SMF and MMF for in-building
networks
MMF operates fine at wavelengths in the 850 nm near infra-red region
In addition to this green-field installation advantages, silica MMF is already installed in many premises and thus it can be used as a basis for
a network upgrade. Related to the previous list, Tab. 1.3 summarizes the
main advantages of using SMF or MMF solutions.
The main application of optical fibers for in-building networks is local
area network (LAN) using Ethernet technology. The advantage of MMF
depends on the capability to deliver a high data-rate inside the premise.
This capability depends on the size of the building and the desired data rate.
Fig. 1.8 shows graphically the maximum reachable distance and data rate
of OMx MMFs with 850 nm sources and of SMF. While it is possible to
achieve 100 Mbit/s, i.e. Fast-Ethernet, with OM1 MMF and better up to
2 km, Gigabit Ethernet (1000 Mbit/s) is limited to 300 m with OM1 MMF,
and reaches 600 m with OM2 MMF and 1 km with OM3 MMF and better.
These distances are compatible with almost every building size, and for this
reason MMFs are widespread employed for in-building Gigabit Ethernet.
Moreover, most of the same Gigabit links can successfully be upgraded to
10 Gbit/s speed with a distance limitation of 300 m with OM3 MMF and
550 m with OM4 MMF. At present OM3 and OM4 MMFs are becoming the
most popular choices for in-building networks. 40 and 100 Gbit/s networks
are also possible within a distance of 150 m, while for longer distances SMF
should be considered.
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Figure 1.8: Fiber choices depending on requested data rate and distance
with OMx MMF using 850 nm sources and with SMF
These technical considerations conclude that MMF can be considered a
future-proof solution for medium building networks. For data rate above
100 Gbit/s and for large buildings networks SMF should be instead considered.

1.2.2

Home and small in-building networks

For small building networks I refer to a telecommunication network deployed over the premise of a small enterprise or a family house with maximum
three floors and three rooms per floor.
Small in-building networks are more cost-sensitive than large and medium
in-building networks because fewer users are sharing equipment and installation costs. Particularly, in home area networks (HANs) there is no sharing of
costs at all. Furthermore, the installation costs typically exceed the equipment costs per user. Therefore, the focus on home and small in-building
networks should be on keeping installation costs at a minimum level. While
17
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for some small building networks silica MMF can be still considered as a
good tradeoff between performance and cost, a fiber-optic solution with a
potential lower cost need to be considered for home networks.
On this basis, POF is an interesting solution to be applied in low-cost
short-range optical communication systems. Indeed, 1 mm diameter POF
has interesting characteristics for small networks compared to silica fibers:
• Easy coupling with sources and no strict needs for connectors
• Use of cheap visible light sources such as LED
• Robustness against mechanical stress and bending
All these positive features of POF have as counterpart its limited bandwidth compared to silica fibers. However, the real competitors of POF in
small in-building networks are copper technologies, e.g. Cat-5. POF solutions are already commercially available for Fast-Ethernet (100 Mbit/s)
within a distance of 100 m. This is the same data-rate and distance target of
Cat-5 solutions. With respect to Cat-5, POF cable has diameter of 2.2 mm
which offers multiple ways to be installed. Moreover, it can be installed
separately or in combination with other cables such as power-line, twistedpair and coaxial cabling due to electromagnetic immunity (EMI). The easy
of handling and the use of visible light makes POF an attractive candidate
for do-it-yourself installation, meaning that there is no mandatory need for
professional installation.
Research studies have demonstrated the possibility to increase the performance of standard SI–POF to 1 Gbit/s up to 75 m [16, 17]. Higher data-rates
have been demonstrated utilizing GI–POF or MC–POF [18].
The possibility to have a gigabit or more optical backbone in a small
building scenario is crucial to distribute all the residential or office services
in a single infrastructure. Currently, a plethora of delivery methods and cable media are employed for different kinds of wireline services; e.g., coaxial
cabling for video broadcast, Cat-5 cabling for LAN, twisted pair cable for
wired telephony and internet access. Such multiple network infrastructure
18
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Figure 1.9: Optical backbone for home and small in-building networks
leads to a complicated consumer experience and high service and maintenance costs. To provide a simplified and easily upgradable small building
network, a single common backbone infrastructure is required, as shown in
Fig. 1.9. High-speed wireline services are delivered to the home via fiberto-the-home (FTTH) or other technologies until the point of the gateway.
Then, the wireline services are distributed among the rooms through the optical backbone. For this reason, the maximum data rate transferable over a
low-cost do-it-yourself POF network needs to be carefully investigated.

1.3

Wireless communication technologies

Wireless communications have experienced an ever-growing development
and commercial fortune in the last decade. Every day office and residential
users surf on the Internet through a wireless connection. In this thesis, with
wireless technologies I refer to radio and microwave transmission techniques
for personal communications. However, short-range wireless systems can
also exploit light as the information carrier, in particular visible light [19] or
infra-red light [20]. Fig. 1.10 shows a graphical list of current and emerging
wireless technologies present in an in-building scenario related to their data
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Figure 1.10: Current and emerging wireless communication systems
range and application area.
Among all these wireless technologies the most widespread ones for data
communication within a building fall into these categories:
• Wireless local area network (WLAN)
• Wireless personal area network (WPAN)
• Mobile/cellular networks
WLAN technologies are intended for use within a range of tens meters.
At present the majority of WLAN technologies is based on devices having the
certification label Wireless Fidelity (WiFi), i.e. that comply with the IEEE
802.11x specifications [21]. WiFi networks have achieved high popularity in
the in-building market as a cost-effective and easy to install solution both for
business and residential access to the wired infrastructure connected to the
access network. The IEEE 802.11x standards operate in the 2.4 and 5 GHz
windows of the industrial, scientific and medical (ISM) bands for unlicensed
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use and guarantee throughput of 11 Mbit/s (802.11b), 54 Mbit/s (802.11a/g)
and 320 Mbit/s (802.11n) up to tens meters. There is also an active research
activity towards the 1 Gbit/s performance.
WPAN technologies are intended to interconnect devices around an individual person’s area, and thus their range is typically below 10 m. The
most known WPAN technologies are Bluetooth, Zigbee and ultra wideband
(UWB) technologies. All these technologies are also considered for wireless
body area network (WBAN), which are intended to connect wearable devices within a range of few meters. UWB technologies have also application in wireless home area network (WHAN), such as high-definition video
streaming or gaming, which is a special case of WLAN for residential use.
In contrast with WLAN and WPAN technologies which are wireless fixed
systems, mobile networks are intended to guarantee voice and data communications between users in mobility. For this reason, a mobile network is
deployed by a mobile operator which requests a fee to its subscribers. Current
widespread mobile networks are based on the following technologies: Global
System for Mobile communications (GSM), Universal Mobile Telecommunications System (UMTS), Long Term Evolution (LTE) which use the licensed
radio frequency (RF) bands, such as the ones around 800-900, 1800-1900 and
2100 MHz [22]. These technologies are typically considered as wireless wide
area networks (WWANs), since they are used to cover a wide geographical
area. However, they are not only limited to WWANs. For example high speed
packet access (HSPA) was mainly deployed in metro areas. In this framework, also wireless metropolitan area network (WMAN) technologies, such
as Worldwide Interoperability for Microwave Access (WiMAX), are starting to support mobile users. Indeed, next-generation LTE–Advanced and
WiMAX 2 (IEEE 802.16m), identified as WirelessMAN–Advanced, are both
included in IMT-Advanced technologies of International Mobile Telecommunications (IMT) [23], i.e. 4G mobile technologies, offering up to 100 Mbit/s
to users with high mobility and up to 1 Gbit/s to relatively fixed users. Since
in-building users are relatively fixed, the next-future challenge will be to be
really able to deliver 1 Gbit/s per user in an indoor scenario.
Differently from WPAN and WLAN technologies whose equipment is in
21
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Figure 1.11: F–DAS for in-building wireless coverage

the building, mobile/cellular networks reach the in-building users through the
premise walls. Therefore, the indoor radio coverage can result to be irregular
and poor or the data rate offered to be very low. A solution to this issue is
to guarantee a proper radio coverage in the building with the extension of
the mobile network inside the premise. However, this approach can become
soon complex or expensive when it is applied to a real scenario because it
requires the deployment of several base stations and of radio equipment for
each mobile operator and service. In this outline, the appliance of distributed
antenna systems can simplify the radio coverage within a premise.
A distributed antenna system (DAS) is a network of spatially separated
antennas fed by coaxial cable, Cat-5 or fiber from a central office, or base
station hotel, where all the base stations of the operators and their services
are located. While it is possible to implement a DAS by using copper technologies, the superior characteristics of optical fibers have focused a lot of
22
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effort in the implementation of fiber DASs (F–DASs) [24]. Fig. 1.11 shows
an in-building F–DASs infrastructure. The base station hotel collects all
the wireless technologies and services of the telecom operators which are
distributed to the remote antenna units through optical links.
A F–DAS typically exploits the radio over fiber (RoF) technology, which
consists in the transport of the radio signal over a fiber-optic link [25]. RoF
systems can be classified into three categories depending on the way the radio
signal is transported on the fiber-optic link:
• the RF-over-fiber technique carries the radio signal in its original
band by modulating the light in an analog way. It guarantees complete
transparency and it is the approach typically used for all the radio
signals up to 10 GHz [26].
• the IF-over-fiber technique carries a down-converted version of the
original radio signal, which modulates the light in an analog way. Then,
the IF version of the radio signal is up-converted by electrical or optical
means at the remote antenna unit before being radiated into the air
[27]. This approach is typically used for the transport of high frequency
radio signals, such as at 60 GHz [28, 29] and at 75–100 GHz [30].
• the Digitized RF-over-fiber technique carries the radio signal in a
digital way. The radio signal is digitized according to the Nyquist passband sampling theorem and its samples are transported by a digital
fiber-optic link [31]. This approach allows to employ the widespread
digital fiber links, but it is currently able to transport few narrow-band
radio carriers and with a higher cost compared to the RF-over-fiber
technique [32].
Since WLAN, WPAN and mobile/cellular systems use radio frequencies
below 5 GHz, the most convenient radio over fiber approach is constituted
by the RF-over-Fiber technique. The broadband capability of F–DAS based
on RF-over-Fiber technology allows the simultaneous transport of several
mobile/cellular systems and also of radio signal compliant with WLAN and
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WPAN standards. Moreover, due to the transparency to the radio format,
it provides future-proof upgradability.
However, it is important to underline that a F–DAS is not in principle
a low-cost system, hence the effective convenience of its implementation will
depend on the scenario where it is considered to be applied. For this reason,
as it was done in section 1.2, I differentiate the two cases of large-medium
and small in-building networks.

1.3.1

Large and medium in-building networks

Large and medium buildings are a case of in-building networks where
there can be a need for a multi-operator and multi-service wireless distribution system. Indeed, a shopping mall or a corporate building is a scenario
where a large number of low-mobility users ask to access the radio resources
simultaneously. Therefore, a F–DAS can be the solution to provide a good
radio coverage while keeping the cost per operator/service under control due
to the shared nature of a F–DAS infrastructure.
In large and medium in-building networks the wireless coverage through
F–DAS should be implemented by RF-over-fiber techniques. The capability
of multi-band and multi-operator is certainly of primary importance in large
and medium premises, together with a future-proofness of the implemented
network.
For this reason, as described in section 1.2.1, silica fibers are considered as
the proper transmission medium for the implementation of large and medium
in-building F–DASs. Moreover, also in this case both silica SMF and MMF
are good candidates depending on the application. In particular, SMF is a
mandatory choice for a new installation in large premises, while new silica
MMF can be used in medium buildings and existing MMF can be exploited
in both scenarios.
Several RF-over-fiber techniques can be employed for RF signals distribution in combination with silica fibers. I differentiate them into three main
categories:
• Intensity modulation techniques
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• Phase or frequency modulation techniques
• Hybrid phase/frequency and intensity modulation techniques
Intensity modulation techniques are the simplest method to deliver a RF
signal and are realized via a direct or external modulation of a laser [33]. The
transmitter intensity modulation is usually connected with a receiver direct
detection achieved by a single photodiode [34], thus constituting an intensity
modulation – direct detection (IM–DD) system.
The IM–DD technique is applied to the great majority of current commercial F–DAS systems for cellular signal distribution. Indeed, IM–DD systems
are able to deliver radio signals up to about 4–5 GHz for some hundreds of
meters of MMF and for tens kilometers of SMF [35, 36]. Strong limitations
come for higher radio frequencies or longer fiber link lengths due to modal
dispersion for MMF or chromatic dispersion for SMF [37, 38].
Phase or frequency modulation techniques consist in the modulation of
the phase/frequency of the light emitted by a laser [39]. The receiver can
be realized via a coherent scheme [40] or a phase to intensity modulation
converter scheme, realized by a dispersive medium [41], an optical frequency
discriminator [42] or an interferometric detection scheme [43, 44].
The main advantage of this technique with respect to intensity modulated
systems is the possibility to achieve a higher broadband RF link gain and
a lower noise, hence enhancing the dynamic-range of the analog optical link
[45]. Phase or frequency modulation techniques are yet at a research stage
and are not applied to commercial F–DAS systems, but they could turn
interesting in the future if the complexity and cost of the system will reduce.
Hybrid phase/frequency and intensity modulation techniques apply simultaneously an intensity and a phase/frequency modulation to the light
emitted by a laser. This scheme can be used to obtain particular modulation
format such as optical single sideband (SSB) modulation [46, 47]. The receiver can be based on several schemes depending on the modulation scheme
used. To demodulate the SSB signal a direct detection scheme is typically
employed [48].
The advantage of an hybrid phase/frequency and intensity modulation
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with respect to the previous two modulation schemes is not general. For optical SSB the advantage is a major resilience to chromatic dispersion [46]. As
for phase/frequency modulation, hybrid modulation is presently not applied
to commercial F–DAS systems due to cost-issues and complexity.
Since the length of an in-building RF-over-fiber link does not exceed few
kilometers of length in large premises, and few hundreds of meters in medium
premises, the IM–DD technique is still an attractive solution for the distribution of current and emerging WLAN, WPAN and cellular mobile signals
which are all below 3 GHz.

1.3.2

Home and small in-building networks

Contrary to large and medium premises, home and small in-building networks do not require to support a multi-operators multi-services wireless
distribution. Indeed, home or small office costumer pays a fee to just one
telecom operator. For this scenario several mobile operators have studied
the possibility to provide their customers with a femto-cell, or femto-node,
which is a simple, small and light cellular base station able to support 4-8
mobile users within a small office or a home environment, and connect to the
mobile network via the access network (e.g. a digital subscriber line (DSL)
connection) [49]. Moreover, also other types of technologies, such as WiFi,
do not require more than one or two access points to cover all the home or
small office network.
In this scenario a separate in-building F–DAS becomes then unnecessary. However, the possibility of using a fiber-optic infrastructure also for
the transport of wireless services to enhance the radio coverage can still be
convenient and attractive. Fig. 1.12 shows the scenario I am referring to.
All the home or small building services coming from the access network, the
satellite and wireless networks are centralized to the building gateway. These
services are then distributed to the different rooms through a converged optical backbone. The in-building users can have access to the different services
via a wireline or a wireless connection. Note that with respect to the scenario presented in Fig. 1.9 where a wireless connection was enabled through
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a separate wireless access point, in Fig. 1.12 wireline and wireless services
are together delivered in the optical backbone and a simple RF front-end is
used to “tap” and irradiate the wireless services.
As stated in section 1.2.2, 1 mm diameter POF can be employed to implement a low-cost optical backbone for wireline services. The possibility to
use 1 mm diameter POF to transport broadband wireless signal has been
demonstrated in [50]. However, the capability to support a converged scenario needs still to be proved.

1.4

Summary

Fiber optic technologies and techniques for in-building networks have
been presented in this chapter. Section 1.1 described optical fibers based on
silica and polymer materials intended for indoor applications. For silica fiber,
the characteristics and classification of standardized single and multimode
fibers were reported, while for polymer fiber, plastic optical fibers based on
PMMA materials with a diameter of 1 mm were introduced. In particular,
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the standard POF, and 1 mm diameter PMMA POFs with a graded-index
or a multi-core profile were described.
Sections 1.2 and 1.3 presented the application of these fiber technologies
to in-building networks. Single and multimode silica fibers find appropriate
applications in large and medium building networks. For wireline services
distribution multimode fiber can reach 10 Gbit/s transmission up to 600 m,
while for 40 and 100 Gbit/s multimode fiber is limited to 150 m. For longer
distances and higher data rates single mode fiber should be considered. For
wireless services distribution the fiber distributed antenna system was introduced as an enabling technology to enhance the radio coverage. An overview
of the state-of-the-art techniques was reported, and the cost-effectiveness of
the IM–DD RF-over-fiber technique for in-building networks has been underlined. My contribution on the potential achievement of this last technique
in conjunction with current optical components will be pointed out in chapter 2 and 3 of this dissertation with reference to single and multimode fibers,
respectively.
For small building networks, such as small office and home scenarios, the
benefits of employing 1 mm diameter PMMA POFs were discussed. Indeed,
small building networks are very cost-sensitive due to the absence of cost
sharing. For this reason, silica fiber solutions are not widespread applicable, while copper solutions, e.g. Cat-5, and power line communications are
typically utilized. However, with respect to copper solutions plastic optical
fibers have the advantage to be thinner and to be able to share electrical
wiring ducts. Commercial POF products support 100 Mbit/s transmission
up to 100 m, while prototypes have been reported for 1 Gbit/s transmission
up to 75 m on standard step-index POF. Only recently, multi-gigabit transmission over 1 mm diameter PMMA POFs was demonstrated. In chapter 4
my research activity on multigigabit POF solutions will be described.
The possibility to exploit POF for a converged wireline and wireless
optical backbone in small-building scenarios has been discussed in subsection 1.3.2. With reference to this challenge, chapter 5 will report my contribution on converged short-range communications over 1 mm diameter PMMA
POF.
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Chapter

2

RoF systems over SMF
for in-building F–DAS
In this chapter studies on state-of-the-art F–DAS links employing SMF
and directly modulated distributed feed-back (DFB) lasers are reported. An
efficient and accurate model evaluating the performance of the transmission
of real radio signals in these links is presented. Finally, transmission experiments employing UMTS and WiMAX signals will be presented and compared
with simulated results.

2.1

Developed theoretical model

In this section I present the modeling of the different components of our
system. The scope of this activity is to obtain a numerical model which is
able to calculate some important link performance parameters while keeping
the simulation time and the complexity under control.

This chapter is based on the results published in P1., P9., and P14.
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2.1.1

Directly modulated laser

2.1.1.1

Intensity modulation and transmitter non-linearities

An intensity modulation produced by the direct modulation of a laser
diode gives rise to an optical power P (t) that can be written as,
P (t) = P0 + ηT X i(t) + α2 i2 (t) + α3 i3 (t)

(2.1)

where P0 is the optical power, i(t) is the electrical modulating current, ηT X
is the conversion efficiency of the laser diode, α2 and α3 are the undesired
non-linear coefficients of the second and third order [51].
The electrical modulating current i(t) is a radio signal. It can be written
as a generic pass-band signal, i.e. a carrier modulated in amplitude and in
phase. An equivalent representation is to consider it as a sum of two orthogonal carriers modulated in amplitude at the same frequency, mathematically
cos(.) and sin(.) functions of the same argument,
i(t) = IRF [I(t) cos (2πfc t) − Q(t) sin (2πfc t)] = IRF s(t)

(2.2)

where IRF and fc are the amplitude and the frequency of the carrier, respectively. I(t) and Q(t) are the in-phase and in-quadrature components, which
contain the signal information.
In (2.2) I introduce the normalized modulating signal s(t). There are
two possible normalization choices. The first one is to normalize s(t) to its
maximum value, i.e. max(|s(t)|) = 1. This is the common choice when
considering digital baseband transmission, where the peak-to-peak electrical
voltage or current is of primary importance, and it can measured via an
oscilloscope. The second choice is to normalize the mean square value of
s(t) to get the same value of a sinusoidal tone, i.e. hs2 (t)i = 1/2. Here, I
took this second choice since I consider the analog transmission of a radio
signal, where the main parameter under study is the electrical power, which
is typically measured by a spectrum analyzer.
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Using (2.2) in (2.1) it is,


2
3
α2 IRF
α3 IRF
ηT X IRF
2
3
s(t) +
s (t) +
s (t) =
P (t) = P0 1 +
P0
P0
P0


= P0 1 + mI s(t) + a2 m2I s2 (t) + a3 m3I s3 (t)

(2.3)

In (2.3) I introduce the optical modulation index (OMI), mI = ηT X IRF /P0 .
Similarly, I define the second and third order coefficients a2 = α2 P0 /ηT2 X and
a3 = α3 P02 /ηT3 X .
It is possible to generalize (2.3) to the transmission of more than one
radio signal,

!2
!3 
X
X
X
P (t) = P0 1 +
mk sk (t) + a2
mk sk (t) + a3
mk sk (t) 
k

k

k

(2.4)
where sk (t) is the k th normalized modulating signal and mk is its OMI.
Starting from (2.4) and using a two-tone test it is possible to determine
experimentally the non-linear coefficients a2 and a3 . In this case, it is,
P (t) = P0 [1 + m (cos(2πfc,1 t) + cos(2πfc,2 t)) +
+a2 m2 (cos(2πfc,1 t) + cos(2πfc,2 t))2 +

+a3 m3 (cos(2πfc,1 t) + cos(2πfc,2 t))3

(2.5)

To calculate a2 we look at the ratio between the power of one of the two
carriers at fc,1 or fc,2 , identified as C, and the power of the second order
intermodulation distorsion (IMD) at fc,1 + fc,2 , identified as IM D2,
C
1
= 2 2
IM D2
a2 m

(2.6)

Since C/IM D2 changes with the input power CIN , I will relate a2 to
the input intercept point of the second order (IIP2) [52], that is a quantity
invariant with respect to CIN . Indeed, it is IIP 2 = C/IM D2 + CIN . Then,
it is,
r
P0
RL
(2.7)
a2 =
ηT X 2 · IIP 2
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2
In (2.7) I applied the definition of mI and CIN = RL /2 · IRF
, where RL
is the load resistance, typically 50 Ω.
Similarly, it is possible to calculate a3 from the input intercept point of
the third order (IIP3),


a3 =
2.1.1.2

P0
ηT X

2

2RL
3 · IIP 3

(2.8)

Frequency chirping

When a laser is directly modulated in intensity it also produces an unwanted frequency and phase modulation, called frequency chirping. The
frequency deviation is equal to,


α d (ln(P (t))
+ κP (t)
(2.9)
∆f (t) =
4π
dt
α is the line-width enhancement factor and κ is the adiabatic frequency chirp
scaling factor [53].
Substituting (2.4) in (2.9) and approximating at the first order we have,
 X

X
α dsk (t)
mk ·
∆fk (t)
(2.10)
∆f (t) ≈
+ κP0 sk (t) =
4π
dt
k
k
The derivative of sk (t) in (2.10) is equal to,


dsk (t)
dIk (t)
=
− 2πfc,k Qk (t) cos (2πfc,k t) +
dt
dt


dQk (t)
+
− 2πfc,k Ik (t) sin (2πfc,k t)
dt

(2.11)

Since sk (t) are pass-band signal, Ik (t) and Qk (t) are slow varying signals
compared to the radio carrier at frequency fc,k . Then, applying the slowly
varying envelope approximation [54], it is |dIk (t)/dt|  2πfc,k |Qk (t)| and
|dQk (t)/dt|  2πfc,k |Ik (t)|. Thus, (2.11) can be approximated as,
dsk (t)
≈ −2πfc,k (Qk (t) cos (2πfc,k t) + Ik (t) sin (2πfc,k t))
dt
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It is possible to proceed further to get,
d2 sk (t)
≈ −(2πfc,k )2 (Ik (t) cos (2πfc,k t) − Qk (t) sin (2πfc,k t)) =
2
dt
= −(2πfc,k )2 sk (t)
(2.13)
From (2.13) we get then,
Z t
dsk (t)
1
=
sk (τ )dτ ≈ −
2
(2πfc,k ) dt
−∞
1
=
(Qk (t) cos (2πfc,k t) + Ik (t) sin (2πfc,k t))(2.14)
2πfc,k
From this last result we can calculate the phase variation, ϕk (t), induced
by the frequency deviation ∆fk (t).


Z t
Z t
α
∆fk (τ )dτ = mk ·
ϕk (t) = 2π
sk (t) + κP0
sk (τ )dτ =
2
−∞
−∞


α
κP0
Qk (t) cos (2πfc,k t) −
= mk ·
Ik (t) +
2
2πfc,k



κP0
− Qk (t) −
Ik (t) sin (2πfc,k t)
(2.15)
2πfc,k
To determine experimentally the factors α and κ, I employed the delayed
self-homodyne technique [55, 56]. In this method the laser source is directly
modulated with a sinusoidal tone, thus generating an intensity and a frequency/phase modulation. To measure the frequency/phase modulation a
phase-to-intensity conversion is obtained with an interferometer. In the case
of a modulation signal equal to s(t) = cos(2πfc t) the phase ϕ(t) becomes,


κP0
α
cos (2πfc t) +
ϕ(t) = m ·
sin (2πfc t) =
2
2πfc
s

2



α
κP0
2πfc
= m·
1+
· sin 2πfc t + arctan
=
2
2πfc
κP0
= p sin [2πfc (t − ν)]
(2.16)
The self-homodyne technique is able to measure the phase index p together with the modulation index m, from which we can recover the intrinsic
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characteristic of the laser p/m at several modulation frequency fc .
s
2

α
p
κP0
=
1+
m
2
2πfc

(2.17)

From the values of p/m determined at different values of the modulation
frequency, fc , it is possible to extrapolate the characteristic quantities α and
κ. Since typical values for κ are between 2 and 10 GHz/mW while they are
between 4 and 10 mW for P0 , the ratio κP0 /2πfc  1 for modulation frequencies well below the resonance frequency of the laser, which is typically
ranging from 4 to 10 GHz for laser intended for analog applications below
10 GHz [57]. Equivalently this means that the frequency modulation component (proportional to κ) tends to overcome the phase modulation component.
For this reason, it is a common practice to consider a frequency modulation
index Kf in (MHz/mA) instead of the phase modulation index p/m. The
two quantities are related by,
∆f (t) = pfc cos [2πfc (t − ν)] = Kf IRF cos [2πfc (t − ν)]

(2.18)

In Fig. 2.1 it is shown a comparison of the values of p/m and Kf versus
the modulating frequency fc for typical values of the quantities α, κ and P0 .
It can be observed that the frequency index Kf can be considered almost
constant for modulation frequencies typical of mobile radio communications
(fc ranging from 700 to about 2700 MHz), while the phase index p/m strongly
varies especially in the radio frequencies region. Indeed, for frequencies well
below the resonance frequencies Kf is not so depending on the modulation
frequency fc . In the following the transmitter frequency chirp characteristic
will be often referred through its frequency index Kf .
2.1.1.3

Electrical field

With the mathematical model of the laser intensity modulation and frequency chirping it is possible to express the electrical field E(t),



Z t
p
2ZP (t) · exp 2π f0 t +
∆f (τ )dτ
=
E(t) =
−∞

= ELP (t) exp {2πf0 t}
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Figure 2.1: Example of phase modulation index p/m (a) and corresponding
frequency index Kf (b)
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where Z is the wave impedance [58] and f0 is the central emission frequency
of the laser.
In (2.19) I defined the complex-envelope or equivalent low-pass electrical
field ELP (t). Using (2.4), (2.10) and (2.15) it is,
v
!2
!3
u
u
X
X
X
ELP (t) = E0 t1 +
mk sk (t) + a2
mk sk (t) + a3
mk sk (t) ·
k

k

(
· exp 

k

)
X

ϕk (t)

(2.20)

k

√
E0 = 2ZP0 is the electrical field amplitude, and ϕk (t) is the phase modulation generated by the k th modulating signal.
Equations (2.19) and (2.20) allow writing the electrical field generated by
the direct modulation of a laser source by a set of radio signals, identified by
their in-phase and in-quadrature components and carrier frequencies.
In Fig. 2.2 an example of the application of equation (2.20) is shown. In
this case there are two modulating signal centered at fc,1 = 900 MHz and
fc,2 = 1900 MHz, respectively, and with a bandwidth of 5 MHz each. In
Fig. 2.2(a) the ideal spectrum of ELP (t) with only a linear intensity modulation is depicted. In Fig. 2.2(b) the spectrum of ELP (t) is shown when also
non-linear intensity modulation and frequency modulation are present. Note
that the spectrum of ELP (t) in real situations occupies a larger bandwidth
compared to the ideal intensity modulation. This is due primarily to the frequency chirping of the laser source and then to the non-linear behavior of the
intensity modulation. In the case shown in Fig. 2.2 the required bandwidth
to describe correctly ELP (t) becomes at least 10 times the ideal intensity
modulation case. This is reflected in the value of the sample time value that
is required for an accurate description of ELP (t).

2.1.2

Singlemode fiber propagation

The propagation model for the single mode fiber assumes that a linear
behavior can be adopted. That means that we can consider as negligible the
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Figure 2.2: Spectrum of ELP (t) in the case of an ideal intensity modulation
(a) and in a real situation (b). The modulating signals are centered at fc,1 = 900 and fc,2 = 1900 MHz and with a bandwidth
of 5 MHz
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effects of the fiber non-linearities, and that an impulse response or a transfer
function can be defined [3]. In particular, the transfer function H(f, z) is,
H(f, z) = e−(α(f )+β(f ))z

(2.21)

α(f ) and β(f ) are, respectively, the fiber attenuation and propagation coefficient per unit of length. z is the fiber length and f is the optical frequency.
Since this model is applied to a single wavelength source as described in
subsection 2.1.1, the transfer function in (2.21) can be approximated around
the optical central frequency f0 of the source by,
H(f, z) = e−α(f0 )z · e


− β(f0 )+τg 2π(f −f0 )−

c
D(2π(f −f0 ))2
4πf02


z

(2.22)

where τg is the fiber group delay per unit of length, c is the light velocity,
and D is the fiber chromatic dispersion in s/m2 .
Since the electrical field in (2.19) is an optical pass-band signal, the optical
transfer function H(f, z) in (2.21) can be replaced by an equivalent low-pass
transfer function, H0 (f , z), which is applied to ELP (t) of (2.20). Moreover
it is possible to neglect the terms containing β(f0 ) and τg since they simply
provide a phase shift to the optical carrier and a time delay to the complexenvelope. It is then,
H0 (f , z) = e−α(f0 )z · e



c
D(2πf )2 z
4πf02

(2.23)

where f = f − f0 is the frequency distance from the optical carrier.
The corresponding time impulse response is
r
π  π2 t2
−α(f0 )z
·e ϑ
(2.24a)
h0 (t, z) = e
·
ϑ
ϑ=D·z·

πc
f02

(2.24b)

Theoretically the impulse response in (2.24a) can be employed to describe numerically the fiber propagation. However, the infinite time length
of h0 (t) does not allow this approach. For this reason the linear fiber propagation is usually modeled in the frequency domain by multiplying the Fourier
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Transform of ELP (t) with the transfer function H0 (f , z) and with an inverse
Fourier transform of the obtained result. This model is general and correct,
but it becomes heavy in term of resources and time for increasing size of the
samples which describes ELP (t), i.e. decreasing sample time and/or increasing simulation time. In this framework, a numerical method employing the
convolution of a short impulse response with respect to the signal ELP (t) can
bring advantages in terms of time simulation and resources needed.
Therefore, I aim to determine an impulse response which, contrary to
h0 (t, z), exhibits a finite time length. My starting point is to note that the
complex-envelope ELP (t) has a finite double-side bandwidth B. For our aim
H0 (f, z) can then also be considered limited to this bandwidth. Therefore it
is possible to assume,
H0,B (f , z) = H0 (f , z) · WB (f )

(2.25)

where WB (f ) is a window with the property to limit the transfer function
bandwidth around B.
Among the infinite choices for this window I choose the following,

f ≤ B/2
  1 
2
W f =
(2.26)
|f |−B/2
 e− ∆f
f > B/2
where ∆f is a window parameter
The main advantage of this window function is that the impulse response
obtained through the inverse Fourier transform of H0,B (f , z) can be expressed
by an analytical formula. After some calculations it is,
h0,B (t, z) = e−α(f0 )z · (hB (t, z) + h+ (t, z) + h− (t, z))
s
"
!
π 1
ϑB
π
hB (t, z) = e
·
erfz
+√ t −
ϑ 2
 2
ϑ
s
!#
1
ϑB
π
− erfz −
+√ t
2
 2
ϑ
2
− πϑ t

(2.27a)

r

(2.27b)
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√

h± (t, z) =

π · erfcz (u± (z))
q
·
1
2
−
ϑ
2
∆f


2
B
±πt +
2
B2 

2∆f
· exp 
−
1
2
2 − ϑ
4∆f
∆f

B
u± (z) =
·
2

s

±πt + B 2
2∆f
q
2 − ϑ −
1
∆f
2 − ϑ
1

(2.27c)

(2.27d)

∆f

the quantity ϑ is the same as in (2.24b), while erfz and erfcz are the error
function and the complementary error function, respectively, evaluated for a
complex input argument [59].
Fig. 2.3 shows a comparison between the real and imaginary components
of h0 (t, z) and h0,B (t, z). In this example f0 = 193.4 THz, α(f0 ) = 0 dB/km,
D = 16 ps/nm/km, z = 50 km, B = 28 GHz, ∆f = 3 GHz.
As depicted in Fig. 2.3, the impulse response h0,B (t, z) is a energy finite
function, which goes to zero for increasing time (t). The key to diminish
the computation complexity and time with respect to the frequency domain
approach is to limit together with the bandwidth also its time-width. To this
purpose, the length of h0,B (t, z) can be fixed to that interval whose values
are above a relative threshold, th, with respect to the maximum absolute
value. Referring to the case considered to obtain Fig. 2.3, taking a threshold
th = 10−4 the time-width of the impulse response is 1.6 ns for z = 10 km and
2.1 ns for z = 50 km. Taking a threshold th = 10−3 the time-width reduces
to 0.75 ns and 0.95 ns for z = 10 km and z = 50 km, respectively.
From a numerical point of view, the time-width reduction of the impulse
response reflects in a faster computation of the convolution of ELP (t) with
h0,B (t, z). In relation with the previous numerical example, choosing a sampling time ∆t = 1/(2(B + 2∆f )) = 25 ps the impulse response is constituted
by 65 and 85 samplings in the case of z = 10 km and z = 50 km, respectively,
for th = 10−4 . For th = 10−3 the samples reduces to 31 and 39. The samples
required for ELP (t) depend instead on the simulation time. In the case of
40
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Figure 2.3: Comparison of the real (a) and imaginary (b) components of an
example of the bandwidth unlimited impulse response h0 (t, z)
(green) with the corresponding bandwidth limited impulse response h0,B (t, z) (blue)
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500 µs of simulated time the samples of ELP (t) are 20 million which is infinitely more than the 30-90 samples required for the impulse response. Thus
the numerical convolution between ELP (t) and h0,B (t, z) becomes identical
to a filtering of ELP (t) performed by a finite impulse response (FIR) filter
with 30-90 taps. This leads to an efficient computation of the convolution
algorithm in term of memory resources and simulation time.

2.1.3

Photodiode model

The photodiode model describes the envelope detection performed by
the photodiode. If it is able to receive all the spectrum components within
the system bandwidth B, then the received current iout (t) can simply be
calculated by,
iout (t, z) = R ·

|ELP (t) ∗ h0,B (t, z)|2
2Z

(2.28)

where R is the photodiode responsivity and the notation ∗ stands for the
convolution operation.
Fig. 2.4 displays numerical results obtained by applying the model described in this section. The input field and the fiber impulse response are
the same shown in Fig. 2.2(b) and Fig. 2.3(a)–(b), respectively. In Fig. 2.4(a)
the spectrum of the current iout (t) in the case of no fiber propagation is shown.
In this case what is shown is the spectrum of |ELP (t)|2 , which is due to the
linear and non-linear intensity modulation. Fig. 2.4(b) shows the spectrum
of the current iout (t) after a fiber length z = 50 km. Comparing Fig. 2.4(a)
and 2.4(b), it can be observed that higher order harmonics are generated by
fiber propagation. For this reason, some important performance parameters
need to be taken under consideration to define the signal quality transmission. In the next section experimental results of radio signals transmission on
IM–DD links employing singlemode fiber will be shown and compared with
the simulation predictions obtained by the application of the model described
in this section.
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Figure 2.4: Comparison of the spectrum of iout (t) for a fiber length z = 0 km
(a) and for z = 50 km (b)
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2.2

Experimental and theoretical results

In this section the experimental activity performed on RoF IM–DD links
employing singlemode fiber is presented. The aim of this work was to verify
the adjacent channel leakage ratio (ACLR) degradation due to RoF TX, RX
and fiber propagation in a dual standard transmission. After the introduction
on the experimental setup, experimental results obtained with different RoF
TXs will be shown and compared with simulation results obtained with the
numerical model described in section 2.1.

2.2.1

Experimental setup

The experimental setup is shown in Fig. 2.5. Two RF signals were combined and transmitted on the RoF IM–DD link. The RF signals were generated by two Agilent N5182A MXG vector signal generators (VSGs) and
were compliant with the UMTS and WiMAX standards. The UMTS carrier
frequency was fixed in the 2110–2170 MHz downlink (DL) band [60] and the
WiMAX carrier frequency in the 2500–2690 MHz DL band [61], which are
both IMT-2000 allocated bands. The output power of the two VSGs was
kept at a value which gave the highest level of ACLR directly from the instrument. Since this value was below −10/−5 dBm, two highly-linear power
amplifiers (PAs) were needed to increase the power levels to highest values.
The combination of the two signals was applied to three different RoF
TXs based on directly modulated DFB laser diodes (LDs). The emission
wavelength, λ0 , of the RoF TXs were around 1550 nm (C band) and the
optical power was +10 dBm. The other measured and modeled parameters
are listed in Tab. 2.1. The output pig-tail of the RoF TX was connected to
an optical variable attenuator, followed by different spans of SMF to reach a
total length ranging from few meters to 50 km. All the fiber spans were of
standard SMF compliant with ITU-T G.652 recommendation [4]. Therefore,
fiber chromatic dispersion was modeled according to the formula in [4],
D (λ0 ) = D1550 + S1550 (λ0 − 1550)
44
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Attenuator
RoF TX

+
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Figure 2.5: Experimental setup employed for the characterization of
IM–DD links on SMF

Parameter
TX1
λ0 (nm)
1551.31
f0 (THz)
193.25
P0 (mW)
10
ηT X (mW/mA)
0.075
IIP2 (dBm)
61.0
IIP3 (dBm)
44.0
a2
1.88 × 10−2
a3
2.36 × 10−2
α
4.55
κ (GHz/mW)
4.78
Kf (MHz/mA)
135

TX2
1540.11
194.65
10
0.084
47.0
38.0
8.41 × 10−2
7.49 × 10−2
3
4.08
85

TX3
1547.72
193.70
10
0.072
49.0
40.0
7.79 × 10−2
6.43 × 10−2
4
1.32
45

Table 2.1: Parameters of RoF TXs used in the experimental activity
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D1550 is the dispersion coefficient at 1550 nm (ps/nm × km) and S1550
is the dispersion slope coefficient at 1550 nm (ps/nm2 × km). According to the representative value in [4], I set D1550 = 17 ps/nm × km and
S1550 = 0.056 ps/nm2 × km. The corresponding dispersion values at the
three different operating wavelengths of the RoF TXs were 17.07, 16.45, and
16.87 ps/nm × km for TX1, TX2 and TX3, respectively.
The variable attenuator was used to guarantee the same optical power
at the output of the fiber with the aim to set the noise level of the link in
all the configurations reported. In particular, the total optical attenuation
including optical connectors was set to 13.5 dBm.
Finally, the fiber was connected to a RoF RX based on a InGaAs positiveintrinsic-negative (PIN) photodiode followed by a trans-impedance amplifier
(TIA). The electrical output port of the RoF RX was connected to an
Agilent N9020A MXA vector signal analyzer (VSA) used to measure the
ACLR in the two bands. The RoF RX was modeled by (2.28) assuming
that receiver non-linearities were negligible compared to the ones induced by
the transmitter and by the optical link. This assumption was well consistent
since the received optical power was quite low due to the fixed optical budget
of 13.5 dBm. Hence, the TIA worked in his linear region.
To explain graphically the meaning of ACLR, Fig. 2.6 shows an example
of ACLR test on a UMTS signal centered at 2140 MHz. The nominal TXchannel bandwidth is 3.84 MHz and the channel spacing is 5 MHz. Therefore,
the adjacent channels are centered at 2140 ± 5 MHz, and the alternate channels at 2140 ± 10 MHz. The nominal channel bandwidth is always 3.84 MHz
for the adjacent and alternate channels. The ACLR is defined as the ratio
between the power in the adjacent channel and the power in the transmitted
channel. It is expressed in dB or dBc (dB carrier).
In the same way, the ACLR test for a WiMAX signal set the nominal
channel bandwidth to 9.5 MHz with a carrier spacing of 10 MHz. In my
case, the signal was centered at 2675 MHz, thus the adjacent channels were
centered at 2675 ± 10 MHz.
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Figure 2.6: Example of ACLR test for an UMTS–compliant signal

2.2.2

Experimental results and comparisons

The purpose of the experimental activity was to study the mutual distortions generated by the simultaneous transmission of the two different radio
signals. Hence, the ACLR test was performed for different pairs of modulation indexes of the two signals, namely m1 and m2 . I chose the three discrete
values 0.1, 0.2 and 0.3 for m1 and m2 and it was possible to consider all the
combinations with m1 + m2 ≤ 0.4 avoiding LD clipping.
From Fig. 2.7 to Fig. 2.9 the most significant results are shown for the
three RoF TXs. In subfigures (a) three different curves of ACLR for the
UMTS signal are shown versus increasing fiber length. Each curve corresponds to a different value of the modulation index of the WiMAX signal,
m2 , varying from 0.1 to 0.3, while the modulation index of the UMTS signal,
m1 , was kept at 0.1. Similarly, subfigures (b) show three different curves of
ACLR for the WiMAX signal with m2 constant at 0.1 and m1 varying from
0.1 to 0.3. The only exception are Fig. 2.9(a) and Fig. 2.9(b) where the only
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Figure 2.7: Measured and simulated ACLR values for the link employing
RoF TX1 in the case of UMTS (a) and WiMAX (b) signals.
m1 and m2 refer to UMTS and WiMAX, respectively
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Figure 2.8: Measured and simulated ACLR values for the link employing
RoF TX2 in the case of UMTS (a) and WiMAX (b) signals.
m1 and m2 refer to UMTS and WiMAX, respectively
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Figure 2.9: Measured and simulated ACLR values for the link employing
RoF TX3 in the case of UMTS (a) and WiMAX (b) signals.
m1 and m2 refer to UMTS and WiMAX, respectively
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pairs m1 = 0.1 and m2 = 0.3 (a), m1 = 0.3 and m2 = 0.1 (b) are shown since
the other combinations give rise to similar curves that are not reported here
for readability of the two graphs.
Note that the ACLR values for short distances differ in the two cases of
UMTS and WiMAX signals. This is caused by the different integration bandwidth in the two cases. UMTS nominal bandwidth is fixed to 3.84 MHz and
WiMAX nominal bandwidth to 9.5 MHz. Hence, when distortions generated
in the adjacent channels caused by the optical link are negligible compared
to noise, the power in the adjacent channel increases with integration bandwidth. In this particular case the difference is 10 × log10 (9.5/3.84) = 3.9 dB,
that is observed in Fig. 2.7, 2.8 and 2.9.
Another behavior for short distances to be observed is that ACLR values
are practically independent from m2 (a) or m1 (b). This means that the
non-linear characteristics of the RoF TX does not produce a considerable
cross-effect on ACLR. The only exception is the case m1 = 0.1 and m2 = 0.3
in Fig. 2.8(a). This is due to the worse non-linearity characteristics of RoF
TX2 with respect to the other transmitters as shown in Tab. 2.1.
For increasing fiber length the common behavior is the increase of ACLR
in every curve in Fig. 2.7, 2.8 and 2.9. The only exception is the curve
corresponding to m1 = 0.1 and m2 = 0.1 in Fig. 2.8(b). This peculiar
effect is not due to a decrease of the power in the adjacent channel, but
to a relative increase of the power in the received TX-channel caused by a
phase-to-intensity conversion produced by fiber chromatic dispersion. This is
exactly the same reason which produces a higher relative increase of power in
the adjacent channels with respect to the TX-channel as can be observed in
all the other cases in Fig. 2.7, 2.8 and 2.9. However, when the relative increase
of power in the adjacent channel remains under the noise floor the ACLR
variations are driven by the relative change of power in the TX-channel.
This is the case of the curve corresponding to m1 = 0.1 and m2 = 0.1 in
Fig. 2.8(b).
Pointing the attention in all the curves with m1 = 0.1 and m2 = 0.3 in
Fig. 2.7(a), 2.8(a), 2.9(a), it is possible to observe that the relative increase
of ACLR is higher for RoF TX1 compared to RoF TX2 and for RoF TX2
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compared to RoF TX3. This is caused by the higher adiabatic frequency
chirp scaling factor κ (or equivalently adiabatic frequency chirp Kf ) of RoF
TX1 with respect to RoF TX2 and of RoF TX2 with respect to RoF TX3, as
summarized in Tab. 2.1. Higher κ (or Kf ) also produces higher detrimental
interference between the two radio signals as can be observed comparing the
curves corresponding to a different pair of m1 and m2 in Fig. 2.7, 2.8, 2.9.
From a design point of view, the latter discussion might lead to the conclusion that DFB LDs with low frequency chirp parameters are preferable
for multi-standard transmission. However, referred to the in-building scenarios of this thesis the fiber length does not typically exceed few kilometers.
With this range limitation all the three RoF TXs are compliant with the
−45 dBc and −37 dBc of ACLR upper limit fixed for UMTS and WiMAX
standards [62, 61], respectively, because the performance parameters are influenced mainly by the intensity modulation non-linearities. Actually, RoF
TX1 gives rise to the best performance in this case. On the contrary, for
longer SMF transmission only RoF TX3 is able to be compliant with the
specifications up to 40 km.

2.3

Summary

This chapter presented the modeling and experimental activity on stateof-the-art RoF links employing SMF and directly modulated DFB lasers. A
numerical model providing accurate results together with a reduced need of
simulation time and resources was described in section 2.1. An experimental
activity focused on the determination of the ACLR performances of the simultaneous transmission of UMTS and WiMAX signals has been described
in section 2.2. A good agreement between experimental and simulation results has been reported. Hence, the developed model has been proven to be
a useful tool for the design of SMF IM–DD links. Moreover, the experimental activity pointed out the interactions between the different modulating
RF signals and related them to the transmitter properties, among all the
frequency chirp parameter Kf . Some criticalities have been underlined for
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SMF link exceeding few tens of kilometer, while a general wide feasibility of
the studied cost-effective RoF links has been illustrated for short-range ones,
which are typically needed in in-building scenarios.
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Chapter

3

RoF systems over MMF
for in-building F–DAS
In this chapter radio over multi-mode fiber (RoMMF) IM–DD systems
employing DFB and fabry-perot (FP) lasers will be deeply studied. A model
describing the impact of modal noise on gain, harmonic and intermodulation distortions is derived. The theoretical results will be compared with
experimental ones to obtain some link design rules. Finally, transmission
experiments employing LTE signals will be presented.

3.1
3.1.1

Developed theoretical model
Electrical field produced by the laser

The starting point of the theoretical model is the electrical field produced
by a directly modulated DFB LD. To determine the gain of the link and the
harmonic and intermodulation distortions of the system I consider as modulating signal two sinusoidal tones at frequencies fc,1 and fc,2 with identical
OMI, m1 = m2 = mI . In this case (2.19) and (2.20) lead to the following
This chapter is based on the results published in P2., P3., P11., P15., and P18.

55

CHAPTER 3. ROF SYSTEMS OVER MMF FOR IN-BUILDING F–DAS

electrical field Ē(t).
Ē(t) = E0 · ē(x, y) ·

p

1 + y(t) · exp { [2πf0 t + ψ(t)]}

(3.1)

where
y(t) = mI [cos (2πfc,1 t) + cos (2πfc,2 t)] +
+a2 m2I [cos (2πfc,1 t) + cos (2πfc,2 t)]2 +
+a3 m3I [cos (2πfc,1 t) + cos (2πfc,2 t)]3

(3.2)

and
ψ(t) =

Kf IRF
Kf IRF
sin (2πfc,1 (t − ν1 )) +
sin (2πfc,2 (t − ν2 ))
fc,1
fc,2

(3.3)

The meaning of m, a2 , a3 , Kf , IRF is the same of the laser model in section
2.1. Moreover, e(x, y) is the normalized field distribution to be coupled with
the MMF, while x and y are the transversal coordinates. To derive (3.3) I
used (2.16) and (2.18). The quantities ν1 and ν2 are referred to the sinusoidal
tones at frequency fc,1 and fc,2 , respectively.

3.1.2

Multimode fiber launch and propagation

The electrical field (3.1) is launched into a MMF. Hence, the modulation
is divided onto the NM different fiber modes [63]. The electrical field at the
input of the fiber becomes,
Ēin (t) = E0

NM
X

Am · ēm (x, y) ·

p
1 + y(t) · exp { [2πf0 t + ψ(t)]}

(3.4)

m=1

Referring to the generic propagating mode of subscript m taken within
the set of NM modes: ēm (x, y) is the normalized field and Am is the weight
coefficient derived from,
Z
Am =
ēm (x, y) • ē∗ (x, y) dS
(3.5)
S∞

56

3.1. DEVELOPED THEORETICAL MODEL

S∞ stands for an infinite plane surface, the notation • for scalar product,
and the superscipt ∗ for complex conjugation.
In the framework of this activity, I will report experimental results related
to three types of launch, i.e. central launch, offset launch and overfilled
launch. Central launch is obtained launching the single mode of a SMF in
the center of the MMF, while offset launch is obtained launching the single
mode of a SMF at a fixed offset from the center of the MMF. Overfilled
launch is achieved employing a mode scrambler. Further details will be given
in section 3.2.3.
To compare experimental and theoretical results the calculation of the
coefficient Am is required. To this purpose, the normalized electrical field
ēm (x, y) was calculated through COMSOL Multiphysics R , an electromagnetic mode solver based on the finite element method. The refractive index profile n(r) of a graded-index fiber was approximated by the generally
adopted power law equation [63],
( q
α
|r| ≤ a
n1 1 − 2∆ ar
(3.6)
n (r) =
√
n2 = n1 1 − 2∆ |r| > a
where n1 is the refractive index at the center of the fiber core, n2 is the
refractive index in the cladding, ∆ = (n21 − n22 ) / (2n21 ) is the relative index
difference, a is the core radius, and α is the power law profile parameter.
Since the refractive index of core and cladding depends on the wavelength,
also the index profile varies with the wavelength. To model the refractive
index wavelength dependence a three terms Sellmeier equation is used for
core and cladding refractive indexes [63],
n2k

−1=

3
X
i=1

(k)

(k)

Ai λ2
 2
(k)
λ2 − li

(3.7)

(k)

where li is the i-th resonance wavelength and Ai its coefficient.
With the assumption that the cladding is made of pure SiO2 and the core
(k)
of SiO2 doped with GeO2 it is possible to determine the coefficients li and
(k)
Ai using the values summarized in Tab. 3.1. For the cladding refractive
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SiO2
A1
0.69616630E + 00
l1 (µm) 0.68404300E − 01
A2
0.40794260E + 00
l2 (µm) 0.11624140E + 00
A3
0.89747940E + 00
l3 (µm) 0.98961610E + 01

GeO2
0.80686642E + 00
0.68972606E − 01
0.71815848E + 00
0.15396605E + 00
0.85416831E + 00
0.11841931E + 02

Table 3.1: Sellmeier Coefficients for SiO2 and for GeO2 from [64]
index, n2 , only the SiO2 Sellemeier coefficients will be used. For the core
refractive index in the center, n1 , a linear relationship will be used for the
determination of the Sellmeier coefficients according to [64],
(2)

2
2
+ X · AGeO
Ai = (1 − X) · ASiO
i
i

(2)

li

= (1 − X) · liSiO2 + X · liGeO2

(3.8a)
(3.8b)

where X is the mole fraction of GeO2 .
According to [65], the standard MMF with a core diameter 2a = 50 µm
has ∆ = 1 % and α ≈ 2.05 to be optimum at 850 nm. That is the case of
OM2, OM3 and OM4 MMFs which are differentiated by the manufacturing
process able to obtain an index profile closer to the optimum one. By forcing
∆ = 1 % at 850 nm it is possible to calculate the mole fraction X of GeO2
in the center of the fiber core. It results X = 10 mol%, corresponding to
n1 = 1.4676 and n2 = 1.4527 at 850 nm, and n1 = 1.4618 and n2 = 1.4469
at 1310 nm.
The normalized electrical field ēm (x, y), the propagation constant βm and
the group delay τm of the fiber modes were obtained by solving an eigenvalue
problem on the magnetic field [66]. The numerical solution was obtained by
using the RF module of COMSOL Multiphysics R on the described geometry
[67]. There are 380 propagating modes at 850 nm, and 156 propagating
modes at 1310 nm. From ēm (x, y) we can determine Am once ē(x, y) has
been fixed.
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In the case of an input electrical field coming from a single mode fiber,
ē(x, y) was determined through the model described above assuming 2a =
9 µm, step-index profile (α → ∞ in (3.6)), and X = 6.3 mol% [68]. Naming
ēSM F (x, y) the normalized electrical field of the SMF centered with respect
to the SMF axis, in the case of central launch it is ē(x, y) = ēSM F (x, y), while
in the case of offset launch it is ē(x, y) = ēSM F (x − xof f set , y) where xof f set
is the misalignment between SMF and MMF.
Fig. 3.1 shows the values of A2m at 1310 nm in two cases: central launch
from a SMF in Fig. 3.1(a), and offset launch performed with xof f set = 12 µm
in Fig. 3.1(b). Note that central launch excites few modes, all exhibiting
a low mode number, m, (lower order modes), while offset launch excites a
larger number of modes, many of which are modes with a high mode number,
m, (higher order modes).
The reason to use offset launch is that, since in practice a perfect central
launch is not feasible and can be corrupted by modal coupling, offset launch
can guarantee a more stable situation compared to central launch. Moreover,
Raddatz et al. stated that this technique can enhance the bandwidth of
multimode fiber links [69, 70]. Anyway, this is not a general rule. Central
and offset launch performance depends on the MMF and other restricted
launch techniques can outperform central or offset launches [71, 72].
As mentioned above, with the MMF characterization performed with
COMSOL Multiphysics R it was possible also to determine the propagation
constant βm and the group delay τm of every mode. In Fig. 3.2 typical values
of βm (a) and τm (b) are presented for a graded-index MMF at 1310 nm. Note
that βm in Fig. 3.2(a) has a stair-shape which allows to distinguish between
groups of modes with similar propagation constants. The group delays τm in
Fig. 3.2(b) are instead not exactly aligned on a stair-shape. Anyhow, I do not
assemble in this model the modes into groups, but I use the complete set of
modes, each one taken separately from the others. Furthermore, chromatic
or third-order dispersions of the modes are not considered since this model
is applied to short-range MMF link. However, analytical models taking into
account chromatic and third-order dispersions have been reported [73, 74].
Starting from (3.4) the electrical field after propagation in a MMF of
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Figure 3.1: Example of typical values of A2m in the case of central launch
(a) and offset launch with a displacement of 12 µm (b)
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Figure 3.2: Example of typical values of βm (a) and τm (b) for a gradedindex MMF at 1310 nm
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length z becomes then,
Ēout (t, z) = E0

NM
X

Am · ēm (x, y) ·

p
1 + y(t − τm z) ·

m=1

· exp { [2πf0 t − βm z + φm (t, z) + ψ(t − τm z)]}

(3.9)

The quantity φm (t) is a slow phase variation with respect to the theoretical phase shift, βm z, of the optical carrier [75]. This phase variation is
induced by fluctuations of environmental physical quantities, such as the ambient temperature or mechanical stress. The presence of this random phase
variation is the cause of modal noise. From a statistical point of view it is
possible to assume φm (t) of different modes uniformly distributed between
−π and +π and uncorrelated as done in [75]. This assumption does not describe any physical relationship between phase variations of different modes.
Indeed, the random phase variations described by φm (t) are related to the
changes of the refractive index profile, i.e. value and/or shape, caused by
temperature or stress variation. A thermo-optic coefficient around 10−5 /◦ K
and a pressure-optic coefficient around 10−5 /106 N m−2 have been reported
for fused silica [76, 77]. Consequently, I assume that the effective index of
refraction of every mode changes with temperature or pressure. Then, I
define,


2π
nef f,m (t) z
(3.10)
φm (t, z) = βm −
λ0
where nef f,m (t) is the effective index of refraction of the mth mode (n2 <
nef f,m < n1 ) [57].
Since nef f,m is related to the refractive indexes n1 and n2 , it is reasonable to consider also its time variations related to the time variations of the
same indexes. But, nef f,m referred to different modes will experience a different strength of slow variations. As a first approximation I consider φm (t)
dependence from an external temperature variations ∆T (t) as,
φm (t, z) = cm · ∆T (t) + φ0,m

(3.11)

where cm is a coefficient which takes into account the thermo-optic effects
and φ0,m is a random phase due to possible random imperfections of the fiber.
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The initial phase φ0,m can be chosen random between −π and +π, while
cm can be chosen randomly between a minimum value and a maximum value
with the same sign. These minimum and maximum values increase with
fiber length, z, and can be simply estimated to fit experimental data since
there is no simple direct relationship between refractive indexes and effective
refractive indexes variations. With this model φm (t) is still uniformly distributed between −π and +π, but phases related to different modes are no
more uncorrelated. Considering two phase variations φm and φm related to
mode m and n it is,
Cov (φm (t), φn (t)) = E [cm cn ] · h[∆T (t)]2 i + E [φ0,m φ0,n ]

(3.12)

where Cov (., .) stands for statistical covariance, E [.] for statistical averaging, and h.i for time averaging. To obtain this result I took the hypothesis
h∆T (t)i = 0 which comes from the definition of temperature variation.
The result in (3.12) demonstrates that even if the statistical couples cm ,
cn and φ0,m , φ0,n are uncorrelated the covariance of φm and φn is not zero
since E [cm cn ] is always a positive number. This is due to the hypothesis
of assuming cm to be positive or negative for all modes. This assumption
comes from the physical consideration that at a certain wavelength the index
of refraction always decreases or increases for a positive temperature variation
∆T .

3.1.3

Receiver model

After the propagation in one span of MMF, the electrical field is detected
by a photodiode. With respect to the SMF case of (2.28), it is crucial to
consider the finite detecting area of the photodiode. Indeed, if in the SMF
this means just a loss of optical power, in this case it also represents different
attenuations for the MMF modes, and different mutual interference.
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The received electrical current generated by the photodiode is,
2
NM
X
Ēout (t, z)
iout (t, z) = R ·
dS = I0
A2m bmm (1 + y(t − τm z)) +
2Z
SP D
m=1
(N −1 N
M
M
X X
p
+2I0 · <
Am An bmn · 1 + y(t − τm z)·

Z

m=1 n=m+1

p
· 1 + y(t − τn z) · exp { [ψ(t − τm z) − ψ(t − τn z)]} ·
· exp { [(φm (t, z) − φn (t, z)) − (βm − βn ) z]}}

(3.13)

where I0 = RE02 /2Z is the maximum possible direct current (DC) component, < {.} stands for real part, and
Z
bmn =
ēm (x, y) • ē∗n (x, y) dS
(3.14)
SP D

Note that bmn given by (3.14) is the scalar product between the normalized electrical fields of MMF modes of numbers m and n computed over
the detecting area of the photodiode, SP D . Due to mode orthogonality, this
quantity should ideally be equal to one for m = n while it should be equal to
zero for m 6= n. However, because of the finite detecting area of the photodiode neither condition is met. This non-ideal behavior is another factor which
influences modal noise. Fig. 3.3 shows typical values of bmm and bmn . In this
example I assumed that the photodiode surface was a square, with width 25
µm, misaligned of 2 µm with respect to the central axis of the MMF. From
Fig. 3.3(a) it can be observed that bmm values are mostly between 0.6 and 1
and tend to decrease for increasing m. This is due to the lower confinement
of higher order modes in the core of the MMF. Fig. 3.3(b) shows |bmn | for
n = 20. bm20 values are mainly between 1E − 4 and 1E − 1. Similar results
can be presented for different values of n.
The phase differences present in the second summation in (3.13) need to
be calculated,
ψ(t − τm z) − ψ(t − τn z) = − [xmn,1 cos (2πfc,1 (t − τ̄mn − ν1 )) +
+ xmn,2 cos (2πfc,2 (t − τ̄mn − ν2 ))] (3.15)
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Figure 3.3: Example of typical values of bmm (a) and bm20 (b) assuming the
photodiode surface as a square with side 25 µm and a misalignment of 2 µm with respect to the central axis of the MMF
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where
sin (2πfc,i ∆τmn )
for i = 1, 2
(3.16a)
2πfc,i ∆τmn
τm − τn
z
(3.16b)
∆τmn =
2
τm + τn
τ̄mn =
z
(3.16c)
2
The quantity xmn,i in (3.16a) will be shown to be an important parameter
which influences modal noise strength. It increases with the transmitter chirp
factor, Kf , and with the amplitude current, IRF . For the couples of modes
with |2πfc,i ∆τmn | < π/2, xmn,i also increases with fiber length z. This is the
case of most of the couples of modes in short-range MMF link employing RF
frequencies below 2–3 GHz.
The other part of the phase in (3.13) can be collected in,
xmn,i = 4πKf IRF ∆τmn

∆ϕmn (t) = (φm (t, z) − φn (t, z)) − (βm − βn ) z

(3.17)

Using (3.11) ∆ϕmn can be written in a form similar to φm ,
∆ϕmn (t) = cmn · ∆T (t) + ∆ϕ0,mn

(3.18)

where cmn = cm − cn and ∆ϕ0,mn = (φ0,m − φ0,n ) − (βm − βn ) z. Similarly to
φ0,m or φ0,n , ∆ϕ0,mn can be chosen randomly between −π and +π. On the
other hand, contrary to cm or cn , cmn referred to different couples of modes
can have a different sign. This leads to take E [cmn ] = 0. Consequently,
Cov (∆ϕmn (t), ∆ϕkl (t)) referred to different mode couples (m, n) and (k, l)
can be zero if cmn , ckl , ∆ϕmn (t) and ∆ϕkl (t) are uncorrelated.
Using (3.15) and (3.17), (3.13) becomes,
iout (t, z) = I0

NM
X

A2m bmm

(1 + y(t − τm z)) + 2I0

NX
M −1

m=1

NM
X

Am An bmn ·

m=1 n=m+1

p
· 1 + y(t − τm z) + y(t − τn z) + y(t − τm z) · y(t − τn z) ·
· [cos (∆ϕmn (t)) cos (xmn,1 cos (2πfc,1 (t − τ̄mn − ν1 )) +
+ xmn,2 cos (2πfc,2 (t − τ̄mn − ν2 ))) +
+ sin (∆ϕmn (t)) sin (xmn,1 cos (2πfc,1 (t − τ̄mn − ν1 )) +
+ xmn,2 cos (2πfc,2 (t − τ̄mn − ν2 )))]
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To determine the received current at each frequency all terms containing
the time variable, t, in (3.19) were expanded with analytical series:
• the square root by using the Maclaurin series [59]:
√

1+x=

∞
X
k=0

(−1)k (2k)!
xk
2
k
(1 − 2k) (k!) (4 )

(3.20)

where x is substitued by the content of the square root except from 1.
• the cos (xmn,1 ... + xmn,1 ...) and sin (xmn,1 ... + xmn,1 ...) by using the JacobiAnger expansion [59]:
ejx cos θ = J0 (x) + 2

∞
X

j k Jk (x) cos(kθ)

(3.21)

k=1

where Jk is a Bessel function of the k th order [59].
Due to the initial assumption to consider laser non-linearities up to the
third-order (see (3.2)), only power of mI up to the third order should be
taken into account. This means that the expansions in (3.20) and (3.21)
should be considered for k ≤ 3.
After a lengthy calculations the current can be determined at the following
frequency components: DC, fc,1 , fc,2 , 2fc,1 , 2fc,2 , fc,1 +fc,2 , 3fc,1 , 3fc,2 , 2fc,1 −
fc,2 , and 2fc,2 − fc,1 . The generic component at frequency f¯ can be written
as,




iout,f¯(t, z) = Ac,f¯ + Bc,f¯(t) cos 2π f¯t + As,f¯ + Bs,f¯(t) sin 2π f¯t (3.22)
where
Ac,f¯ = I0 · af¯

NM
X

A2m bmm cos 2π f¯τm z



(3.23a)

A2m bmm sin 2π f¯τm z



(3.23b)

m=1

As,f¯ = I0 · af¯

NM
X
m=1

Bc,f¯(t) = 2I0

NX
M −1

NM
X

Am An bmn Dmn,f¯,c (t)

(3.23c)

m=1 n=m+1
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Bs,f¯(t) = 2I0

NX
M −1

NM
X

Am An bmn Dmn,f¯,s (t)

(3.23d)

m=1 n=m+1

Dmn,f¯,c (t) = Cmn,f¯,C,c cos (∆ϕmn (t)) + Cmn,f¯,S,c sin (∆ϕmn (t))

(3.23e)

Dmn,f¯,s (t) = Cmn,f¯,C,s cos (∆ϕmn (t)) + Cmn,f¯,S,s sin (∆ϕmn (t))

(3.23f)

The value of af¯ in (3.23a) and (3.23b) comes from (3.2). In particular it
is,
afc,1 = afc,2 = mI

(3.24a)

1
a2fc,1 = a2fc,2 = a2 m2I
2

(3.24b)

3
a2fc,1 −fc,2 = a2fc,2 −fc,1 = a3 m3I
4

(3.24c)

The expressions of the terms Cmn,f¯,C,c and Cmn,f¯,S,c in (3.23e) and Cmn,f¯,C,s
and Cmn,f¯,S,s in (3.23f) are reported in Tab. 3.2 for the component at DC and
at 2fc,1 , in Tab. 3.3 for the component at fc,1 , and in Tab. 3.4 for the component at 2fc,2 − fc,1 . The expressions referred to other frequency components
are not included in this thesis.
With all the terms in (3.22), the amplitude Iout,f¯ of the component at
frequency f¯ can be determined,
q
2
2
Ac,f¯ + Bc,f¯(t) + As,f¯ + Bs,f¯(t)
(3.25)
Iout,f¯(t) =
From (3.25) it is possible to observe that the amplitude of the current
at frequency f¯ is ruled by non-fluctuating terms (Ac,f¯ and As,f¯) and timefluctuating terms (Bc,f¯(t) and Bs,f¯(t)). Indeed, these last terms depend from
the difference of phases ∆ϕmn (t) and represent the modal noise contribution.
The characterization of the statistical distribution of Iout,f¯(t) is complex
and in general possible only numerically. For this reason, I will only determine analytically the mean value of the received power at frequency f¯ and
the standard deviation for the components at DC and fc,1 . Other statistical
quantities used in this work are determined numerically.
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Cmn,DC,S,s = 0
2fc,1

Cmn,2fc,1 ,C,s (Cmn,2fc,1 ,S,s ) identical to Cmn,2fc,1 ,C,c (Cmn,2fc,1 ,S,c ) with cos substituted with sin

Cmn,2fc,1 ,S,c = mI J0 (xmn,2 )J1 (xmn,1 ) cos (2πfc,1 ∆τmn ) cos (2π (2fc,1 τ̄mn + fc,1 ν1 ))

Cmn,2fc,1 ,C,c =

m2I
J0 (xmn,1 )J0 (xmn,2 ) [(4a2 − 1) cos (2π2fc,1 ∆τmn ) + 1] cos (2π(2fc,1 )τ̄mn ) −
8
2J0 (xmn,2 )J2 (xmn,1 )cos (2π2fc,1 (τ̄mn + ν1 ))

Cmn,DC,C,s = 0

J0 (xmn,2 )J1 (xmn,1 ) cos (2πfc,1 ∆τmn ) cos (2πfc,2 ν2 )]

Cmn,DC,S,c = mI [J0 (xmn,1 )J1 (xmn,2 ) cos (2πfc,2 ∆τmn ) cos (2πfc,1 ν1 ) +

Cmn,DC,C,c



m2I
= J0 (xmn,1 )J0 (xmn,2 ) 1 +
[cos (2π2fc,1 ∆τmn ) + cos (2π2fc,2 ∆τmn ) − 2]
8

DC

Table 3.2: Expression of Cmn,f¯,C,c , Cmn,f¯,S,c , Cmn,f¯,C,s and Cmn,f¯,S,s for DC and 2fc,1
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Table 3.3: Expression of Cmn,fc,1 ,C,c , Cmn,c,1 ,S,c , Cmn,fc,1 ,C,s and Cmn,fc,1 ,S,s
fc,1


m3
Cmn,fc,1 ,C,c = J0 (xmn,1 )J0 (xmn,2 ) mI cos (2πfc,1 ∆τmn ) + I (4a2 − 1) [(4 cos (2π2fc,2 ∆τmn ) − 5) ·
32
cos (2πfc,1 ∆τmn ) + cos (2π3fc,1 ∆τmn )]} cos (2πfc,1 τ̄mn ) −
mI J0 (xmn,2 )J2 (xmn,1 ) cos (2πfc,1 ∆τmn ) cos (2πfc,1 (τ̄mn + 2ν1 )) −

2mI J1 (xmn,1 )J1 (xmn,2 ) cos (2πfc,2 ∆τmn ) cos (2πfc2 ν2 ) cos (2πfc,1 (τ̄mn + ν1 ))


m2
Cmn,fc,1 ,S,c = J0 (xmn,2 )J1 (xmn,1 ) 2 + I [4 cos (2π2fc,2 ∆τmn ) − 3 + (4a2 − 1) cos (2π2fc,1 ∆τmn )] ·
8
m2
cos (2πfc,1 (τ̄mn + ν1 )) + J0 (xmn,1 )J1 (xmn,2 ) I {[2a2 cos (2π(fc,2 − fc,1 )∆τmn ) −
4
sin (2πfc,1 ∆τmn ) sin (2πfc,2 ∆τmn )] cos (2π(fc,1 τ̄mn + fc,2 ν2 )) +

[2a2 cos (2π(fc,1 + fc,2 )∆τmn ) − sin (2πfc,1 ∆τmn ) sin (2πfc,2 ∆τmn )] cos (2π(fc,1 τ̄mn − fc,2 ν2 ))}
Cmn,fc,1 ,C,s (Cmn,fc,1 ,S,s ) identical to Cmn,fc,1 ,C,c (Cmn,fc,1 ,S,c ) with cos substituted with sin
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Cmn,2fc,2 −fc,1 ,C,s (Cmn,2fc,2 −fc,1 ,S,s ) identical to Cmn,2fc,2 −fc,1 ,C,c (Cmn,2fc,2 −fc,1 ,S,c ) with cos substituted with sin

2J1 (xmn,1 )J2 (xmn,2 )cos (2π ((2fc,2 − fc,1 )τ̄mn + 2fc,2 ν2 − fc,1 ν1 ))

cos (2π ((2fc,2 − fc,1 )τ̄mn − fc,1 ν1 ))} −

Cmn,2fc,2 −fc,1 ,S,c =

m2I
{2J0 (xmn,1 )J1 (xmn,2 ) [(4a2 − 1) cos (2π(fc,2 − fc,1 )∆τmn ) + cos (2π(fc,2 + fc,1 )∆τmn )] ·
8
cos (2π ((2fc,2 − fc,1 )τ̄mn + fc,2 ν2 )) + J0 (xmnm,2 )J1 (xmn,1 ) [(4a2 − 1) cos(2π2fc,2 ∆τmn ) + 1] ·

J1 (xmn,1 )J1 (xmn,2 ) cos (2πfc,2 ∆τmn ) cos (2π ((2fc,2 − fc,1 )τ̄mn + fc,2 ν2 − fc,1 ν1 ))}

mI {J0 (xmn,1 )J2 (xmn,2 ) cos (2πfc,1 ∆τmn ) cos (2π ((2fc,2 − fc,1 )τ̄mn + 2fc,2 ν2 )) −

Cmn,2fc,2 −fc,1 ,C,c =

m3I
{J0 (xmn,1 )J0 (xmn,2 ) [3 (8a3 − 4a2 + 1) cos (2π(2fc,2 − fc,1 )∆τmn ) + (4a2 − 1) ·
32
(cos (2π(2fc,2 + fc,1 )∆τmn ) + 2 cos (2πfc,1 ∆τmn ))]} cos (2π(2fc,2 − fc,1 )τ̄mn ) −

2fc,2 − fc,1

Table 3.4: Expression of Cmn,2fc,2 −fc,1 ,C,c , Cmn,2fc,2 −fc,1 ,S,c , Cmn,2fc,2 −fc,1 ,C,s and Cmn,2fc,2 −fc,1 ,S,s
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The received power at frequencies f¯ is,
2
2 i
RL 2
RL h
Pout,f¯(t) =
I ¯(t) =
Ac,f¯ + Bc,f¯(t) + As,f¯ + Bs,f¯(t)
(3.26)
2 out,f
2
where RL is the load resistance (50Ω).
The mean electrical power at frequencies f¯ is,
RL  2
hPout,f¯(t)i =
Ac,f¯ + A2s,f¯ + hB2c,f¯(t)i + hB2s,f¯(t)i+
2

+ 2Ac,f¯hBc,f¯(t)i + 2As,f¯hBs,f¯(t)i

(3.27)

To determine hPout,f¯(t)i it is necessary to calculate the mean and the
mean square value of Bc,f¯(t) and Bs,f¯(t). For the mean value it is,
hBc,f¯(t)i = 2I0

NX
M −1

NM
X

Am An bmn hDmn,f¯,c (t)i = 0

(3.28)

m=1 n=m+1

where I used the property of the mean value of Dmn,f¯,c (t) to be equal to zero
since ∆ϕmn (t), as φm , uniformly distributed between −π and +π.
The mean square value is,
hB2c,f¯(t)i

=

4I02

NX
M −1

NM
X

NX
M −1

NM
X

Am An Ak Al bmn bkl hDmn,f¯,c (t)Dkl,f¯,c (t)i

m=1 n=m+1 k=1 l=m+1

(3.29)
In (3.29) we need to determine hDmn,f¯,c (t)Dkl,f¯,c (t)i,
hDmn,f¯,c (t)Dkl,f¯,c (t)i = Cmn,f¯,C,c Ckl,f¯,C,c hcos (∆ϕmn (t)) cos (∆ϕkl (t))i+
+ Cmn,f¯,C,c Ckl,f¯,S,c hcos (∆ϕmn (t)) sin (∆ϕkl (t))i+
+ Cmn,f¯,S,c Ckl,f¯,C,c hsin (∆ϕmn (t)) cos (∆ϕkl (t))i+
+ Cmn,f¯,S,c Ckl,f¯,S,c hsin (∆ϕmn (t)) sin (∆ϕkl (t))i
(3.30)
To simplify (3.30) I use the assumption described above that ∆ϕmn and
∆ϕkl are uncorrelated. This leads to,
hcos (∆ϕmn (t)) cos (∆ϕkl (t))i =
72

1
(δmk δnl + δml δnk )
2

(3.31a)
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hsin (∆ϕmn (t)) sin (∆ϕkl (t))i =

1
(δmk δnl − δml δnk )
2

(3.31b)

hcos (∆ϕmn (t)) sin (∆ϕkl (t))i = 0

(3.31c)

where δmk is the Kronecker delta function.
Substituting (3.31a), (3.31b) and (3.31c) in (3.30) it is,
hDmn,f¯,c (t)Dkl,f¯,c (t)i =

2
2
+ Cmn,
Cmn,
f¯,S,c
f¯,C,c

2

· (δmk δnl + δml δnk )

(3.32)

Substituting (3.32) in (3.29) we have,
hB2c,f¯(t)i

=

2I02

NX
M −1

NM
X

h
i
2
2
A2m A2n b2mn · Cmn,
+
C
¯
¯
f ,C,c
mn,f ,S,c

(3.33)

m=1 n=m+1

and similarly for B2s,f¯(t).
Substituting (3.23a), (3.23b), (3.28) and (3.33) in (3.27) the mean value
can be determined as,
( "N
NX
NM
M −1 X
M
X
RL 2
2
4 2
A2m A2n bmm bnn ·
Am bmm + 2
hPout,f¯(t)i = I0 af¯
2
m=1 n=1
m=1
· cos 2π f¯2∆τmn



+2

NX
NM
M −1 X

A2m A2n b2mn ·

m=1 n=1

·



2
Cmn,
f¯,C,c

+

2
Cmn,
f¯,S,c

2
2
+ Cmn,
f¯,C,s + Cmn,f¯,S,s

o

(3.34)

The variance of the electrical power at frequencies f¯ is,



2
2
Var Pout,f¯(t) =Var Bc,f¯(t) + Bs,f¯(t) + 4 · Var Ac,f¯Bc,f¯(t) + As,f¯·



·Bs,f¯(t) + 4 · Cov B2c,f¯(t) + B2s,f¯(t), As,f¯Bs,f¯ + As,f¯Bs,f¯
(3.35)
To determine the variance in (3.35) it is necessary to calculate the mean
value of powers of Bc,f¯(t) and Bs,f¯(t) up to the fourth order, which involves
calculation even longer than the one reported for hPout,f¯(t)i. For this reason
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I report analytical results just for the cases where it is B2c,f¯(t) + B2s,f¯(t) 
A2c,f¯ + A2s,f¯. This leads to assume,

RL  2
2
Pout,f¯(t) ≈
(3.36)
Ac,f¯ + As,f¯ + 2Ac,f¯Bc,f¯(t) + 2As,f¯Bs,f¯(t)
2
Utilizing (3.36) the mean value and the variance of Pout,f¯(t) simplify to,

RL  2
hPout,f¯(t)i ≈
(3.37a)
Ac,f¯ + A2s,f¯
2


Var Pout,f¯(t) ≈ RL2 · Var Ac,f¯Bc,f¯(t) + As,f¯Bs,f¯(t) =

2
= RL A2c,f¯hBc,f¯(t)2 i + A2s,f¯hBs,f¯(t)2 i+

+ 2Ac,f¯As,f¯hBc,f¯(t) · Bs,f¯(t)i
(3.37b)
All the terms in (3.37b) have been already determined apart from hBc,f¯(t)·
Bs,f¯(t)i. Following the same approach used to obtain hBc,f¯(t)2 i in (3.33), it
is,
hBc,f¯(t)Bs,f¯(t)i

=2I02

NX
M −1

NM
X

A2m A2n b2mn ·

m=1 n=m+1



· Cmn,f¯,C,c Cmn,f¯,C,s + Cmn,f¯,S,c Cmn,f¯,S,s

(3.38)

Substituting (3.33) and (3.38) in (3.37b), we have finally,
NX
NM
M −1 X

2 2
Var Pout,f¯(t) ≈RL I0
A2m A2n b2mn ·
m=1 n=m+1

h

2
Ac,f¯Cmn,f¯,C,c + As,f¯Cmn,f¯,C,s +
2 i
+ Ac,f¯Cmn,f¯,S,c + As,f¯Cmn,f¯,S,s

·

(3.39)

The formula in (3.39) is a good approximation of the variance of the
received component at frequency f¯ if the non-fluctuating term A2c,f¯ + A2s,f¯
prevails on the fluctuating term B2c,f¯(t) + B2s,f¯(t). This is the case for the DC
component and the component at fc,1 if not close to a minimum of the MMF
transfer function. For the component at other frequencies this approximation
is not valid since the received non-fluctuating term has typically very low
values.
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3.1.4

Extension to multi-wavelength sources

The model presented in the previous subsections refers to a single-wavelength laser, such as a DFB LD. However, in MMF systems also multiwavelength lasers, such as FP LDs, are currently employed. For this reason,
it is meaningful to extend the previous model to multi-wavelength sources.
The starting point is the electrical field ĒM W (t) emitted from a multiwavelength source,
ĒM W (t) =

NW
X

(k)

E0 · ē(k) (x, y)·

q

 

1 + y(k) (t)·exp  2πfk t + ψ (k) (t)

(3.40)

k=1

Referring to the generic wavelength k, fk is the optical frequency, and
all the other quantities have the same meaning of (3.1) with the superscript
(k) which applies to all the implicit quantities in (3.40) which depend on the
wavelength.
Since the different wavelengths can be considered completely uncorrelated, the electrical field can be written as,
ĒM W (t) =

NW
X

(k)

Ēin (t)

(3.41)

k=1
(k)

where Ēin (t) is the normalized electrical field produced by the k th wavelength.
Since the MMF is a linear medium, also the output electrical field is
a superposition of the electrical field generated by the propagation of the
electrical field of each wavelength giving,
Ēout,M W (t, z) =

NW
X

(k)

Ēout (t)

(3.42)

k=1
(k)

where Ēout (t) is the normalized electrical field produced by the k th wavelength. Its mathematical expression is the same in (3.9) with the superscript
(k) applied to all the quantities which depend on the wavelength.
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The electrical received current is,
"N Z
2
W

2
Ēout,M W (t, z)
R X
(k)
iout,M W (t, z) =R
dS =
Ēout (t) dS+
2Z
2Z k=1 SP D
SP D
#
NX
NW Z
W −1 X
(k)
(l)
+2
Ēout (t)Ēout (t)dS
(3.43)
Z

SP D

k=1 l=k+1

Since in a multi-wavelength source the distance between two adjacent
wavelengths is of the order of hundreds of GHz, the cross-product between
two electrical fields referred to different wavelengths cannot be detected by
a common photodiode. Hence, (3.43) simplifies to,
Z
NW
NW

2
X
X
R
(k)
(k)
Ēout (t) dS =
iout (t, z)
iout,M W (t, z) =
2Z SP D
k=1
k=1

(3.44)

Equation (3.44) states that the received current from a multi-wavelength
source is the superposition of the received current of each wavelength taken
separately. Since the component of the current at frequency f¯ of each wavelength can be written as (3.22), the overall received current can also be
written in a similar way,


iout,M W,f¯(t, z) = Ac,M W,f¯ + Bc,M W,f¯(t) cos 2π f¯t +


+ As,M W,f¯ + Bs,M W,f¯(t) sin 2π f¯t

(3.45)

where
Ac,M W,f¯ =

NW
X

(k)
I0

·

(k)
af¯

As,M W,f¯ =

(k)
I0

·

(k)
af¯

NW
X
k=1
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2

¯ (k)
b(k)
mm cos 2π f τm z

A(k)
m

2

¯ (k)
b(k)
mm sin 2π f τm z



(3.46a)

NM
X



(3.46b)

m=1

k=1

Bc,M W,f¯(t) = 2

A(k)
m

m=1

k=1
NW
X

NM
X

(k)
I0

·

NX
M −1

NM
X

m=1 n=m+1

(k)

(k) (k)
A(k)
m An bmn Dmn,f¯,c (t)

(3.46c)
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Bs,M W,f¯(t) = 2

NW
X

(k)
I0

·

NX
M −1

NM
X

(k)

(k) (k)
A(k)
m An bmn Dmn,f¯,s (t)

(3.46d)

m=1 n=m+1

k=1



(k)
(k)
(k)
(k)
(3.46e)
Dmn,M W,f¯,c (t) = Cmn,f¯,C,c cos ∆ϕ(k)
mn (t) + Cmn,f¯,S,c sin ∆ϕmn (t)


(k)
(k)
(k)
(k)
(3.46f)
Dmn,M W,f¯,s (t) = Cmn,f¯,C,s cos ∆ϕ(k)
mn (t) + Cmn,f¯,S,s sin ∆ϕmn (t)
(k)

(k)

(k)

(k)

The terms Cmn,f¯,C,c , Cmn,f¯,S,c , Cmn,f¯,C,s , and Cmn,f¯,S,s in (3.46e) and
(3.46f) have the same expression of Cmn,f¯,C,c , Cmn,f¯,S,c , Cmn,f¯,C,s , and Cmn,f¯,S,s
in (3.23e) and (3.23f) with the superscript (k) applied to all the quantities
which depend on the wavelength.
In this work, when applying this model I will take the simplification of
(k)
considering only the phase differences ∆ϕmn (t) as depending on the wavelength , while I will take all the other quantities as wavelength independent.
This means to assume the laser modulation characteristics indicated by mI ,
a2 , a3 , Kf , ν1 and ν2 to be similar for all the wavelengths emitted by the
laser. Moreover, I will take all the quantities related to MMF launch and
propagation independent from the wavelength as well. This assumption is
supported by the consideration that all the presented results are reported
around 1310 nm where the material dispersion is minimum. This means
that the fiber index profile is almost constant for all the wavelength of the
(k)
(k)
(k)
(k)
source and consequently the quantities Am , bmm , bmn , τm can be considered
wavelength independent. With this assumptions it follows that:
Ac,M W,f¯ =

I0tot

NM
X

· af¯


A2m bmm cos 2π f¯τm z = I0tot · Ac,SW,f¯

(3.47a)


A2m bmm sin 2π f¯τm z = I0tot · As,SW,f¯

(3.47b)

m=1

As,M W,f¯ =

I0tot

· af¯

NM
X
m=1

Bc,M W,f¯(t) = 2

NX
M −1

NM
X

Am An bmn

m=1 n=m+1

Bs,M W,f¯(t) = 2

NX
M −1

NM
X

m=1 n=m+1

NW
X

(k)

(k)

(3.47c)

(k)

(k)

(3.47d)

I0 Dmn,f¯,c (t)

k=1

Am An bmn

NW
X

I0 Dmn,f¯,s (t)

k=1
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(k)
(k)
(3.47e)
Dmn,M W,f¯,c (t) = Cmn,f¯,C,c cos ∆ϕ(k)
mn (t) + Cmn,f¯,S,c sin ∆ϕmn (t)


(k)
(k)
(3.47f)
Dmn,M W,f¯,s (t) = Cmn,f¯,C,s cos ∆ϕ(k)
mn (t) + Cmn,f¯,S,s sin ∆ϕmn (t)
P W (k)
is the maximum DC component received from the
where I0tot = N
k=1 I0
multi-wavelength source.
(k)
Assuming as uncorrelated the phase differences ∆ϕmn (t) related to different wavelengths, it is possible to determine, as it has been done for (3.34),
the mean value of the received power at frequency f¯,
(
"N
NX
NM
M
M −1 X
X

RL
tot 2
2
4 2
I0
· af¯
Am bmm + 2
A2m A2n bmm bnn ·
hPout,M W,f¯(t)i =
2
m=1 n=1
m=1
· cos 2π f¯2∆τmn



+2

NW 
X
k=1

(k)
I0

2

·

NM
NX
M −1 X

A2m A2n b2mn ·

m=1 n=1



2
2
2
2
· Cmn,
f¯,C,c + Cmn,f¯,S,c + Cmn,f¯,C,s + Cmn,f¯,S,s

o

(3.48)

The approximate expression for the mean value, hPout,M W,f¯(t)i, and for

the variance, Var Pout,M W,f¯(t) , in the case of small fluctuations are,
hPout,M W,f¯(t)i ≈


RL tot 2  2
I0
· Ac,SW,f¯ + A2s,SW,f¯
2

(3.49a)

NM
NW 
M −1 X
2 NX

2 X
(k)
A2m A2n b2mn ·
Var Pout,M W,f¯(t) ≈RL2 I0tot ·
·
I0
k=1

m=1 n=m+1

h

2
Ac,SW,f¯Cmn,f¯,C,c + As,SW,f¯Cmn,f¯,C,s +
2 i
+ Ac,SW,f¯Cmn,f¯,S,c + As,SW,f¯Cmn,f¯,S,s

·

(3.49b)


The mean power, hPout,M W,f¯(t)i, and the variance, Var Pout,M W,f¯(t) ,
given by (3.49a) and (3.49b), respectively, are identical to the expression
derived in (3.37a) and (3.39) for a single-wavelength source apart from the
current I0 substituted with I0tot in (3.49a), which is not due to a modal noise
P W (k) 2
effect, and substituted with N
k=1 (I0 ) in (3.49b), which comes from modal
noise. This term represents the benefit on modal noise due to the use of a
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multi-wavelength source with respect to a single-wavelength source. Using
the Cauchy’s inequality [59] it is indeed possible to prove that,
PNW  (k) 2
PNW  (k) 2
I
0
k=1
k=1 I0
1
= P
(3.50)
2 ≥
tot 2
NW
NW (k)
(I0 )
I
k=1 0
(k)

where the equality holds when I0 is identical for all wavelengths.
This means that a maximum reduction of the impact on modal noise

of NW times on hPout,M W,f¯i and Var Pout,M W,f¯(t) is theoretically possible.
However, the number of wavelengths is not the only parameter which influences modal noise. A case by case study is therefore performed in the
experimental section.

3.2

Experimental and theoretical results

In this section experimental results regarding the impact of modal noise
on link gain, harmonic and intermodulation distortions will be presented and
explained with the aid of simulation results obtained by the application of
the model described in section 3.1.

3.2.1

Experimental setup

Fig. 3.4 shows the general setup used for the experimental activity on link
gain and harmonic and intermodulation distortions. An Anritsu MS4624B
three-port vector network analyzer (VNA) was used as RF source and receiver. In particular, two of the VNA ports were used as RF sources and
one as receiver. The two source ports emitted two RF tones at different
frequencies, fc,1 and fc,2 . The two tones were multiplied together using a
RF coupler and frequencies higher than fc,1 and fc,2 were removed with a
low-pass filter. This filter prevented higher order harmonics of fc,1 and fc,2
coming from the VNA to modulate the RoF TX. The filtered combination
of the two tones modulated a RoF TX, based on directly modulated DFB
or FP LD at 1310 nm. All the RoF TXs had a single-mode pig-tail. Hence,
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Figure 3.4: Experimental setup for the characterization of a RoMMF link

it was possible to apply a restricted launch condition to the MMF. In particular, three types of launch were investigated: central launch, offset launch
and overfilled launch.
Several spans of OM2 MMF were employed obtaining a total length ranging from 75 to 525 m. The MMF spans were inserted in a climatic chamber
and underwent a controlled temperature variation. In this way, they were
forced to experience typical environmental temperature changes in a much
shorter time giving stable results and a repeatable experimental condition.
The received optical power was detected by a RoF RX based on InGaAs PIN
photodiodes equipped with multi-mode pigtail. No electrical amplification
stage was used in this kind of measurements since the purpose was to determine non-linear distortions induced by the optical part of the RoMMF
link. Apart from the received power at the different frequencies, measured
by the VNA, also the received DC component and the temperature of the
climatic chamber were monitored. The DC component was measured with
a HP 3478A digital multimeter connected to an output DC port of the RoF
RX, while the temperature was measured by a thermocouple placed in the
climatic chamber. All the measured quantities were collected by a computer.
The set of realized measurements were chosen to investigate the impact
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on modal noise of the following aspects of the optical part of the RoMMF
link:
• Launch condition
• Photodiode collecting area characteristics
• Laser modulation characteristics
The impact of these characteristics on modal noise will in general be described in terms of statistical quantities, such as mean value and variance.
However, I also present the relationship between the time behavior of components at different frequencies and the variation of temperature. This is the
first point I will deal with, because it allows to have a clearer physical insight
on the characteristics of modal noise, allowing to understand what is behind
the various statistical quantities that will be considered in the following.

3.2.2

Time behavior of received power

The simple way to describe the relationship between the time behavior of
different frequency components of the received signal is to assume that all the
received quantities vary in the same way with different peak-to-peak values.
Hence, the time fluctuations normalized on the respective mean value is in
this case the same. That was the reason to use the speckle contrast γ 2 as
the modal noise parameter [78, 79]. The speckle contrast is the normalized
variance of the intensity distribution at the output of the MMF. In our case
we are not interested in the normalized variance of a single speckle but of
all the intensity distribution received by the finite area of the photodiode.
Thus, I define a quantity Γ2DC similar to the speckle contrast but referred to
all the power received by the photodiode, which is proportional to the DC
current,
Var(Iout,DC )
(3.51)
Γ2DC =
(hIout,DC i)2
where Iout,DC is the received DC current as in (3.25) with f¯ = 0.
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Since in the case of the DC component it is As,DC = 0 and Bs,DC (t) = 0,
can be determined analytically by,

Γ2DC

2
hBc,DC
(t)i
Var (Pout,DC (t))
=
=
(3.52)
2
Ac,DC
4 (hPout,DC (t)i)2

where the expressions of hPout,f¯(t)i and Var Pout,f¯(t) in (3.37a) and (3.37b)
need to be used.
The main attention of this work is to study the impact of modal noise on
the RF linear and non-linear components. Similarly to the DC component, I
define a normalized variance Γ2RF for the main frequency components at fc,1
or fc,2 ,

Var Pout,fc,1 (t)
Var(Iout,fc,1 )
2
(3.53)
ΓRF =
≈
2
(hIout,fc,1 i)2
4 hPout,fc,1 (t)i

Γ2DC

where the last approximation holds when it is possible to employ the approximations in (3.37a) and (3.37b). This is typically acceptable for the
components at fc,1 or fc,2 .
The question to be solved is if Γ2RF and Γ2DC give similar values, or in other
words if Γ2DC is sufficient to describe the modal noise impact. To answer this
question I will graph in the next figures the normalized current γf¯(t) defined
as follow,
Iout,fc,1 − hIout,fc,1 i
γf¯(t) =
(3.54)
hIout,fc,1 i
2
(t)i and Γ2RF = hγf2c,1 (t)i. I
With the definition in (3.54) it is Γ2DC = hγDC
consider two opposite cases: transmitter almost without frequency chirping
and transmitter with a high frequency chirping.
Fig. 3.5 shows a comparison of experimentally measured γDC (t) and
γRF (t) = γfc,1 (t) for a RoMMF link employing an external modulator, i.e.
a transmitter with very low frequency chirping. Note that the γDC (t) and
γRF (t) have a really similar behavior in time. This feature is described by
the model presented in section 3.1. Indeed, in the case of a transmitter
without frequency chirping we have that xmn,i , defined in (3.16a), is zero.
Consequently it is,

Dmn,DC,c (t) = cos (∆ϕmn (t))
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Figure 3.5: Behavior of experimentally measured γDC (t) (black solid line)
and γRF (t) = γfc,1 (t) (gray solid line) in a RoMMF link employing external modulator. The temperature variation is also
represented (dashed black line)
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Dmn,fc,1 ,c (t) = mI cos (2πfc,1 ∆τmn ) cos (2πfc,1 τ̄mn ) cos (∆ϕmn (t))

(3.55b)

Dmn,fc,1 ,s (t) = mI cos (2πfc,1 ∆τmn ) sin (2πfc,1 τ̄mn ) cos (∆ϕmn (t))

(3.55c)

where I neglect all the terms which depends on powers of mI greater than
one.
From (3.55a), (3.55b), and (3.55c) it is clear that in the case of no transmitter frequency chirping both Dmn,DC,c (t), Dmn,fc,1 ,c (t) and Dmn,fc,1 ,s (t) vary
with the same phase fluctuation, cos (∆ϕmn (t)), related to the temperature
variation ∆T (t). The received DC and RF current can be written as,
"N
#
NX
NM
M
M −1 X
X
A2m bmm + 2
Am An bmn cos (∆ϕmn (t))
iout,DC (t, z) = I0
m=1

m=1 n=m+1

(3.56a)
iout,fc,1 (t, z) =mI I0

"N
M
X

A2m bmm

cos (2πfc,1 (t − τm )) + 2

m=1

NX
M −1

NM
X

Am An ·

m=1 n=m+1

·bmn cos (2πfc,1 ∆τmn ) cos (∆ϕmn (t)) cos (2πfc,1 (t − τ̄mn ))]
(3.56b)
To determine the relationship between the amplitude of iout,DC (t, z) and
of iout,fc,1 (t, z) I take the simplification τm ≈ τn ≈ τ̄mn , defined in (3.16a),
implying that ∆τmn , defined in (3.16c), is an infinitesimal quantity. In other
word I suppose to use a frequency fc,1 which is below the 3 dB low-pass
bandwidth. With this assumption the amplitude of the current iout,fc,1 (t, z)
becomes,
iout,fc,1 (t, z) ≈ mI · iout,DC (t, z)
(3.57)
From (3.57) it is,
PNM −1 PNM
γRF (t) ≈ γDC (t) = 2

m=1

n=m+1 Am An bmn cos (∆ϕmn (t))
PNM 2
m=1 Am bmm

(3.58)

This explains why in Fig. 3.5 γDC (t) and γRF (t) present very similar time
behaviors. Consequently, it is Γ2DC = Γ2RF and it is possible to show that the
same relationship is valid for different frequency components. Hence, in the
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Figure 3.6: Behavior of experimentally measured γDC (t) (black solid line)
and γRF (t) = γfc,1 (t) (gray solid line) in a RoMMF link employing directly modulated DFB LD with high frequency chirping.
The temperature variation is also represented (dashed black
line)
case of a transmitter almost without frequency chirping the quantity Γ2DC ,
or speckle contrast, is sufficient to describe the statistical behavior of all the
received quantities.
Fig. 3.6 shows instead a comparison of experimentally measured γDC (t)
and γRF (t) = γfc,1 (t) for a RoMMF link employing a RoF TX with a high
chirp parameter, Kf . There are two major differences with respect to Fig. 3.5.
First, the peak-to-peak value of γRF (t) is much greater that the one of γDC (t),
meaning that the impact of modal noise on the component at fc,1 is higher
than on the DC component. Secondly, the time behavior of the two quantities
is different. In particular, when one of the two is reaching a local maximum or
minimum the other is almost zero and is changing with a local high derivative.
This leads to presume that there is a kind of derivative relationship between
the two γ values.
This feature is described by the model presented in section 3.1. Indeed,
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in the case of a transmitter with a nonzero frequency chirping, xmn,i , defined
in (3.16a), is not anymore zeros. It is then,
Dmn,DC,c (t) = J0 (xmn,1 )J0 (xmn,2 ) cos (∆ϕmn (t))

(3.59a)

Dmn,fc,1 ,c (t) = [mI J0 (xmn,1 )J0 (xmn,2 ) cos (2πfc,1 ∆τmn ) cos (∆ϕmn (t)) +
+2J0 (xmn,2 )J1 (xmn,1 ) sin (∆ϕmn (t))] cos (2πfc,1 τ̄mn ) (3.59b)
Dmn,fc,1 ,s (t) = [mI J0 (xmn,1 )J0 (xmn,2 ) cos (2πfc,1 ∆τmn ) cos (∆ϕmn (t)) +
+2J0 (xmn,2 )J1 (xmn,1 ) sin (∆ϕmn (t))] sin (2πfc,1 τ̄mn ) (3.59c)
where I assumed for simplicity ν1 ≈ 0.
Comparing (3.55a) with (3.59a), there is no major difference apart from
a coefficient reduction, compared to 1, performed by J0 (xmn,1 )J0 (xmn,2 ). Instead, comparing (3.59b) and (3.59c) with (3.55b) and (3.55c), we find now
a new addend multiplying sin (∆ϕmn (t)) in addition to the one multiplying
cos (∆ϕmn (t)). Assuming also in this case τm ≈ τn ≈ τ̄mn , we have,
Iout,fc,1 (t, z) ≈mI · iout,DC (t, z) + 4I0

NX
M −1

NM
X

Am An bmn ·

m=1 n=m+1

· J0 (xmn,2 )J1 (xmn,1 ) sin (∆ϕmn (t))

(3.60)

It is confirmed from (3.60) that the amplitude of the component at fc,1
can be written as in (3.57) with the addition of a fluctuating component
due to transmitter frequency chirping. Remembering the definition of xmn,i
in (3.16a) and applying the approximation at the first order of the Bessel
functions J0 (x) ≈ 1, J1 (x) ≈ x/2 for low values of x, it is,
Iout,fc,1 (t, z) ≈mI · iout,DC (t, z) + I0 · 4πKf IRF z

NX
M −1

NM
X

Am An bmn ·

m=1 n=m+1

· (τm − τn ) sin (∆ϕmn (t))

(3.61)

Note that the second addend at the right-hand side of (3.61) is directly
proportional to the adiabatic frequency chirp coefficient, Kf , and to the fiber
length, z.
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For a transmitter with high frequency chirping or when the distance increases, the second addend at the right-hand side of (3.61) becomes the
prevalent fluctuating term. Therefore it is,
PNM −1 PNM
IRF m=1
n=m+1 Am An bmn (τm − τn ) sin (∆ϕmn (t))
γRF (t) ≈ 4πKf z
PNM 2
mI
m=1 Am bmm
(3.62)
Comparing (3.62) with (3.58), it can be observed that, while for a transmitter almost without chirp γRF (t) varies in time with the cosine of the phase
difference ∆ϕmn (t), for a transmitter with high chirp γRF (t) varies in time
with the sine of ∆ϕmn (t). This is the reason that produces a different time
behavior of γRF (t) with respect to γDC (t) as shown in Fig. 3.6. Moreover,
since for a transmitter with high frequency chirping, Kf has a value of 200–
300 MHz/mA, the peak-to-peak variation of γRF (t) is higher with respect to
γDC (t). This leads to underline that for a general situation of a transmitter
with nonzero frequency chirping, the quantity Γ2DC , or speckle contrast, is
not sufficient to describe the statistical behavior of the RoMMF link, but
each component needs to be studied and measured by itself. Indeed, Γ2RF is
different from Γ2DC and the same is valid for the other frequency components.

3.2.3

Launch condition impact

As said in section 3.2.1, three types of launch were employed in the experimental activity: central launch, offset launch and overfilled launch. Central
launch was obtained linking together the connectors of the laser single-mode
pigtail and the MMF with an adapter. All the connectors used were anglepolished standard connectors (SC–APC) and all the adapters were the same
used for SMF. Offset launch was obtained with a mode conditioning patchcord connected to the RoF TX single-mode pigtail. This patch-cord provides
a launch of the optical power out of the MMF center with an offset between
10 and 16 µm [80]. Overfilled launch was obtained by using a mode scrambler
[81] on a short multi-mode patch-cord. The mode scrambling was obtained
by inducing periodic microbendings on a short part of the multi-mode patchcord.
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The results presented in this subsection show the impact of the three
different types of launch on modal noise. The quantities under study are:
• σG : the standard deviation of the link gain, i.e. the standard deviation
in dB of the received power at fc,1
• hC/HD2i : the mean value of the ratio in dB between the received
power at fc,1 and the received power at 2fc,1
• hC/IM D3i : the mean value of the ratio in dB between the received
power at fc,1 and the received power at 2fc,2 − fc,1 or 2fc,1 − fc,2
The mean value of the received power at fc,1 is not reported because
it is slightly dependent from modal noise as also reported in (3.37a). The
experimental results are compared with the simulations results coming from
the model described in section 3.1. The mean value of C/HD2 and C/IM D3
in dB were calculated numerically on a simulated time behavior of all the
received components, while σG was calculated through analytical formulas
applying the approximation that leads to (3.37a) and (3.37b). Indeed, in
this case it is,
20
ΓRF ≈ 20 log10 (1 + ΓRF )
(3.63)
σG ≈
ln(10)
where Γ2RF is defined in (3.53).
Fig. 3.7 shows the standard deviation, σG , between 50 and 550 m. The
theoretical and experimental curves were obtained using the RoF TX classified as TX1 in 3.2.5, and the RoF RX classified as RX1 in 3.2.4. However,
the considerations on the different types of launch are the same for all TXs
and RXs used. The input power was chosen to have an OMI per carrier of
0.2. The gray line and crosses refer to central launch, the black line and circles refer to offset launch, and the gray dashed line and triangles to overfilled
launch. Lines refer to simulation results while markers refer to measurements.
Note that theoretical and experimental results are in good agreement. Note
that overfilled launch and offset launch have σG values higher than central
launch. In particular, at 525 m the difference is of about 1.5 dB with offset launch and of about 2.5 dB with overfilled launch. The reason for this
behavior can be explained with the help of the developed model.
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Figure 3.7: Comparison of measured (markers) and modeled (lines) values
of σG for increasing fiber length using central launch (gray line
and circle), offset launch (black line and cross) and overfilled
launch (gray dashed line and triangle)
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Figure 3.8: Comparison of measured (markers) and modeled (lines) values
of hC/HD2i (a) and hC/IM D3i (b) using central launch (gray
line and circles), offset launch (black line and crosses) and overfilled launch (gray dashed line and triangles)
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All the three launches excite all the MMF modes, i.e. in (3.5) it is always
|Am | > 0 for all m. Hence, the difference between the three launches lies
in the relative weights of the various Am . All the other model parameters
are the same since we are using the same RoF TX and RoF RX, and MMF.
In the case of central launch, more than 99.9% of the optical power is distributed just among the eight modes LP01 to LP04, each one taken in its two
degeneracies (LP stands for linearly polarized [3]). These modes are invariant
azimuthally, and therefore the electrical field is mostly concentrated in the
central part of the MMF core. It is therefore in high percentage detected,
regardless of the finite value of the photodiode surface SP D . This means that
for these modes the scalar products bmn in (3.14) become relatively close to
zero, reducing the impact of the modal noise on the variance of the received
power in (3.39). The same effect is true for a not perfect central launch. In
this case not only the eight azimuthally invariant modes, LP01 to LP04, are
excited. Anyway, the additionally excited modes are still lower order modes
which are as well confined in the central part of the MMF core.
In the case of offset launch, the 99.9% of the total power results distributed among a set of more than 90 modes. Many pairs of modes (m, n)
must now be considered in the evaluation of the variance of the received
power in (3.39). Since most of these pairs refer to higher order modes the
amplitudes of their electrical fields are not negligible in regions of the MMF
core far from its center. This means that the correspondent scalar products
bmn are not close to zero, and thus the variance of the received power gives
relatively high values.
In the case of overfilled launch, the 99.9% of the total power results distributed among all the set of 156 guided modes. Hence, most of the pairs of
modes produces high bmn values. Moreover, since both low and high order
modes are present, for most of the couples (m, n) the quantity ∆τmn can
assume higher values compared to central and offset launch.
Fig. 3.8 presents the results for the mean value of C/HD2 and C/IM D3.
Indeed, central launch gives rise to higher values of hC/HD2i and hC/IM D3i
with respect to offset launch and overfilled launch. At 300 m a difference
of about 10 dB in hC/HD2i and hC/IM D3i is reported between central
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Figure 3.9: Schematic drawing showing the difference between TO-Can
PDs with flat window (a) or ball lens (b)
launch and offset launch and of more than 20 dB between central launch and
overfilled launch. The reason for this behavior is the same used to explain the
difference in σG . I also underline that the previous results are valid in general
also for different RoF TXs, RoF RXs and MMFs even if not reported here.
This demonstrates the better performance of central launch with respect to
offset launch and overfilled launch. Hence, in the following I will always
consider central launch technique.

3.2.4

Receiver impact

Three different receivers were employed in the experimental study. All
the three RoF RXs were based on coaxial InGaAs PIN photodiodes equipped
with multi-mode pigtail. The difference between the photodiodes lies in the
way the outgoing power from the pigtail is coupled with the photodiode chip.
RoF RX1 employs a large area photodiode packaged in a TO-Can with a flat
window as represented in Fig. 3.9(a). RoF RX2 and RX3 employ a large area
photodiode packaged in a TO-Can with a built-in ball-lens as represented in
Fig. 3.9(b).
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The modeling of the different photodiodes is not trivial since the value of
the illuminated collecting area and the exact coupling scheme between the
pigtail and the photodiode, which is typically done sample by sample, are
both unknown. Hence, a simple equivalent model was used to describe the
reception of the power coming from the MMF. The photodiode was modeled
as a square placed in front of the fiber. The center of the square and the
fiber core center might not coincide, thus a misalignment could be present.
The estimation of side width and misalignment was performed comparing the
received power with central and offset launch with the different receivers and
the values of Γ2DC at different lengths. Then, a least square estimation was
done. The solution, i.e. the values of the pair side width and misalignment,
resulted not uniquely defined. For this reason, the misalignment was set to
1 µm in all the three cases and the side width was consequently estimated.
The side width for the three RoF RXs was: 23 µm for RX1, 26 µm for
RX2, and 28 µm for RX3. As expected, the photodiodes equipped with ball
lens had an equivalent detecting square larger than the photodiode with flat
window. Anyway, the two photodiodes equipped with ball lens have not the
same size of the equivalent square. In particular, RX3 had a larger size of
the equivalent square with respect to RX2.
Fig. 3.10 shows σG between 50 and 550 m for the three different receivers.
The theoretical and experimental curves were obtained using the RoF TX
classified as TX1 in 3.2.5, and central launch. The input power was chosen to
have a OMI per carrier of 0.2. Gray line and circles refer to RoF RX1, blue
line and crosses to RoF RX2, and green line and triangles to RoF RX3. Lines
refer to simulation results while markers refer to measurements. Note that
RoF RX1 gives rise to higher values of σG with respect to RX2. Similarly,
RX2 has higher values of σG with respect to RX3. In particular, at 300 m
there is a difference of 0.25 dB between RX1 and RX2, and of 0.12 dB between
RX2 and RX3.
The reason for this behavior is in the higher equivalent collecting area
of RX3 compared to RX2 and of RX2 compared to RX1. In the numerical
model the impact of the equivalent size of the photodiode is contained in bmn ,
expressed in (3.14). Indeed, a larger photodiode area, SP D , reduces the value
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Figure 3.10: Comparison of measured (markers) and modeled (lines) values
of σG for increasing fiber length using RoF RX1 (gray line and
circles), RoF RX2 (blue line and crosses) and RX3 (green line
and triangles)
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Figure 3.11: Comparison of measured (markers) and modeled (lines) values
of hC/HD2i (a) and hC/IM D3i (b) for increasing fiber length
using RoF RX1 (gray line and circles), RoF RX2 (blue line
and crosses) and RX3 (green line and triangles)
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of bmn of all couples, (m, n), of different modes since it is approaching the
ideal case of a large surface where bmn is zero when m 6= n, i.e. orthogonality
of the set of modes. In practice, this situation is not feasible since other causes
of loss of orthogonality such as connector imperfections becomes important
in the determination of modal noise. However, lower values of bmn gives rise
to lower values of the variance of the received power in (3.39).
Fig. 3.11 presents similar results for the mean value of C/HD2 and
C/IM D3. Since the effect of a different photodiode surface impacts on all
the received components in the same way through the coefficients bmn , also in
this case RoF RX1 gives rise to worst hC/HD2i and hC/IM D3i compared
to RX2 and the same for RX2 compared to RX3. Since a larger equivalent
area has an impact on all modes, the results presented are not dependent on
the launch or on the transmitter, but are generally valid.

3.2.5

Transmitter impact

The impact on modal noise of the transmitter characteristics is the last
one to be pointed out. I will compare transmitters based on directly modulated DFB LD and on directly modulated FP LD. In particular, I will
comment on the main transmitter characteristics influencing modal noise.
3.2.5.1

Comparison of transmitters based on DFB laser

Two different RoF TXs based on directly modulated DFB LD were employed. The modeling parameters of the two TXs are listed in Tab. 3.5. To
give an idea of the dependence of modal noise on these parameters, I will
consider at first a particular condition where the approximation in (3.62)
tends to hold. In this case, the relationship between σG and the transmitter
parameters is,
σG ≈

Kf IRF
Kf
20
ΓRF ∝
z=
z
ln(10)
mI
ηT X /P0

where (3.63) and (3.62) have been used.
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Parameter
TX1
λ0 (nm)
1313
P0 (mW)
4.6
ηT X (mW/mA)
0.06
IIP2 (dBm)
57.0
IIP3 (dBm)
44.5
a2
1.71 × 10−2
a3
6.95 × 10−3
α
4.2
κ (GHz/mW)
5.82
Kf (MHz/mA)
140

TX2
1309
3.2
0.07
46.8
34.8
3.30 × 10−2
2.31 × 10−2
3
4.49
130

Table 3.5: Parameters of RoF TXs based on DFB LD used in the experimental activity

σG (dB) (10 log10 scale)
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Figure 3.12: Asymptotic theoretical behaviors (lines) and measured values
(markers) of σG in 10 log10 for varying values of fiber length
in 10 log10 scale using TX1 (blue) or TX2 (red) and RX1
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To evidence this relationship, Fig. 3.12 shows experimental values and
asymptotic behaviors of σG in 10 log10 scale versus fiber length in 10 log10
scale for TX1 and TX2 in a practical situation where the linear proportionality in (3.64) can be taken with good accuracy. The input power was set to
−4.3 dBm. It was f1 = 700 MHz, f2 = 750 MHz, and the RX1 was used.
Both axes of the graph are in 10 log10 scale to evidence that the asymptotic
curves referred to the two different TXs are parallel with slope +1 and with a
distance of 2 10 log10 (dB). Since the only difference in the two cases is given
by the transmitter parameters, this distance can be verified theoretically by,

10 log10 (σG,T X1 /σG,T X2 ) = 10 log10

Kf,T X1
Kf,T X2
/
ηT X1 /P0,T X1 ηT X2 /P0,T X2


≈

≈ 2.57 10 log10 (dB)

A similar behavior can be determined for the mean values of hC/HD2i
and hC/IM D3i. The theoretical expression of the mean value of the received
power at each frequency in (3.34) can be approximated as follows for the
components at fc,1 , 2fc,1 and 2fc,2 − fc,1 ,
"N
NX
NM
M
M −1 X
RL 2 2 X
4 2
hPout,fc,1 (t)i ≈ I0 mI
Am bmm + 2
A2m A2n bmm bnn ·
2
m=1
m=1 n=1
· cos (2πfc,1 2∆τmn )]

RL
hPout,2fc,1 (t)i ≈ I02
2

(

a22 m4I
4

"N
M
X

A4m b2mm

m=1

· cos (2π2fc,1 2∆τmn )] +

(3.65a)

+2

NX
NM
M −1 X

A2m A2n bmm bnn ·

m=1 n=1
)
NX
NM
M −1 X
8
A2m A2n b2mn J02 (xmn,2 )J22 (xmn,1 )
m=1 n=1

(3.65b)
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RL
hPout,2fc,2 −fc,1 (t)i ≈ I02
2

(

"N
NX
NM
M
M −1 X
3 2 6 X
4 2
a3 mI
Am bmm + 2
A2m A2n bmm bnn ·
4
m=1
m=1 n=1

· cos (2π (2fc,2 − fc,1 ) 2∆τmn )] +
+8

NX
NM
M −1 X

)
A2m A2n b2mn J12 (xmn,1 )J22 (xmn,2 )

(3.65c)

m=1 n=1

where in (3.65a) the approximation in (3.37a) was used, while in (3.65b)
and (3.65c) the prevailing terms among Cmn,f¯,C,c , Cmn,f¯,S,c , Cmn,f¯,C,s , and
Cmn,f¯,S,s have been taken, neglecting the others (see Tab. 3.2 and Tab. 3.4).
These approximations are typically valid in the cases considered here.
The expression in (3.65a) shows that the power at fc,1 , indicated as hCi,
depends mainly from the OMI and slightly also on the distance through
∆τmn , at least for short-range links. The components at 2fc,1 and 2fc,2 − fc,1 ,
indicated as hHD2i and hIM D3i respectively, are composed by two terms.
The first one is similar to the expression of hCi, and it mainly depends on the
non linear coefficients a2 and a3 and on the OMI. The second term depends
on xmn,1 and xmn,2 and increases consequently (see (3.16a)) with the chirp
parameter Kf , the input current IRF and the fiber length z. Hence, hC/HD2i
and hC/IM D3i have two asymptotic behaviors. For very short fiber links
the first terms in (3.65b) and (3.65c) prevail over the second ones giving,
hC/HD2i ∝ (a2 · ηT X /P0 )−2
hC/IM 3i ∝ (a3 · ηT X /P0 )−2

1
2
IRF

1
2
IRF

(3.66a)

(3.66b)

On the contrary, for increasing fiber length the second terms in (3.65b)
and (3.65c) prevail over the first ones. Remembering the definition of xmn,i
in (3.16a) and applying the approximation of the Bessel functions J0 (x) ≈ 1,
J1 (x) ≈ x/2 and J2 (x) ≈ x2 /8, the following asymptotic behaviors tend then
to hold,
!−4
Kf
1
hC/HD2i ∝ p
(3.67a)
2
IRF z 4
ηT X /P0
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hC/IM 3i ∝

Kf

!−6

p
3
ηT X /P0

1

(3.67b)

4
IRF
z6

To prove the asymptotic behaviors in (3.66a), (3.66b), (3.67a), and (3.67b),
Fig. 3.13 shows experimental values and asymptotic behaviors of hC/HD2i
(a) and hC/IM D3i (b) versus fiber length in 10 log10 for TX1 and TX2. The
experimental conditions are the same used to derive Fig. 3.12. Note that
for a fiber length below 100 m the values of hC/HD2i and hC/IM D3i are
constant at the back-to-back values. In particular there are more than 10 dB
between the two transmitter initial values of hC/HD2i due to the different
second order non-linear characteristics (see Tab. 3.5). The initial values of
hC/IM D3i are instead the same for the two transmitters since in this experimental condition I took a low input power of −4.3 dBm which did not allow
to appreciate any laser intrinsic IMD since it was below the noise level. The
initial difference of the two transmitters will be underlined in another figure.
For a fiber length above 150–200 m the values of hC/HD2i and hC/IM D3i
decrease with linear asymptotic behavior which are well approximated by
the theoretical slopes of −4 and −6, respectively, as described in (3.67a) and
(3.67b). The difference between the asymptotic curves of the two TXs is 6
and 7 dB for hC/HD2i and hC/IM D3i, respectively.
Since the only difference in the two cases is given by the transmitter
parameters, this distance can be verified theoretically to be,
hC/HD2iT X2 − hC/HD2iT X1 =40 log10

K
p f,T X1
/
ηT X1 /P0,T X1
!

Kf,T X2
/p
ηT X2 /P0,T X2

hC/IM D3iT X2 − hC/IM D3iT X1 =60 log10

p
3

Kf,T X1
/
ηT X1 /P0,T X1
!

Kf,T X2
/p
3
ηT X2 /P0,T X2
100

= 5.78 dB

= 6.42 dB
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Figure 3.13: Asymptotic theoretical behaviors (lines) and measured values
(markers) of hC/HD2i (a) and hC/IM D3i (b) for varying
values of fiber length in 10 log10 scale using TX1 (blue) or
TX2 (red). The receiver utilized was RX1 in both cases.
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Figure 3.14: Comparison of measured (markers) and modeled (lines) values
of σG for increasing fiber length using RoF TX1 (blue line and
crosses) and RoF TX2 (red line and circles) and RX2
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Figure 3.15: Comparison of measured (markers) and modeled (lines) values
of hC/HD2i (a) and hC/IM D3i (b) for increasing fiber length
using RoF TX1 (blue line and crosses) and RoF TX2 (red line
and circles). The receiver utilized was RX2 in both cases.
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The approximated relationships (3.64), (3.67a) and (3.67b) are not strictly
applicable in all the possible operating conditions. Anyway, it is always confirmed:
• the decrease of σG with the increase of Kf /(ηT X /P0 )
p
• the decrease of hC/HD2i with the increase of Kf / ηT X /P0
p
• the decrease of hC/IM D3i with the increase of Kf / 3 ηT X /P0
Fig. 3.14 and 3.15 shows experimental and theoretical values of σG , and
hC/HD2i and hC/IM D3i, respectively, for TX1 (blue) and TX2 (red). In
this case the input power was 7.7 dBm, f1 = 1000 MHz and f2 = 1200 MHz,
and the receiver RX2 was used.
Fig. 3.14 demonstrates that σG tends to increase with fiber length and
that TX2 performs better than TX1 of about 0.15 dB above 300 m. Fig. 3.15
shows that hC/HD2i and hC/IM D3i start from asymptotic initial values related to the non-linear characteristics of the TXs (see again Tab. 3.5). In
particular, since TX1 has better non-linear characteristics, the initial values
of hC/HD2i and hC/IM D3i are higher than TX2 of 10 dB for hC/HD2i
and of 15 dB for hC/IM D3i. However, for increasing fiber length the values of hC/HD2i and hC/IM D3i referred to TX1 sharply decrease and become lower than the respective values referred to TX2. This is due to the
p
p
higher value of the parameters Kf / ηT X /P0 and Kf / 3 ηT X /P0 of TX1 compared to TX2. In particular, there is a difference of 4 dB in hC/HD2i and
hC/IM D3i between the two TXs performance.
3.2.5.2

Comparison of transmitters based on Fabry-Perot laser

Two different RoF TXs based on directly modulated FP LDs were employed. The reason to use multi-wavelength sources in RoMMF link is that
a lower coherent laser is expected to reduce the impact of modal noise. Anyway, to verify this expectation it is important to compare the experimental
and theoretical results obtained for FP sources with the results obtained with
DFB sources. The modeling of the FP RoMMF link was performed using
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(a) FP-TX1

(b) FP-TX2

Figure 3.16: Optical spectrum of FP-TX1 (a) and FP-TX2 (b)
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Parameter
FP-TX1
Peak wavelength (nm)
1314.5
Mode spacing (nm)
0.79
FWHM (nm)
2.4
P0 (mW)
2.3
ηT X (mW/mA)
0.055
IIP2 (dBm)
37
IIP3 (dBm)
32
a2
9.34 × 10−2
a3
3.68 × 10−2
α
8.7
κ (GHz/mW)
2.25
Kf (MHz/mA)
120

FP-TX2
1313.6
0.8
3
4.4
0.08
45
40
4.92 × 10−2
1.01 × 10−2
2.4
6.68
110

Table 3.6: Parameters of RoF TXs based on DFB LD used in the experimental activity
the model described in subsection 3.1.4. The laser parameters are listed in
Tab. 3.6. The optical spectrum of the two FP TXs is reported in Fig. 3.16.
Note that the optical spectra are composed by many wavelengths, but only
few of them hold the maior part of the power. Indeed, the parameter defined
in (3.50) assumes the following values for the two TXs,




PNW  (k) 2
PNW  (k) 2

 k=1 I0

 k=1 I0
= 0.18 ,  P
= 0.15
 P
2 
2 
NW (k)
NW (k)
k=1 I0
k=1 I0
F P −T X1

F P −T X2

Since the values of this parameter are between 0.15 and 0.18, this means
that the two FP-TXs are similar to multi-wavelength sources with 5–7 wavelengths with identical power. The impact of this characteristic on σG is
shown in Fig. 3.17. In this figure experimental and theoretical values of σG
are shown for FP-TX1 (yellow), FP-TX2 (brown) and compared with TX2
(red) of the previous section. These results are obtained with an input power
of 7.7 dBm, f1 = 1000 MHz and f2 = 1200 MHz. The receiver used was RX2.
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Figure 3.17: Comparison of measured (markers) and modeled (lines) values
of σG for increasing fiber length using RoF FP-TX1 (yellow
line and diamond), RoF FP-TX2 (brown line and cross), and
TX2 (red line and circle)
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Figure 3.18: Comparison of measured (markers) and modeled (lines) values
of hC/HD2i (a) and hC/IM D3i (b) for increasing fiber length
using RoF FP-TX1 (yellow line and diamond), RoF FP-TX2
(brown line and cross), and TX2 (red line and circle)
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From the figure it can be noted that the values of σG referred to FP-TX1
and FP-TX2 are approximately the same. But, they are about half of the
one referred to TX2. This behavior is quite in agreement with theoretical
results. Indeed for all the TXs considered the parameter Kf / (ηT X /P0,T X ) is
approximately the same, hence the difference between TX2 and the FP-TXs
is due to the multi-wavelength characteristics. Indeed, using (3.63), (3.53),
(3.48), and (3.49a) it is,
v
u P  2
v

u NW (k)
u
u k=1 I0
u
10 t Var Pout,fc,1 (t)
20
ΓRF ≈
σG ≈
2 ∝ u
t PN (k) 2 (3.69)
ln(10)
ln(10)
W
hPout,fc,1 (t)i
k=1 I0
The result in (3.69) claims that σG is proportional to the square root of
the introduced parameter of multi-wavelength sources. In the presented case
this parameter is 0.18 for FP-TX1 and 0.15 for FP-TX2, which provides a
decreasing factor around 0.4 in σG . This decreasing factor is confirmed with
the experimental results shown in Fig. 3.17.
Similar behaviors could be presented for hC/HD2i and hC/IM D3i. However, also the non-linear characteristics of the LDs need to be considered in
this case. Fig. 3.18 shows experimental and theoretical values of hC/HD2i
and hC/IM D3i for FP-TX1 (yellow), FP-TX2 (brown) and TX2 (red). Note
that the curves and markers referred to FP-TX1 do not change with increasing length. This is due to the multi-wavelength nature of FP-TX1, but also
to the poor non-linear performance of this transmitter as can be evinced comparing IIP2 and IIP3 values of different transmitters in Tab. 3.5 and Tab. 3.6.
Hence, the non-linear characteristics of FP-TX1 prevail over modal noise effect. The results referred to FP-TX2 show instead a reduction of hC/HD2i
and hC/IM D3i with increasing fiber length. FP-TX2 has good non-linear
performance which allows to observe some effect of modal noise. On the other
hand the multi-wavelength nature of FP-TX2 reduces the impact of modal
noise compared to single-wavelength sources, such as TX2. This can be appreciated particularly in Fig. 3.18(a), where the value of hC/HD2i decreases
slowly for FP-TX2 while it decreases more rapidly for TX2. I underline that
this is possible due to the good behavior of FP-TX2 not only in terms of
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non-linear characteristics but also linear characteristics, i.e. modulation efficiency, ηT X , and frequency chirping, Kf , which are, respectively, the higher
and the lower among the presented DFB and FP transmitters. This suggests
that FP-TX2 can be successfully applied to a complete RoMMF link.

3.3

LTE transmission experiments

The experimental and theoretical activity presented in the previous sections was performed to investigate the impact of different quantities of the
link components on the RoMMF link linear and non-linear performances limited by modal noise. With the results coming from this study it was possible
to develop a cost-effective RoMMF link with good performance. The RoF
TX was based on the FP-TX2 reported in subsection 3.2.5.2 and the launching technique was central launch since it was proved in subsection 3.2.3 to
provide the best performance. The RoF RX was then equipped by the photodiode with built-in ball lens, addressed as RX3 in subsection 3.2.4,which
showed the best performances. The photodiode was followed by a TIA.
A general characterization of the properties of the designed link was performed in terms of the spurious free dynamic range (SFDR) [52]. SFDR is
an important parameter for analog links which takes into account both the
intermodulation distortion effects and the noise of the entire link. Therefore
it accounts also for noise and intermodulation distortions of the TIA. SFDR
is defined as the ratio between the received power and the noise level in a
1 Hz band when the third-order intermodulation distortions are at the noise
level. It gives an idea of the maximum signal-to-noise ratio achievable by the
link under test, therefore higher values correspond to better performances.
Fig. 3.19 depicts the SFDR of the RoMMF link for increasing fiber length.
In particular, the markers refer to the mean value of SFDR at each distance
and the bars represents the intervals between the 99% minimum and the
99% maximum values. The 99% minimum/maximum is the value which is
exceeded/not exceeded for 99% of time. Note that the mean value of SFDR is
practically invariant with increasing length while the minimum at 99% goes
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Figure 3.19: SFDR mean and 99% min/max values of the RoMMF link for
increasing MMF fiber
from 110 dB × Hz2/3 for a short fiber length to 105 dB × Hz2/3 after 525 m
MMF. Although there are 5 dB of degradation due to modal noise after
525 m, values of SFDR in excess of 100 dB × Hz2/3 are considered good for
RoMMF systems [35]. This is the result of the careful choice of components
related to the experimental and theoretical activity of the previous sections.
In this section I will show the capability of this cost-effective RoMMF link
to perform the transmission of LTE signals with high quality. The test of
the transmission quality was performed evaluating the ACLR and the error
vector magnitude (EVM) of the received signals. Fig. 3.20 shows the experimental setup. Two Agilent N9020A MXG VSGs were used to generate
the LTE carriers: one for the downlink (DL) 750 MHz band and one for the
DL 1950 MHz band. For the ACLR test two carriers per band were generated according to test-model 1.1 for LTE signals with channel bandwidth of
1.4 MHz [82]. The two carriers per band were spaced by 2.8 MHz and centered at 750 MHz and 1950 MHz. Thus, the two pairs of carrier frequencies
were 748.6 MHz, 751.4 MHz and 1948.6 MHz, 1951.4 MHz, respectively. For
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Figure 3.20: Experimental setup of dual band LTE transmission over the
designed RoMMF link
the EVM test one carrier per band was generated according to test-model
3.1 for LTE signals with channel bandwidth of 20 MHz [82]. The carrier
frequencies were 750 and 1950 MHz. The signals coming from the two VSGs
were combined and applied to the RoF TX. The output power of the two
VSGs was 0 dBm in both tests. At the receiver side an Agilent N5182A
MXA VSA was used to perform the ACLR and the EVM tests.
As discussed regarding Fig. 3.19, the degradation increases with fiber
length. Hence, the ACLR and EVM tests can focus just on the comparison
between the performances in the back-to-back case and after 525 m of MMF.
In the following table the mean value, the 99%maximum and the 99% minimum of ACLR are presented for back-to-back and 525 m fiber length for
both bands.

ACLR mean (dBc)
ACLR 99% max (dBc)
ACLR 99% min (dBc)

back-to-back
750 MHz 1950 MHz
-57.14
-60.31
-54.26
-57.65
-60.47
-63.27

525 m MMF
750 MHz 1950 MHz
-58.09
-56.64
-50.96
-48.14
-65.55
-63.87

As can be evinced from the table, the mean value at 750 MHz of the ACLR
in the back-to-back case is comparable with the one after 525 m transmission.
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(a) Mean situation

(b) Worst situation

(c) Best situation

Figure 3.21: 525 m RoMMF link ACLR test with two 1.4 MHz LTE carriers
in the 1950 MHz band

113

CHAPTER 3. ROF SYSTEMS OVER MMF FOR IN-BUILDING F–DAS

Figure 3.22: 525 m RoMMF link EVM test on a 20 MHz LTE carrier in the 1950 band
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This is true also at 1950 MHz, because the reduction of approximately 4 dB
in this case is mainly due to a reduced frequency response of the RoMMF
link for increasing frequency more than modal noise. On the contrary, the
difference between the mean value and the 99% max value of ACLR increases
from 3 dB in the back-to-back case to 8–9 dB after 525 m. This increase of
5–6 dB in the difference between mean and 99% max value is due to modal
noise. Fig. 3.21 explains graphically the meaning of the three different ACLR
values for the 1950 MHz band in the previous table. In all sub-figures the
two LTE carriers at 1948.6 and 1951.4 MHz can be noted in the center and
on the right, respectively, and the adjacent channel at 1945.8 MHz on the left
used for the determination of the ACLR. In sub-figure (a) a typical situation
corresponding to the mean value of ACLR is shown. Sub-figures (b) and
(c) depict experimental cases corresponding to the 99% max value, i.e. the
worst case, and the 99% min value, i.e. the best case, respectively. Note
that the difference between the three situations is represented practically by
the spectral density contained in the adjacent channel since the power in the
bands of the signals varies only by fraction of dB in the three cases. The
best case, corresponding to the 99% min value, corresponds to the ACLR
case limited only by noise, while the worst case, corresponding to the 99%
max value, corresponds to the ACLR case limited by non-linear distortion.
Note that, also in the worst case, the ACLR value is above the ACLR limit
for DL of -45 dBc [22].
The other test to be performed on the received signal is the EVM test.
As mentioned, for this test a LTE signal with a nominal band of 20 MHz is
used. In the following table the mean, and the 99% max and 99% min values
of the overall EVM and the peak EVM, EV MP eak , for the back-to-back and
the 525 m transmission are reported.

mean
99% max
99% min

back-to-back
EV M (%) EV MP eak (%)
0.561
2.187
0.617
2.831
0.496
1.736

525 m MMF
EV M (%) EV MP eak (%)
0.622
2.350
0.773
2.961
0.543
1.969
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As shown in the table, the impact of the MMF transmission on the EVM
is negligible both on the overall EVM and the peak EVM. This is due
to the good performance of the designed link and to the small sensitivity
of the OFDMA format, used by a LTE signal, to impairments. Fig. 3.22
renders the typical EVM test corresponding to the max 99% value of the
525 m transmission. The close-to-ideal constellation diagram of the received
64–QAM can be evinced. The same figure contains also the spectrum of the
received signal and more detailed information about the LTE signal reception.
The presented result supports the designed RoMMF link as a viable costeffective solutions for present and next-generation F–DAS systems based on
MMF.

3.4

Summary

This chapter presented the modeling and experimental activity on RoMMF
links employing directly modulated DFB and FP lasers. A theoretical model
able to quantify the impact of modal noise on different received frequency
components has been reported in section 3.1 and applied for the analytical
calculation of the some meaningful statistical quantities, i.e. the mean received power at each frequency component and the standard deviation of
the DC and the RF components. In section 3.2 an experimental activity
for the determination of the impact of different characteristics of the link
components on link gain, harmonic and intermodulation distortions due to
modal noise has been presented. Some important design guidelines obtained
from experimental results and supported by the developed theory have been
reported. The major detrimental effects of modal noise has been proved to
be adequately controllable with the appliance of central launch technique, a
photodiode with a built-in ball lens, and a FP laser characterized by nonlinear properties, modulation efficiency and frequency chirping competitive
with DFB lasers. The designed RoMMF link was then described and characterized in section 3.3. This link proved to guarantee good performances in
terms of ACLR and EVM up to 525 m when applied to a dual band radio
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transmission of LTE signals.
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Chapter

4

POF systems
for home area networks
In this chapter, with the aim to illustrate the applicability of plastic optical fibers to a home area network (HAN), multi-gigabit transmission over
1 mm diameter POF IM–DD links employing a red VCSEL and Si photodiodes will be demonstrated. A model for the channel capacity of the POF link
will be described in section 4.1. Experimental results using discrete multitone (DMT) modulation with 2N –quadrature amplitude modulation (QAM)
and bit-loading algorithm will be presented in section 4.2 and compared with
the theoretical capacity. Finally, the positive addition of 3 × 2N –QAM in the
DMT bit-loading algorithm will be shown in section 4.3.

4.1

Model for the channel capacity of IM–DD
POF links

Plastic optical fibers with a core diameter of approximately 1 mm are a
kind of multimode fibers with more than one million of potentially excited
modes [11]. This large amount of excitable modes together with the use of
This chapter is based on the results published in P6., P10., and P16.

119

CHAPTER 4. POF SYSTEMS FOR HOME AREA NETWORKS

low coherence sources, such as a LED or a VCSEL, reduces at the minimum
level optical interferences effects described in section 3, such as modal noise.
This leads to an initial simplification to the expansion of the detected current
iout with respect to the case of silica MMF.
Starting from (3.19), and neglecting the interference term, we can then
write,
NM
X
iout (t, z) = I0
A2m bmm (1 + y(t − τm z))
(4.1)
m=1

In this section broadband digital transmission is considered. Hence, the
modulating signal y(t) in (4.1) can be expressed as,
y(t) = mI · s(t)

(4.2)

where s(t) is the normalized signal with max |s(t)| = 1. The last normalization is due to the fact that s(t) is a baseband signal for digital transmission,
thus the peak normalization of OMI is employed (see subsection 2.1.1.1).
Substituting (4.2) in (4.1) and considering the relationship in the Fourier
domain, it is,
Iout (f, z) = I0

NM
X

A2m bmm δ

(f ) + mI I0

m=1

= Iout,0 · δ (f ) + H (f ) S(f )

NM
X

A2m bmm exp (−j2πτm zf ) S(f ) =

m=1

(4.3)

where Iout (f, z) and S(f ) are the Fourier transform of iout (t, z) and s(t),
respectively, and δ (f ) is the Dirac delta function.
Apart from the DC component, which can be disregarded using alternating
current (AC) coupling between photodiode and electronics, in (4.3) the spectrum of the received current is linearly related with the normalized transmitted signal through the transfer function H (f ). Unfortunately, the huge
number of modes present in large core POF causes the determination of the
transfer function starting from an electromagnetic analysis to be very complex. It is then a common approach to describe H (f ) by a simplified model,
such as a gaussian or a first order low-pass channel response or to recover it
from measurements [11].
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To determine the maximum capacity of the channel, C, with a known
transfer function, H(f ), and a known noise density it is possible to use the
result coming from the information theory [83, 84],
"
#
Z +∞
1
Gs (f ) |H(f )|2
C≤
log2 1 +
df
(4.4)
N (f )
−∞ 2
where Gs (f ) and N (f ) are the spectral densities of the transmitted signal
and of the noise, respectively.
To calculate the capacity in (4.4) it is usually added the power constraint
on the transmitted power Ps ,
Z +∞
Ps =
Gs (f )df
(4.5)
−∞

In this derivation, to refer the performance to the received signal-to-noise
ratio (SNR), I will instead force a constraint on the received power PR ,
Z +∞
PR =
Gs (f ) |H(f )|2 df
(4.6)
−∞

The transmitted power spectral density Gs (f ) is the quantity to be optimized. The solution to this optimization problem is obtained with Lagrange
multipliers and the so-called water-filling method. The solution is given by
[83, 84],
+

N (f )
Gs (f ) = ν −
(4.7)
|H(f )|2
where ν is the ”water-level” to be determined applying the constraint in (4.6)
and (.)+ is the function giving the positive part of its argument,
(
x if x ≥ 0
(x)+ =
(4.8)
0 if x < 0
In general there can be more than one interval of frequencies in which the
“water-level” ν is above N (f )/|H(f )|2 , and thus Gs (f ) is not zeros. However,
assuming that N (f )/|H(f )|2 has an high-pass characteristic, i.e. it increases
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ν
∗

∗

-B

B

f

Figure 4.1: Water-filling method applied to N (f )/|H(f )|2 with high-pass
characteristic
with increasing frequency, there is only one interval starting from zero and
ending in an unknown maximum bandwidth B in which N (f )/|H(f )|2 is below the “water-level” ν as depicted in Fig. 4.1. This assumption corresponds
to consider H(f ) a low-pass transfer function and N (f ) increasing with frequency or decreasing less than |H(f )|2 . Both assumptions can be taken since
the transfer function of a large core POF has a low-pass characteristics and
the noise spectral density typically increases with frequency. Substituting
(4.7) in (4.6) and applying the previous assumption it is,
Z

+∞



PR =
−∞

Z

N (f )
ν−
|H(f )|2

+

B

= 2ν
0+

|H(f )|2 df − 2

2

Z

B

|H(f )| df = 2
0+

Z



N (f )
ν−
|H(f )|2 df =
2
|H(f )|

B

N (f )df

(4.9)

0+

where the starting point of the integral 0+ denotes that the frequency 0
cannot be used for transmission.
From (4.9) the “water-level” can be determined,
!
RB
RB
1
1
N
(f
)df
N (f )df
P
R
B 0+
B 0+
ν = 1 RB
1
+
(1 + SN R)
=
R
R
B
B
2
2
1
|H(f
)|
df
2
N
(f
)df
|H(f
)|
df
B 0+
B 0+
0+
(4.10)
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where SN R is the signal-to-noise ratio at the receiver.
Substituting (4.10) and (4.7) in (4.4), it is,
"
#
RB
Z B
2
1
N
(f
)df
|H(f
)|
+
log2 1 BR B0
C ≤
(1 + SN R)
df =
2
N (f )
+
|H(f
)|
df
0
+
B 0

 Z B

 Z B
N (f )
N (f )
1
log2
df −
df −
= B log2 (1 + SN R) + B log2
B 0+ N (B)
N (B)
0+
 Z B
 Z B

1
2
−B log2
|H(f )| df +
log2 |H(f )|2 df
(4.11)
B 0+
0+
It is important to underline that the bandwidth B in (4.11) depends
from the SN R value. To compare correctly this result with the classical one
and with different channels it is necessary to consider the spectral efficiency
instead of the capacity,
 Z B



Z
1
N (f )
N (f )
1 B
C
≤ log2 (1 + SN R) + log2
df −
log2
df −
B
B 0+ N (B)
B 0+
N (B)
 Z B

Z

1
1 B
2
− log2
|H(f )| df +
log2 |H(f )|2 df
(4.12)
B 0+
B 0+
The first term at the right hand of (4.12) is identical to the Shannon limit
for a non-frequency selective additive white gaussian noise (AWGN) channel.
The other terms represent the amount of difference from the classical limit.
As it is reasonable to suppose, the spectral efficiency of the non-frequency
selective AWGN channel is higher compared to the spectral efficiency of a
low-pass frequency selective AWGN channel, as the one considered here. To
prove this assumption, it is necessary to use the Jensen’s inequality on the
convex function − log2 (.) [84],
 Z B



Z
1
N (f )
1 B
N (f )
log2
df −
log2
df ≥ 0
(4.13a)
B 0+ N (B)
B 0+
N (B)
 Z B

Z

1
1 B
2
− log2
|H(f )| df +
log2 |H(f )|2 df ≤ 0
(4.13b)
B 0+
B 0+
where the equality holds when N (f ) or |H(f )|2 are constant, i.e. white
spectrum over the bandwidth B.
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For frequency selective AWGN channels the power density N (f ) is constant, thus in (4.13a) the equality holds, while in (4.13b) the strict inequality
holds. This means that the spectral efficiency of a frequency selective AWGN
channel is lower than the one of a non-frequency selective AWGN channel.
For an IM–DD POF system, although the noise is not rigourously white,
the spectral efficiency is still lower than the one of a non-frequency selective
AWGN channel due to the low-pass characteristics of the channel response.
To calculate (4.11) and (4.12) it is necessary to determine the value of
the bandwidth B for every SN R value. Noting that with the assumption
taken to derive (4.9) no power is allocated outside the bandwidth B, the
“water-level”, ν, corresponds to the value of N (f )/|H(f )|2 for f = B. This
consideration leads us to rewrite (4.10) to depend only on B,
|H(f )|2
df
0+ |H(B)|2
R
B N (f )
1
df
B 0+ N (B)

1
B

RB

= (1 + SN R)

(4.14)

Solving (4.14) for every SN R it is possible to derive the value of B to be
substituted in (4.11) and (4.12). Noting that the term 1 + SN R in (4.14) is
also present in (4.12), it is possible to express C/B only as a function of the
noise density and the transfer function,
!


Z
Z
C
1 B
|H(f )|2
1 B
N (f )
≤
log2
df −
log2
df
(4.15)
B
B 0+
B 0+
N (B)
|H(B)|2
I will show the application of this model to a super-Gaussian family of
low-pass channel responses with white noise [85]. Indeed, a gaussian low-pass
characteristic is often assumed to well describe an IM–DD optical link based
on POF, in particular the step-index one [86].
The transfer function of a super-gaussian low-pass channel and the noise
density are respectively,
−

|H(f )| = H0 · e

ln(2)
2

N (f ) = N0
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f3dB
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(4.16a)
(4.16b)
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n=1
n=2
n=3
n→∞

n

2

−

Figure 4.2: Example of a super-Gaussian shape of the channel response
where H0 is an amplitude factor, f3dB is the single-sided 3 dB bandwidth of
the channel and n is an integer channel parameter. N0 is the noise density.
In Fig. 4.2 an example of the super-gaussian shape of the channel response
with increasing values of n is represented.
Substituting (4.16a) and (4.16b) in (4.15), it is,
1
C
≤
B
B

Z

B

0+



− ln(2)

e
log2 

− ln(2)

e




f
f3dB
B
f3dB

2n 
2n  df =

2n
2n + 1



2n

B
f3dB

(4.17)

Substituting (4.16a) and (4.16b) in (4.14), we have,
1
1 + SN R =
B


=2

Z

B

0+
B
f3dB

− ln(2)



f
f3dB

− ln(2)



B
f3dB

e
e

2

2n
2n df

f3dB
·
(ln(2))1/2n B

=

Z

(ln(2))1/2n f B

3dB

2n

e−t dt

(4.18)

0+

The integral in (4.18) does not have a representation by elementary functions. Anyway, it can be solved by using a special function, in particular a
confluent hypergeometric function of the first kind, often represented by the
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symbol 1 F1 (a; b; z) [59]. Indeed, the following integral representation holds,
Z 1
Γ(b)
etz ta−1 (1 − t)b−a−1 dt
(4.19)
1 F1 (a; b; z) =
Γ(b − a)Γ(a) 0
where Γ(.) is the Gamma function [59].
After some calculation, using (4.19) it is possible to show that,


Z z
2n + 1 2n
−t2n
−z 2n
e
dt = ze
;z
1 F1 1;
2n
0

(4.20)

Substituting (4.20) in (4.18), it gives us,
1 + SN R = 1 F1

2n + 1
1;
; ln(2) ·
2n



B
f3dB

2n !
(4.21)

From (4.21) it is not possible to derive a closed-form relationship of B to
insert in (4.17). However, it is possible to do the reverse operation. Obtaining
B/f3dB from (4.17) and substituting in (4.21) it is,


2n + 1 C
2n + 1
; ln(2) ·
·
SN R ≥ 1 F1 1;
−1
(4.22)
2n
2n
B
I underline that (4.22) states that there is a relationship between SN R
and C/B which does not depend on the channel bandwidth f3dB , but only on
its shape. This does not mean that two gaussian channels with different 3 dB
bandwidth give rise to the same capacity, but that for the same SN R the
ratio between the capacity and the used bandwidth for transmission is the
same. This property is generally derivable from (4.12) and (4.14) assuming
a scaling factor in the frequency domain.
Fig. 4.3(a) shows the spectral efficiency of super-gaussian low-pass AWGN
channels with the integer parameter n ranging from 1 to 4, compared with
a flat AWGN channel. As expected, the spectral efficiency of all the supergaussian low-pass channels is lower than the spectral efficiency of an AWGN
channel and similar for low SNR value. For increasing values of the integer parameter n the channel spectral efficiency approaches the flat AWGN
channel limit. This is related to the fact that for increasing values of n the
channel becomes similar to a flat channel with bandwidth B = f3dB .
126

4.1. MODEL FOR THE CHANNEL CAPACITY OF IM–DD POF LINKS

spectral efficiency (bit/s/Hz)

20

15

super−gaussian n=1
super−gaussian n=2
super−gaussian n=3
super−gaussian n=4
flat AWGN channel

10

5

0
−10

0

10

20
30
SNR (dB)

40

50

60

spectral efficiemcy (bit/s/Hz) − logscale

(a)

25
15
10
5

super−gaussian n=1
super−gaussian n=2
super−gaussian n=3
super−gaussian n=4
flat AWGN channel

1
0.5

0.1
−2 0

10

20
30
40
Eb/N0 (dB)

50

60

(b)

Figure 4.3: Comparison of spectral efficiencies of different super-gaussian
low-pass AWGN channels and of a flat AWGN channel versus
the received SNR (a) and the received Eb /N0 (b)
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From (4.22) it is also possible to determine the relationship between the
capacity and the received energy per bit to noise ratio, Eb /N0 [84], which in
the case of white noise it is simply related to SN R with,
Eb
B
= SN R ·
N0
Rb

(4.23)

where Rb is the bit-rate.
Substituting (4.23) in (4.22) when the bit-rate, Rb , approaches the capacity, C, we obtain,

2n+1
2n+1 C
Eb
1 F1 1; 2n ; ln(2) 2n B − 1
≥
(4.24)
C
N0
B
Fig. 4.3(b) compares the spectral efficiency of super-gaussian low-pass
AWGN channels with the integer parameter n ranging from 1 to 4, and a
flat AWGN channel. For the flat AWGN channel the relationship between
Eb /N0 and C/B is the following [84],
C

Eb
2B − 1
≥
C
N0
B

(4.25)

From Fig. 4.3(b) it is evidenced that the spectral efficiency of the supergaussian low-pass channels is always lower than the spectral efficiency of
the flat AWGN channel. Again the spectral efficiency of the super-gaussian
channels approaches the flat AWGN channel limit for increasing n. Note also
that all the curves start from the minimum allowable Eb /N0 value for data
transmission around −1.59 dB [84].
Even if the spectral efficiency increases with the integer parameter n, this
does not mean that for a fixed SNR a super-gaussian channel with higher n
gives rise to a theoretical capacity higher with respect to a super-gaussian
channel with lower n. To prove this statement it is possible to determine the
absolute capacity normalized by the 3 dB bandwidth of the channel, f3dB ,
instead that the used bandwidth, B, which depends from the SNR. From
(4.17) it is,

2n+1
C
2n
B
≤
(4.26)
f3dB
2n + 1 f3dB
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Obtaining B/f3dB from (4.26) and substituting in (4.21) it results,
!
2n

 2n+1
2n + 1
2n + 1 C
SN R ≥ 1 F1 1;
−1
(4.27)
; ln(2)
2n
2n f3dB
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Figure 4.4: Comparison of normalized capacity C/f3dB of super-gaussian
low-pass AWGN channels with increasing n versus SNR
Fig. 4.4 reports the capacity normalized to the 3 dB bandwidth for supergaussian channels with integer parameter n ranging from 1 to 4. The curve
corresponding to n = 1 gives rise to the highest normalized capacity and in
general the normalized capacity decreases with increasing n. For example for
a SNR around 20 dB there is a factor of 2 between the curve corresponding
to n = 1 and the curve corresponding to n = 4. This is due to the fact that
in the super-gaussian channel with n = 1 the information can be allocated
in a larger bandwidth compared to the super-gaussian channel with n > 1.
This leads to a lower spectral efficiency, but a higher capacity.
The result obtained for the super-gaussian low-pass channel will be used
as a reference for the capacity of IM–DD POF links used in the experimental
activity. In that case, the spectral efficiency and capacity will be determined
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also numerically. I underline that with the described model it is possible
to obtain an upper bound of the real capacity of the channel. Indeed, an
IM–DD POF is not only limited in power, but also in dynamic range. This
means that if the transmitted signal, s(t), with spectral density Gs (f ), has
a crest factor, i.e. the ratio of the peak to the root-mean-square amplitude
value of the signal, exceeding the maximum dynamic range, clipping occurs.
However, for POF transmission equal or longer than 50 m the received SNR
with a broadband transmission is typically below 20 dB. For low received
signal power and SNR values the system is much more SNR-limited than
dynamic-range limited, hence the theoretical results maintain a practical
meaning.

4.2

High capacity transmission over GI–POF
employing DMT

In this section I will present IM–DD POF links employing graded-index
POF and two different types of receiver. In subsection 4.2.1 I will shortly introduce DMT and the used bit-loading algorithm. Then, in subsection 4.2.2
I will present the experimental setup and the theoretical maximum performance of this links with the model described in section 4.1. In subsection 4.2.3 and 4.2.4 I will show experimental results related to the application
of DMT modulation with power and bit-loading to obtain multi-gigabit transmission. Finally, I will depict the influence on the main DMT and optical
parameters on the link performance in subsection 4.2.5.

4.2.1

Bit and power loading in DMT

DMT modulation is the baseband version of orthogonal frequency division
multiplexing (OFDM) [87]. It has been widely used in digital subscriber
copper lines for the DSL techniques. The application of this technique to
optical technologies derives from the widespread availability of digital signal
processing (DSP) electronics at affordable prices. The key point to consider
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DMT modulation as a candidate for high-capacity transmission over POF
is the possibility to use a bit and power-loading algorithm which adapts to
the channel. The subcarriers are treated as separate narrowband channels
whose power and modulation can be optimized to fit better the channel
characteristics at the subcarrier frequency. Since the optimization is always
subject to a constraint on the total power, the rate-adaptive bit-loading
problem is a discrete reformulation of the problem expressed by (4.4) and
(4.5). Indicating as N the number of subcarriers, bn and En , respectively,
the number of bits and the energy allocated for the nth subcarrier, it is [88],
max (b) = max
En

En

N
X

!
bn

= max
En

n=1

!

En gn
log2 1 +
Γ
n=1

N
X

(4.28)

subject to
N
X

En = Etot

(4.29)

n=1

where b is the total numer of bits, gn is the SNR of the nth subcarrier when
unit energy is applied, and Etot is the total available energy.
Γ is the SNR gap, also reported as normalized SNR, which is the difference
in SNR required to achieve maximum capacity as defined by the Shannon
limit at a given error probability.
For M–QAM modulation, the SNR gap, Γ, can be related to the probability of (two-dimensional) symbol error, Pe , by the following tight upper
bound [89, 90],
r !
3
Γ
(4.30)
Pe ≤ 2 · erfc
2
where erfc is the complementary error function [59].
In this work the probability of symbol error is fixed to be 10−3 , hence
from the inversion of (4.30) it can be determined Γ ≈ 6 dB. This means
that with M–QAM and probability of symbol error of 10−3 , the maximum
achievable capacity is shifted of 6 dB in SNR with respect to the Shannon
limit of the channel.
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The bit error rate (BER) related to the symbol error probability of 10−3
depends on the exact modulation and mapping employed, but in any case
it is always less than the symbol error probability, since a symbol error typically corresponds to a number of bit errors lower than the number of bits
transported by the symbol. However, for real implementation BER of the
order of 10−4 or 10−3 is too high. A forward error correction (FEC) code is
then required to reduced the BER. Focusing on error-free operation, defined
as BER less than 10−12 , an enhanced forward error correction (EFEC) code
can be employed to reduce an input BER of up to 3 − 4 × 10−3 to an output
BER below 10−12 at the cost of a 7% redundancy ratio [91].
In the experimental activity I have not implemented the EFEC but I
have considered uncoded performance giving a BER below 10−3 to guarantee
error-free operation when EFEC is inserted.
The solution to the bit-rate maximization problem in (4.28) and (4.29) is
similar to the water-filling method described in section 4.1, and thus it could
be solved with the same technique. However, in this case the optimization
variables En should be choose in order to achieve integer values of bits, bn ,
allocated per subcarrier. Among the different algorithm to solve the problem
in (4.28) and (4.29) with finite bit granularity, in this work the Chow’s rateadaptive algorithm was employed [92]. The algorithm works as follow [93]:
1. Sort gn in decreasing order, so that g1 is the largest
2. Set btemp (N + 1) = 0 and i = N (btemp (i) and i are the tentative total
bits per subcarrier and number of used subcarriers, respectively)
3. Set equal energy on used tones: En = Etot /i for n = 1, ..., i
4. Compute btemp (i) =

Pi

n=1

log2 (1 + En gn /Γ)

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. Compute En = Etot /i and bn = log2 (1 + En gn /Γ) for n = 1, ..., i,
En = 0 and bn = 0 for n = i + 1, ..., N
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7. Scale En by the factor 2Round(bn ) − 1 / 2bn − 1 for n = 1, ..., i
(Round(x) is the function giving the nearest integer to x)
8. Compute bn = Round(bn ) for n = 1, ..., i
P

i
9. Scale En by the factor Etot /
E
for n = 1, ..., i
n
n=1
The Chow’s algorithm does not obtain the exact solution of the optimization problem in (4.28) and (4.29), but it achieves a near-optimum solution
[93, 92].
Once the number of bits, bn , allocated to the nth subcarrier has been
determined by Chow’s algorithm, the proper modulation scheme can be assigned to each subcarrier. Using M–QAM modulation, the nth subcarrier is
allocated with a Mn –QAM modulation where Mn = 2bn . The value En is
used as a pre-emphasis.

4.2.2

Experimental setup

Fig. 4.5 depicts the experimental setup used in this work. The DMT modulation and demodulation were performed off-line starting from a software developed in a previous thesis [88]. The transmitted DMT signal was physically
generated by a Tektronix AWG7122B arbitrary waveform generator (AWG)
with 10-bit resolution. The received DMT signal was digitally converted by
a real-time Tektronix DPO72004 digital phosphor oscilloscope (DPO) with
8-bit resolution. The AWG and the DPO were substantially used as the
digital-to-analog converter (DAC) and the analog-to-digital converter (ADC)
elements, respectively. More details on the DMT signal will be reported in
the next sections. The IM–DD POF link was composed by a VCSEL, a
graded-index POF and a receiver based on two different PDs. The VCSEL
was a Firecomms red VCSEL, represented in Fig. 4.6(a), emitting at the
wavelength of 667 nm, with a peak power of 1 mW, a beam divergence of
14◦ and more than 3 GHz of modulation bandwidth [94]. Due to the large
beam divergence and the peak power of 1 mW, the VCSEL was compliant
with eye-safety regulations [95]. The emitted light from the VCSEL was coupled directly in free space with the GI-POF. I employed different lengths
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Figure 4.5: Experimental setup
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Figure 4.6: Photos of the red VCSEL (a) and the receiver based on the
Si-PIN PD (b) used in the experimental setup
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of fiber ranging from a few meters to a maximum distance of 50 m, which
was the main target of this work. All the GI-POF samples were Optimedia
OM-GIGA fibers with a diameter of 1 mm, a loss of 0.3 dB/m at 665 nm,
and a nominal bandwidth of more than 3 Gbit/s at 50 m [96]. The output
power of the POF was coupled in free space with the receiver. Two receivers
were employed, one based on a silicon (Si) avalanche photodetector (APD)
and one based on a Si-PIN PD. The APD had an active area with a diameter
of 230 µm and was followed by a two-stage electrical amplifier with 40 dB of
gain. The PIN PD had an active area with a diameter of 400 µm and was
followed by a TIA with a trans-impedance gain of 10 kΩ placed close to the
PD as shown in Fig. 4.6(b).
The design of the optical link is critical with respect to the performance of
the system. The main parameter to be optimized is the VCSEL bias current
which influences the transmitted power, the link gain and the non-linearities.
Fig. 4.7(a) shows the static Light-Current characteristics of the VCSEL at
the ambient temperature of 21◦ C. As can be noted from Fig. 4.7(a), the
optical power is close to zero below the threshold current of around 0.5 mA,
it increases up to 1 mW for a bias current around 4 mA, and then it decreases
for higher bias currents. Fig. 4.7(a) suggests to apply a bias current of 23 mA to obtain both a high gain and a linear operation due to the saturation
effect of the power for higher currents. Fig. 4.7(b) presents the small signal
gain variation for a bias current between 2 and 6 mA. The figure confirms
that the bias current of 2-3 mA presents higher small signal gain values.
However there is just a decrease of 1 dB for 4 mA which does not exclude this
value. To take a decision, Fig. 4.7(c) shows the IIP2 and IIP3 for increasing
bias current. These values are obtained with a two tone test at 365 and
375 MHz. As shown in Fig. 4.7(c), the bias current of 4 mA corresponds to
the maximum IIP2 and close to maximum IIP3. Due to this better non-linear
performance, to the small loss of gain, and to the possibility to modulate the
VCSEL with higher peak-to-peak currents, the bias current of 4 mA was
used in this experimental activity. However, the performances obtained with
different values of bias current will be also addressed with reference to DMT
transmission.
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Once the bias current of the VCSEL is set, the two other factors which
limits the systems are the finite bandwidth of the receiver, and the finite
bandwidth and loss of the POF. Fig. 4.8 shows the frequency responses of
the POF link employing the PIN–PD (a) and the APD (b) after 2 m of
POF transmission, denoted as back-to-back case, and after 50 m of POF
transmission. Since the transmitter has a modulation bandwidth of 3 GHz,
from Fig. 4.8 it can be evinced that the PIN-PD (a) and the APD (b) have
different frequency responses. In particular, the PIN-PD has a frequency
response that above 300 MHz has a gaussian shape, i.e. super-gaussian with
n = 1, with a 3 dB bandwidth of 1.15 GHz. The APD has instead a flat
response up to 1.25 GHz and then decreases sharply due to reduction of
the avalanche effect for higher frequencies. This frequency response can be
described by a super-gaussian function with n = 2 and 3 dB bandwidth
equal to 1.36 GHz. When a 50 m long fiber is inserted between transmitter
and receiver, apart from a reduction of 30 dB in the electrical response, due
to the optical attenuation of 15 dB, there is also a reduction of the system
bandwidth which can be evinced from fig. 4.8(a) and fig. 4.8(b) comparing
the 50 m case with the back-to-back case. The 50 m transmission with PINPD has a frequency response that has again a gaussian shape but with a 3 dB
bandwidth of 0.76 GHz. This is due to the bandwidth reduction operated
by the POF transmission. The 50 m transmission with APD has instead
a frequency response which is similar to the back-to-back case. It can still
be represented by a super-gaussian function with n = 2 and with a slightly
lower 3 dB bandwidth of 1.31 GHz. The different effect of 50 m POF on
the systems employing APD and PIN-PD is due for high frequencies to the
sharply reduction of the response of the APD, while for medium frequency
this is maybe due to the lower collecting area of the APD which could avoid
some higher order modes to be detected.
The APD seems to be the better solution for transmission. However,
there are two points to be underlined. First, the APD receiver guarantees
a considerable gain, but also a much higher noise compared to the PIN-PD.
In second place, as reported in Fig. 4.4 the theoretical capacity normalized
to the 3 dB bandwidth is lower for super-gaussian channels with higher n
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parameter. Fig. 4.9 shows the numerical evaluation of the spectral efficiency
(a) and the capacity (b) of the 50 m long POF link employing PIN–PD and
APD. The theoretical evaluation of the same quantities is also performed
with the super-gaussian interpolating functions reported in Fig. 4.8. From
Fig. 4.9(a), it can be noted that the evaluated spectral efficiency of the POF
link is below the theoretical spectral efficiency of the flat AWGN channel.
Moreover, there is a good agreement between the spectral efficiency obtained
from the measured frequency responses and the ones of the super-gaussian
interpolating functions. Fig. 4.9(b) shows the absolute capacity in Gbit/s of
the two different 50 m long POF links. As expected, the APD guarantees a
larger theoretical capacity due to the higher 3 dB bandwidth. However, since
the link employing the PIN–PD has a frequency response close to a supergaussian with a lower parameter n its theoretical capacity is competitive
with the link employing the APD even if the 3 dB bandwidth is lower. For
example, for a target capacity of 10 Gbit/s a minimum SNR of 16 dB and
18 dB is necessary for the link employing APD and PIN–PD, respectively.
This difference of 2 dB can be considered negligible due to the lower noise
level of the receiver employing PIN–PD and TIA with respect to the receiver
with APD and two-stage electrical amplifier.

4.2.3

50 m PMMA GI–POF transmission with APD

To achieve an optimized transmission over 50 m POF with APD or PIN–
PD, the DMT modulation parameters were optimized separately in both
cases. For the system employing APD the DMT parameters listed in Tab. 4.1
were utilized. In particular, the DMT signal used 256 subcarriers spaced by
6.25 MHz within a bandwidth of 1.6 GHz. To this purpose, the sampling rate
of the AWG was fixed at 3.2 Gsample/s. The sampling rate of the DPO was
instead fixed to the maximum of 50 Gsample/s. This high sampling speed is
due to the lack of a physical clock recovery to be used as trigger by the DPO.
Hence, the sampling rate reconstruction was performed off-line by digital
filter suppression and resampling. Indeed, oversampling was necessary to
reduce inter-carrier interference [97]. For cost-effective real implementation,
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Number of subcarriers
Cyclic prefix length
Number of Schimdl blocks
Digital clipping
Receiver equalizer
Transmitter sampling rate
Receiver sampling rate

256
8
4 every 200 DMT symbols
Clipping factor µ = 9 dB
one-tap channel equalizer
3.2 Gsample/s
50 Gsample/s

Table 4.1: DMT signal parameter for 50 m transmission with APD
the use of such high sampling speed can be avoided performing TX–RX
synchronization with Schimdl & Cox approach [98], and/or training symbols
[69].
An important DMT parameter is the clipping factor, µ, i.e. the ratio
between the maximum permissible amplitude of an envelope limiter and the
root-mean-square amplitude value of the DMT signal before clipping [99].
Due to its multitone nature, DMT signal presents a high peak-to-average
power ratio (PAPR). As deeply studied in [88], to increase the received
average power and therefore the transmission rate, digital clipping is required.
With digital clipping the DMT crest factor is reduced to a value close to the
clipping factor , µ, (the crest factor does not become equal to µ since the
root-mean-square amplitude value is also slightly reduced by clipping). In
[100] it was demonstrated that a clipping factor µ = 10 dB is typically
optimum. Starting from that value I determined experimentally that for the
system employing APD the optimum value for maximizing the bit-rate was
µ = 9 dB.
With these DMT parameters, a DMT signal with the same number of
bits and power levels in all subcarriers was sent into the channel to test it.
Using 4 Schimdl blocks every 200 DMT symbols for symbol synchronization
and channel estimation, it was possible to estimate the SNR characteristics
of the channel. Fig. 4.10(a) shows the estimated SNR. From these values
the bit-loading algorithm described in subsection 4.2.1 can determine the
optimum bit and power to be allocated to each subcarrier. Fig. 4.10(c)
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Figure 4.10: Bit loading application on 50 m POF transmission with APD:
estimated SNR before bit-loading (a), estimated SNR after
bit-loading (b), bit (c) and power (d) allocation
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shows the optimum bit allocation for a symbol error target below 10−3 (Γ =
6 dB). The bit allocation has a stair-like shape from a maximum number
of bits equal to 4, corresponding to 16–QAM modulation, to a minimum
of 1 bit, corresponding to binary phase shift keying (BPSK) modulation.
Note that there are also some unused subcarriers. The energy distribution
corresponding to this bit allocation is shown in Fig. 4.10(d). With this power
allocation the estimated SNR after bit-loading is presented in Fig. 4.10(b).
Note that the estimated SNR after bit-loading remembers the bit-allocation
of Fig. 4.10(c). This is due to the pre-emphasis performed by the power
allocation.
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Figure 4.11: BER performance per subcarrier (a), constellation diagram of
the demodulated signal for the subcarriers with 16–QAM (b)
With the presented bit and power allocation a gross bit-rate of 5 Gbit/s
was achieved with a BER of 7.1 × 10−4 , which is below the target of 10−3 .
Fig. 4.11(a) shows the measured BER per subcarrier. The measured BER
ranges from 10−4 to 10−2 . In many of the subcarriers in Fig. 4.11(a) no
errors where found. To these subcarriers a BER of 10−4 was associated,
which was a value immediately below the minimum detectable BER per
subcarrier. Note that there are subcarriers with BER larger than the total
BER of 7.1×10−4 and the BER target of 10−3 . This is due to the bit-rounding
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in the bit-loading algorithm. However, DMT modulation provides the benefit
to achieve a total average BER below the target BER even in presence of some
subcarriers above that limit. Fig. 4.11(b) shows the superimposed equalized
constellation diagram of all the subcarriers with 16–QAM, corresponding to 4
allocated bits. The clearly distinguishable constellation points indicate that
the received signal quality is high enough to guarantee sufficient performance
also with a simple one-tap channel equalizer.
The previous bit-rate value of 5 Gbit/s must be intended as gross because
it considers as useful information also the Schimdl blocks and the cyclic prefix. Accounting correctly for cyclic prefix and Schimdl blocks, an overhead
of 3.6% needs to be removed from the gross bit-rate. This leads to a uncoded net bit-rate of 4.85 Gbit/s, corresponding to a spectral efficiency of
3 bit/s/Hz. Accounting also for a 6.7% EFEC overhead, the net bit-rate for
error-free operation becomes 4.55 Gbit/s.
It is possible to compare the obtained bit-rate with the theoretical capacity of the system presented in Fig. 4.9(b).To this purpose, we should compare
the uncoded net bit-rate with the theoretical capacity corresponding to the
measured SNR reduced by the SNR gap, Γ, of 6 dB. Since the overall measured SNR is 15.5 dB, the capacity corresponding to 9.5 dB should be taken.
From Fig. 4.9(b) this capacity is 5.6 Gbit/s. Therefore, the obtained bit-rate
is 0.75 Gbit/s far from the theoretical capacity achievable by M–QAM.

4.2.4

50 m PMMA GI–POF transmission with PIN PD

For the system employing PIN–PD the parameters listed in Tab. 4.2 were
utilized. The DMT signal used 256 subcarriers spaced by 8.79 MHz within a
bandwidth of 2.25 GHz. The sampling rate of the AWG and the DPO were
fixed at 4.5 and 50 Gsample/s, respectively. For this system the optimum
clipping factor was found to be µ = 8 dB.
Fig. 4.12(a) and 4.12(b) show the estimated SNR before and after bitloading, respectively. Note that the SNR of the system employing PIN–PD is
slightly higher than the corresponding SNR of the system employing APD.
This is due to the larger area of the PD and to a lower noise level. Due
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Figure 4.12: Bit loading application on 50 m POF transmission with PIN–
PD: estimated SNR before bit-loading (a), estimated SNR
after bit-loading (b), bit (c) and power (d) allocation
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Number of subcarriers
Cyclic prefix length
Number of Schimdl blocks
Digital clipping
Receiver equalizer
Transmitter sampling rate
Receiver sampling rate

256
8
2 every 200 DMT symbols
Clipping factor µ = 8 dB
one-tap channel equalizer
4.5 Gsample/s
50 Gsample/s

Table 4.2: DMT modulator and demodulator parameter for 50 m transmission with PIN–PD
to the higher SNR, up to 5 bits, corresponding to 32–QAM modulation,
are allocated. Note that after 1.42 GHz (subcarrier number 162) no bits
are allocated due to low SNR values. For this reason in Fig. 4.12(b) the
SNR after bit-loading can only be evaluated up to 1.42 GHz. The energy
distribution corresponding to the bit allocation is shown in Fig. 4.12(d).
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Figure 4.13: BER performance per subcarrier (a), constellation diagram of
the demodulated signal for the subcarriers with 32–QAM (b)
With the optimum bit and power allocation a gross bit-rate of 5.3 Gbit/s
was achieved with a BER of 8.5 × 10−4 , which is below the target of 10−3 .
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Fig. 4.13(a) shows the measured BER per subcarrier. As for the APD system,
the BER per subcarrier ranges from 10−4 to 10−2 , where the value 10−4
is associated to the subcarrier where no errors were found. Also in this
case, there are subcarriers with BER larger than the target BER of 10−3
mitigated by the DMT signal averaging property. Fig. 4.13(b) shows the
superimposed equalized constellation diagram of all the subcarriers with 32–
QAM, corresponding to 5 allocated bits.
Accounting for cyclic prefix and Schimdl blocks within the gross bitrate of 5.3 Gbit/s, the uncoded net bit-rate is 5.15 Gbit/s, corresponding
to a spectral efficiency of 3.6 bit/s/Hz. Accounting also for a 6.7% EFEC
overhead, the net bit-rate for error-free operation becomes 4.85 Gbit/s.
The overall SNR is 17 dB. Hence, to compare the uncoded net bit-rate
with the theoretical capacity of the system the capacity corresponding to a
SNR of 11 dB should be taken. From Fig. 4.9(b) this capacity is 5.4 Gbit/s,
meaning that the obtained net bit-rate is only 0.25 Gbit/s far from the maximum capacity achievable with M–QAM.
Summarizing, even if the the 3 dB bandwidth of the system employing
PIN–PD is lower than the 3 dB bandwidth of the system employing APD,
the resulting data-rate is higher. This is due to the use of a matched PD–
TIA receiver which guarantees a high sensitivity and a receiver bandwidth
competitive with the APD solution.

4.2.5

Evaluation of DMT and optical link parameters

The results shown in subsections 4.2.3 and 4.2.4 refer to the transmission
over 50 m GI-POF with all parameters optimized. To prove that the chosen parameters are optimum and to determine the impact of a not optimum
choice, in this section I will show the effect on the link performance of deviation of these parameters from their optimal values. In particular, I will show
the dependencies of the total bit-rate on different values of the number of
subcarriers, the clipping level, the laser bias current, fiber length and bending loss. The link performance is expressed by the bit-rate deviation from
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the reference bit-rate, indicated as ∆Bitrate, and defined as follows,
∆Bitrate =

Bitrate − Bitrateref
· 100 (%)
Bitrateref

(4.31)

where Bitrate is the achieved bit-rate for the applied parameter values, while
Bitrateref is the reference bit-rate.
The following results are obtained using the system with PIN–PD described in section 4.2.4, but similar behaviors can be observed for the system
employing APD. Hence, Bitrateref = 5.3 Gbit/s and Bitrate is the gross
maximum bit-rate with BER below 1×10−3 obtained applying the bit-loading
algorithm with the deviated parameter values.
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Figure 4.14: Percentage bit-rate variation versus number of subcarriers (a)
and clipping factor (b) of the DMT signal
Fig. 4.14 depicts the impact of the main DMT parameters, namely the
number of subcarriers and the digital clipping factor. From Fig. 4.14(a) it
can be evinced that increasing the number of subcarriers the total bit-rate
tends to increase, since the available bandwidth is better used. However,
while up to 256 subcarriers the performance increases considerably, thereafter the performance becomes saturated increasing of less than 2% for 1024
subcarries. Hence, since an increase of the number of subcarriers determines
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higher complexity and latency, a compromise is required. For this reason,
choosing 256 subcarriers is the optimum compromise for the case considered.
Fig. 4.14(b) shows ∆Bitrate against the clipping factor. For the 50 m
transmission described in subsections 4.2.4 a clipping factor of 8 dB was used,
which from Fig. 4.14(b) is demonstrated to be optimum. But, note that a
clipping factor between 6 and 8 dB gives close to optimum results. For lower
values of clipping factor the clipping noise increases substantially providing
a reduction of the bit-rate [101]. For higher values of clipping factor, due
to a fixed peak-to-peak amplitude of the modulating current to avoid laser
clipping, the average received power decreases resulting in a reduction of the
SNR and hence of the bit-rate. I remark that the crest factor of the DMT
signal without digital clipping would be around 14–15 dB which results in
more than 30% reduction in bit-rate.
Besides number of subcarriers and clipping factor, which are the main
parameters of the DMT signal and can be controlled in the DSP, I analyze
the impact of some other parameters of the optical link. In particular, the
driving bias current of the VCSEL, the POF length and the bending loss of
the POF are examined.
I showed in subsection 4.2.2 that the VCSEL bias current was set to
4 mA based on considerations on the transmitted power, the link gain and
the non-linearities. For further clarification, Fig. 4.15(a) depicts ∆Bitrate
versus the bias current of the VCSEL. The optimum bias current value of
4 mA is confirmed. For low bias currents, the link performance is dominated
by laser clipping leading to asymmetric clipping noise on the received DMT
signal which reduces the achievable bit-rate. For high bias currents the SNR
reduction due to a lower system gain and optical power reduces as well the
achievable bit-rate.
Fig. 4.15(b) presents ∆Bitrate variation with POF link ranging from 10
to 50 m. Since the reference bit-rate is the one at the longest length of
50 m, ∆Bitrate is always positive. At 10 m a relative increase around 43%
is obtained with respect to the 50 m case. Note that Fig. 4.15(b) shows a
linear relationship between ∆Bitrate and fiber length with a negative slope
of −1.1 %/m. This linear relationship is due to the high loss (0.3 dB/m) of
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the GI-POF which limits the system by SNR beyond 10 m.
Another important parametric evaluation related to in-field installation
is the bending loss sensitivity of the system. Indeed, GI–POF is today the
large core plastic optical fiber with the highest available bandwidth, but at
the same time it is more sensitive to bending loss with respect to standard
SI–POF [11]. For this reason, Fig. 4.16 presents ∆Bitrate variation due to
decreasing bending radius. The experimental values are obtained using a
half bend (180◦ bend). The optical loss associated to each bending radius is
also reported in Fig. 4.16. No penalty is observed above a bending radius
of 25 mm, which is the nominal allowable bending radius reported for the
sample of GI–POF [96]. A penalty of more than 7% can be observed below
a bending radius of 20 mm. ∆Bitrate decreases linearly coming from 20
to 7.5 mm and then asymptotically decreases below 7.5 mm. Note that
∆Bitrate decrease follows perfectly the increase of the optical bending loss.

4.3

3 × 2N –QAM constellations for DMT

The results presented in the previous section where obtained using QAM
constellations with a number of points which is a power of 2 (2N ). Using
these constellations it is possible to transport an integer number of bits per
subcarrier. In particular, on the nth subcarrier it is possible to transport a
number of bits bn which satisfy the relation,


En gn
(4.32)
bn = log2 1 +
Γ
which was implicit in (4.28).
In (4.32), En gn is the SNR produced by the energy En , and can be indicated by SN Rn . Hence, from (4.28) it is possible to derive the minimum
SN Rn to be able to transport bn bits on the nth subcarrier,

SN Rn ≥ 2bn − 1 · Γ
(4.33)
For standard M–QAM it is b = log2 (M ), and for symbol error fixed to
10 it is Γ = 6 dB. From (4.33) the minimum SNR necessary to support a
M–QAM modulation is reported in the following table.
−3
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Number of bits Constellation Minimum SNR (dB)
2
4–QAM
10.8
3
8–QAM
14.5
4
16–QAM
17.8
5
32–QAM
20.9
64–QAM
24
6

From the previous table it can be noticed that in order to increase by
1 bit the number of transported bits it is necessary to increase the SNR by
about 3 dB. However, this increase is not always feasible on all the DMT
subcarriers due to the constraint on total power.
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Figure 4.17: 3 × 2N –QAM modulator
To allow a higher adaptability of the DMT signal to the channel, a finer
granularity in SNR is needed. Referring to (4.33), this can be done by the
introduction of constellations transporting a non-integer number of bits. For
radio communication systems, novel adaptive constellation formats have been
proposed in recent years, transporting a fractional number of bits [102]. In
particular, the family of 3 × 2N –QAM constellations have been studied [102,
103]. With a 3×2N –QAM constellation it is possible to transport N +1.5 bits
per symbol. Fig. 4.17 shows how to obtain this feature. For a 3 × 2N –QAM
constellation 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 converted from
binary to ternary format. One of the ternary values and one group of N bits
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are selected for each symbol time to be mapped. Therefore, the modulator
generates two symbols from 2N + 3 bits, leading to an average number of
N + 1.5 bits per symbol.

(a) 6–QAM

(b) 12–QAM

(c) 24–QAM

(d) 48–QAM

Figure 4.18: Example of 3 × 2N –QAM constellation diagrams
Since a ternary value can assume the three values 0, 1 and 2, and N
bits give rise to 2N combinations, 3 × 2N different symbols are needed. A
detailed explanation of optimal constellation construction and mapping is
given in [102, 103] and not reported here. As an example, Fig. 4.18 shows
the constellation diagram of 3×2N –QAM constellations with N ranging from
1 to 4, i.e. from 6–QAM to 48–QAM. Apart from the triangle constellation
corresponding to 6–QAM, all the other constellations can be obtained from
a rectangular 2N +2 –QAM in which the points with higher power are removed
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to obtain 3 × 2N symbols. Since the upper bound of (4.30) can be applied
also to these constellations, for a symbol error probability of 10−3 the Γ
value of 6 dB can be taken. Hence, the minimum SNR to support a M–QAM
modulation can be completed according to the following table.
Number of bit Constellation Minimum SNR (dB)
2
4–QAM
10.8
6–QAM
12.7
2.5
3
8–QAM
14.5
3.5
12–QAM
16.1
4
16–QAM
17.8
24–QAM
19.4
4.5
5
32–QAM
20.9
48–QAM
22.5
5.5
6
64–QAM
24

From the table it can be evinced that now the SNR granularity has reduced to about 1.5 dB due to the half bit granularity. This allows a solution
of the bit-loading algorithm presented in subsection 4.2.1 closer to the waterfilling solution. To support both 2N –QAM and 3 × 2N –QAM, steps 7. and
8. of the bit-loading algorithm described in subsection 4.2.1 need to be substituted by the following,


7. Scale En by the factor 2Round(2·bn )/2 − 1 / 2bn − 1 for n = 1, ..., i
8. Compute bn = Round(2 · bn )/2 for n = 1, ..., i

4.3.1

Application to 50 m PMMA GI–POF link
with APD

The application of 3×2N –QAM constellation formats on DMT was tested
on the system employing APD, because, as was stated in the end of section 4.2.3, this system has more margin of improvement with respect to the
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system employing PIN–PD. Indeed, the systems employing PIN–PD and
APD were close 0.25 Gbit/s and 0.75 Gbit/s, respectively, to the maximum
capacity achievable with M–QAM. The DMT parameters for this experimental study were the same reported in Tab. 4.1.
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Figure 4.19: Bit loading application over 50 m POF transmission with
APD and 3 × 2N constellation formats: estimated SNR before
bit-loading (a), estimated SNR after bit-loading (b), bit (c)
and power (d) allocation
Fig. 4.19(a) shows the estimated SNR, which is in-line with the one reported in Fig. 4.10(a). From this SNR estimation the modified bit-loading
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algorithm determined the optimum number of bits and the energy level to
be allocated to each subcarrier with half-bit granularity. Fig. 4.19(c) shows
the optimum bit allocation for a BER target below 10−3 employing 3 × 2N
constellation formats. Note that there are many subcarriers with 4.5, 3.5
and 2.5 bits allocated, corresponding to 24–QAM, 12–QAM and 6–QAM,
respectively. Compared to Fig. 4.10(c), the bit allocation in Fig. 4.19(c) follows better the SNR estimation in Fig. 4.19(a) leading to a more continuous
shape. The energy distribution corresponding to this bit allocation is shown
in Fig. 4.19(d). Note that in the frequency range where 3×2N –QAM are employed, the energy is now distributed in a range of no more than 2 dB, which
is half of the range of 4 dB in Fig. 4.10(d), where only 2N –QAM constellation formats were used. Indeed, a finer granularity in the bit allocation leads
to a more uniform power distribution among the subcarriers. Fig. 4.19(b)
presents the SNR per used subcarrier resulting from the energy distribution
of Fig. 4.19(d).
Employing 3 × 2N –QAM constellations it was possible to achieve a gross
bit-rate of 5.6 Gbit/s with a BER of 9.2 × 10−4 . Fig. 4.20(a) shows the
measured BER per subcarrier, which ranges from 10−4 to 10−2 . As for the
previous experimental results, there are many subcarriers with a BER above
the total BER, equal to 9.2 × 10−4 , whose detrimental effect is limited by
DMT modulation. Fig. 4.20(b) shows the superimposed equalized constellation diagram of all the subcarriers with 24–QAM, corresponding to 4.5
allocated bits. The constellation points are well distinguishable indicating
correct operation of the receiver also for 3 × 2N –QAM constellation formats.
Accounting for cyclic prefix and Schimdl blocks, an overall overhead of
3.6% needs to be removed from the gross bit-rate. This leads to a uncoded net
bit-rate of 5.4 Gbit/s, corresponding to a spectral efficiency of 3.4 bit/s/Hz.
Accounting also for a 6.7% EFEC overhead, the net bit-rate for error-free
operation becomes 5 Gbit/s. With respect to the result reported in subsection 4.2.3 there is a percentage gain of 12% in the achievable bit-rate.
Fig. 4.21 shows the comparison between the uncoded net bit-rate of DMT
with (w/) and without (w/o) 3 × 2N constellations with the theoretical channel capacity of Fig. 4.9(b). In particular, the comparison is made at different
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received SNR obtained by decreasing the received optical power always after
50 m of POF transmission. From the figure it can be evinced that for SNR
below 10 dB the two types of DMT signal give similar values since none or
few subcarriers are allocated with 3 × 2N –QAM constellations. Then, for
increasing values of SNR 3 × 2N –QAM constellation formats begin to be allocated to a larger number of subcarriers, leading to an over-performance of
the DMT signal employing 3 × 2N –QAM constellations with respect to the
DMT signal employing only 2N –QAM constellations.
The obtained results are also compared with the theoretical capacity
shifted by the SNR gap Γ = 6 dB. For the SNR of 15.5 dB, corresponding to the results presented in this section, a difference of only 0.2 Gbit/s
from the theoretical capacity shifted by the SNR gap is observed in Fig. 4.21
for the DMT with 3 × 2N –QAM constellations. This means that with DMT
modulation employing 3 × 2N –QAM constellations, in addition to 2N –QAM,
it is possible to be practically at a distance equal to the SNR gap from the
theoretical channel capacity, which is the minimum distance achievable with
M–QAM.

4.4

Summary

A solution based on plastic optical fiber for the realization of home area
networks has been studied in detail. In this framework, a theoretical and
experimental analysis on the application of DMT to IM–DD GI–POF links
has been presented. Closed-form equations for the capacity of POF links
simplified as super-gaussian AWGN channels were reported in section 4.1
and applied for the description of POF links employing APD and PIN–PD
in subsection 4.2.2.
To use efficiently the non-flat channel response of the POF link, DMT
modulation was employed together with a bit and power loading algorithm
which was described in subsection 4.2.1. The achieved uncoded net bit-rates
were 4.85 and 5.15 Gbit/s for the system employing APD and PIN–PD,
respectively, with optimum parameters. The achieved data-rate are distant
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0.75 and 0.25 Gbit/s, respectively, from the maximum achievable capacity
with M–QAM. To define the effect of non-optimum parameters choice or
real installation conditions, a detailed parametric evaluation was performed
determining also the impact of small bending radii on the POF link.
Finally, 3 × 2N constellation formats were studied to approach even closer
the maximum achievable capacity with the only limitation of the SNR gap.
Indeed, the half-bit granularity of the bit-loading algorithm exploits at the
best the non-flat channel response. With this scheme the uncoded net bit-rate
of the system employing APD becomes 5.4 Gbit/s which is only 0.2 Gbit/s
from the maximum achievable capacity with M–QAM.
These results demonstrate that DMT can provide close to optimum performance in POF links even with a simple one-tap equalizer and a humble
number of subcarriers such as the 256 employed in this work. Scalability
of these results towards 10 Gbit/s after 50 m POF transmission is feasible
provided that an increase of SNR of at least 6 dB or a receiver based on APD
or PIN–PD with at least double 3 dB bandwidth is realized.
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Chapter

5

POF systems
for converged home networks
As an example of the possibility to use plastic optical fibers for a converged home area network, in this chapter a combined transmission of a
multi-gigabit baseband data stream, based on DMT, and a radio frequency
signal, based on UWB technology, over 1 mm core diameter POF is shown.
After a short introduction on the employed UWB technology in section 5.1,
a detailed experimental study on the performance of the two types of signals
in the combined transmission is carried out in section 5.2.

5.1

Ultra wideband technologies

As already described in section 1.3.2, the near-future indoor scenario
is expected to be full of devices able to transmit with each other. These
devices can use different wireless technologies and some UWB technologies
are expected to be employed especially where reduced energy consumption,
device co-existence and positioning are requested. While narrowband radio
technologies in the ISM band of 2.4 GHz are typically able to transmit up to
tens of meter, UWB technologies are intended to be used below ten meter.
This chapter is based on the results published in P5. and P22.
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Figure 5.1: WiMedia Alliance regulatory frequency bands chart
Hence, full speed UWB transmission could be not completely feasible inside a
house. For this reason, the possibility to use also the wired infrastructure to
extend the maximum reachable distance can be of interest. Nevertheless, the
impact of the introduction of the wireless service in the broadband wireline
infrastructure should be minimized.
The challenge related to the pursuit of this scope for UWB signals is
the wideband feature of UWB technologies. The Federal Communications
Commission (FCC) stated that UWB technology should use a minimum
bandwidth of 500 MHz and operate in the frequency range between 3.1 and
10.6 GHz, where other services are licensed. For this reason, the power spectral density measured in 1 MHz bandwidth must not exceed −41.3 dBm
[104].
UWB systems support two kinds of modulation techniques: the direct
sequence technique and the multi-band OFDM (MB–OFDM) UWB technology [105]. MB–OFDM is preferred for indoor data communication over
other UWB implementations, like impulse-radio UWB, or proprietary UWB
solution, due to the widely commercial availability of low-cost OFDM-based
solutions. According to the WiMedia Alliance [106], the available spectrum
for MB–OFDM UWB technology is divided in 14 bands, each with a band162
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width of 528 MHz as summarized in Fig 5.1. The first 12 bands are grouped
into 4 band groups counting 3 frequency bands each. The last two bands are
grouped in a fifth group. A sixth band group intended for worldwide usage
is also defined within the spectrum of the first four group bands.
The radio signal is based on an OFDM modulation format with 128 subcarriers, spaced by 4.125 MHz. A total of 110 subcarriers (100 data carriers
and 10 guard carriers) are used per band to transmit the information. Other
12 pilot subcarriers allow for coherent detection, while other 6 subcarriers,
including the one corresponding to the central frequency, are null. Hence,
122 subcarriers are used in total for each band. Frequency-domain spreading,
time-domain spreading, and FEC coding are provided for optimum performance under a variety of channel conditions. The supported data rate ranges
from 53.3 to 480 Mbit/s [107]. For use within wireless USB technology the
support of transmitting and receiving data rate of 53.3, 106.7 and 200 Mbit/s
are mandatory within a maximum distance of 10 m, while the remaining data
rates up to 480 Mbit/s are optional [108].

5.2

5.2.1

Converged transmission of baseband DMT
and UWB signals
Experimental setup

The experimental setup used in our study is depicted in Fig. 5.2. A
Tektronix AWG7122 was used to generate the DMT signal in the same way
described in section 4.2.2. The real-time MB–OFDM UWB signal was generated by a Wisair development kit DV9110M. The UWB signal was centered
at 3.96 MHz and had a bandwidth of 528 MHz transporting 200 Mbit/s.
This bit-rate was imposed by the limitation of the particular UWB device,
but the concept is scalable to the full UWB data rate of 480 Mbit/s.
The POF link was the same described in section 4.2.2. The transmitter
was a red VCSEL with a peak optical power of 1 mW. The fiber was a 50 m
GI–POF with a core diameter of 1 mm. The receiver based on APD was
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Figure 5.2: Experimental setup

Number of subcarriers
Cyclic prefix length
Number of Schimdl blocks
Digital clipping
Receiver equalizer
Transmitter sampling rate
Receiver sampling rate

128
8
10 every 200 DMT symbols
Clipping factor µ = 10 dB
one-tap channel equalizer
1.6 Gsample/s
50 Gsample/s

Table 5.1: DMT signal parameters for the combined transmission with a
MB–OFDM UWB signal over a 50 m POF link
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employed. The choice of the APD receiver is based on two considerations.
First, the 3 dB bandwidth of the link employing APD is higher than the 3 dB
bandwidth of the link employing PIN–PD. In second place, the frequency
response of the link employing APD is very flat within the 3 dB bandwidth.
Both features can be verified from Fig. 4.8 of chapter 4.
Due to the high center frequency of the UWB signal compared to the
3 dB bandwidth of the POF link, i.e. 1.31 GHz, the UWB signal was downconverted to an intermediate frequency (IF). The DMT and UWB signals
were transported over the POF link splitting the available bandwidth into
two parts, DC to f1 for DMT and f1 to f2 for UWB, as summarized in
the inset in Fig. 5.2. In particular, the UWB signal was down-converted to a
center frequency of 1.1 GHz using an electrical mixer. Then, it was combined
with a low-pass DMT signal occupying the bandwidth below 0.8 GHz.
The DMT signal parameters are listed in Tab. 5.1. In particular, 128
subcarriers spaced by 6.25 MHz within the fixed bandwidth of 0.8 GHz were
used. To this purpose, the sampling rate of the AWG was fixed at 1.6 Gsample/s.
The electrical combination of DMT and down-converted UWB signals
were transmitted on the POF link. At the receiver side a real-time Tektronix
DPO72004 DPO was used to separately analyze the DMT and the UWB
performance. The quality of the UWB signal will be presented in terms of
EVM of the received quadrature phase shift keying (QPSK) constellation,
while for the DMT signal the maximum bit-rate achievable with a bit-error
rate below 10−3 will be considered, as done also for the experimental results
of chapter 4.

5.2.2

Experimental results and discussion

In Fig. 5.3 the power spectral density (PSD) of the transmitted (a) and
received (b) electrical combination of DMT and UWB signals is depicted. As
can be evinced from the figure, the DMT signal occupies the bandwidth below
0.8 GHz, while the UWB signal is allocated between 0.8 GHz and 1.4 GHz.
Note that both signals are not particularly distorted by the POF link, but
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Figure 5.3: Transmitted (a) and received (b) PSD for the combined transmission of DMT and UWB signals
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only a relative increase of the noise level of about 10 dB can be evinced.
Therefore, apart from noise, the main limiting factor of our system is not the
frequency selectiveness of the channel, but the non linear distortion and the
consequent cross-talk between the two signals induced by the VCSEL, which
is directly modulated by the combination of the two signals.
To study this non-linear effect, I show the impact of different transmitted
power levels of the two signals on EVM and maximum data rate for UWB and
DMT signals, respectively. Fig. 5.4 shows the variation of the UWB EVM
and the DMT bit-rate with respect to the transmitted power of the DMT
signal (a) and the UWB signal (b). In Fig. 5.4(a), the UWB power is fixed
to −1 dBm, and the DMT power varies from −7.2 to +2.8 dBm. For values
of the DMT power below 0.8 dBm, the UWB EVM performance is compliant
with the EVM limit of 15.5% defined for transmission in the standard [107].
Note that at 0.8 dBm the maximum data rate of DMT starts to decrease.
The recommended operating region is where the difference between the two
curves is the largest, i.e. between −4 and 0 dBm. In this study, the value of
−3.2 dBm was selected as the optimum DMT input power in order to achieve
more than 2 Gbit/s of DMT transmission while maintaining an UWB EVM
below 13%.
In Fig. 5.4(b) the opposite case is presented. DMT power is set at the
constant level of −3.2 dBm, while UWB power varies between −7.4 and
+2.6 dBm. Note that the minimum UWB EVM value can be achieved with
a UWB power of −1dBm. The recommended region of operation is between
the UWB input power of −5 and 0 dBm. In the following figures more details
about the performance of two signals are shown for the DMT input power of
−3.2 dBm and the UWB input power of 1 dBm, meaning that the VCSEL
is modulated with an overall power of 2.4 dBm.
First of all, the results for the DMT transmission are presented in Fig. 5.5.
Fig. 5.5(a) and 5.5(b) show the estimated SNR before and after bit-loading,
respectively. Note that the SNR is quite constant below 0.55 GHz while it
decreases approaching 0.8 GHz. This effect is due to the presence of a filter
used at the transmitter to isolate the two signals. As shown in Fig. 5.5(c),
three bits, corresponding to 8–QAM, are mainly allocated below 0.55 GHz,
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while two bits, corresponding to 4–QAM, are allocated above. The related
energy distribution is shown in Fig. 5.5(d). An almost constant value of
energy per subcarrier is allocated below 0.55 GHz, while increasing amounts
of energy per subcarrier are allocated between 0.55 and 0.8 GHz. In this way
the SNR after bit-loading assumes mainly two values corresponding to the
allocated bits as depicted in Fig. 5.5(b).
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Figure 5.6: DMT BER performance per subcarrier (a) and constellation
diagram of the demodulated signal for the subcarriers with 8–
QAM (b)
With the optimum bit and power allocation a gross bit-rate of 2.2 Gbit/s
was achieved with a BER of 8.5 × 10−4 , which is below the target of 10−3 .
Fig. 5.6(a) shows the measured BER per subcarrier. The BER of the subcarriers is mainly below the overall BER, and just few subcarriers are above
the target BER of 10−3 . Fig. 5.6(b) shows the superimposed equalized constellation diagram of all the subcarriers with 8–QAM, corresponding to three
allocated bits.
Accounting for cyclic prefix and Schimdl blocks within the gross bit-rate
of 2.2 Gbit/s, the uncoded net bit-rate is 2 Gbit/s, corresponding to a spectral efficiency of 2.5 bit/s/Hz. Accounting also for a 6.7% EFEC overhead,
the net bit-rate for error-free operation becomes 1.9 Gbit/s. Hence, gigabit
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Figure 5.7: Time (a) and spectrum (b) behaviors of the received upconverted UWB signal
I show now the results related to UWB transmission. These results are
determined on the off-line up-converted UWB signal. Indeed, the received
UWB signal at the IF of 1.1 GHz was at first digitally converted by the DPO.
Then, to analyze this signal with a Tektronix proprietary MB–OFDM analysis software, an off-line filtering and up-conversion was performed. Fig. 5.7(a)
shows the time behavior of the received MB–OFDM signal, where the frame
structure can be observed. Fig. 5.7(b) shows instead the spectral mask anal171
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ysis of the same signal from which the original center frequency of 3.96 GHz
can be evinced. The spectrum emission complies with the requirements of
the standard [107], and consequently the received signal can be radiated into
air. Note also that the spectrum is not distorted meaning that the signal
quality has been preserved.
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Figure 5.8: EVM performance per subcarrier (a) and constellation diagram
(b) of the demodulated UWB signal

Fig. 5.8(a) shows the EVM value for each one of the used subcarriers
of the MB–OFDM signal. There are some subcarriers that are above the
overall EVM value of 12.5% whose impact is reduced by the averaging property of the OFDM format. No region of the spectrum with particularly high
EVM values compared to the average are observed in Fig. 5.8(a), meaning
that the transmission over the POF link is not frequency dependent. Finally, Fig. 5.8(b) shows the received QPSK constellation diagrams of the
MB–OFDM UWB signal. Note that the EVM of 12.5% corresponds to clear
constellation points.
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5.3

Summary

The experimental verification of a converged infrastructure based on large
core PMMA POF for the transmission of broadband wired and wireless services has been presented in this chapter. After a short introduction on the
MB–OFDM UWB wireless technology used in this activity in section 5.1, the
simultaneous transmission 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
source was performed to determine the optimum signal power values for
transmission. An uncoded net bit-rate of 2 Gbit/s with BER< 10−3 was
obtained with DMT transmission and bit-loading. A 528 MHz WiMediacompliant UWB signal transporting 200 Mbit/s was successfully demonstrated on the link guaranteing an EVM of 12.5% on the received QPSK
constellation.
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Conclusions

This thesis dealt with fiber-optic technologies enabling an efficient distribution of broadband wireline and wireless communication services for inbuilding networks. An overview of silica fibers and 1 mm core diameter
PMMA plastic optical fibers has been addressed in chapter 1. Silica fiber
is recognized as the more appropriate fiber medium for large and medium
in-building networks. At present, OM laser-optimized multimode fibers can
guarantee 10 Gbit/s transmission up to 550 m, and 40 or 100 Gbit/s up
to 150 m. If distance or data rate increases, singlemode fiber becomes the
most appropriate medium. In accordance with these considerations, fiber
distributed antenna systems based on single and multimode fibers were introduced as an enabling technology to provide wireless coverage and high data
rate with current and emerging wireless technologies in large and medium
buildings. Radio over fiber systems employing intensity modulated - direct
detection were considered as cost-effective solutions to realize F–DASs in an
in-building scenario.
The major cost-sensitivity of small building networks with respect to large
and medium building networks was pointed out. For this scenario, PMMA
plastic optical fibers with a core diameter of approximately 1 mm were discussed as an alternative to copper solutions, such as Cat-5. The feasibility
of an in-building optical backbone employing plastic optical fibers has been
related to the possibility of multi-gigabit transmission and the capability to
transport wireless services.
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Figure 1: Summary of the main technical achievements of this thesis
Fig. 1 summarizes the main technical achievements of this work.
Chapter 2 dealt with IM–DD RoF links with directly modulated DFBs
for wireless signal distribution on singlemode fiber. A modeling tool was
developed to describe in an accurate and efficient way the simultaneous
transmission of radio signals. The experimental activity pointed out the
interactions between two modulating RF signals compliant with UMTS and
WiMAX standards. A good agreement between experimental and simulation
results has been reported. The wide feasibility of IM–DD RoF links over few
kilometers of single mode fibers has been verified, while some criticalities
have been underlined for longer links due to identified linear and non-linear
characteristics of the laser.
Chapter 3 reported my research activity on IM–DD RoF links with directly modulated lasers for wireless signal distribution on multimode fiber.
The comprehensive theoretical and experimental research has clarified the
physical mechanisms of the main transmission impairments of IM–DD
RoMMF systems, and allowed to develop design guidelines for enhancing
the performance. The main detrimental effect in short-range RoMMF links
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is modal noise which leads to a time fluctuation of the link gain and to an
increment of distortion effects. These undesired effects have been proved to
be strictly related to the launching condition, the photodiode structure and
the source characteristics, such as frequency chirping and non-linearity. The
impact of modal noise can be adequately controlled when a central launch,
as opposed to offset and overfilled launches, is applied, a photodiode with a
built-in ball lens is used, and a Fabry-Perot laser with low frequency chirping, high modulation efficiency, and non-linearity properties comparable with
DFBs is employed. With the designed link a worst-case SFDR exceeding
105 dB × Hz2/3 up to 525 m was obtained. Hence, a successful transmission
of LTE signals in a dual-band configuration was verified giving worst-case
ACLR performance below −48 dBc at 525 m.
Chapter 4 showed my activity on 1 mm core diameter POF systems
for high-speed wireline transmission in small buildings and home networks.
Closed-form equations for the modeling of the channel capacity of POF links
has been derived describing the complete transmission chain with supergaussian functions. Multi-gigabit transmission experiments over 1 mm core
diameter PMMA GI–POF were performed employing simple and eye–safety
compliant VCSEL transmitter and two photoreceivers, one based on a 230 µm
active-area diameter Si–APD and another based on a 400 µm active-area
diameter Si–PIN PD. It has been shown that by using these simple components in combination with DMT modulation and bit-loading, uncoded
net bit-rates of 4.85 and 5.15 Gbit/s with BER< 10−3 over 50 m POF are
achievable with APD and PIN–PD, respectively. These bit-rates are distant
0.75 and 0.25 Gbit/s, respectively, from the maximum achievable channel
capacity employing M–QAM. To approach even closely the channel capacity, 3 × 2N –QAM constellations, corresponding to a fractional number of bits
per symbol, were added to the constellation set used for the data rate optimization within the DMT bit-loading algorithm. This led to an half-bit
granularity in the bit-loading algorithm, enabling a potential higher spectral
efficiency in the use of the channel. With this new scheme the uncoded net
bit-rate of the system employing APD becomes 5.4 Gbit/s keeping a distance
of only 0.2 Gbit/s from the maximum achievable capacity with M–QAM.
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Chapter 5 depicted my work on wireless and wireline signal distribution
on 1 mm core diameter POF systems intended for short-range communications inside a small building and a home network. An experimental feasibility
study of a simultaneous transmission on a single 1 mm core diameter POF of
a UWB radio signal and a baseband data stream was performed. An uncoded
net bit-rate of 2 Gbit/s with BER< 10−3 was achieved after 50 m transmission employing DMT modulation with bit-loading. A 528 MHz WiMediacompliant UWB signal transporting 200 Mbit/s was successfully transported
on the link leading to an EVM of 12.5% on the received QPSK constellation,
which is better than the maximum required EVM.
As mentioned in the Introduction, the aim of this thesis was to investigate
the convenience and necessity of fiber-optic technologies for in-building networks now that wireless technologies are driving the market. Some answers
can be found in the work presented in this thesis:
• Different fiber-optic technologies (SMF, MMF and POF) are convenient
for different in-building scenarios (large, medium and small buildings)
• Intensity modulation and direct detection systems are the most attractive solutions for present and near-future short-range fiber-optic
systems
• Advanced digital modulation formats can counterpoise the intrinsic
limitations of fiber-optic technologies different from SMF (in this thesis
it was shown for POF systems)
• A positive mutual cooperation is possible between fiber-optic and wireless technologies. For large and medium buildings a dedicated fiber
distributed antenna system on SMF and/or MMF can answer for the
multi-operator, multi-service needs. For small buildings, including
home scenarios, a converged wireline and wireless optical backbone
has to be considered (in this thesis it was shown with a POF system)
Further research activities are needed to study the ultimate capacity limits of fiber-optic solutions different from SMF. Moreover, this thesis dealt
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with point-to-point links, while also the impact of a complete network architecture needs to be considered. More generally, in a strategic future perspective, an appropriate converged wireline and wireless optical infrastructure appears to be the solution to transport and manage all the potential
in-building services also in large and medium buildings. This will be a direction to which research bodies and private industries will have to direct their
investigation activities.
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