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Abstract

Currently available copper-based Internet access technologies like xDSL and
DOCSIS cover data transmission speeds in the range of some 10 Mb/s. With
new applications, an increase in bandwidth demand up to the Gb/s-range is
expected for the next years. Therefore, an evolution of access networks by
gradual replacement of copper-based by fiber-optic infrastructure is presently
ongoing. A similar development can be predicted for wireless access tech-
nology operating within the classical microwave range. Due to regulatory
requirements and a lack of bandwidth alternatives need to be developed in the
millimeter-wave band. In this regard, the frequency range around 60 GHz
has a special importance due to a worldwide available unlicensed spectrum
of several GHz of bandwidth. In this context, the integration of wireless
networks in fiber-optic networks by the fiber-optic transport of the radio sig-
nal (radio-over-fiber, RoF) is of particular importance. Besides the low-loss
optical transport of a 60 GHz radio signal RoF technology furthermore allows
to shift complexity from base stations to a central office by a centralized
provision of the millimeter-wave carrier.

This work deals with the modeling, realization and characterization of 60 GHz
RoF systems providing data rates within the multi-Gb/s range. On the
theoretical side, a system model has been developed comprising relevant
electrical and optical noise sources and the transmission properties of fiber-
optic and wireless links as well. This allows for instance to make reliable
predictions of the expected system performance in the run-up to RoF system
planning and thus to identify optimization potential.

Using innovative approaches and technologies, 12.5 Gb/s data transmission
has been realized via fiber and wirelessly for the first time over technical
relevant distances. Also, if compared to conventional RoF systems the
dispersion-limited fiber-optic range has been multiplied. Another RoF system
in the frame of this work aimed for an uncompressed HDTV transmission, for
instance for video conferencing with high resolution (1080p) and extremely
low latency (telemedicine). The wireless transmission of an uncompressed
HDTV signal has been successfully demonstrated. Including the previously
achieved results and experiences, the system complexity has been significantly
reduced.
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1
Introduction

1.1 Demand for broadband access

The worldwide demand for communication is growing with tremendous rates,
and no end of this progress is in sight. A key element was the development
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Figure 1.1: Global IP traffic growth within 2008–2013.

of the Internet, and during the years 2000–2009 the worldwide growth rate
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1 Introduction

of internet users was about 380 %. In 2009, the penetration of internet users
within the population was as high as 52 and 74 % in Europe and North
America, respectively [1]. Due to an increasing number of users and to
the development of new "bandwidth-hungry" applications like peer-to-peer
communication or video-over-IP, the global IP traffic is expected to rise from
about 14 exabyte (EB, 1018 byte) per month in 2009 to more than 55 EB per
month in 2013 [2]. The total estimated IP traffic by segment is exemplified
in Fig. 1.1. The highest contingent is expected to be caused by consumers,
comprising fixed IP traffic generated by households, university populations
and internet cafés. Second segment is business IP traffic, i.e. fixed IP traffic
within wide area networks (WANs) or internet traffic, generated by businesses
as well as governments. The mobile segment includes mobile data and internet
traffic caused by wireless cards for portable computers, wireless local area
network (WLAN) hotspots and handset-based mobile Internet usage. An
annual growth rate of about 131 % is expected here, compared to 42 % within
the consumer field and 32 % in the business field, respectively.

In response to this expected need, metro as well as core networks of infrastruc-
ture providers have continuously been upgraded with respect to bandwidth.
Typically, data rates per fiber channel within core networks are 10 Gb/s. Fur-
thermore, an extension to 40 Gb/s is ongoing and even data rates of 100 Gb/s
are under discussion and standardization [3]. Also, metro networks have been
massively upgraded to meet the rising bandwidth demand, and component
manufacturers are currently working on integrated low-cost solutions for the
mass market [4, 5].

For the last mile, several mature technologies are currently in use to deliver
a service to the destination access node, allowing Internet access as well
as triple-play services (see Fig. 1.2). Currently, customer’s access to high-
speed networking is still predominated by copper-based technologies with a
very limited bandwidth with respect to future communication demands. To
overcome this future bottleneck, endeavors are ongoing to replace copper-
based infrastructure with fibers in order to meet the rising requirements. For
the future, fully fiber-based access is expected, from currently fiber-to-the-
neighborhood (FTTN) over fiber-to-the-building (FTTB) to finally fiber-to-
the-home (FTTH) while applying a step-by-step replacement of existing
copper-based infrastructure by fibers [6]. On the other side, installing new
fibers can be very expensive in metro areas with costs of up to 250,000 $
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1.2 Copper-based access technologies
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Figure 1.2: Classification of networks [5].

per mile [7]. In this case, wireless access could be an appropriate option,
but currently available wireless technologies operate at data rates which are
orders of magnitude lower than transmission speeds offered by fiber access.

This limitation is induced by a lack of bandwidth in conventional microwave-
bands due to regulatory constraints and frequency congestion as well [8].
Alternatives need to be developed operating in the millimeter-wave band
where more bandwidth is available. The frequency range around 60 GHz is
here especially important due to a worldwide available unlicensed spectrum of
several GHz of bandwidth. In conjunction with fiber-optic transmission, new
standards and technologies are expected for the future, leading to photonic
millimeter-wave technologies and transmission systems which are subject in
this thesis.

1.2 Copper-based access technologies

The two dominant access technologies are digital subscriber line (DSL)
utilizing twisted-pair infrastructure from telephone companies and the data
over cable service interface specification (DOCSIS) based upon the networks
of cable TV companies. Since 1999, different DSL standards have been
developed and enhanced up to now. Besides symmetric DSL (SDSL) for

3



1 Introduction

business customers [9], private customers on the other side have been consid-
ered to require more asymmetric connectivity (ADSL). The most widespread
standard here is ADSL2+ which allows maximum down- and upstreams of
24 and 3.5 Mb/s, respectively [10]. Its successor is denoted as very high
speed DSL (VDSL), allowing symmetrical up- and downstreams of up to
100 Mb/s by applying more efficient modulation techniques and by extending
the consumed bandwidth of the copper infrastructure.

The main competitors of DSL service providers are cable TV companies
with coaxial cables offering higher bandwidths and reduced losses compared
to twisted pair infrastructure. Currently, DOCSIS3 supports down- and up-
streams of 304 and 108 Mb/s which are, however, shared between many
users [11]. For both DSL and DOCSIS, the mentioned data rates must be
interpreted as theoretical maximum if excellent infrastructure is given. In
addition, providers modify frequency allocations to support e.g. higher down-
stream but reduced upstream rates. As an example, currently available VDSL
connections from Deutsche Telekom AG in Germany allow maximum down-
and upstreams of 50 and 5 Mb/s [12]. With rising demand in terms of data
rate, more bandwidth and sophisticated modulation techniques have been
implemented in the corresponding standards. As the copper infrastructure
remained the same, the transport range was reduced accordingly. In conse-
quence, existing copper infrastructure was more and more replaced by fibers,
thus the so-called last mile has been reduced to some 100 meters nowadays
in densely populated areas. Future rising bandwidth demands let therefore
predict an overall replacement of copper-based installation with fibers to
FTTH infrastructures.

1.3 Fiber access

The two main topologies for FTTH infrastructures are point to multi point
(P2MP) utilizing passive optical network (PON) technology, and point to
point (P2P) mainly applying Ethernet technology [13]. For the case of P2MP,
the main idea of a PON is to realize a network by passive optical components
where signal distribution is achieved by passive optical splitters to each
customer premises, starting with a single fiber at the central office (CO)
which is shared and split among typically 64 customers. As a consequence,
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1.3 Fiber access

no electrical power connection and only reduced maintenance is required.
PONs in Europe are typically operated as Gigabit PON (GPON), allowing
up- and downstreams of about 1.25 and 2.5 Gb/s, respectively [14]. GPON
supports mixed traffic modes with different packet lengths and asynchronous
transfer mode (ATM), among other benefits like centralized administration
and maintenance. An alternative is the Ethernet PON (EPON) standard,
supplying Ethernet-compatible framing with symmetric up- and downstreams
of 1.25 Gb/s [15]. One aim of EPON is to combine the low costs of Ethernet
technology with the comparatively low costs of a PON. Currently, work is also
ongoing to specify and to standardize 10 Gb/s EPON for future broadband
access networks [16, 17]. This is different for the case of P2P topology. Here,
each subscriber is supplied with a dedicated fiber to a first aggregation point
in the network. As transport technology, typically fast Ethernet supporting
100 Mb/s and 1 Gigabit Ethernet is utilized.

First FTTH field trials have already been accomplished in the year 1977
in Japan, supporting 168 customers with fiber access, and many years of
research in conjunction with several field trials have been carried out [18].
However, costs were simply too high to enter mass market in the past, mainly
due to the costs of the new technology at that time, as well as due to a lack of
optoelectronic components in large amounts [19]. With the development of
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Figure 1.3: FTTH subscribers in Europe, U.S.A. and Japan.

low-cost optoelectronic components, like standardized transceivers for optical
networks in conjunction with rising bandwidth demand, FTTH became more
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and more attractive for infrastructure providers. For instance, Japan has started
very early with FTTH pilot projects in 2002, aiming for about 3.5 million
FTTH customers in the year 2006 [20]. In the end of 2008, the number of
FTTH subscribers was as high as about 14 millions, exceeding the number
of DSL subscribers for the first time [21]. On the contrary, the total number
of FTTH/FTTB subscribers was only about 1.7 million within the whole
European Union at the same time [22, 23]. The development of subscribers in
Europe, Japan and the United States is shown in Fig. 1.3.

1.4 Wireless access

While access technologies are typically based upon wired technologies, broad-
band wireless technologies offer ubiquitous access to a user with no need for
a wired access point. Different standards have been developed up to now, sup-
porting various applications for fixed, nomadic and mobile access [7, 24].

Wireless Fidelity (WiFi) technology is deployed for short-range applications
within home and business local area networks (WLAN), as well as for hotspot
connectivity. The most prominent standard here is IEEE 802.11g, offering
theoretical data transmission rates of up to 54 Mb/s per access point [25].
A recent upgrade, 802.11n, even supports transmission rates of 600 Mb/s,
for instance by utilizing multiple-input multiple-output (MIMO) techniques
[26]. However, the achievable transmission rate in practice is much lower,
depending on distance and environment. Considering further the number of
users sharing the capacity of the access point and the bandwidth of the access
point connection, typical data rates per user within commercial hotspots are
about 1–2 Mb/s [7].

The term fourth generation (4G) technology denotes recent approaches in
wireless transmission with long-term evolution (LTE) technologies, as well as
worldwide interoperability for microwave access (WIMAX) technology. LTE
is provided as a substitute of existing 2G (GSM) and 3G (UMTS) technology
with targeted theoretical data rates of up to 100 Mb/s. Standardization on
LTE technology is currently under way. The main representative for WIMAX
technology is IEEE 802.16, supporting fixed and mobile connectivity as well
[27]. Similar standards have been launched by the ETSI, like HiperAccess
[28] and HiperMAN [29]. Although theoretical data rates of several tens of
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Mb/s have been standardized, currently available WIMAX-based networks
are supporting around 2–4 Mb/s [7].

Wireless transmission within 6–38 GHz is often denoted as microwave radio
[30], supporting fixed wireless point-to-point connectivity. Typical data
transmission rates of commercial microwave links are 100 or 155 Mb/s.
Application fields comprise campus connectivity or mobile backhauling,
which will be discussed in 1.5. Reason for not offering faster transmission
speeds is given by a strict regulation of the microwave band and frequency
congestion as well. As an example, allocated channel bandwidths depending
on frequency and regulator in Europe are 28 MHz and sometimes 56 MHz
whereas a maximum value of 50 MHz is given within the United States. In
conjunction with economically reasonable modulation techniques, maximum
data rate is limited to around 400 Mb/s [30].

A solution to this bottleneck is seen in the development of wireless systems
operating at much higher carrier frequencies, namely in the millimeter-wave
(mm-wave) range where more bandwidth is available. Especially around
60 GHz, a huge amount of bandwidth is allocated for unlicensed operation
which will be detailed in 2.4. Although regulations vary strongly by coun-
try and region, developments are in progress for a worldwide harmonized
frequency band around 57–64 GHz. Main drawback of 60 GHz technology
is a peaking atmospheric gaseous attenuation which clearly limits wireless
path lengths. Alternative spectra with reduced atmospheric attenuation are
located in the E-band, like 71–76 and 81–86 GHz, respectively. Nevertheless,
the potential of 60 GHz for medium-range broadband wireless transmission
has not been fully exploited yet. However, the rising interest in 60 GHz
technology also induced by future broadband wireless personal area net-
work (WPAN) solutions has already led to higher component availability and
lower component cost. Also, future 60 GHz RF-CMOS technology predicts
further cost reduction. Consequently, some companies are already offer-
ing first wireless millimeter-wave links operating within a range of 57–64,
71–76, or 81–86 GHz, supporting data rates of up to 1.25 Gb/s for 1 Gb/s
Ethernet [31–37]. Most of the offered systems are equipped with high-gain
antennas to allow wireless transmission of some 100 m. The transceivers
of such links are either equipped with copper or fiber interface to be used
directly within an Ethernet. Up- and downconversion are both performed
electronically. An overview of the discussed technologies for wireless access
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is given in Tab. 1.1, summarizing some important key parameters [7]. The
indicated wireless distances are related to carrier class performance.

Table 1.1: Key parameters of important wireless access technologies.

Technology Data rate Distance Bandwidth / licensing

WiFi 1–2 Mb/s 20 m Free availability for unlicensed
usage

4G 5–10 Mb/s 3 km Very low bandwidth and strict
regulation, licensed

Microwave ≤ 400 Mb/s 5 km Low bandwidth, strongly vary-
ing by country, difficult regula-
tion, licensed

60 GHz � 1 Gb/s 400 m Very high bandwidth, varying by
country and region, unlicensed
usage

70 & 80 GHz � 1 Gb/s 3 km Very high bandwidth, worldwide
availability, light license

1.5 Application scenarios for broadband fiber-wireless
systems

Various application scenarios come along with an increased demand for
broadband communication as shown in Fig. 1.4.

A first important scenario is given in Fig. 1.4a where a private household
or an office is connected via fiber. The further signal distribution may be
realized using a passive optical network with no use of any additional active
components like optical amplifiers. Due to the high absorption of materials
like concrete, wood or hard plaster, each individual room needs to be supplied
with a wireless front-end to realize a WPAN. First prototypes addressing
this scenario have already been realized within the research project [O16]
discussed further in 1.6.

Another major scenario is wireless corporate access or campus connectivity
as shown in Fig. 1.4b. A prerequisite for this is that at least one building
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Figure 1.4: Application scenarios for photonic millimeter-wave communication.

is already equipped with fiber access. If additional buildings are erected
on an existing campus or if buildings are separated by road, rail or river
wired solutions may be very expensive to install. Laying new cables may
be uneconomical, especially if a link is only required for a limited period of
time.

Broadband wired access – now by DSL or TV cable and in the future by
fiber – is mostly very economical within densely populated areas. However,
within rural areas access speeds are limited to fractions as companies are
not bound to offer broadband services everywhere since the replacement
of the existing wired infrastructure is very costly. The scenario shown in
Fig. 1.4c illustrates the case where a rural area is cut off from a high-speed
metropolitan network. Depending on the number of households, the remote
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location could be equipped with a local fiber-optic network fed by a central
wireless transceiver and the last mile bridged wirelessly.

Construction work, flooding, earthquakes or other disturbances can cause
unavailability of service within metro access networks, thus leading to high
costs for the service provider, especially if business customers are affected.
The intermittently installation of a wireless bridge often denoted as disaster
recovery could quickly restore connectivity while technical personnel are
repairing damaged fibers (see Fig. 1.4d). This is also of interest for standard
maintenance work if no wired redundancy is available.

Mobile backhauling can be mentioned as a practical example, denoting the
wireless connectivity of mobile base stations. In the past, GSM base stations
have been connected by copper-infrastructure which was sufficient for voice
and slow data services. Meanwhile, due to the migration from 2G to 3G tech-
nology with higher demands on bandwidth, infrastructure providers needed
to upgrade their networks. In cases where fiber-based connectivity is too
cost-intensive, microwave-based wireless solutions have been installed to
support mobile base stations with sufficient data transmission speeds [38].

With future rising bandwidth demand, current commercially available wireless
transmission technologies will not be capable to support sufficient data trans-
mission speeds. Considering for example the case of disaster recovery and
a required data rate of 10 Gb/s, millimeter-wave radios would be a practical
solution.

1.6 The research project

The presented work is part of the IPHOBAC project (Integrated Photonic
Millimeter-Wave Functions For Broadband Connectivity) which is funded
by the European Commission under grant number 35317 during the period
06/2006–11/2009 [39]. The project is coordinated by Universität Duisburg-
Essen and comprises eleven industrial and scientific European partners.

The aims of IPHOBAC are to develop photonic components, integrated func-
tions and systems for millimeter-wave applications in the field of communi-
cations, instrumentation and security, which is shown in Fig. 1.5 [O30]. Op-
tical sources under development are quantum-dot mode-locked laser diodes
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(MLLD) with locking frequencies around 60 GHz, as well as dual-mode
distributed feedback and distributed Bragg reflector lasers (DFB / DBR) with
tuning ranges of 30–300 GHz. For broadband optical modulation, IPHOBAC

quantum-dot
MLLD

tunable
dual-mode

DFB / DBR laser

60 GHz
reflective

EAT / SOA

110 GHz
EAM / DFB

300 GHz
photomixer

in quasi-optical
package

110 GHz
photodetector

10 GHz SOI
phase shifter

low phase-noise
photonic mm-wave

source

integrated tunable
photonic mm-wave

source

60 GHz RoF systems
77 GHz photonic sensor systems

30–300 GHz tunable source

component
level

function
level

system
level

this work

Figure 1.5: Technical objectives of the IPHOBAC project on component, function and
system level.

further develops reflective 60 GHz electro-absorption transceivers (R-EAT)
with integrated semiconductor optical amplifiers (SOA) and 110 GHz electro-
absorption modulators (EAM) with integrated DFB lasers. On the detector
side, 110 GHz photodetectors with coaxial output, as well as 30–300 GHz
photodetectors with integrated quasi-optics are under research. The latter one
allows a direct coupling of the converted optical mm-wave signal to free-space,
e.g. for communication or sensing applications [O3, O16, O22, O24, O28].

Based upon the advances on component level, innovative photonic mm-wave
functions are further developed within the project, like generating high-power
mm-wave signals with low phase noise by optical means. Among photonic
sensor systems and a fully-tunable 30–300 GHz source, another research aim
on system level are 60 GHz radio-over-fiber (RoF) systems, which will be
reported in this work. A general objective is to develop RoF systems with data
rates of 1 Gb/s and above for future broadband fiber-wireless applications,
utilizing advanced photonic components developed within IPHOBAC.
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1.7 Organization and aims of the thesis

Basic concepts for photonic millimeter-wave related communication will
be reported in 2. Here, the concept of RoF is introduced and discussed.
As the RF frequency in this work is located around 60 GHz, appropriate
methods for optical mm-wave generation will be further discussed in this
section, followed by optical modulation formats and methods for broadband
optical data modulation. Unlike fiber-optic transmission with comparably
low requirements on spectral efficiency, available spectrum around 60 GHz is
limited to some GHz bandwidth (depending on the regulatory authority in a
country), which will be furthermore discussed. Recent results on RoF related
research activities will be summarized to a state-of-the-art especially aiming
for high data transmission rate systems with speeds of 1 Gb/s and more.

In this thesis, different RoF systems have been studied and will be presented in
chapters 5–7. For developing a model to theoretically describe and analyze all
the realized RoF systems, each system was divided into generic subsystems
that can be found in each of the realized RoF systems such as photonic up-
conversion, optical data modulation, photonic-wireless transmission as well
as radio reception.

Those subsystems will be described, experimentally characterized and mod-
eled in 3 in order to achieve a full system modeling for a theoretical study,
as well as to optimize the system performance of the realized RoF systems.
The chapter starts with the utilized photonic mm-wave generators, followed
by subsystems for broadband photonic data modulation. In a next step, the
fiber-optic channel with its impairments will be analyzed and considered.
After fiber-optic transmission, the signal is converted back to electrical do-
main, amplified and transmitted in a wireless RoF transmitter. Besides the
o/e-converted signal, several unwanted noise contributions are converted as
well, whose influence will be considered accordingly. The wireless 60 GHz
channel with its impairments and spectral attenuation properties will be fur-
ther studied and modeled. The chapter is concluded with the applied wireless
receiver architectures.

Based upon these theoretical and experimental results, a Matlab R©-based
simulation model will be developed in 4, comprising optical and electrical
noise sources besides the signal power to calculate signal and noise powers,
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and thus the signal-to-noise ratio (SNR) of the realized RoF systems. A
consideration of the applied digital modulation scheme and the error statistics
of the utilized receiver architectures allows to predict the received SNR of the
developed RoF systems in 5–7.

A first experimental RoF system based upon external photonic millimeter-
wave generation and a coherent wireless receiver architecture will be presented
in 5, aiming for data rates of up to 12.5 Gb/s to support the required gross
data rate for 10 GbE. Such transmission rates are in the first place required
for future broadband point-to-point access links or bridges.

For application cases with lower demand on data rate, like for in-house
communication, a second system will be realized, based upon an incoherent
receiver architecture allowing reduced complexity in 6.

A third system in 7 applies a passively mode-locked laser diode for pho-
tonic millimeter-wave generation, which was developed within IPHOBAC.
In conjunction with an incoherent wireless receiver, the system complex-
ity is extremely low. This system is especially targeting at uncompressed
photonic-wireless HDTV transmission, applicable for high-resolution video
conferences or live broadcasting with low latency.

The thesis will be concluded with 8, giving a summary of this work’s results
as well as an outlook.
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2
60 GHz radio-over-fiber

concepts and technologies

The general objective of this thesis was the development of ultra-broadband
wireless systems with record capacities using RoF techniques. This chapter
will at first introduce the general concept and properties of RoF in 2.1. Various
methods and techniques that have been reported in the literature previously for
specific functions required in those RoF systems such as photonic millimeter-
wave generation are discussed in 2.2. A detailed exemplification will be
accomplished to identify those methods used further in this thesis. For some
functions, new concepts such as cascaded RF and data modulation have
been developed to achieve ultra-high capacity. Those new concepts will be
detailed in the sections 5–7. In 2.3, broadband photonic data transmission
standards and protocols are discussed to deduce the requirements for the
system demonstrations with respect to data rate and modulation technique.
Compared to fiber-optic transmission systems with low demands on spectral
efficiency, the available bandwidth for wireless transmission around 60 GHz
– although much larger than for microwaves – is still rather limited. This is
discussed in 2.4. Recent results within the field of RoF systems especially
discussing advances in data transmission rates are summarized to a state-of-
the-art in 2.5.
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2.1 Concept of radio-over-fiber

For future broadband wireless communication, a key requirement is a re-
duced cell size thus a decreased number of participating users to increase
the maximum available throughput per user. Further on, an extension of the
carrier frequency to the mm-wave range is needed to achieve higher wireless
data transmission rates while considering spectral regulation issues [40]. A

baseband-over-fiber radio-over-fiber

CO BS

optical fiber
network

modulation
demodulation

photonic up-conversion
photonic down-conversion

Figure 2.1: Concept of radio-over-fiber.

direct consequence is a high number of base stations (BS) which should
be as cost-effective and simple as possible and which has to carry out cen-
tral functions like signal routing & processing or frequency allocation at a
central office (CO). Accordingly, by using optical fibers instead of copper,
the maximum transmission range at a given data rate could be drastically
extended. Appropriate techniques and approaches allow sharing equipment
parts of the control station between a number of base stations. In addition,
an RF carrier can be modulated on the optical carrier to distribute a radio
signal instead of a baseband signal to each base station, which is denoted as
radio-over-fiber, allowing for a complexity reduction within each base station,
shown schematically in Fig. 2.1.

Typical advantages of such RoF approaches are for example an improved
system reliability due to the simplified base station structure, allowing as
well a simplified maintenance. However, transmitting radio signals over fiber
instead of baseband data reduces the fiber-optic range due to dispersion effects,
which will be discussed later in this work. The main objectives of a base
station are limited to o/e- and e/o-conversion and signal amplification whereas
tasks like frequency allocation, modulation and demodulation are performed
within the central station [41].
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2.2 Photonic mm-wave generation

2.2 Photonic mm-wave generation

Various applications such as radar, wireless communication, remote sens-
ing or measuring technique require mm-wave signals with low phase noise
and frequency tunability. This can be achieved in a conventional, purely-
electronic way, thus requiring e.g. many stages of frequency multiplication, or
by means of photonic mm-wave generation. Numerous papers have been pub-
lished within this research field of optical microwave- and millimeter-wave
generation previously, and especially the idea of transmitting radio signals
over fiber for optical-wireless communication applications requires an appro-
priate method with sufficiently low noise and phase-noise, frequency stability
as well as partial frequency tunability among other parameters [42, 43]. A
detailed exemplification will be accomplished to identify appropriate methods
and techniques used further in this thesis.

2.2.1 Dual laser sources

A comparatively simple approach is to couple two free running laser sources
together with an optical coupler and to apply the dual-wavelength signal to a
photodetector which is shown in Fig. 2.2a. If one of the lasers can be tuned
in its wavelength, both optical modes can be adjusted in a way to generate
a difference frequency of ∆ f . This signal is coupled to a photodetector
and detected. Assuming a sufficiently high bandwidth of the photodetector,
frequencies and tunabilities of 10 THz and above can be achieved. However,
this method of optical heterodyning suffers from poor frequency stability and
large phase noise for most application cases [42]. As an example, a frequency
stability of about 10 MHz/hour and a phase noise level of −75 dBc/Hz at an
offset level of 100 MHz was achieved while applying two DFB lasers [44]. An
explanation of this method is e.g. given by [43], starting with the description
of both optical laser sources:

E1(t) = E01 cos (ω1t + φ1) (2.1)
E2(t) = E02 cos (ω2t + φ2) (2.2)

Etot(t) = E1(t) + E2(t) (2.3)

with two optical waves E1(t) and E2(t) which are represented by their ampli-
tudes E01 and E02, their angular frequencies ω1 and ω2 and their phase terms
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φ1 and φ2. Coupling both terms together results in Etot(t). Considering the
dependency between photocurrent iph(t) and |Etot(t)|2, neglecting the phase
information for simplification and applying some transformation, the intensity
is described as [43, 45]:

|Etot(t)|2 =
1
2

E2
01 [1 + cos(2ω1t)] +

1
2

E2
02 [1 + cos(2ω2t)] +

+ E01E02 {[cos(ω1 + ω2)t] + [cos(ω1 − ω2)t]} . (2.4)

Assuming that the cut-off frequency of the photodetector is much lower than
ω1 and ω2, solely a corresponding average power is o/e-converted. The
incident total power to the photodetector can therefore be described as

Ptot(t) = P01 + P02 + 2
√

P01P02 cos [(ω1 − ω2)t] . (2.5)

Assuming further common polarization states and a photodetector with a
responsivity of R, the generated photocurrent iph(t) is finally described as
[45, 46] [O5]

iph(t) = R
{
P01 + P02 + 2

√
P01P02 cos [(ω1 − ω2)t]

}
. (2.6)

Besides a sufficient tunability of one of the laser sources, the maximum
achievable frequency is solely limited by the bandwidth of the photodetector
here. A way to improve the mentioned limitations with respect to frequency
stability as well as phase noise is to use an integrated dual-laser source.
Although independent, the two modes exhibit an improved correlation as they
both use the same cavity on a chip [43]. A recent result using a twin DBR
laser, here in conjunction with optical injection locking, exhibited a phase
noise level of −72 dBc/Hz at an offset frequency of 100 kHz [47].

2.2.2 Optical phase-locked loop

For applications with demands on low phase noise levels within the field of
communication using e.g. modulation techniques with multi-phase levels, but
especially millimeter-wave radar systems, the phases of both modes need to
be locked together. This can be done by extending the previously discussed
option of two free-running lasers with an optical phase locked loop (OPLL).
Phase coherence is realized by actively locking the phase of one laser to the
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phase of the other laser. A typical OPLL is shown in Fig. 2.2b. Here, the
phase of the beat signal and the phase of a reference RF source are compared
in a mixer acting as a phase detector. Together with an amplifier and a low-
pass filter, an error signal is generated which is proportional to the phase
difference of the two signals. This signal is coupled back to a laser diode
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Figure 2.2: Dual-laser based techniques for photonic millimeter-wave generation, (a) free-
running lasers, (b) optical phase locking and (c) optical injection locking.

and used to control the injection current or the cavity length. If loop gain
and response time are designed appropriately, the phase fluctuations between
both signals are reduced and the phase of the beat signal is locked to the
phase of the RF reference. Various different methods and techniques have
been developed for optical phase locking within the last years, reported for
example in [48–54]. Main advantage of an optical phase locked loop is
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a good temperature tracking capability and a wide locking range. Further
on, comparatively cheap DFB lasers may be applied for an OPLL, which is
e.g. reported in [55, 56]. A disadvantage is a high complexity of the whole
setup. While using semiconductor lasers, a large feedback bandwidth is
necessary due to the relatively high phase noise of a semiconductor laser
compared to other alternatives. Moreover, the bandwidths of the microwave
and mm-wave components in conjunction with the response of the slave laser
have to be large and also uniform, making the fulfillment of these requirements
difficult [57].

2.2.3 Optical injection locking

A further way to phase-lock two free-running lasers is the optical injection
locking (OIL), where a typical setup is shown in Fig. 2.2c [58, 59]. An
additional master laser is implemented in the system which is directly modu-
lated with a frequency fRF . The applied frequency modulation creates several
sidebands with different orders around the central wavelength of the mas-
ter laser. This signal is further injected into the two slave lasers. Now the
wavelength of the two slave lasers is chosen to be located near the n-th order
sidebands. Considering as an example the 2nd-order sidebands, the wave-
length of the first slave lasers is located near f0 + 2 fRF and the wavelength of
the second slave laser at f0−2 fRF , thus locking the two slave lasers at the men-
tioned frequencies. After o/e-conversion in the photodetector an RF signal
with a frequency of 4 fRF is generated here as an example. A further example
of optical injection locking is given in [60]. Here, an 8.66 GHz signal (fourth
subharmonic) was injected to create an RF signal of 34.64 GHz with a phase
noise level of −77.5 dBc/Hz at an offset of 10 kHz. Optical injection locking
offers a good phase noise suppression and allows to use low-frequency signals
as a reference source. Another advantage is that also cheaper broad-linewidth
lasers can be used. However, OIL offers only a small frequency detuning
range and exhibits a comparatively high complexity [56].

2.2.4 Direct modulated laser

Another way of photonic mm-wave generation is to directly modulate the bias
current of a semiconductor laser, thus generating two optical sidebands with
phases locked together (see Fig. 2.3a).
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Applying a direct modulated laser (DML) with a central frequency f0 and
an RF source with a frequency fRF, the generated first-order sidebands are
located at a frequency f0 + fRF and f0 − fRF, respectively. Signal quality,
especially with respect to phase noise, is directly related to the quality of the
applied RF source. The direct modulation can be modeled in a simplified way
with the injection current iDML(t)

iDML(t) = I0 + imod(t), (2.7)

where I0 is a static injection current to operate within the lasing regime and
imod(t) represents the modulating signal. The corresponding output power of
the laser PDML(t) can therefore be described as

PDML(t) = P0 + pmod(t). (2.8)

Electro-optical bandwidths with direct modulation of up to several tens of
GHz have been achieved experimentally [61–63]. However, limiting key
factors for high-speed modulation are an increasing frequency chirp for faster
modulation, as well as relaxation resonances while the laser is switched on
and off, respectively. If the modulation frequency is within the same order
of magnitude like the relaxation resonance frequency, the data-modulated
signal gets severely distorted together with an increase of relative intensity
noise [64, 65]. Currently, commercially available direct-modulated lasers
exhibit typical bandwidths of about 10 GHz at the maximum.

2.2.5 External modulation

To increase the modulation frequency, external modulation (EML) of a conti-
nuous-wave laser can be applied (see Fig. 2.3b), also requiring a mm-wave
source delivering the desired mm-wave frequency [66–69]. The phase noise
of the generated photonic mm-wave signal is directly related to the phase
noise of the electrical mm-wave source. Another benefit compared to the
DML is the increased extinction ratio which describes the power ratio between
off-state (RF modulation off) and on-state (RF modulation on). Achievable
values for a DML are within a range of 10 dB compared to about 30 dB while
performing external modulation. Although suitable mm-wave sources up
to several 100s of GHz are available, maximum frequency achievable with
external modulation is limited to a value of 110 GHz. Limitations are given
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by the bandwidth of the modulator mainly due to its RF electrode design and
the RF driver amplifiers for increasing the modulation power to achieve a high
modulation efficiency as well [70]. The two most relevant external modula-
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Figure 2.3: Techniques for photonic millimeter-wave generation based upon e/o-modulation,
(a) DML and (b) external modulator.

tors are the electro-absorption modulator and the Mach-Zehnder modulator,
allowing a broadband intensity modulation. Electro-absorption modulators
are semiconductor devices where modulation is achieved by controlling an
applied electrical field. The operation principle is based on the Franz-Keldysh
effect, where the applied field alters the absorption spectrum causing a change
in the bandgap energy and therefore in the absorption edge [71, 72]. The
Mach-Zehnder modulator operation principle is based upon intensity modu-
lation utilizing the linear electro-optic effect, also known as Pockels effect.
Using a nonlinear crystal, an applied electric field modifies the refractive
index of the utilized crystal proportionally to the field strength, which allows
modulating the phase of the incident light [73]. By splitting, modulating and
combining the optical signal the phase modulation can be transformed to
intensity modulation. Compared to electro-absorption modulators, numer-
ous specific advantages of the Mach-Zehnder modulator like an increased
electro-optic bandwidth, a comparatively low insertion loss, zero-chirp or
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a specific engineered pre-chirp to compensate dispersion effects justify an
application within optical communication systems. Typical material systems
used for Mach-Zehnder modulators are Lithiumniobat (LiNbO3) or polymer
materials [74]. On the other hand, Mach-Zehnder modulators exhibit larger
geometries than electro-absorption modulators. Therefore, electro-absorption
modulators are especially utilized for small-scale applications where integra-
tion is highly desired.

2.2.6 Mode-locked laser diode

A purely optical technique for photonic millimeter-wave generation is based
upon passively mode-locked laser diodes (passive MLLD, see Fig. 2.4), where
the mode locking frequency of a multimodal emitting laser is determined
by the length of the cavity [75, 76]. Mode locking can be achieved e.g. by
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Figure 2.4: Photonic millimeter-wave generation based upon a passively and actively MLLD.

integrating a saturable absorber in the resonator which is typically placed at
the end of a cavity. Recent results without applying a saturable absorber are
reported in [77, 78], where passive mode-locking is realized due to four-wave
mixing by strong gain as well as index modulation due to mode beating.
Mode-locking frequencies of up to 1 THz have been achieved, exhibiting
a frequency drift of less than 200 kHz/hour and a linewidth of less than
200 kHz [44]. The optical field of a mode-locked laser can be described
as [79]

E(t) = exp (2π j f0t)
∑

n

En exp
[
j (2πn fMLt + φn)

]
, (2.9)

where En is the amplitude of the n-th optical mode and fML the mode-locking
frequency. At the photodetector, the photocurrent at the fundamental beating
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frequency given by fML can be described as [79]

iph,RF(t) = ηOE,RF

∑
n

EnEn−1 exp
[
j(2πn fMLt + φn − φn−1)

]
, (2.10)

where ηOE,RF denotes the opto-electrical RF-conversion efficiency of the
photodetector. A way to improve phase noise and frequency stability of
a mode-locked laser is to perform active mode-locking, i.e. by applying
an RF signal to the laser in order to synchronize the output frequency of
the MLLD with the RF source (see Fig. 2.4). This can be realized e.g. by
integrating an optical modulator in the laser – either an electroabsorption
modulator or an additional gain section where the pump current is modulated.
The actively mode-locked laser is typically locked with a subharmonic RF-
signal. Recent experimental results demonstrate an active MLLD with a
mode-locking frequency of up to 240 GHz. Here, the laser was equipped
with an integrated electroabsorption-modulator operated at a subharmonic
frequency of 80 GHz [75].

2.2.7 Summary

Relevant state-of-the-art techniques for photonic mm-wave generation have
been reviewed and discussed. All mentioned techniques and approaches
exhibit several advantages and disadvantages, the key properties are summa-
rized in Tab. 2.1. This work aims for photonic mm-wave generation concepts
allowing RoF systems with low complexity. However, as data transmission
rates within the multi-Gb/s range are targeted, a compromise between com-
plexity and performance needs to be found.

The first approach of using two free-running lasers would offer a very sim-
ple solution, but phase noise and frequency stability make this approach
unsuitable for broadband communication applications. Improving the perfor-
mance with respect to phase noise and stability by OIL or an OPLL would
be applicable, however adding severe complexity to the system. The DML
would be very interesting in terms of complexity but is not suitable for cre-
ating a photonic 60 GHz signal due to its limited modulation bandwidth of
around 10 GHz for the case of commercially available components. The
necessary electro-optic bandwidth in this work is about 30 GHz which is
further discussed in 3.1.
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2.3 Broadband photonic data transmission and modulation

This requirement can be fulfilled by applying external modulation while
maintaining a satisfying complexity. A passive MLLD is also applicable and
avoids furthermore the use of an external mm-wave source. In conclusion, the
EML and the passive MLLD are further used in this work allowing photonic
mm-wave generation with low complexity.

Table 2.1: Comparison of different techniques for photonic mm-wave generation.

Technique Tunability Frequency Stability and noise
(GHz) (GHz)

Dual-LD >10,000 >10,000 Poor
Large frequency drift
High amount of phase noise

OPLL >10 >100 Excellent
Determined by electronics

OIL <1 >100 Excellent
Determined by electronics

DM-LD >10 >10 Good
Determined by electronics

EML <100 <100 Excellent
Determined by electronics

MLLD active <1 >100 Excellent
Determined by electronics

MLLD passive <1 >1,000 Fair

2.3 Broadband photonic data transmission and
modulation

Various digital modulation schemes are available; fundamental modulation
techniques comprise phase shift keying (PSK), frequency shift keying (FSK)
or amplitude shift keying (ASK) with two or more levels for increasing
spectral efficiency. A prominent representative of combined modulation
schemes is quadrature amplitude modulation (QAM) where both phase and
amplitude carry information for further increasing spectral efficiency. Recent
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developments within the field of digital signal processing allow a cost-efficient
application of multi-carrier modulation schemes like orthogonal frequency
division multiplexing (OFDM). This allows for example the compensation of
spectral impairments while treating each subcarrier independently.

In this work, broadband data is transported within the optical and the wireless
domain. While considering wireless communication, transmission standards
and protocols are aiming to achieve a high spectral efficiency due to very lim-
ited available bandwidths. This is contrary to fiber-optic communication with
huge amounts of available bandwidth and therefore relaxed requirements for
spectral efficiency on the one side and high requirements to receiver sensitivity
on the other side. Several options are available to modulate light with data,
comprising techniques like phase-, intensity-, frequency- and polarization-
modulation. However, for optical fiber communication, intensity modulation
is the most popular and mature method due to its overall simplicity on the one
hand and its robustness against distortions on the other hand. Due to the huge
amount of available fiber-optic bandwidth, mainly binary amplitude modula-
tion techniques (on-off-keying, OOK) are applied in commercial fiber-optic
networks like non-return-to-zero (NRZ) or return-to-zero (RZ) on-off-keying.
Nevertheless, with evolving fiber infrastructure advances in the field of digital
signal processing as well as rising bandwidth demand, higher-level optical
modulation schemes are currently under research like e.g. quadrature phase
shift keying (QPSK) [80]. In addition, endeavors are going on to standardize
ODFM for short-range optical transmission [81].

Most (optical) transmission standards like Ethernet and Synchronous Optical
Networking (SONET) support NRZ-coding, which is exemplified in Tab. 2.2,
especially indicating the gross data transmission rates. Considering overhead,
actual payload rates are significantly lower due to coding format and due to
forward error correction code if applicable. SONET is a widely-used protocol
for carrying many signals with varying data transmission speeds through a
flexible optical hierarchy while offering a synchronous transmission, classify-
ing transmission speed in multiples of 51.8 Mb/s which is denoted as optical
carrier level 1 (OC-1). Many fiber-optic networks are based upon OC-24 and
OC-192, and currently fiber-optic networks are evolving to OC-768, offering
transmission speeds of about 40 Gb/s. Ethernet was introduced for LANs
in the past using copper transmission but was extended and more and more
adapted to fiber-optic communication over larger distances. As an example,
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2.4 60 GHz frequency allocation and regulation

extended-range 10 Gb/s Ethernet (10GBASE-ER) is specified for fiber-optic
transmission of up to 40 km. A detailed study on existing fiber-optic standards
and regulations is beyond the scope of this work, but the mentioned protocols
shall indicate which data rates are state-of-the-art. Later on, transmission

Table 2.2: Comparison of broadband optical communication / transport protocols exhibiting
transmission rates of larger than 1 Gb/s.

Type Standard Line Rate (Gb/s)

Ethernet 1000BASE-PX 1.25 [82]
Ethernet 10GBASE-ER 10.3125 [82]
Ethernet 10GBASE-LX4 12.5 [82]
SONET OC-24 1.2 [83]
SONET OC-48 2.4 [83]
SONET OC-96 4.8 [83]
SONET OC-192 9.6 [83]

experiments are carried out in accordance to these transmission speeds not
only for fiber-optic but also for wireless transmission. Maintaining the modu-
lation format during fiber-optic and wireless transmission offers a transparent
approach which would be highly desirable to reduce system complexity. The
other major reason for applying fiber-optic standard related data rates and
modulation formats is given by the simple fact that no wireless standard is
available for fixed point-to-point outdoor connections offering transmission
speeds of 1 Gb/s and more.

As a conclusion, the targeted data transmission speed in this work is as high
as 12.5 Gb/s to fully support 10 Gb/s Ethernet. For digital modulation, NRZ-
OOK is applied to achieve compliancy with the above mentioned standards.
Further on, it allows simple and reliable system architectures with reduced
complexity and low requirements on signal quality.

2.4 60 GHz frequency allocation and regulation

Within the conventional microwave spectrum, bandwidth allocations are
strongly varying by country and region. Further on, only small amounts of
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the spectrum are foreseen for unlicensed operation. Acquiring a license on
the other side is typically time-consuming and expensive. This is different for
the frequency range around 60 GHz. Many countries have already allocated
several GHz of bandwidth in the 60 GHz band for unlicensed usage and
even extended in the recent years, making this spectral allocation extremely
attractive for broadband wireless communication [84, 85].

The responsible authority in Australia is the Australian Communications
and Media Authority (ACMA) which has allocated a frequency range of
57–66 GHz for unlicensed indoor-operation with a maximum transmit power
of 20 mW and an equivalent isotropic radiated power (EIRP) of 20 W. For
outdoor operation (land and maritime deployments) the frequency range is
limited to 59–63 GHz with a maximum EIRP of 150 W [86].

Australia

f (GHz)

Europe

Canada

Japan

U.S.A.

Korea

57 58 59 60 61 62 63 64 65

Germany

Figure 2.5: Unlicensed bandwidth around 60 GHz for different countries and regions.

In Canada, the regulation is done by the Industry Canada Spectrum
Management and Telecommunications (IC-SMT) and is harmonized with
the regulations valid in the U.S.A. allocating a range of 57.05–64 GHz for
unlicensed operation while reserving the range of 57.00–57.05 GHz exclu-
sively for a publicly available coordination channel. The EIRP is limited
to a maximum value of 43 dBm while the maximum power to the antenna
is limited to 27 dBm. Radiation exposure regulations further limit the peak
power density measured at a distance of 3 m from the antenna to a value of
18 µW/cm2 leading to a maximum power to the antenna within a range of
10 dBm depending on the antenna directivity [87].

The situation in Europe is significantly more complex as many countries
are involved in standardization issues and have already published some own
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preliminary standards in the past, as e.g. the below discussed regulation for
Germany. A recent standard published by the Electronic Communications
Committee (ECC) which is part of the the European Conference of Postal
and Telecommunications Administrations (CEPT) defines a bandwidth of
57–64 GHz for unlicensed operation while specifying a maximum transmitter
output power of 10 dBm, a minimum antenna gain of 30 dBi and a maximum
EIRP of 55 dBm. The detailed frequency assignation is not included within the
standard but shall be performed by the corresponding national administration
[88]. The frequency range of 64–66 GHz is further regulated by the ECC [89].
These ECC standards define the limits for outdoor fixed wireless access.

Table 2.3: Emission power specifications around 60 GHz for different countries and regions.

Region Max. TX power Max. EIRP Gain Citation
(dBm) (dBm) (dBi)

Australia 13 51.76 n.s. [86]
Australia (indoor) 13 43 n.s. [86]
Canada 27 43 n.s. [87]
Europe 10 55 30 (min.) [88, 89]
Europe (indoor) n.s. 40 n.s. [90, 91]
Germany n.s. 40 35 (min.) [92]
Japan 10 n.s. 47 (max.) [93]
Korea n.s. 10 n.s. [94]
U.S.A. 27 43 n.s. [95]

For indoor applications, a further standard was published by the European
Telecommunications Standards Institute (ETSI), waiting for approval by the
EC [90]. Here, the unlicensed frequency range is specified to 57–66 GHz
with a maximum EIRP of 40 dBm in total and a power spectral density
of 13 dBm/MHz. Another standard suggested for indoor applications was
published in 2008 by the European Computer Manufacturers Association
(ECMA), aiming for short-range communication over 10 m at the maximum
especially targeting HDMI based upon the unlicensed bandwidth within the
60 GHz range. This standard defines for the first time details on the physical
layer, suggesting single carrier block transmission (SCBT) and orthogonal
frequency division multiplexing (OFDM) [91]. As an example of local EU
member country regulations, a recent published German standard from the
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Bundesnetzagentur limits the bandwidth to 59–63 GHz for outdoor point-
to-point links while specifying a maximum power of 40 dBm (EIRP) and a
minimum antenna gain of 35 dBi [92].

Japan was the first country worldwide with a standardized 60 GHz band,
which was introduced in the year 2000 by the Ministry of Public Manage-
ment, Home Affairs, Posts and Telecommunication (MPHPT). The unlicensed
bandwidth was defined within 59–66 GHz. Output power and antenna gain
are limited to 10 dBm and 47 dBi, respectively. Japanese law further limits
the occupied bandwidth for a signal to 2.5 GHz [93]. In Korea, a frequency
range of 57–64 GHz is scheduled for unlicensed operation by the Ministry of
Information and Communication. A maximum transmit power of 10 dBm is
foreseen while maximum antenna gain and EIRP are under discussion [94].

In the U.S.A., spectrum management is done by the Federal Communications
Commission (FCC) which allocated 57.05–64 GHz for unlicensed usage. The
EIRP and the maximum power to the antenna are limited to values of 43 and
27 dBm, respectively. Radiation exposure regulations further limit the peak
power density measured at a distance of 3 m from the antenna to a value of
18 µW/cm2 leading to a maximum power to the antenna within a range of
10 dBm depending on the antenna directivity [95].

The allocated spectra are summarized in Fig. 2.5, whereas Tab. 2.3 shows
emission power requirements about the corresponding region. As a conclu-
sion, a huge amount of up to 9 GHz of unlicensed bandwidth is available
for broadband wireless communication depending on country and region. In
addition, the mentioned spectra are foreseen for unlicensed usage, making the
exploitation of the 60 GHz band extremely attractive.

2.5 RoF systems state-of-the-art

Distributing optical radio signals instead of baseband signals has been
attracting researchers for nearly two decades, taking advantage of the low
fiber-optic loss and the option to transmit very broadband RF signals over
significant fiber-optic distances [43].

A first experimental RoF system was developed in 1990, demonstrating
the transmission of a 4-channel cordless telephony signal over single mode
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fiber using subcarrier multiplexing [96]. After that, numerous other papers
have been published within the frame of RoF utilizing wavelength-division
multiplexing or subcarrier multiplexing and different network topologies
[97–99]. Among other methods for photonic mm-wave generation previously
discussed in 2.2, a majority of the published RoF systems utilize intensity
modulation based upon external modulation or by directly modulating a laser
due to a high reliability, maturity and simplicity [100]. In this field, researchers
have applied three different analogue modulation schemes, beginning with
double-sideband transmission (DSB) where data is modulated onto an optical
RF-carrier, thus creating the data-modulated carrier, a data-modulated lower
optical sideband and a data-modulated upper optical sideband [101–106].

Although this method is comparatively easy to realize, DSB-systems are
drastically limited due to chromatic dispersion in standard optical fibers. To
reduce these power fading effects, various systems have been published with
suppressed optical carrier, thus allowing increased fiber-optic transmission
distances [107–113]. For some applications it may be useful to further im-
prove the tolerance to chromatic dispersion of a RoF system which can be
realized by optical single-sideband (SSB) transmission for the price of an
increased system complexity as reported e.g. in [114–117]. A more detailed
discussion of dispersion effects and fiber-optic range is given in 3.3, especially
comparing the conventional double-sideband system with the case of optical
carrier suppression.

Advances in component technology, especially within the field of modulators
and detectors, have continuously increased the RF frequency to more than
100 GHz [99, 118–120], however, broadband wireless data transmission was
still difficult to realize due to a lack of suitable millimeter-wave amplifiers.
Going along with improved component availability, RoF systems evolved
in terms of achievable data rates and RF carrier frequency. However, only
some of the experiments applied a real wireless distance but most of the
experiments were carried out back-to-back due to a lack of appropriate RF
components or an insufficient signal quality after fiber-optic transmission.
Tab. 2.4 summarizes major achievements within the field of RoF systems
with respect to carrier frequency, data rate, wireless range and modulation
format. A full description including e.g. fiber-optic-range, duplex capability
or multi-user capability would go beyond the scope of this comparison.

31



2 60 GHz RoF concepts and technologies

Table 2.4: Broadband data transmission advances of RoF systems.

Year Data rate fRF dwireless Modulation Citation
(GHz) (m)

1990 72 kb/s · 4 0.86 - BFSK [96]
1995 2.5 Mb/s · 2 41 - BPSK [121]
1998 140 Mb/s 70 - FSK [122]
1999 156 Mb/s · 2 60 5 DPSK [105]
2000 400 Mb/s 60 - BPSK [123]
2003 622 Mb/s · 2 60 3 OOK [124]
2003 1.25 Gb/s 120 2.5 OOK [125]
2005 2.5 Gb/s 40 - OOK [108]
2005 3.0 Gb/s 240 0.1 OOK [126]
2006 622 Mb/s 10 - OOK [113]
2006 10.3125 Gb/s 125 300 OOK [127]
2006 2.5 Gb/s 40 - OOK [110]
2008 16 Gb/s 24 6 OFDM QPSK [128]
2008 1.25 Gb/s 20 - DPSK [129]
2008 10 Gb/s 42 - 16-QAM [80]
2008 10.6 Gb/s 94 800 OOK [130]
2008 1.0 Gb/s 60 - OOK [131]
2009 500 kb/s 80 0.05 BPSK [132]
2009 1.0 Gb/s 400 0.50 OOK [133]
2009 10.0 Gb/s 30 1.5 OOK [134]
2009 13.875 Gb/s 60 - OFDM 4-QAM [135]
2009 28.0 Gb/s 60 - OFDM 16-QAM [136]

2009 27.04 Gb/s 60 2.5 OFDM 16-QAM [O33]

2008 12.5 Gb/s 60 50 OOK this work
[O7, O9, O13, O17, O23, O30]

Starting with [96], where 4 CT-2 channels have been transmitted at an RF
frequency of below 1 GHz, the transmission capacity rose to 400 Mb/s in
[123], applying optical injection locking for optical 60 GHz carrier generation.
Further noticeable are the results in [108], where a 2.5 Gb/s data transmission
is achieved using an RF carrier of 40 GHz. A really remarkable result
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is presented in [127], were researchers demonstrated data transmission of
10.3125 Gb/s at an RF carrier frequency of 125 GHz, using antennas with
very high directivity. Here, a high efficient photodetector was developed, able
to generate o/e-converted electrical powers of up to 10 dBm without the need
of an additional amplifier. This system was further qualified in 2008 within a
long-term test trial reported in [137].

Systems with higher spectral efficiency are e.g. discussed in [128] and [80].
In [128], the authors report on a broadband transmission link using optical
single-sideband techniques with improved dispersion tolerance and OFDM
with QPSK subcarrier modulation, allowing 16 Gb/s data transmission. A pho-
tonic vector modulation approach by using several cascaded Mach-Zehnder
modulators to create a 16-QAM signal is presented in [80]. At an RF carrier
frequency of 42 GHz, data rates of up to 10 Gb/s have been transmitted with
this approach. In [130], 10.6 Gb/s were transmitted wirelessly over a distance
of 800 m. The optical carrier frequency of 94 GHz was here created by
utilizing external modulation and by optical filtering the third-order sidebands
created by a 15.67 GHz microwave source. A further 60 GHz RoF system is
reported in [42]. Optical polarization multiplexing allowed here a simplified
architecture for full-duplex capability.

The results shown in [132] are also impressive as the receiver consists of a
photodetector used as an optoelectronic mixer. However, the extremely high
conversion loss while performing optoelectronic downconversion limits the
transmission distance to currently 5 cm. Broadband RoF transmission within
the THz-range is reported in [133]. The authors furthermore presented a full
carrier tunability within 300–400 GHz. A very compact RoF system operating
at 30 GHz is reported in [134]. The authors have utilized two uncorrelated
lasers with a frequency difference of 30 GHz, where one of the lasers was
externally modulated with data rates of up to 10 Gb/s. However, as such a dual
mode laser setup exhibits a large phase noise level, the system sensitivity was
very low. The achieved wireless path length was 1.5 m. The systems reported
in [136] and [O33] both utilize OFDM with 16-QAM subcarrier modulation.
The consumed bandwidth was about 7 GHz in both cases according to spectral
regulation issues previously discussed in 2.4, allowing data transmission rates
of 28.0 and 27.04 Gb/s, respectively. In [136], complexity was shifted to the
optical link utilizing frequency quintupling of a 12 GHz LO signal requiring
a total number of four Mach-Zehnder modulators besides further optical
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components. In contrary, the system in [O33] applies frequency doubling
for photonic millimeter-wave generation and exhibits an overall reduced
complexity.

An impressive advance in terms of bandwidth can be observed from the
tabular. However, a detailed comparison is difficult as different channel
characterization methods have been used within these publications. Experi-
mental results with single carrier and binary modulation schemes are mainly
based upon real BER measurements where signal evaluation is performed
on-line. Measurements on systems with multilevel modulation schemes are
accomplished with sampling oscilloscopes by acquiring short snapshots of the
received signal and performing signal analysis off-line. In some publications,
solely eye diagrams are shown for a qualitative comparison. Further on,
most publications do not consist of wireless experiments, use different carrier
frequencies and target different application scenarios which makes a detailed
performance comparison challenging.

However, only few publications demonstrate data transmission rates of
10 Gb/s and above as motivated in 2.3. In addition, such reported multi-
Gb/s RoF systems operating at 60 GHz (motivated in 2.4) do not comprise
any wireless transmission experiments [135, 136]. Therefore, aim in this
thesis is to develop 60 GHz RoF systems which support such capacities and
allow furthermore wireless transmission over technical relevant distances.
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3
System description, theoretical

and experimental evaluation

Different RoF systems have been studied and will be presented in chapters
5–7. For developing a model to theoretically describe and analyze all the
realized RoF systems, each system was divided into generic subsystems that
can be found in each of the realized RoF systems. The aim of this chapter is to
model and to describe these subsystems while considering signal power and
noise contribution of each component to deduce a full system description. For
an appropriate modeling, impairments during fiber-optic and wireless trans-

Photonic mm-wave
generation

Wireless
channel

Wireless
receiver

Photonic data
modulation

Fiber-optic
channel

O/E-conversion &
Wireless transmitter

TX Data

RX Data

Figure 3.1: Overview of the subsystems in a radio-over-fiber link.

mission are further described in this chapter which is shown schematically in
Fig. 3.1. The realized subsystems for photonic millimeter-wave generation are
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detailed in 3.1, followed by the applied broadband photonic data modulators
in 3.2. Channel impairments and transmission limitations while propagating
through an optical fiber are given in 3.3. After fiber-optic transmission, the
data-modulated photonic mm-wave signal is back-converted to electrical do-
main and further wirelessly transmitted, which is described in 3.4. Besides the
o/e-converted signal, various different noise contributions are o/e-converted
as well, a mathematical description of the optical and opto-electrical noise
sources is performed in 3.5. Wireless propagation impairments and an appro-
priate channel description are the subject of 3.6. After wireless transmission
the signal is finally received and post-processed for channel characterization
in 3.7. This chapter is concluded in 3.8. The applied electrical and optical
components are itemized in annex A.

3.1 Photonic mm-wave generation

This section describes the applied subsystems for photonic millimeter-wave
generation based upon the study accomplished in 2.2. The employed concepts
utilize external modulation as well as a passively mode-locked laser diode
developed within the IPHOBAC project (see 1.6).

3.1.1 External modulation

A schematic of the photonic millimeter-wave generator based upon external
modulation is shown in Fig. 3.2. A laser with a central wavelength f0, an

P

f0 f0

fLO

EDFA-1 PC-1 MZM-1ECL

DC RF

VMITB fLO/2

Figure 3.2: Photonic millimeter-wave generator based upon external modulation. The op-
tical signal consists of two sidebands with a difference frequency of fLO and a
suppressed mode from the ECL at a frequency of f0.

amplitude A0 and an angular frequency ω0 is amplified by an erbium-doped
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fiber amplifier (EDFA), rising the amplitude to a level of B0. The applied laser
was an InGaAsP Fabry-Perot semiconductor laser system with external cavity
(ECL) which is power- and wavelength-tunable. The utilized EDFA-1 was a
power amplifier with tunable gain allowing a maximum optical output power
of 200 mW and a noise figure of 6 dB. This is followed by a polarization
controller (PC-1) to adjust the polarization state of the light for the Mach-
Zehnder modulator, which is extremely polarization-sensitive. The generated
optical wave is described as

E0(t) = B0 cos (ω0t) . (3.1)

The modulator is biased to a minimum transmission point and modulated
with a millimeter-wave signal at a frequency of fLO/2 while suppressing the
optical central wavelength λ0. The outbound optical field from the modulator
consists now of the suppressed optical carrier and two optical sidebands, the
lower sideband (LSB) and the upper sideband (USB). Neglecting higher order
sidebands due to remodulation and nonlinearities of the modulator, the optical
field is thus described as

E1(t) = CLSB cos
[(
ω0 − ωLO/2

)
t
]
+ CUSB cos

[(
ω0 + ωLO/2

)
t
]
+

+ C0 cos (ω0t) , (3.2)

where C0, CLSB and CUSB describe the amplitudes of carrier and optical
sidebands, respectively. Supposing sufficiently high carrier suppression,
i.e. C0 � CLSB & CUSB, as well as equal sideband amplitudes, (3.2) is simpli-
fied to

E1(t) = C cos
[(
ω0 − ωLO/2

)
t
]
+ C cos

[(
ω0 + ωLO/2

)
t
]
. (3.3)

Mach-Zehnder modulator operation principle

The operation principle especially aiming for the above mentioned carrier
suppression is detailed in the following, starting with the schematic structure
of a Mach-Zehnder modulator shown in Fig. 3.3. It consists of an optical
splitter, an RF section where data modulation is applied, a DC section for
adjusting the desired operation point of the modulator and finally an optical
combiner where the divided parts of the light are coupled together. The
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optical signal in an arm can be phase-modulated by applying a voltage to
the RF electrodes as the electrical field alters the refractive index of the
optical waveguide, thus modifying the optical length of the waveguide and
inducing a phase shift of ∆φRF(t). A static voltage can be applied to the
DC-electrode which further induces a static phase shift of ∆φDC. The signal

Figure 3.3: Schematic structure of a Mach-Zehnder modulator consisting of an optical
splitter, an RF section for data modulation, a DC section for controlling the
operation point and a power combiner section.

parts from both arms are coupled together at the combiner, and the phase-
modulation is transformed to an intensity-modulation. When combining
in-phase, maximum optical transmission is achieved. While increasing the
phase difference between the two optical modes, higher-order modes are
excited which cannot propagate in the outbound optical waveguide and are
therefore scattered into the surrounding substrate. The transmitted optical
power at the modulator output is reduced. If phase difference equals to 180◦,
no light propagates in the fundamental mode and ideally the complete optical
power is scattered into the substrate [138]. Even for in-phase recombination a
specific amount of optical power gets lost which is denoted as the insertion
loss IL. It describes the fraction of optical inbound power Popt,in and outbound
power Popt,out and is mainly induced by fiber-chip coupling losses, splitting
with subsequent recombination and the material-specific loss of the waveguide
as well. Although in theory transmitted optical power for a 180◦ phase shift
is expected to be zero, a specific amount of optical power is still transmitted.
This is based upon the fact that the split ratio between both optical arms cannot
be exactly manufactured to 50 %. Another point which may limit the actual
achievable extinction ratio is the non-infinitely low linewidth of an optical
input signal and the fact that a phase shift of π can be achieved only for one
specific wavelength at the same time. The fraction of maximum and minimum
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transmission is denoted as the extinction ratio ER. The nonlinear transfer
function of a Mach-Zehnder modulator, i.e. optical outbound versus inbound
intensity assuming only a single electrode is described as [139–141]

TMZM =
1
2

IL
[
1 + cos

(
π

V(t)
Vπ

+ ∆φint

)]
, (3.4)

where ∆φint is an intrinsic phase shift mainly caused by production impair-
ments of the modulator and V(t) a general applied voltage. The required
voltage to tune the Mach-Zehnder modulator from minimum to maximum
transmission, i.e. to cause a phase shift of 180◦ is denoted as Vπ. To avoid
additional bias-T structures most modulators have separated electrodes for
DC and RF supply, as indicated in Fig. 3.3, to control the operation point and
to apply modulation, respectively. Separate values for Vπ are therefore given:
Vπ,DC for the DC-electrode and Vπ,RF for the RF-electrode. Assuming now an
applied modulating voltage VRF(t) to the RF-electrode and a static DC voltage
VDC applied to the DC-electrode, (3.4) can be rewritten into

TMZM =
1
2

IL
[
1 + cos

(
πVRF(t)
Vπ,RF

+
πVDC

Vπ,DC
+ ∆φint

)]
. (3.5)

The modulator’s nonlinear electro-optical response and its key parameters
are shown in Fig. 3.4, giving the relationship between optical output power
versus applied voltage. Important DC biasing conditions of a Mach-Zehnder

Figure 3.4: Schematic of the non-linear electro-optic transfer function and important key
parameters of a Mach-Zehnder modulator.
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modulator are further indicated in the figure. The operation point for maxi-
mum transmission is denoted as the maximum transmission point (MATP)
and vice-versa the minimum transmission point (MITP) for minimum trans-
mission. This will be discussed further in the text. For data modulation,
typically the quadrature point (QP) is chosen, defined as (MITP+MATP)/2,
as it offers maximum electro-optic slope efficiency for a given modulating
voltage VRF(t) and further allows a quasi-linear modulation if the signal power
is sufficiently low. This is especially important for the case of multilevel
modulation formats with high demands on linearity.

60 GHz carrier generation and optical carrier suppression

The demand for linearity is less stringent when applying a modulator for
photonic mm-wave generation, as no amplitude discretization is required
and unwanted harmonics while applying an LO signal with high power are
eliminated due to the frequency response of the photodetector during o/e-
conversion and mm-wave amplifiers applied for wireless transmission as well.
Biasing to MITP can be beneficial in this case and will be discussed in the

DC RF

MZM-1

b V
c V
:

:
QP

MITP

f
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(b) DSB

fLO/2
P

ff0

fLO/2

(c) DSB-CS

Figure 3.5: (a) Schematic setup for photonic mm-wave carrier generation. Optical spectrum
while applying (b) an RF frequency of fLO and DC-biasing to the QP and (c) an
RF frequency of fLO/2 and DC-biasing to the MITP.

following. Assuming a simplified setup as shown in Fig. 3.5a, a laser diode
LD is coupled to a Mach-Zehnder modulator MZM-1 and the modulator
is biased by different DC voltages. Utilizing a DC bias to operate at the
quadrature point and further applying a sinusoidal RF-signal with a frequency
of fLO, two optical sidebands – an upper and a lower optical sideband with
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3.1 Photonic mm-wave generation

a frequency difference of fLO related to the frequency of the optical carrier
f0 – are generated (see Fig. 3.5b). When the optical signal is o/e-converted
by a photodetector both sidebands beat with the optical carrier producing
an electrical frequency of fLO. In contrast, if bias is set to the minimum
transmission point with respect to the optical carrier, the carrier is canceled
out as the phase shift between both arms is set to π. While applying an
electrical signal with half the desired mm-wave frequency, i.e. 30 GHz to
the RF electrode of the modulator, the total frequency difference between
both sidebands is 60 GHz (i.e. 2 fLO/2, see Fig. 3.5c). If carrier suppression
is sufficiently high, beating with the carrier can be neglected during o/e-
conversion and solely an electrical 60 GHz signal is detected. Summarizing
these points, the optical carrier suppression allows reduced requirements in
terms of frequency for the electrical LO source. Further on, the tolerance to
chromatic dispersion is significantly improved which is subject in 3.3.

Applied Mach-Zehnder modulators

In this work, two 40 Gb/s Mach-Zehnder modulators (MZM-1 and MZM-2)
have been applied which exhibit specified electro-optic bandwidths of 30 GHz
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Figure 3.6: Opto-electronic DC transfer functions of the applied Mach-Zehnder modulators
measured at a wavelength of 1562 nm and an optical input power of 2 mW.
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at the minimum. A characterization of the modulators’ key parameters has
been carried out to allow a calculation of the electro-optic conversion ef-
ficiency which is further discussed in 3.2. In a first step, the electro-optic
transfer functions have been measured which is shown in Fig. 3.6. This
was accomplished by applying a power of 2 mW to the optical input and
by altering the voltage applied to the DC-electrode of the modulators. The
laser source (ECL) was adjusted to a wavelength of 1562.25 nm. As can be
seen, Vπ,DC of the modulators was measured to 2.8 and 2.7 V for MZM-1 and
MZM-2, respectively. From the measurement, an insertion loss of 5.6 dB and
a DC extinction ratio of 26.5 dB was deduced. The values for MZM-2 were
5.8 dB and 23.2 dB, respectively. Based upon the DC results, the modulators
were biased to the quadrature point while applying an RF signal to the RF
electrode with the aim to evaluate Vπ,RF. For MZM-1, a 30 GHz sinusoidal
RF signal was applied to the electrode input resulting in a value of 2.8 Vpp
for Vπ,RF . In contrast, MZM-2 was operated at 10 GHz as this modulator was
applied for data modulation giving a value of about 2.0 Vpp.

Optical millimeter-wave signal

With the results above, the optical carrier suppression has been experimentally
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Figure 3.7: Optical spectrum of the DSB-CS signal measured after MZM-1 with different
applied LO powers.
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3.1 Photonic mm-wave generation

evaluated while DC-biasing to the MITP which is shown in Fig. 3.7. The
30 GHz LO source was set to output powers of 6, 9, 12 and the maximum
of 14.6 dBm, leading to carrier suppression levels of 15, 18, 22 and 25 dB,
respectively. The increase in carrier suppression relatively to the sidebands is
based upon the fact that the sideband power rises with increasing RF modu-
lation whereas the absolute power of the optical carrier remained about the
same. Harmonics suppression is at least 7 dB better and therefore insignificant
if compared to carrier suppression. The harmonics in this measurement were
induced by several effects like four-wave mixing, modulator nonlinearities, as
well as harmonics delivered by the LO source.

3.1.2 Photonic mm-wave generation using a passive MLLD

The second method for photonic millimeter-wave generation applied in this
work is based upon a passively mode-locked laser diode as introduced in
2.2. The laser is an experimental quantum-dash mode-locked laser developed
within the IPHOBAC project [77]. As can be seen from Fig. 3.8, the subsys-

MLLD

(a) (b)

Figure 3.8: Photonic millimeter-wave generator based upon a passively mode-locked laser
diode showing the schematic setup in (a) and the experimental setup in (b).

tem consists solely of the mode-locked laser diode without any additional
components besides the obligatory laser temperature control for supplying a
cooling current to a laser-integrated Peltier element and a further DC source
for current injection to the laser diode. Within the chosen operating point,
i.e. applying an injection current of 205 mA and adjusting the temperature to
25 ◦C, the laser exhibited a mode-locking frequency of 58.8 GHz. The optical
spectrum of the MLLD is shown in Fig. 3.9, according to the formula given
in (2.9). As can be seen, the optical comb exhibits several modes within a
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3 System description, theoretical and experimental evaluation

wavelength region of 1560 to 1577 nm, with an individual mode spacing of
58.8 GHz. Later on in this work all optical modes will be simultaneously
modulated with data and o/e-converted, giving reason to expect a significant
chromatic dispersion problem discussed in 3.3.

1555 1560 1565 1570 1575 1580
−50

−40

−30

−20

−10

0

10

Wavelength (nm)

M
ea

su
re

d 
po

w
er

 (d
B

)

Figure 3.9: Optical spectrum of the applied mode-locked laser diode operated at a tempera-
ture of 25 ◦C and an injection current of 205 mA. The locking frequency under
these conditions is 58.8 GHz.

3.2 Broadband photonic data modulation

Photonic data modulation in this work is realized by applying external modu-
lators, a Mach-Zehnder modulator (MZM-2) which was characterized in the
previous section and a 10 Gb/s electro-absorption modulator (EAM).

3.2.1 Photonic data modulation using an MZM

For broadband modulation in the optical domain, a Mach-Zehnder modulator
(MZM-2) is applied which is shown in Fig. 3.10. Due to the polarization
dependent losses, a polarization controller (PC-2) is applied before the modu-
lator. The modulator itself is biased to the quadrature point. With an applied
input signal, e.g. a DSB-CS signal, the modulator acts as an optical mixer,
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3.2 Broadband photonic data modulation

multiplying the optical mm-wave carrier with the data signal. To compensate
insertion and modulation losses, a low-noise EDFA with a noise figure of
4.5 dB is implemented in the system (EDFA-2). This is followed by an optical
band-pass filter (OBPF) to remove amplified spontaneous emission (ASE)

MZM-2PC-2

Data

OBPF OAEDFA-2

DC RF

VQP

Figure 3.10: Photonic data modulator using a Mach-Zehnder modulator.

noise. An optical attenuator (OA) is applied to control the optical power for
o/e-conversion in order to control the electrically generated power further
utilized for BER characterization. To evaluate the performance of the modu-
lation procedure and to calculate the signal gain, a complete optical link is
supposed, consisting of a modulator which performs e/o-conversion and a
photodetector which executes o/e-conversion. This allows a computation of
the equivalent-electric signal gain of the optical link.

While further assuming an ideal o/e-converter, which means in particular ideal
opto-electronic conversion with a quantum efficiency of one, as well as an
ideal quadratic behavior of the detector, the equivalent-electric gain of the
modulator can be extracted. An ideal opto-electronic converter which is used
as reference can be described as

ηOE,re f =
eλ
hc
, (3.6)

where e is the electron charge, λ the optical wavelength, h the Planck constant
and c the speed of light. The quantum efficiency is here assumed to be one.
For instance, an ideal responsivity of 1.26 A/W can be calculated for an optical
wavelength of 1560 nm. Further on, the slope efficiency of a Mach-Zehnder
modulator is calculated by [138]

ηEO,RF = Zin
π

2
Popt,inIL
Vπ,RF

, (3.7)
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where Zin denotes the electrical input impedance, IL the insertion loss, Popt,in
the optical input power applied to the modulator and Vπ,RF the voltage
difference between maximum and minimum transmission. As can be seen
from equation (3.7), the conversion efficiency is directly related to the optical
input power. Except this value, all other parts are fixed parameters depending
on the applied modulator. Thus, the only option to increase ηEO,RF for a given
modulator is to apply more optical power. Based on ηEO,RF, the equivalent
RF-gain Gel is calculated by [138, 142]

Gel =
(
ηEO,RF ηOE,re f

)2
(
Zref

Zin

)
, (3.8)

where Zref is the reference characteristic impedance and Zin the modulator’s
input impedance.

3.2.2 Photonic data modulation using an EAM

The second approach of broadband photonic data modulation is shown in
Fig. 3.11, comprising an electro-absorption modulator (EAM) which is fol-
lowed by an optical amplifier (EDFA-2) to compensate the modulation losses.
The OA is applied to control the optical power to the photodetector which

EAM

Data

OAEDFA-2

VBias

DC RF

Figure 3.11: Photonic data modulator using an electro-absorption modulator.

allows an adjustment of the generated RF-power at the photodetector. The non-
linear electro-optic transfer function of an EAM can be described as [142]

TEAM = IL e−γ α(V)L, (3.9)

where IL is the insertion loss of the modulator while applying a zero voltage to
the input. The optical confinement factor γ denotes the quality of the optical
waveguide to guide the optical field, α(V) is a factor to consider the changing
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3.3 Fiber-optic channel and chromatic dispersion

optical absorption coefficient due to applied bias voltage and L the modulation
length. The slope efficiency of an EAM is further described as [138]

ηEO,RF = Zin
IL Popt,in

Vα
, (3.10)

where IL describes the static insertion loss without applied voltage to the
modulator and Vα the difference voltage between minimum and maximum
transmission in analogy to Vπ. The measured electro-optic transfer function
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Figure 3.12: Opto-electronic DC transfer function of the applied EAM measured at a wave-
length of 1562 nm and an optical input power of 10 mW.

of the applied electro-absorption modulator is shown in Fig. 3.12. With an
optical input power of 10 mW the extracted values for IL and Vα are 6.8 dB
and 2.8 V, respectively.

3.3 Fiber-optic channel and chromatic dispersion

Various impairments emerge for a signal while propagating through a fiber
which may be classified into attenuation, non-linear propagation and disper-
sion. The key impairments in this work are signal attenuation and chromatic
dispersion. While traveling through an optical fiber, the light is exponentially

47



3 System description, theoretical and experimental evaluation

attenuated with the distance due to absorption as well as scattering. The fiber
attenuation α is calculated by

α =
1
L

10 log10

(
P0

PL

)
, (3.11)

where P0 and PL describe the incident and transmitted optical power after
propagation within a fiber of the length L. Typically, α is given in dB/km
and current available silica glass single mode fibers exhibit a minimum loss
of 0.16 dB/km at a wavelength of 1.55 µm [143]. Absorption in silica glass
depends strongly on the optical wavelength and exhibits two main absorp-
tion bands, an ultraviolet absorption band caused by electronic as well as
molecular transitions and a middle-infrared absorption band due to vibrational
transitions. A further phenomenon is the Rayleigh scattering which denotes
random inhomogeneities of the refractive index leading to small scattering
centers [143]. The second major undesired property is the signal dispersion
based upon several origins while propagating through a dispersive fiber, de-
scribing the fact that the refractive index is dependent on the wavelength,
resulting in slightly different group velocities for each spectral component.
Intermodal dispersion occurs in multi-mode fibers and results from different
propagation properties of higher-order transverse modes and severely limits
the possible fiber-optic transmission range and bandwidth, respectively [144].
Polarization mode dispersion results from polarization-dependent propaga-
tion properties and becomes an important issue for single-mode fiber-based
optical transmission systems with data rates of 40 Gb/s and above [145–147].
Material dispersion describes the wavelength-dependency of the refractive
index, which is an intrinsic property of silica glass. It exhibits a negative value
for optical wavelengths within the visible range, zeroes at about 1312 nm and
exhibits significantly positive values within the wavelength region of 1550 nm.
Waveguide dispersion describes the effect of a wavelength-dependent field
distribution in the fiber, i.e. in core and cladding, where short wavelengths
are more confined to the core and only a small amount of power propagates
within the cladding. On the other hand for longer wavelengths a more signifi-
cant amount of the total propagating light is transmitted within the cladding.
Core and cladding exhibit different refractive indices, leading to different
propagation speeds and thus to signal dispersion for considerable high optical
bandwidths. At around 1550 nm, waveguide dispersion has a minor influence
compared to the material dispersion. The sum of material and waveguide dis-
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3.3 Fiber-optic channel and chromatic dispersion

persion is denoted as chromatic dispersion, which is deduced in the following.
The propagation constant is calculated by [143]

βp(ω) = n(ω)
ω

c
, (3.12)

where n(ω) is the frequency-dependent refractive index. By further assuming
that the bandwidth of the optical signal ∆ω is much lower than the optical
central frequency ω0, as well as an only slightly and gradually varying prop-
agation constant, a Taylor series expansion can be performed for the linear
part of the propagation constant [143]

βL(ω) ≈ β0 + β1(∆ω) +
β2

2
(∆ω)2 +

β3

6
(∆ω)3, (3.13)

where βn = (dn/dωn)ω=ω0. Further transformation and calculation leads to the
group velocity vg, whose relationship to β is expressed as

1
vg

=
dβ
dω

. (3.14)

The pulse broadening is caused by β2 and β3 which are denoted as the second-
and third-order dispersion terms leading to the dispersion parameter D and
the dispersion slope S . The dispersion parameter is calculated by [143]:

D =
dβ
dλ

(
1
vg

)
= −

2πc
λ2 β2. (3.15)

The applied single-mode fibers in this work exhibit typical values of
D ≈ 17 ps/(nm/km). Depending on RF carrier frequency, signal bandwidth
and the analogue modulation scheme, chromatic dispersion may be a limiting
factor in RoF systems due to a comparatively high amount of consumed
optical bandwidth. This is especially the fact for systems where an external
modulator is utilized for photonic mm-wave generation, creating two optical
sidebands without suppressing the optical carrier as previously introduced in
Fig. 3.5b. Carrier and sidebands propagate with different speeds through a
dispersive fiber. At the photodetector, both spectral components mix with the
optical carrier while exhibiting a phase difference, leading to a power loss or
power penalty. As an example, RoF systems operating at 60 GHz and using
DSB optical modulation allowed fiber-optic transmission lengths within a
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range of some 100 meters, which is e.g. reported in [101,106]. Several options
are available to counter chromatic dispersion, like dispersion compensating
fibers with a negative dispersion parameter or dispersion-shifted fibers with a
reduced value of D [148, 149]. However, such fibers are barely applicable for
existing fiber-optic infrastructure as this would require a partial replacement
of already installed standard single-mode fibers. A further option is to utilize
fiber-Bragg gratings with a negative value for D [150, 151]. Countering dis-
persion can also be performed on the electrical side by electronic dispersion
compensation (EDC) which is available due to recent progress in digital signal
processing. EDC can either be realized on the transmitter side (predistortion)
or at the receiver side (post-compensation), which is e.g. reported in [152,153].
A very promising optical approach to counter chromatic dispersion is known
as optical single-sideband transmission, comprising various techniques for
removing signal parts from the optical spectrum before photodetection [115].
A common approach here is to use a dual-arm Mach-Zehnder modulator. By
applying an RF signal directly to the first RF input and to phase-shift the RF
signal by 90◦ before connecting it with the second RF input, one sideband is
canceled out [43]. However, all these methods increase system complexity
and require additional optical and electrical components, respectively. On
the other side as mentioned above, conventional 60 GHz DSB RoF systems
exhibit a fiber-optic transmission span of some 100 meters which is simply not
enough for most applications. The technique of optical carrier suppression
– applied in this work for photonic mm-wave generation in 3.1.1 – offers
here an alternative, allowing a sufficiently large fiber-optic transmission span
while maintaining low system complexity. This is presented in 3.3.1 by a
comparison of DSB-CS modulation with DSB modulation. The dispersion
properties of the second applied technique for photonic mm-wave generation
by using an MLLD (shown in 3.1.2) are furthermore discussed in 3.3.2.

3.3.1 Dispersion induced power penalty utilizing MZM cascading

After fiber-optic transmission of a photonic mm-wave signal through a disper-
sive fiber the signal may exhibit a reduced power due to chromatic dispersion
which is denoted as dispersion-induced power penalty (DIPP). In Fig. 3.5,
the advantages of optical carrier suppression (DSB-CS) compared to con-
ventional operation (DSB) for photonic mm-wave generation with respect to
required LO frequency have already been exemplified. In addition, the carrier
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suppression technique allows reduced effects of chromatic dispersion which
is studied and compared with the conventional technique in the following.
In order to evaluate the DIPP it is necessary to consider not only the optical
mm-wave signal alone but together with applied data modulation.

Optical spectrum of a data-modulated DSB- and a DSB-CS signal

Fig. 3.13a shows a subsystem for creating a data-modulated photonic mm-
wave signal using cascaded Mach-Zehnder modulators. Light from a laser
diode (LD) is coupled to a first Mach-Zehnder modulator MZM-1. By ap-
plying a sinusoidal RF-signal a lower and an upper sideband are created
exhibiting a frequency spacing of fLO from the optical carrier. Subsequent
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Figure 3.13: (a) Photonic mm-wave generation and data modulation using cascaded MZMs.
Optical spectrum while applying (b) an RF frequency of fLO to MZM-1 and
DC-biasing to the QP and (c) an RF frequency of fLO/2 and DC-biasing to the
MITP. MZM-2 is biased to the QP and modulated with fIF in both cases.

data modulation is accomplished with a second Mach-Zehnder modulator
MZM-2 by adjusting DC-bias to the quadrature point and modulating with an
electrical baseband data signal. To find an analytic description of the DIPP,
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a frequency of fIF is utilized here for data modulation, corresponding to the
approximate bandwidth of the applied NRZ-signal, i.e. 10 GHz for a 10 Gb/s
data signal. This corresponds to a worst-case scenario as only a fraction of
the total data signal power is located near fIF for the case of NRZ-modulation.
As an example, a ratio of 0.75 times the data rate already comprises 93.6 %
of the total signal power (further discussed in 4.2). For the case of a DSB
signal shown in Fig. 3.13b MZM-1 is biased to QP and modulated with
a frequency of fLO. Due to a different propagation speed of each spectral
component the sidebands exhibit a relative phase shift related to the optical
carrier. As both phase-shifted sidebands mix with the optical carrier during
o/e-conversion, destructive interference may occur depending on the relative
phase shift of carrier and sidebands. For the case of a DSB-CS signal shown
in Fig. 3.13c, MZM-1 is biased to the MITP and modulated with a frequency
of fLO/2. While suppressing the carrier the sidebands solely mix with each
other and power fading effects are severely reduced if the carrier suppression
is sufficiently high. Thus, the optical carrier suppression technique exhibits an
inherent tolerance to chromatic dispersion besides the reduced requirements
for the LO source discussed in 3.1.1.

Calculation of the DIPP for a DSB and a DSB-CS signal

The calculation of the DIPP for both cases is performed in the following
for deducing a quantitative comparison of the dispersion properties. The
impact of chromatic dispersion applying conventional DSB-modulation is
given by [116, 154–157]. Firstly, the detected RF-photocurrent iph,RF(t) after
fiber-optic transmission is proportional to

iph,RF(t) ∼ cos
[
2π ( fIF + fLO) t

]
cos (β fLO fRF) cos (β fIF fRF) , (3.16)

where fIF , fRF and fLO correspond to intermediate frequency, radio frequency
(i.e. fLO + fIF) and the local oscillator frequency fLO, respectively. The factor
β based upon (3.15) and [158, 159] is furthermore described as

β =
πDLλ2

c
, (3.17)

where L is the fiber length, D is the dispersion coefficient, λ is the wavelength
and c is the speed of light. Considering (3.16), the following relationship
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can be deduced for the chromatic dispersion induced power penalty DIPPDSB
in case of DSB-modulation, i.e. the logarithmized power reduction after
propagating through a dispersive fiber:

DIPPDSB = 20 log10
[
cos (β fLO fRF) cos (β fIF fRF)

]
(3.18)

= 20 log10

[
cos

(
β f 2

RF

)]
( fRF � fIF). (3.19)

It is assumed that the photodetector is a perfect squarer, i.e. Popt ∼ P2
el. If we

further assume that fRF � fIF, the dominant term in (3.18) is cos (β fLO fRF)
and as fRF ≈ fLO in this case, (3.18) can be rewritten to (3.19) [159]. Con-
versely considering the case of optical carrier suppression, the relationship
between RF-photocurrent and dispersion-induced photonic mm-wave signal
is described as [159]

iph,RF(t) ∼ cos
[
2π ( fIF + fLO) t

]
cos (β fIF fRF) . (3.20)

Using (3.20), the power penalty for a DSB-signal with suppressed carrier can
be described as [107, 154]

DIPPDSB,CS = 20 log10
[
cos (β fIF fRF)

]
. (3.21)

Comparing the expressions for power penalty in (3.21) and (3.19) shows the
advantage of carrier suppression, as an fRF-term is replaced by an fIF-term.
Accordingly, the fiber length which causes a 3 dB power penalty versus
applied IF frequency (data rate) with and without carrier suppression is shown
in Fig. 3.14a, assuming an LO-frequency of fLO = 60 GHz. Here, a 3 dB
power penalty is reached after some hundred meters with a comparatively low
influence of data rate for the DSB-case. This is attributed to the beating of the
optical sidebands with the carrier which dominates the dispersion properties
in this case.

On the contrary, while applying carrier suppression (DSB-CS), the 3 dB
power penalty is reached after several kilometers, strongly dependent on the
data rate. The course of DIPP versus fiber length assuming an LO-frequency
of fLO = 60 GHz and different values for fIF is depicted in Fig. 3.14b. The
estimated fiber-optic transmission lengths for 12.5, 10.3125 and 1.25 Gb/s
are 2.0, 2.5 and 23.9 km, respectively. Fiber lengths around 2 km may
already be sufficient for application in optical access networks, however,
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the maximum fiber length could be easily extended by implementing some
dispersion compensation techniques as previously discussed. The results
here give an estimation of minimum achievable fiber lengths. More accurate
results may be achieved using numerical simulation tools. In conclusion,
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Figure 3.14: (a) Fiber length inducing a 3 dB DIPP versus fIF for the DSB and the DSB-CS
case. (b) DIPP versus fiber length for different values of fIF . The LO frequency
fLO is 60 GHz in both cases and D is assumed to be 17 ps/(nm/km).

MZM cascading in conjunction with optical carrier suppression (DSB-CS)
offers a significantly higher fiber-optic transmission span if compared to
conventional DSB modulation while maintaining low system complexity.

3.3.2 Dispersion induced power penalty using a passive MLLD

Deducing the dispersion-induced power penalty for an MLLD is much more
challenging due to the number of participating optical modes exhibiting
different amplitudes as well (see Fig. 3.9). The photocurrent at fundamental
beating frequency was introduced in (2.10):

iph,RF(t) = ηOE,RF

∑
n

EnEn−1 exp
[
j(2πn fMLt + φn − φn−1)

]
.

While propagating through a dispersive fiber, each beat note exhibits another
relative phase state. During o/e-conversion some of the beat notes are more
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or less in phase and will participate to the RF signal where other notes are
out of phase leading to destructive interference which lowers the generated
signal power. A measurement of the power penalty versus applied fiber length
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Figure 3.15: MLLD dispersion power penalty versus fiber-optic transmission length, show-
ing the measurement setup in (a) and the results in (b) [160].

for the optical mm-wave carrier was performed by a project partner [160],
applying different fiber lengths between the MLLD and the photodetector
while measuring the o/e-converted power with an electrical spectrum analyzer
(ESA) in conjunction with an external mixer (see Fig. 3.15a). The results
are shown in Fig. 3.15b, indicating an optimum fiber length of 80 m which
induces a power penalty of about 1 dB. The power penalty in the figure
is attributed to the numerous optical modes with a large total consumed
bandwidth resulting in a radically limited fiber-optic transmission range due
to chromatic dispersion compared to the previous approach in 3.3.1. The
reason for this optimum not being located at a fiber-optic transmission length
of zero is based upon the chirp generated by the MLLD itself [65,101,160].

As a conclusion, the MLLD is only applicable for short-range fiber-optic
transmission but offers a concept for photonic mm-wave generation with
extremely low complexity. In addition, larger fiber-optic spans could be
achieved e.g. by applying an optical bandpass filter to remove some of the
modes and further utilizing an EDFA to compensate the optical losses due to
filtering.
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3.4 Wireless radio-over-fiber transmitter

The wireless RoF transmitter consists of a photodetector with a specified
bandwidth of 70 GHz to perform o/e-conversion, an optional amplifier to
boost the electrical output signal and an antenna as shown in Fig. 3.16. The

PA-1PD AN-1

Figure 3.16: Wireless radio-over-fiber transmitter.

DC conversion efficiency of the photodetector ηOE,DC is computed relatively
to the conversion efficiency of an ideal photodetector ηOE,re f as introduced
in (3.6). The equivalent RF conversion efficiency is further calculated by
implementing the detector’s frequency response:

ηOE,DC = ηOE,re f η (3.22)
ηOE,RF = ηOE,DC R( f ), (3.23)

where R( f ) denotes a correction factor to consider the frequency response
and η the quantum efficiency. With these information, the equivalent RF gain
of the photodetector can be calculated as following:

Gel =

(
ηOE,RF

ηOE,re f

)2 Zout

Zref
, (3.24)

where Zout is the electrical output impedance of the photodetector. Later
during the system experiments the transmitted RF power is controlled by an
optical attenuator giving a wide optical input power range to the photodetector.
It is therefore required to evaluate a regular quadratic detection behavior
for the whole operational range. Determining the frequency response of
the photodetector is a further point of interest as broadband data signals
with bandwidths exceeding 20 GHz are o/e-converted. A measurement is
performed to study these detector key characteristics.

The applied measurement setup in Fig. 3.17a consists of a dual-mode laser
setup, a polarization controller to achieve identical polarization states of
both optical modes, an optical coupler for combining the two modes and an
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3.4 Wireless radio-over-fiber transmitter

optical amplifier to boost the optical signal level. The o/e-converted signal
was characterized by an ESA up to 50 GHz, while measurements of higher
frequencies have been accomplished by the ESA together with external mixers.
The characterization of electrical output power versus optical input power is
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Figure 3.17: The measurement setup for determining key characteristics of the photodetector
is given in (a). The o/e-converted electrical output power versus optical input
power at 50 GHz is shown in (b) whereas (c) gives the frequency response
of the photodetector at an optical input power of 8.1 dBm corresponding to a
photocurrent of 2 mA.

given in Fig. 3.17b, applying an optical 50 GHz signal. The deviation from
ideal behavior for optical input power levels below −5 dBm is based upon
the applied resolution bandwidth of the spectrum analyzer. It was set large
to integrate the whole signal power as the phase noise of a dual laser source
is high, measuring not only the signal power but also a significant amount
of noise power within the resolution bandwidth. Maximum applied optical
input power during the experiments was limited to 10 dBm. Up to this value,
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3 System description, theoretical and experimental evaluation

the detector exhibits a quadratic detection behavior, and no saturation effects
can be noticed. The measured frequency response is shown in Fig. 3.17c.
Here, an optical input power of 8.1 dBm resulting in a photocurrent of 2 mA
was applied while adjusting the frequency within DC to 100 GHz. The
DC responsivity can thus be calculated to ηOE,DC = 0.32 A/W. Within the
frequency range of interest, i.e. 50–75 GHz, the output power is fluctuating
within less than about 3 dB. Related to the DC responsivity, a loss of about
1 dB at 60 GHz gives an effective responsivity of 0.29 A/W for ηOE,RF at the
photodetector’s output, supposing quadratic detection.

The applied RF-amplifier PA-1 is a waveguide-coupled broadband millimeter-
wave amplifier with specified bandwidth, gain and noise figure of 50–70 GHz,
40 dB and 5 dB, respectively. Vector network analyzer measurements have
been carried out using a V-band analyzer to obtain the S-parameters of the
amplifier and to verify the specified bandwidth as well. The measured S21 of
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Figure 3.18: S21-measurement of the applied transmit amplifier PA-1 within 50–75 GHz.
The approximate gain is further indicated in the figure.

the amplifier is shown in Fig. 3.18, indicating a bandwidth of approximately
55–68 GHz and an average gain of 39 dB. After amplification, the signal is
coupled to a waveguide horn antenna with a gain of 23 dBi and transmitted to
free space.
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3.5 Optical link noise contributions

3.5 Optical link noise contributions

Relevant noise sources and their influence on the system performance are
discussed in this section. In the electrical domain it is comparatively easy to
calculate the influence of a noisy component on the system. Here, it is typical
to characterize a noise figure which allows a calculation of the generated
noise power, especially for components at critical positions like a low-noise
amplifier applied after wireless transmission.

In contrast, calculation of noise contributions of active devices is not as
straight forward within the optical domain as the generated noise power is
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• ASE-ASE noise
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Figure 3.19: Noise contributions within the optical link.

strongly dependent on the operation point and further environmental condi-
tions which will be discussed in the following. The relevant active optical
and optoelectronic devices are shown in Fig. 3.19. Noise contributions are
the relative intensity noise (RIN) caused by the laser, the amplified sponta-
neous emission (ASE) noise of the optical amplifiers, the thermal noise and
the shot noise generated in the photodetector which all act together during
o/e-conversion.

Fibers and optical adapters are treated as passive devices like corresponding
electrical components (cables, waveguides and electrical adapters). The
applied Mach-Zehnder modulators can be approximately treated as optical
passive devices as well without any additional noise contributions besides
the losses in the waveguides [142]. While considering the noise terms after
photodetection as current sources which are ergodic, wide-sense stationary
and independent from each other, the total noise power can be calculated by
summing up each individual noise contribution [138].
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3 System description, theoretical and experimental evaluation

3.5.1 Thermal noise

A pervasive noise contribution is the thermal noise (Johnson noise) describing
power fluctuations across a circuit element caused by thermal motion of
charge carriers. Thermal noise is modeled as a Gaussian process with a mean
value of zero. The generated noise power is described as

Nel,th =
4kBBN,elT

Zout︸      ︷︷      ︸
〈i2th(t)〉

Zref = kBBN,elT |Zout=Zref , (3.25)

where kB is the Boltzmann constant, BN,el the noise-equivalent electrical band-
width, 〈i2th(t)〉 the variance of the thermal noise current and T the temperature.
If circuit resistance Zout and input resistance of the subsequent element Zref
are matched together, solely half of the noise current is delivered to the next
component which is further indicated in (3.25) [142]. The thermal noise
power density exhibits a value of −174 dBm/Hz at 290 K. Supposing for
example a 10 Gb/s signal with a value of BN,el = 10 GHz, the total thermal
noise power level would be −74 dBm in this case.

3.5.2 Photodetector shot noise

Shot noise originates from the fact that the incident light, i.e. the individual
photons, arrive randomly distributed at the photodetector, thus generating a
random fluctuation in the photocurrent. An additional contribution is given
by the detector’s dark current which flows through the bias circuitry in the
absence of an optical input signal. It originates from thermally generated
charge carriers in the junction as well as surface defects resulting in surface
current flows. Shot noise is assumed to be Gaussian-distributed and can be
calculated by [141, 143, 161]

Nel,shot = 2eBN,el

(
Popt,inηOE,DC + Idark

)︸                               ︷︷                               ︸
〈i2shot(t)〉

Zref , (3.26)

where Idark denotes the dark current and 〈i2shot(t)〉 the variance of the shot noise
induced current.
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3.5.3 Laser relative intensity noise

Relative intensity noise originates from the laser source spontaneous emission
resulting in random fluctuations of the optical power, thus evolving random
fluctuations of the detected photocurrent. The term relative in RIN denotes
that the noise power is normalized to the average laser output power. Other
impairments and parasitic properties generated by the laser like wavelength
stability, linewidth or side-mode suppression ratio are not critical due to the
laser signal quality as well as the application scenario [162–165]. The optical
signal composed by the desired continuous-wave output signal in conjunction
with the undesired power fluctuation is described as

Popt,out(t) = Popt,out + ∆Popt,out(t). (3.27)

Typically, lasers are characterized with a logarithmic value for the RIN, i.e. the
power spectral density is given in dB/Hz. The noise power due to RIN during
o/e-conversion can be calculated by

Nel,rin = 10
RIN
10 BN,el I2

ph︸         ︷︷         ︸
〈i2rin(t)〉

Zref = 10
RIN
10 BN,el

(
Popt,in ηOE,DC

)2︸                           ︷︷                           ︸
〈i2rin(t)〉

Zref , (3.28)

where Iph is the generated average photocurrent, 〈i2rin(t)〉 the variance of the
RIN-induced photocurrent and Zref the reference impedance. For further
calculations on the link budget, the RIN noise is expressed by optical input
power and responsivity instead of the generated photocurrent. This is further
described in the equation above, where Popt,in denotes the optical input power
applied to the photodetector and ηOE,DC the photodetector’s DC conversion
efficiency.

3.5.4 Amplified spontaneous emission noise

The amplified spontaneous emission noise originates from the applied EDFAs,
which do not only amplify the desired signal (stimulated emission) but also
generate a significant amount of amplified spontaneous emission. An EDFA
is described as a linear amplifier with an optical gain Gopt in conjunction
with a Gaussian noise source due to amplified spontaneous emission (ASE)
acting over the optical bandwidth of interest. The resulting optical noise
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bandwidth is here determined by the gain spectrum of the EDFA which may
be further limited by optical multiplexers or filters, as well as the responsivity
of the photodetector at a certain wavelength. This leads to additional noise
contributions, the detected noise due to ASE-ASE and signal-ASE beating
as well as ASE-shot noise [166–168]. A direct measurable parameter of an
EDFA is its optical noise figure NFopt, which is given by [169]

NFopt =
2ρsp

hνGopt
, (3.29)

where ρsp denotes the spontaneous power density, hν=hc/λ the photon energy
and Gopt the gain of the amplifier which is assumed to be� 1. Considering
[166] and using (3.29), the noise power due to ASE-ASE beating is described
as

Nel,ase−ase = 4 η 2
OE,DC ρ

2
spBN,optBN,el︸                     ︷︷                     ︸

〈i2ase−ase(t)〉

Zref

=
(
ηOE,DC GoptNFopt hν

)2
BN,optBN,el︸                                    ︷︷                                    ︸

〈i2ase−ase(t)〉

Zref , (3.30)

where ηOE,DC is the photodetector’s DC-responsivity and BN,opt the optical
bandwidth. The term 〈i2ase−ase(t)〉 denotes the variance of the noise current at
the photodetector due to ASE-ASE beating. Using (3.29), the generated noise
power while the signal is beating with the ASE noise is further described
as [166]

Nel,sig−ase = 4 η 2
OE,DC GoptPopt,in ρspBN,el︸                            ︷︷                            ︸

〈i2sig−ase(t)〉

Zref

= 2
(
ηOE,DC Gopt

)2
NFoptPopt,in hνBN,el︸                                      ︷︷                                      ︸

〈i2sig−ase(t)〉

Zref , (3.31)

where 〈i2sig−ase(t)〉 denotes the variance of the photocurrent induced by beating
of the signal with ASE noise. Finally, by using (3.29), the noise contribution
due to ASE-shot noise is given by [166]

Nel,ase−shot = 4ηOE,DC e ρsp BoptBel︸                   ︷︷                   ︸
〈i2ase−shot(t)〉

Zref
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= 2ηOE,DC e GoptNFopt hνBoptBel︸                               ︷︷                               ︸
〈i2ase−shot(t)〉

Zref , (3.32)

where 〈i2ase−shot(t)〉 denotes the variance of the photocurrent induced by ASE-
shot noise.

3.6 Wireless channel modeling

Modeling of the wireless channel is performed with respect to wireless path
length, frequency as well as further environmental conditions. Three main
contributors can be identified for computing the total path loss: the free-space
path loss, the atmospheric gaseous attenuation and attenuation induced by
rain fall.

Other effects only marginally contribute to the loss, like fog or mist [170–172],
while other possible contributions are not applicable for terrestrial line-of-
sight communication, like attenuation due to clouds [173].

3.6.1 Free space path loss

Calculation of the propagation losses of the wireless line-of-sight (LOS) link
is performed by the free-space path loss model. The free-space path denotes a
linear, lossless and isotropic propagation medium without any current sources
and charges. Further on, permittivity and permeability are assumed to be
equal to the vacuum.

However, for moderate-range propagation through the atmosphere, the simpli-
fication to the described free-space case is applicable in good approximation
[170]. The relationship of received signal power Pel,RX and transmitted power
Pel,T X for a wireless link is given by the Friis equation [174, 175]

Pel,RX =
Pel,T X

4πd2 Gel,T XGel,RX
λ2

4π
, (3.33)

where Gel,T X and Gel,RX denote the antenna gains of transmitter and receiver
antenna, d the wireless path length and λ the wavelength of the radio signal.
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3 System description, theoretical and experimental evaluation

This relationship is valid for a line-of-sight path with perfectly matched
antennas. From (3.33), the free-space path loss can be expressed as

L fs =
Pel,T X

Pel,RX
Gel,T XGel,RX =

(
4πd
λ

)2

. (3.34)

The free space path loss in (3.34) is quadratic-dependent on the frequency
which is based upon a reduction of the effective area of the receiving antenna
with rising frequency, thus reducing the effective received power. In Fig. 3.20
the free-space path loss for 60 GHz and some further important frequencies
are given as an example. Comparing e.g. conventional WLAN applications
operating at 2.4 GHz with the frequency of interest in this work, the path loss
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Figure 3.20: Free space path loss L fs for 2.4, 5.1, 60 and 120 GHz.

is increased by a value of 28 dB. The free-space path loss assumption is only
valid in the far-field denoted as Fraunhofer region when the transmitted signal
can be described approximately as a plane wave. This distance of interest is
calculated by [176, 177]

d f ≥
2D 2

A

λ
, (3.35)

where d f is the Fraunhofer distance, DA the largest antenna dimension and
λ the wavelength. For the later applied V-band horn antennas with a gain
of 23 dBi, the Fraunhofer distance is calculated to 1.95 m at a frequency of
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60 GHz. As this formula describes the loss of an ideal line-of-sight path
without obstacles and without any multipath propagation due to reflective sur-
faces, it is barely applicable for indoor communication over longer distances.
Here, path loss can be e.g. modeled by the exponential-loss model, where the
exponent is adapted to the corresponding environment like a corridor, hallway
or open-plan office. However, good agreement with the free space path loss
is given for wireless propagation over short LOS distances within a range of
some meters [170, 175, 178, 179].

3.6.2 Atmospheric gaseous attenuation

While propagating through the atmosphere, an electromagnetic wave is
attenuated by molecular absorption. The atmosphere comprises a large num-
ber of gases like N2, CO2, SO2, H2O, O2, inert gases, particles as well as
pollutants and many of them exhibit molecular absorption lines within the
millimeter-wave range [170]. However, up to frequencies of about 350 GHz
atmospheric gaseous absorption is almost exclusively caused by absorption
lines of oxygen and water vapor. For all conventional microwave radio appli-
cations which are mainly operating below frequencies of 10 GHz, atmospheric
gaseous attenuation Lgas is negligible in most cases. Other for the case of
millimeter-wave communication where attenuation figures can exceed levels
of some 10 dB/km [180–182].

Various experimental and theoretical studies have been carried out to quantify
the atmospheric gaseous absorption in detail. Based upon this work, the ITU
has developed and continuously improved a detailed model using several fit
parameters for predicting the atmospheric gaseous losses within 1–350 GHz
while further considering temperature dependence and pressure. For the
calculations in this work ITU standard environmental conditions are applied,
i.e. a temperature of 15 ◦C and a pressure of 1013 hPa. Furthermore, the ITU
proposes a water vapor density of 7.5 g/m3 which corresponds to a relative
humidity of 58.7 % at 15 ◦C. The model is separated into two sections, one
for dry air especially comprising the oxygen peaking around 60 GHz and a
further one considering attenuation due to water vapor (see Fig. 3.21). The
spectral attenuation in the figure is composed of several individual absorption
peaks which are not visible at a pressure of 1013 hPa due to absorption
line broadening [171]. With rising altitude (approximately 4 km and above)
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3 System description, theoretical and experimental evaluation

the individual absorption lines get more and more observable, and as an
example the spectrum within 54–66 GHz exhibits more than 20 significant
absorption lines. This model allows a convenient description of atmospheric
gaseous attenuation within the microwave- and millimeter-wave range, as the
maximum error is specified with typically less than 0.7 dB around 60 GHz and
0.1 dB otherwise [181, 183]. Fig. 3.21a shows the spectral attenuation within
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Figure 3.21: Specific attenuation due to atmospheric gases Lgas within a frequency range of
(a) 1–350 GHz and (b) 50–75 GHz, applying ITU standard conditions of 15 ◦C,
1013 hPa and a water vapor density of 7.5 g/m3.

1–350 GHz whereas in Fig. 3.21b the atmospheric gaseous attenuation within
the V-band is plotted in detail. As can be seen, Lgas peaks at about 60.76 GHz
with a value of 16.18 dB/km. This is more than 3 orders of magnitude higher
than for example the corresponding attenuation at 2.4 GHz.

3.6.3 Rain attenuation and concept of availability

While losses due to free-space propagation and atmospheric gases can be pre-
dicted in a very accurate way, the situation gets more complicated for specific
attenuation due to rain Lrain, which is mainly dependent on rain amount but
also the size of rain drops. Especially forecasting the rain amount can be
difficult even if large empiric datasets are available as e.g. in the case of sub-
tropical and tropical regions within the rainy seasons [184–186]. Fig. 3.22a
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shows the specific attenuation due to rain within 1–350 GHz for different rain
amounts [187]. For most application cases, rain attenuation can be neglected
for frequencies below 10 GHz. Higher frequencies in conjunction with sig-
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Figure 3.22: Specific attenuation caused by rain Lrain for different rain rates, (a) within
1–350 GHz and (b) within 50–75 GHz.

nificant rain amounts can cause severe additional attenuation, and a maximum
is reached at around 100 GHz. The rain attenuation within a frequency range
of 50–75 GHz is shown in Fig. 3.22b exhibiting comparatively flat charac-
teristics. If wireless connectivity (i.e. link availability) must be maintained
even for heavy downpour, the corresponding maximum attenuation has to be
considered in the wireless power margin requiring e.g. higher transmit powers,
receivers with better sensitivities or more directional antennas, leading to
increased costs. However, an availability level of around 100 % is often
not necessary and a specific amount of unavailability can be tolerated. To
calculate the availability of a wireless system the annual rain distribution
needs to be known for the geographic region of operation. Tab. 3.1 shows
the rain rate versus statistical incidence for various climate regions. As an
example, within 1 % or 5260 min per year the rain rate is exceeding 1.9 mm/h
in the climate region C. If the power budget of a wireless link is sufficient to
compensate this corresponding rain attenuation, its availability level is 99 %
in a yearly period. Typically requested availabilities are 99.999 % (’five-nines
rule’) for carrier-class links, whereas for campus connectivity and enterprise
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applications, availabilities within 99 and 99.99 % are mostly considered to be
sufficient [127]. The climate regions B, C, D, E, F correspond to moderate,
maritime, continental, wet and arid weather, and many parts of e.g. Europe or

Table 3.1: Rain rates of different climate regions and availabilities.

Rain rate Rain versus climate region (mm/h) Rain rate
(% per year) B C D1 D2 D3 E F (min. per year)

0.001 54 80 90 102 127 164 66 5.3
0.003 40 62 72 86 107 144 51 10.5
0.005 26 41 50 64 81 117 34 26.3
0.01 19 28 37 49 63 98 23 52.6
0.02 14 18 27 35 48 77 14 105
0.05 9.5 11 16 22 31 52 8.0 263
0.1 6.8 7.2 11 15 22 35 5.5 526
0.2 4.8 4.8 7.5 9.5 14 21 3.8 1052
0.5 2.7 2.8 4.0 5.2 7.0 8.5 2.4 2630
1 1.8 1.9 2.2 3.0 4.0 4.0 1.7 5260
2 1.2 1.2 1.3 1.8 2.5 2.0 1.1 10520

the U.S.A. are classified as continental weather zones. For further detailing
continental weather three subcategories have been introduced, namely D1,
D2 and D3 [186]. As an example, weather region D1 can be supposed for
large parts of Germany. For the following calculations rain amounts corre-
sponding to region D1 with 90 mm/h rain for 99.999 % availability level,
37 mm/h for 99.99 % availability and 2.2 mm/h for 99 % availability are
chosen, corresponding to additional attenuations of 27.0, 13.7 and 1.6 dB/km,
respectively.

3.6.4 Applied model for total path loss

The total path loss Lpath is calculated by merging all individual contribu-
tions together, comprising the free-space path loss, the atmospheric gaseous
attenuation as well as the attenuation due to rain:

Lpath = L fs + Lgas + Lrain. (3.36)
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Fig. 3.23a shows the total path loss per km for fair weather and rain amounts
of 2.2, 37 and 90 mm/h within a frequency range of 1–350 GHz. Fig. 3.23b
illustrates the total path loss Lpath for various wireless path lengths and a
rain rate of 37 mm/h within a frequency range of 50–75 GHz. As can be
seen, the spectral attenuation for 50 and 100 m is comparatively flat with
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Figure 3.23: Total spectral path loss Lpath within 1–350 GHz and different rain amounts is
given in (a), whereas (b) shows Lpath within a frequency range of 50–75 GHz
for different wireless path lengths and a rain rate of 37 mm/h.

around 3 dB fluctuation and total attenuation figures of approximately 104
and 111 dB at 60 GHz, respectively. For larger wireless path lengths, the
impact of atmospheric gaseous attenuation becomes more and more severe
leading to strong variations in spectral attenuation. This can be especially
difficult for single-carrier modulation schemes with more amplitude levels
like e.g. 4-QAM or 16-QAM in conjunction with a large consumed bandwidth.
In this work, a binary amplitude modulation scheme is applied which is thus
more tolerant to spectral attenuation impairments. Anyway, large wireless
path lengths in conjunction with large consumed bandwidths are challenging
for single-carrier modulation techniques applied. This can be countered by
using multicarrier modulation like OFDM as reported in [O33]. As each data-
modulated subcarrier only consumes a fraction of the total signal bandwidth,
the varying channel attenuation can be partially equalized if the received
signal quality with respect to SNR is sufficiently high.
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3.7 Wireless receiver

After wireless transmission the signal is received at the wireless receiver. In
this work, two different architectures have been developed. The first receiver
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Figure 3.24: Wireless receiver architecture using (a) coherent and (b) incoherent detection.

shown in Fig. 3.24a is a coherent receiver, thus requiring information about
the phase state of the received signal. After signal reception with a 23 dBi horn
antenna the signal is amplified by a waveguide-coupled RF amplifier (LNA-1).
For down-conversion, a 60 GHz signal source LO-2 is applied and further

50 55 60 65 70 75
5

10

15

20

25

G ≈ 18 dB

Frequency (GHz)

S 21
 (d

B
)

Figure 3.25: S21-measurement of the applied receiver amplifier LNA-1 within 50–75 GHz.
The approximate gain is further indicated in the figure.

amplified by PA-2 to boost the LO signal power to 13 dBm. Both LO and RF
signals are further coupled to a broadband custom-design low-loss mixer to
perform the downconversion, which requires a phase locking of both signals
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together. The utilized mixer exhibits specified RF, LO and IF bandwidths
of 55–72.5 GHz, 55–60 GHz and DC–12.5 GHz, respectively. Typically, a
phase locked loop is applied in such receiver architectures requiring electronic
components like phase comparators and phase shifters. However, to achieve
phase-locking in the experiments, a locking functionality of the LO sources
LO-1 and LO-2 is utilized. A 10 MHz reference signal from LO-1 is coupled
to a synchronization input of LO-2 to lock both phases together. After down-
conversion the signal is further amplified by a broadband baseband amplifier
LNA-2 to compensate conversion losses and to support a sufficiently high
signal power required for BER analysis. The applied RF-amplifier LNA-1
is specified with a noise figure of 3.5 dB. Gain and bandwidth are further
specified with 16 dB and 55–65 GHz, respectively. Analog to the case of the
RF amplifier PA-1 applied in the wireless transmitter, vector network analyzer
measurements have been carried out to determine the amplifier’s performance.
The measured S21 of the amplifier indicates a bandwidth of ≈ 52–68 GHz and
an average gain of 18 dB shown in Fig. 3.25.

Conversely, the architecture shown in Fig. 3.24b applies incoherent detection
without the need of phase detection. After amplification in LNA-1 the signal
is coupled to an envelope detector. Due to the limited video bandwidth of
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Figure 3.26: Characterization of the envelope detector showing the frequency response in (a)
and the video bandwidth in (b) applying an RF carrier frequency of 55.4 GHz.

the detector the mm-wave carrier is not visible for the Schottky detector, and
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solely the desired signal envelope (i.e. the data) is recovered. Identical to the
first architecture, the baseband signal is coupled to LNA-2 to increase the
signal level for loss compensation necessary for performing BER analysis.
The applied WR15 envelope detector is a full-custom design Schottky detector
whose RF response within the V-band is shown in Fig. 3.26a. As can be seen,
the spectral response fluctuates within a value of 2000 to 4000 mV/mW,
which corresponds to a power fluctuation of approximately 6 dB. Experiments
have been carried out applying a data-modulated mm-wave carrier to the
detector while altering the LO frequency for photonic mm-wave generation
and measuring the eye diagram at the video output of the detector. The
measurements showed that the received eye quality is strongly dependent on
the RF carrier frequency, giving e.g. a degraded eye diagram at 60.0 GHz but
operating well at other carrier frequencies as e.g. 55.4, 57.5 and 59.1 GHz.
Besides the fluctuating spectral response, resonances in the RF circuitry are
assumed to cause this behavior. In a next step, the video bandwidth was
measured by applying an IF-frequency modulated RF-carrier at a frequency
of 55.4 GHz which is shown in Fig. 3.26b, giving a value of approximately
2.6 GHz.

3.8 Conclusion

Subsystems for photonic mm-wave generation, photonic data modulation,
photonic-wireless transmission and radio reception – further used in the
developed RoF systems – have been described, experimentally characterized
and modeled. Both fiber-optic and wireless channel with their impairments
have been studied as well. Further on, relevant optical noise contributions
have been described and modeled. The results achieved in this chapter allow
to deduce a theoretical system description accomplished in 4 to predict the
signal quality within an RoF system. This allows to verify the experimental
results and to optimize the system performance of the realized RoF systems in
5–7 as well. The model will further be used for predicting system properties
in 5, where experimental data was not accessible.
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This chapter describes a system model for the developed RoF systems in 5–7
carried out in Matlab R©. Based upon the results in 3, electrical and optical
subsystems are implemented to a simulation environment where the deduced
noise sources will be integrated as well. A link budget model has been
developed comprising signal and noise power calculation, thus the signal-
to-noise ratio (SNR) at relevant points within the system can be predicted.
Based upon the SNR, the bit-error-rate (BER) can be derived to evaluate the
transmission quality. By further implementing the properties of wireless and
fiber-optic channel which have been previously studied in 3, sample wireless
and photonic transmission simulations will be carried out and discussed.

Two main objectives are pursued with the model. Firstly, the simulation
environment will be used for comparing experimental with theoretical results
for verification issues. Secondly, prediction of specific system properties will
be accomplished using the developed model in those cases where experimental
data is not accessible, e.g. for predicting the possible wireless transmission
range of the developed RoF system in 5, if antennas with higher gain are
utilized.
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4 Simulation environment

4.1 Component description and implementation

For clarification, electrical parameters will be designated by an el-subscript
and optical parameters with an opt-subscript, respectively. Further on, linear
values will be designated by a lin-subscript and logarithmic values with a
dB-subscript. Each electrical component in the budget link will be character-
ized by an electrical gain Gel and a noise figure NFel. Incorporating the output
power of the previous component thus the actual input power to the observed
component allows the calculation of the signal power level Pel and the noise
power level Nel. Starting with the signal power, the output power Pel,out with
respect to the input power Pel,in is calculated by

Pel,out,dB = Pel,in,dB + Gel,dB. (4.1)

Output noise power of a component is calculated by considering input noise
power Nel,in,lin, gain Gel,lin and component noise figure NFel,lin

Nel,out,lin = Gel,lin
{
Nel,in,lin +

[(
NFel,lin − 1

)
T0 kB BN,el

]}
, (4.2)

where T0 is the reference temperature, kB the Boltzmann constant and BN,el
the electrical receiver noise bandwidth. Based upon signal output and noise
output power, the SNR is calculated by

SNRel,dB = Pel,out,dB − Nel,out,dB. (4.3)

The source code for calculating the electrical link budget is shown in
Lis. 4.1.

After the calculation of output power, noise power and SNR the values are
written to a table for visualization. The link budget calculation in the electrical
domain for components is straight forward, as the noise contributions of a
component are more or less operating-point independent and the noise figure
is typically given for critical elements like low-noise amplifiers.

A sample link budget table is shown in Tab. 4.1, assuming a 1 GbE signal
which is modulated on a 60 GHz carrier, wirelessly transmitted and down-
converted to baseband.

Signal power and SNR are set to values of −26 dBm and 50 dB while assuming
a noise-equivalent bandwidth of 1.25 GHz. The signal is further amplified by
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function [Budget,SIG]=ESysBudget(GlobalV,SIG,Name,Comment,G_dB,NF_dB)
% General parameters
kb=1.38e-23;T0=GlobalV.T0;B=GlobalV.B;

% Signal power level at output
SIG.P_dBm=SIG.P_dBm+G_dB;

% Noise power level at output
G=dB2plin(G_dB);
NF=dB2plin(NF_dB);
Nin=dBm2W(SIG.N_dBm);
Nout=G*(Nin+((NF-1)*T0*kb*B));
SIG.N_dBm=W2dBm(Nout);

% SNR at output (dB)
SNR_dB=SIG.P_dBm-SIG.N_dBm;

% Link budget table
Budget={...
Name, Comment ,... % component ID, comment
G_dB, NF_dB ,... % el. gain, el. noise figure
SIG.P_dBm, SIG.N_dBm ,... % el. signal power, el. noise power
SNR_dB ,... % el. SNR
SIG.Gopt_dB, SIG.Popt_dBm} % opt. gain, opt. power

Listing 4.1: Matlab R© source code for calculating the electrical link budget.

PA-1, coupled to a 23 dBi transmit antenna AN-1 and wirelessly transmitted
over a span of 50 m. For the wireless transmission, the calculated values are
given in terms of an equivalent isotropic radiated power (EIRP) to incorporate
the gain of transmitter and receiver antenna while considering the propagation
loss in the wireless channel. The noise figure of an antenna is calculated by

NFantenna = 10 log10

(
Ta

T0
+ 1

)
. (4.4)

For calculating the link budget the critical component where the signal is
attenuated most is during reception by the receiver antenna where an antenna
noise temperature of 290 K can be assumed regarding applied frequency
and antenna directivity [188]. This would correspond to a noise figure of
3.01 dB. However, for a consistent description, i.e. by allowing the utilization
of the previously mentioned m-function in Lis. 4.1, an effective noise figure
is modeled while considering the antenna gain. Thus, (4.4) is modified to
10 log10

(
Ta/T0Gel,lin + 1

)
to calculate the noise power with (4.2). For the

wireless propagation an ideal rainless scenario under free-space path loss
conditions is assumed while neglecting the atmospheric attenuation due to its
insignificance for this transmission span. The path loss of ≈ 102 dB attenuates
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4 Simulation environment

the signal close to thermal noise floor and the SNR is reduced to a value of
39.44 dB after reception. Finally, the signal is down-converted by MIX and
amplified by LNA-2 with a remaining SNR of 29.67.

Table 4.1: Example link budget table for wireless 1.25 Gb/s transmission at 60 GHz, followed
by down-conversion and amplification.

ID Comment Gel NFel Pel Nel SNRel

(dB) (dB) (dBm) (dBm) (dB)

TX 1 GbE @ 60 GHz - - −26.00 −76.00 50.00
PA-1 39.00 5.00 13.00 −35.44 48.44
AN-1 EIRP 23.00 - 36.00 −12.44 48.44
FSPL 50 m EIRP −101.98 - −65.98 −114.43 48.44
AN-2 23.00 0.0217 −42.98 −82.42 39.44
MIX −7.50 7.50 −50.48 −82.89 32.41
LNA-2 35.50 2.80 −14.98 −44.65 29.67

For the optical link, the calculation of optical signal power is performed
analogous to the electrical power

Popt,out,dB = Popt,in,dB + Gopt,dB, (4.5)

where Gopt is the optical gain and Popt,in and Popt,out are the optical signal input
and output power levels, respectively. Assuming quadratic detection of the
photodetector, the relationship between electrical gain Gel and optical gain
Gopt can be written as

Gel,dB = 2Gopt,dB. (4.6)

The implementation of optical noise sources and their influence on signal
quality is different and more challenging, as most of the components are typi-
cally not deployed with a noise figure and the generated noise is furthermore
strongly dependent upon the operating point. The corresponding optical noise
contributions deduced in 3 are calculated and superimposed while assuming
statistical independence [142].

A sample link budget for an optical link is shown in Tab. 4.2, assuming a
1 GbE electrical signal which is e/o-converted using a Mach-Zehnder modu-
lator (MZM-2), fiber-optically transmitted, amplified with an erbium-doped
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4.1 Component description and implementation

fiber amplifier (EDFA-2) and o/e-converted by a photodetector (PD). Opti-
cal noise sources are considered after o/e-conversion. Values of 1562 nm,
200 GHz and 1.25 GHz are supposed for optical wavelength, noise-equivalent
optical bandwidth and noise-equivalent electrical bandwidth, respectively.
Besides thermal noise, further noise contributions originating from photode-

Table 4.2: Example link budget table for fiber-optic 1.25 Gb/s transmission with an additional
EDFA.

ID Comment Gel NFel Pel Nel SNRel Gopt Popt

(dB) (dB) (dBm) (dBm) (dB) (dB) (dBm)

ECL - - - - - - 3.00
TX 1 GbE - - 10.00 −40.00 50.00 - -
MZM-2 ηEO,RF = 0.0054 −43.01 - −33.01 −83.01 50.00 −5.80 −2.80
EDFA-2 25.60 - −7.41 −57.41 50.00 12.80 10.00
PD ηOE,RF = 0.29 −13.20 - −20.62 −70.62 50.00 - -
>Nel,shot −71.9 dBm - 11.40 −20.62 −68.22 47.60 (3.26)
>Nel,rin −56.9 dBm - 26.08 −20.62 −56.63 36.01 (3.28)
>Nel,ase−shot −110.7 dBm - 0.0073 −20.62 −56.63 36.01 (3.32)
>Nel,ase−ase −102.6 dBm - 0.048 −20.62 −56.63 36.01 (3.30)
>Nel,sig−ase −60.7 dBm - 22.29 −20.62 −55.20 34.59 (3.31)

tector, laser source and optical amplifier are considered. These are shot
noise Nel,shot, the laser intensity noise Nel,rin as well as Nel,ase−shot, Nel,ase−ase
and Nel,sig−ase from the EDFA. The calculated noise figures of the optical
sources are related to the total thermal noise power with a noise bandwidth of
1.25 GHz, identical to electrical components. In general, the SNR is reduced
from 50 to 34.59 dB in this sample scenario after fiber-optical transmission
and back-conversion. Largest noise contributor is the RIN noise, followed by
signal-ASE noise as well as shot noise.

The source code for calculating the generated shot noise during o/e-conver-
sion is shown in Lis. 4.2 as an example. Calculation of the shot noise is
accomplished by considering various parameters like signal bandwidth or
generated photocurrent and written to a link budget table for visualization.
The optical link budget is calculated similar to Lis. 4.1 with an additional
parameter for the optical gain.
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function [SIG,OSS,Budget] = O_Noise_Shot(GlobalV,SIG,OSS,varargin)
Name=’>Shot’;
% General parameters
e=1.60e-19;kb=1.38e-23;T0=GlobalV.T0;B=GlobalV.B;

% Parameters from PD
Zout=OSS.OEConv_Zout;
nOEdc=OSS.OEConv_nOEdc;
PPDin=dBm2W(OSS.OEConv_Pin_dBm);

% Update of parameters given in function call
if nargin~=0

for ii=1:2:length(varargin)-1;
eval([varargin{ii},’=varargin{’,num2str(ii+1),’};’]);

end
end

% Calculate shot noise
Ns = 2*e*B*(PPDin*nOEdc)*Zout;
Comment = [’Ns=’,num2str(W2dBm(Ns),’%2.1f’),’dBm ’];

% Calculate NF
Nin = kb*T0*B; % thermal noise
NF = (Ns+Nin)/Nin; % lin NF
NF_dB = plin2dB(NF); % log NF

% Output
[Budget,SIG] = ESysBudget(GlobalV,SIG,Name,Comment,G_dB,NF_dB);

Listing 4.2: Matlab R© source code for calculating the shot noise generated by the
photodetector.

4.2 Applied test signal and error statistics

This section describes the applied modulation scheme non-return to zero on-
off-keying (NRZ-OOK). Parameters of interest are the error statistics while
considering coherent and incoherent detection and the consumed bandwidth
at a given data rate. For the case of a transmitted 1-bit, the signal exhibits
an amplitude of A and correspondingly an amplitude of −A for the case of a
transmitted 0-bit. Considering a duty cycle of 50 %, each bit exhibits a unique
time slot with a duration of TB, denoted as bit period.

For the experiments, a pseudo-random bit sequence is applied which means
that all possible bit transitions appear randomly distributed. The term pseudo
indicates that the signal is not really a random signal, but repeated after a data
word with n transitions. However, the applied PRBS word length of 231−1 in
conjunction with the employed signal bandwidths allows an extremely even
channel utilization. While considering autocorrelation and Fourier transform
of an ideal rectangular signal with an infinite small rise and fall time, the
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4.2 Applied test signal and error statistics

power spectral density of an NRZ-PRBS signal is given by [189, 190]

PSDNRZ = A2TB si2
(
ωTB

2

)
, (4.7)

where si(x) = sin(x)/x. As the rectangular pulses are assumed to be ideal,
i.e. with a rise and fall-time of zero, the PSD is infinitely broad. The normal-
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Figure 4.1: (a) Double sideband PSD of a random NRZ signal linearly scaled. (b) Log-
arithmically scaled single sideband PSD of a random NRZ-signal, compared
with a measured 1.25 Gb/s PRBS signal. The PRBS transmit eyes for 1.25 Gb/s
and 10.3125 Gb/s are shown in (c) and (d) with further indicated eye masks as
defined in [82].

ized PSD of a random NRZ-signal is shown in Fig. 4.1a, indicating that most
of the signal energy is located within the lower-frequency part of the signal.
At a ratio of 0.75 times the data rate, already 93.6 % of the signal energy is
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integrated. For channel quality analysis a pseudo-random binary sequence
with a word length of 231−1 was chosen for all the experiments. Fig. 4.1b
shows the logarithmic-scaled spectrum of an ideal NRZ-PRBS signal, and
a measured signal for a word length of 231−1 at 1.25 Gb/s normalized to
the approximation, i.e. 1 corresponds to 1.25 GHz. It can be seen that the
real measured signal is not fully congruent with the theoretical spectrum as
rise and fall times are not infinitely small. However, the fact that most of
the energy is located within the lower-frequency part becomes evident. The
1.25 Gb/s and 10.3125 Gb/s transmit eyes of the applied test signal are shown
in Fig. 4.1c and Fig. 4.1d. Minimum required eye openings for 1 and 10 GbE
as defined by the IEEE are further indicated in the figure [82]. Based upon
knowledge on modulation scheme and detection technique, the error statistics
of a pseudo-randomly distributed signal can be calculated. As discussed in
3.7, both coherent and incoherent detection are used in this work. Detection
of a signal is in general processed in two steps. Firstly, the received signal
at the sampling point, typically in the middle of a bit period TB, has to be
reduced to a numerical value. Secondly, this value has to be compared with a
reference signal to decide which original signal was received, typically using
a sensitive comparator. If the received signal is higher than the reference
voltage, a 1-state is interpreted and vice-versa for a received signal lower
than the reference voltage a 0-state. For the case of coherent detection while
supposing predominantly Gaussian noise sources, the 0-state and the 1-state
are Gaussian-distributed as well. As the antiderivative cannot be described in
a closed form for the density function of 0- and 1-state, the Gaussian error
function is applied, which is given by

erf(z) =
2
√
π

∫ z

0
e−u2

du. (4.8)

Probability calculation of a wrong decision can be realized with the comple-
mentary error function

erfc(z) = 1 − erf(z). (4.9)

With (4.9), the bit error rate for the case of coherent detection is expressed
as [190]

BERcoherent =
1
2

erfc(z)
√ EB

2N0

 , (4.10)
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where EB is the energy per bit and N0 the noise power spectral density; thus
the term EB/N0 denotes a normalized signal-to-noise ratio. In contrary, for
the case of incoherent detection, both signal states are no longer Gaussian-
distributed but exhibit a Rician distribution for the 1-state and a Rayleigh
distribution for the 0-state. The error statistics is here described as [191]

BERincoherent =
1
2

exp
(
−

1
2

EB

N0

)
. (4.11)

In the simulation, the SNR is deduced by the fraction of signal power Pel and
noise power Nel as described in (4.3). The energy per bit EB is calculated
by signal power divided by the bit rate, i.e. Pel/Rbit, whereas the bit rate
is described by the spectral efficiency b multiplied with the bandwidth Bel,
i.e. Rbit = Bel b. The noise power spectral density is calculated by the fraction
of total noise power Nel divided by the bandwidth Bel. Thus, the relationship
between SNR and EB/N0 is given by [192]

EB

N0
=

SNRel

b
, (4.12)

where the single-sided spectral efficiency at the detector in the case of an
NRZ-OOK signal is 1 b/s/Hz. Using the relationship between BER and
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Figure 4.2: BER curves for coherent and incoherent detection schemes.

SNR in (4.12) for coherent and incoherent detection, the BER is deduced
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from the calculated SNR. The theoretical BER is further compared with the
experimentally achieved BER values during system characterization. Both
cases are plotted in Fig. 4.2, requiring an SNR of 15.55 dB to achieve a
BER of 10−9 for coherent detection and 16.03 dB for incoherent detection,
respectively. Thus, an SNR penalty of about 0.48 dB has to be taken into
account while applying incoherent detection. Supposing besides thermal noise
an ideal, noiseless NRZ-modulated 10 Gb/s signal, the noise power would
exhibit a value of approximately −74 dBm for a noise bandwidth of 10 GHz.
In this case, the required signal powers to achieve a BER of 10−9 would be
approximately −58.5 and −58 dBm for coherent and incoherent detection,
respectively. The majority of lightwave communication systems specify a
BER of below than 10−9 or 10−12 for operation, some of them even less than
10−15. However, it is often not possible to achieve such low error rates at the
receiver due to system design or economical reasons. In this case, forward
error correction codes are applied to reduce the raw BER to the required level,
like e.g. implemented to commercial 10 GbE transceivers [143].
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Experimental RoF system based

upon external modulation and
coherent detection

This chapter discusses a 60 GHz RoF system based upon the system
description in 3 by further utilizing the system link budget model detailed
in 4. Major aim of this system is to demonstrate wireless and fiber-optic
transmission for point-to-point connections supporting 10 GbE-compatible
data rates. The applied subsystems are

• 60 GHz DSB-CS carrier generation based upon external modulation,

• broadband NRZ data modulation using an external modulator,

• conversion and wireless transmission using an RoF transmitter,

• a wireless receiver using coherent detection.

The structure of the system is discussed in 5.1, followed by the achieved
experimental results in 5.2. Simulations on the system link budget contrasted
with experimental results are carried out in 5.3. The system’s potential for
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extending the wireless range by further utilizing the developed model is
discussed in 5.4, followed by a conclusion in 5.5.

5.1 System setup

The configuration of the developed system is shown in Fig. 5.1. For optical
mm-wave carrier generation, light from an external cavity laser source at a
wavelength of λ0 = 1562.25 nm is coupled to an EDFA for optical amplifi-
cation up to a value of 17 dBm to increase the modulation efficiency of the
following Mach-Zehnder modulator MZM-1. A polarization controller is im-
plemented to properly adjust the polarization state of the light incident to the
modulator, thus minimizing the polarization dependent losses. DC-Bias is set
to minimum transmission point MITP with respect to f0 for achieving carrier
suppression. A 30 GHz RF signal with a modulation power of 14.6 dBm is
applied to create the two optical sidebands with a total frequency difference
of fLO = 60 GHz. Under these conditions the optical carrier suppression is
sufficiently high and exhibits a value of about 25 dB.

The 60 GHz photonic millimeter-wave carrier is further modulated at MZM-2
with NRZ-OOK data. A second polarization controller (PC-2) is implemented
to adjust the polarization state of the incident light to the modulator. The
NRZ-OOK data signal is generated by a pulse pattern generator (PPG) with a
maximum output voltage of 2 Vpp delivering a PRBS with a word length of
231−1. DC-Bias of the modulator is set to the quadrature point. In conjunction
with the applied maximum power of the modulating signal, a quasi-linear
modulation is achieved with low signal distortion.

The data modulated mm-wave signal is amplified by an erbium amplifier
(EDFA-2) to compensate the modulation losses of MZM-1 and MZM-2. The
following optical band-pass filter is applied within the system to limit the
cumulated amount of ASE noise as well as to remove harmonics during
photonic millimeter-wave generation which would otherwise generate un-
wanted beat notes at the photodetector. The optical attenuator is used for
controlling the o/e-converted signal after photodetection and thus the later
received power within the wireless receiver to allow BER characterization.
For a comparability of the experimental results EDFA-2 is always operated
at 15.5 dBm optical output power, and the required signal power is adjusted
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with the optical attenuator. After fiber-optic transmission to the wireless RoF
transmitter via a standard single mode fiber (SMF-28) the optical mm-wave
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Figure 5.1: System setup showing the photonic 60 GHz carrier generator with subsequent
broadband data modulation using external modulators, the photonic transmitter
and the wireless receiver.

signal is o/e-converted by a broadband photodetector. Further on, the electri-
cal signal is amplified by PA-1 which delivers a maximum RF output power
of ≈ 10 dBm at 1 dB compression, coupled to a 23 dBi horn antenna and
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transmitted. Signal detection is performed in the coherent wireless receiver.
After reception by an identical 23 dBi gain horn antenna and amplification by
a low-noise amplifier (LNA-1) the signal is down-converted to baseband. A
60 GHz RF source (LO-2) is amplified by PA-2 to a power level of 16 dBm
and applied to the mixer’s LO input. Phase locking between the received
RF signal and the LO signal is achieved by utilizing a locking functionality
of LO-1 and LO-2 described in 3.7. A phase shifter (PS) is implemented
to minimize the phase difference between RF- and LO-signal. After down-
conversion to baseband and amplification with LNA-2, error-detection (ERD)
can be performed to evaluate the system properties.

5.2 Experimental results

This section describes the achieved experimental results for photonic-wireless
data transmission of up to 12.5 Gb/s. Indoor measurements within a laboratory
environment have been performed, setting fiber-optic transmission span and
wireless path length to 50 and 2.5 m, respectively. BER characterizations
have been carried out without and with RF transmit amplifier PA-1. In the
first case, the system’s suitability for in-house communication scenarios was
studied, the required wireless path lengths being within a range of about
5–10 m. The second case with included transmit amplifier allows to bridge
increased wireless path lengths, corresponding experimental results act as a
base for the outdoor experiments performed afterwards. Further on, indoor
measurements were carried out to evaluate the fiber-optic transmission span
the system can accommodate at a 10 GbE compatible data rate, concluding
with a characterization of the system linearity. This is followed by outdoor
measurements with a constant fiber-optic transmission length of 50 m and
wireless path lengths of 25 and 50 m, performed with data rates of up to
12.5 Gb/s.

5.2.1 Indoor – 2.5 m wireless transmission length

Indoor experiments within a laboratory environment have been accomplished
where the wireless transmitter and receiver were placed at a height of 120 cm
over ground and separated to a distance of 2.5 m to get a reference measure-
ment for further characterizations. The wireless span in conjunction with a
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Figure 5.2: Photograph of the system showing photonic mm-wave generation with subse-
quent data modulation and the wireless receiver. The wireless RoF transmitter is
further shown in the inset.
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high antenna directivity of 23 dBi ensured a minimum of multi-path propa-
gation for this reference measurement which would otherwise have affected
the measurement results. A photograph of the measurement setup is shown
in Fig. 5.2, comprising photonic mm-wave generation with subsequent data
modulation, the wireless transmitter and the wireless receiver. Measurement
devices like a sampling oscilloscope or an optical spectrum analyzer are
further observable in the photograph.

BER characterizations at different data rates have been carried out, i.e. from
1.25 Gb/s compatible to 1 GbE up to 10.3125 and 12.5 Gb/s for 10 GbE. In a
first case, the system was operated without transmit amplifier and thus with
reduced maximum transmit power, aiming for communication over very short
distances like e.g. within an open-plan office. For the second case, PA-1 was
implemented in the wireless RoF transmitter for an increased output power
and therefore higher wireless transmission distances. The corresponding BER
curves are shown in Fig. 5.3. For the case of no transmit amplifier shown
in Fig. 5.3a, the sensitivities for 1.25, 2.5, 5.0, 7.5, 10.3125 and 12.5 Gb/s
are −56.7, −56.5, −56.4, −55.7, −51.1 and −43.4 dBm, respectively. No
error-floor can be observed for a BER down to 10−9. The BER curves for an
operation of up to 5 Gb/s are nearly congruent. This is based upon the fact
that the receiver noise bandwidth (i.e. the ERD) remained the same for all data
rates during characterization and no additional filter has been applied here
between LNA-2 and ERD. Higher data rates of 7.5, 10.3125 and 12.5 Gb/s
cause power penalties of 1.2, 5.3 and 13.0 dB related to the sensitivity for
5 Gb/s-operation. This is partially attributed to the bandwidth insufficiency
of the RX amplifier LNA-1, among other components like the mixer MIX
(see 3.7). The corresponding frequency response was introduced in Fig. 3.25,
indicating an approximate operational frequency range of 52–68 GHz, i.e. a
bandwidth of about 16 GHz which is insufficient for 10.3125 and 12.5 Gb/s
DSB operation.

This is even more given for the case with TX amplifier exhibiting an oper-
ational frequency range of approximately 55–68 GHz (see Fig. 3.18). As
shown in Fig. 5.3b, the sensitivities of up to 10.3125 Gb/s are −49.6, −49.6,
−48.8, −48.5 and −44.0 dBm, respectively. The BER curve for 12.5 Gb/s-
operation shows an error floor at a BER of about 10−7, giving a best value
of 3.4 · 10−7. The 10.3125 Gb/s curve tends to an error floor of below 10−9.
Comparing the results in Fig. 5.3b with Fig. 5.3a, the overall sensitivities
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Figure 5.3: Indoor BER measurements for a wireless path length of 2.5 m and a fiber-optic
transmission span of 50 m at various data rates.

are considerably decreased by a value of about 6 dB while applying the TX
amplifier within the system. To compensate the amplifier’s gain of 39 dB,
the optical input power to the photodetector was reduced accordingly by the
optical attenuator. As a consequence, the signal power after photodetection
is very close to the noise floor. Considering the low electrical input power
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5 Experimental RoF system – external modulation and coherent detection

to PA-1 and its noise contribution as well (NFel =5 dB, see 3.4), the SNR is
severely reduced after amplification, which consequently limits the system
sensitivity. This is further discussed in the next section where the experimen-
tal characterization is compared with the simulated system. The error-floors

(a) 1.25 Gb/s, without TX amplifier,
100 mV/div, 200 ps/div

(b) 1.25 Gb/s, with TX amplifier,
100 mV/div, 200 ps/div

(c) 10.3125 Gb/s, without TX amplifier,
100 mV/div, 15.5 ps/div

(d) 10.3125 Gb/s, with TX amplifier,
100 mV/div, 20.0 ps/div

Figure 5.4: Eye diagrams measured at a received power of ≈ −45 dBm for 1.25 and
10.3125 Gb/s photonic-wireless transmission.

for 10.3125 and 12.5 Gb/s-operation on the other side are mainly attributed to
the combined bandwidth insufficiency of both RF amplifiers on the TX side,
as well as on the RX side. To give a qualitative evaluation of this behavior, eye
diagram measurements have been performed shown in Fig. 5.4. Here, 1.25
and 10.3125 Gb/s eyes are confronted for both cases. Apparently, the noise
amplitudes for the 1- and the 0-state are clearly higher with additional ampli-
fier and exhibit roughly a doubled value, which corresponds to an increase in
noise power of 6 dB. The bandwidth insufficiency is further observable from
the eye diagram. For the 10.3125 Gb/s eye, the 10 to 90 % rise and fall time
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is significantly increased. The corresponding values without amplifier are
approximately 56 and 59 ps, respectively. With amplifier, rise and fall time
exhibit values of approximately 68 and 69 ps.

A further point of interest is the remaining power budget for each BER curve,
and the question which maximum indoor path length could be realized to
meet a BER value of below 10−9. To calculate this, the free-space path loss
model was utilized as discussed in 3.6, giving a sufficient approximation
for LOS indoor propagation over small distances. Atmospheric gaseous and
rain attenuation are neglected due to their insignificance. As can be seen

Table 5.1: Maximum possible indoor path lengths considering the remaining power budget
to achieve a BER of 10−9.

Data rate Remaining power budget Estimated indoor range
(Gb/s) (dB) (m)

1.25 12.7 10.8
2.5 12.5 10.6
5.0 12.3 10.3
7.5 10.0 7.9

10.3125 7.8 6.1
12.5 1.5 3.0

from Tab. 5.1, wireless path lengths of more than 10 m can be predicted for
data rates of up to 5 Gb/s while distance is reduced to 3.0 m for 12.5 Gb/s
data transmission. These results do not take multi-path propagation into
account, which is a limiting factor for broadband wireless communication,
especially applicable within indoor environments due to many reflective
objects and obstacles. However, former experiments performed within a
corridor of the department with a similar setup and 20 dBi antennas instead of
23 dBi antennas have revealed a possible wireless path length of about 8 m at
12.5 Gb/s and 13 m at 7.5 Gb/s for a BER of 10−4 while higher path lengths
resulted in severe effects of multi-path propagation [O13].

A further measurement was carried out to determine the maximum fiber-optic
transmission length the system can accommodate. BER characterizations
have been accomplished at a data rate of 10.3125 Gb/s while altering the fiber
length between data modulator and wireless RoF transmitter of up to 6 km.
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Figure 5.5: BER measurements at 2.5 m wireless path length, a data rate of 10.3125 Gb/s
and various fiber-optic transmission lengths are shown in (a). Corresponding eye
diagram characterizations after 1000 and 6000 m fiber-optic transmission are
given in (b) and (c), measured at a received power of ≈ −45 dBm.

This is shown in Fig. 5.5a, confronting the BER versus optical input power.
As can be seen, error-free operation was achieved applying fiber lengths of
1000 and 2000 m, respectively. 4000 and 6000 m fiber length resulted in error
floors with approximate BER levels of 10−8 and 10−7, respectively. Related
to 1000 m fiber-optic transmission, the power penalties for 2000, 4000 and
6000 m fiber length are 0.6, 1.0 and 1.3 dB at a BER level of 10−4, respectively.
This corresponds to electrical power penalties of 1.2, 2.0 and 2.6 dB. Eye
diagram measurements after 1000 and 6000 m are shown in Fig. 5.5b and
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5.2 Experimental results

Fig. 5.5c. Apparently, the eye opening is significantly reduced after 6000 m
fiber-optic transmission due to chromatic dispersion effects.

A further measurement was carried out to evaluate the system linearity, i.e. re-
ceived signal versus transmitted signal amplitude, which is shown in Fig. 5.6.
This is of interest when applying higher-level amplitude modulation schemes
like 5-ASK which is e.g. applied for the case of 1 GbE [82]. For the mea-
surement, a data rate of 1.25 Gb/s was utilized, and the transmit amplitude
was varied within 0.25 and 2 Vpp. As can be seen, the system exhibits a
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Figure 5.6: System linearity measurement showing the amplitude of the received signal
versus transmit signal amplitude.

quasi-linear behavior for TX amplitudes of up to ≈ 1000 mV. The measured
values for 1 and 3 dB power compression P1dB and P3dB are 980 and 1760 mV,
respectively. As a conclusion, the signal power would have to be reduced
accordingly with rising number of amplitude states.

5.2.2 Outdoor – 25 and 50 m wireless transmission length

Outdoor measurements have been performed at the university campus in front
of the department. The system remained unaltered as shown in Fig. 5.1, also
the operation conditions remained the same, and wireless RoF transmitter
and wireless receiver were placed at a height of 120 cm above ground. The
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5 Experimental RoF system – external modulation and coherent detection

Figure 5.7: Photograph of the outdoor measurement with an applied wireless path length of
25 m. The wireless receiver is further shown in the inset.
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Figure 5.8: Outdoor BER measurements for a fiber-optic transmission span of 50 m at various
data rates. The indicated point in (b) will be further discussed in Tab. 5.2.

transmit power of the link was controlled by the OA. Different from the
indoor experiments is an increased optical input power to the photodetector
and thus an increased transmit power at the antenna to counter the larger path
loss. Experiments have been carried out with data rates of up to 12.5 Gb/s
for wireless path lengths of 25 and 50 m. The maximum wireless path
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5 Experimental RoF system – external modulation and coherent detection

length was limited by surrounding buildings and obstacles. The measurement
environment for 25 m wireless path length is shown in Fig. 5.7. Optical signal
generation and the wireless receiver were positioned at the main entrance
of the department, and the wireless RoF transmitter was separated to a path
length of 25 m.

BER characterizations have been accomplished for 25 and 50 m for data rates
of 1.25 Gb/s up to 12.5 Gb/s, which is shown in Fig. 5.8. The measured
sensitivities to achieve a BER of 10−9 after 25 m for 1.25, 2.5, 5.0, 7.5 and
10.3125 Gb/s are −56.9, −54.2, −54.6, −53.8 and −48.4 dBm, respectively.
The BER curve for 12.5 Gb/s shows an error floor of about 10−6, the lowest
BER measured here was 1.3 ·10−6. For 50 m wireless path length, sensitivities
of −57.1, −56.0, −56.1 and −50.9 dBm have been achieved with data rates of
1.25, 2.5, 5.0 and 7.5 Gb/s, respectively. The error-floor for 7.5 Gb/s is clearly
observable. For 10.3125 and 12.5 Gb/s-operation, the best bit error rates are
4.3 · 10−7 and 1.3 · 10−3, respectively.

In comparison, BER characterization results for data rates of up to 5 Gb/s
are in good agreement with 25 and 50 m of wireless transmission. However,
the difference in sensitivity may be caused by slightly misaligned antennas or
a fractionally different system operation point during characterization. For

(a) 100 mV/div, 20.0 ps/div (b) 100 mV/div, 20.0 ps/div

Figure 5.9: 10.3125 Gb/s eye diagrams measured at a received power of ≈ −45 dBm, (a)
after 25 m and (b) after 50 m of wireless transmission.

higher data rates of 7.5 Gb/s and above with 50 m of wireless transmission
distance, the BER curves exhibit considerable variations. Possible reasons for
this mismatch may be multipath propagation effects due to reflective surfaces
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5.3 Link budget simulation

surrounding the measurement setup and an incipient power saturation of a
component within the setup. A positioning test of the wireless transmitter
has been carried out at a wireless path length of 50 m while repositioning
the wireless transmitter in 25 cm transversal steps. While realigning the
transmitter antenna in each step to the receiver antenna and maintaining the
wireless path length, the quality of the received eye exhibited significant
fluctuations. The reduced received signal quality for 50 m compared to
25 m of wireless transmission is further exemplified in Fig. 5.9, showing eye
diagrams measured at a data rate of 10.3125 Gb/s. The eye opening for 50 m
of wireless transmission is apparently reduced.

5.3 Link budget simulation

The link budget of the system is calculated by considering each significant
electrical and optical component and implementing relevant noise contri-
butions as discussed in 3 and 4. Identical operation points are chosen both for
the simulation and the experimental system. In detail, the optical power was
controlled by an optical attenuator OA.

In the following, a link budget is simulated for 50 m of fiber-optic and 50 m of
wireless transmission at a data rate of 5 Gb/s which is shown in Tab. 5.10. The
corresponding experimental result is indicated in Fig. 5.8b. According to the
system setup given in Fig. 5.1, the photonic mm-wave generator is modeled by
ECL, EDFA-1 and MZM-1, delivering a carrier-suppressed photonic 60 GHz
signal with an optical power of 7.50 dBm to the input of MZM-2. The
applied operating point induces equivalent-electric losses of about −34 dB
to the signal. After amplification with EDFA-2 and attenuation with the
OA the signal is coupled to the photodetector, giving a further equivalent
electric loss of −13.2 dB while o/e-converting the signal. The optical losses
of 5 dB are induced by fibers, couplers and the insertion loss of the optical
attenuator as well. After photodetection the SNR is reduced from initially
72 dB to now 28.45 dB due to shot-, RIN- and ASE-noise contributions. After
amplification and wireless transmission the signal is received by AN-2. The
described electrical losses are caused by a WR15-to-V transition and flanged
waveguide lengths as well. After 50 m of wireless propagation the signal
is attenuated close to noise floor and the noise contributions generated in
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5 Experimental RoF system – external modulation and coherent detection

Table 5.2: Link budget table for 5 Gb/s photonic-wireless transmission.

ID Comment Gel NFel Pel Nel SNRel Gopt Popt

(dB) (dB) (dBm) (dBm) (dB) (dB) (dBm)

ECL - - - - - - 03.00
EDFA-1 - - - - - 14.00 17.00
MZM-1 ηEO,RF = 0.011 - - - - - −9.50 7.50
PPG 5.0 Gb/s - - 10.00 −62.00 72.00 - -
MZM-2 ηEO,RF = 0.015 −34.01 - −24.01 −96.01 72.00 −5.80 1.70
EDFA-2 27.60 - 3.59 −68.41 72.00 13.80 15.50
(opt. losses) −10.00 10.00 −6.41 −74.89 68.48 −5.00 10.50
OA −18.00 18.00 −24.41 −76.95 52.53 −9.00 1.50
PD ηOE,RF = 0.29 −13.20 - −37.62 −90.15 52.53 - -
Nel,shot −74.4 dBm - 4.48 −37.62 −74.30 36.69 - -
Nel,rin −67.9 dBm - 9.58 −37.62 −67.02 29.40 - -
Nel,sig−ase (1) −76.0 dBm - 3.52 −37.62 −66.50 28.89 - -
Nel,sig−ase (2) −76.2 dBm - 3.41 −37.62 −66.06 28.45 - -

PA-1 39.00 5.00 1.38 −26.36 27.75 - -
(el. losses) −2.50 2.50 −1.12 −28.86 27.75 - -
AN-1 EIRP 23.00 - 21.88 −5.86 27.75 - -
(50 m) EIRP −101.98 - −80.10 −107.85 27.75 - -

AN-2 23.00 0.02 −57.10 −76.33 19.23 - -
LNA-1 18.00 3.50 −39.10 −55.18 16.08 - -
MIX −7.50 7.50 −46.60 −62.55 15.95 - -
LNA-2 35.50 2.80 −11.10 −26.91 15.81 - -

simulated BER (using (4.10)) 3.3·10−10

measured BER (see Fig. 5.8b) 2.5·10−9

AN-2 and LNA-1 severely reduce the SNR. After down-conversion using
MIX and baseband amplification with LNA-2, the received signal exhibits
now a simulated SNR of 15.81 dB which corresponds (according to (4.10)) to
a BER of 3.3 · 10−10, assuming white noise sources with Gaussian distribution.
For the same operation point, the experimental BER exhibits a value of
2.5 · 10−9. Further, experimental and simulated BER curves at a data rate of
5 Gb/s are shown in Fig. 5.10, comparing the cases of 2.5, 25 and 50 m of
wireless transmission. As can be seen, both experimental result and simulation
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(a) 2.5 m of wireless transmission (see Fig. 5.3b)
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(b) 25 m of wireless transmission (see Fig. 5.8a)
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(c) 50 m of wireless transmission (see Fig. 5.8b)

Figure 5.10: Simulated vs. measured BER curves at 5 Gb/s.
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for 2.5 m of wireless transmission show a sensitivity reduction of ≈ 7 dB
compared to the characterization with 25 and 50 m of wireless transmission
span. The reason here is the extremely low signal input power to PA-1 due to
high levels of optical attenuation which is validated by the simulation results.
The congruence between simulation and characterization is best at 50 m of
wireless transmission span and decreases for wireless distances of 25 and
2.5 m. Further on, the simulated BER curves exhibit a better behavior and
tend to lower error levels than the measured ones.

It is difficult to identify the exact cause for this mismatch. Potential reasons
may be for instance a bandwidth insufficiency of a component at a specific
frequency generating persistent errors, or real noise figures slightly different
than the specified ones. Another potential reason is that the assumption of an
additive white Gaussian noise (AWGN) channel used for calculating the BER
from the SNR is not fully appropriate, as some noise sources exhibit other dis-
tributions. Finally, the simulation is scalar which does not comprise frequency
responses of the applied components. This makes especially the simulation
of the 10.3125 and 12.5 Gb/s-curve impractical. However, the developed
theoretical model exhibits a sufficient agreement with the experimental results
and allows a very good estimation of the system performance.

5.4 Range extension

With the experiments discussed above, wireless path lengths of up to 50 m
have been achieved due to spatial limitations of the university campus on
the one side and a limited power budget on the other side. Transmitter and
receiver placement at a height of 120 cm over ground with surrounding
buildings may lead to multipath propagation and thus to a distorted received
signal. However, the typical application scenario of such a link would be to
place transmitter and receiver on the roof of two opposing buildings to bridge
longer distances.

In this section, a thought experiment is discussed in which the wireless path
length could be increased by replacing the applied 23 dBi horn antennas
with high-gain antennas (e.g. Cassegrain or Gaussian optical lens antennas),
which are commercially available with gains of 50 dBi and more. Based
upon the experimental results, i.e. applying the measured receiver sensitivities
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5.4 Range extension

which are shown in Fig. 5.8, the power received by the wireless receiver
is calculated as a function of wireless path length. Besides 50 dBi instead
of 23 dBi gain antennas, as well as a transmit power of 10 dBm, the setup
is supposed to be unaltered. Considering the properties of the V-band as
deduced in 3.6, the spectral attenuation peaks at approximately 60 GHz but
remains comparatively flat below 55 and above 65 GHz. Further considering
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Figure 5.11: Wireless range estimation of the system for the case of 50 dBi instead of 23 dBi
antennas being applied. The measured sensitivities for a BER of 10−9 for data
rates of 1.25, 2.5 and 5.0 Gb/s deduced from Fig. 5.8 are further indicated.

for example an NRZ-modulated 10.3125 Gb/s signal with a carrier frequency
of 60 GHz, the spectral path loss after 1 km of wireless transmission would
differ by a value of about 19 dB, which is inapplicable. However, for the
case of a wireless 1 GbE (1.25 Gb/s) or an OC-48 signal (2.5 Gb/s) with
approximate double-side bandwidth consumptions of 2.5 and 5.0 GHz, a
wireless link extension to the km-range is feasible.

For the calculation of the wireless path loss at 60 GHz as described in 3.6,
peak gaseous attenuation Lgas of 16.2 dB/km and rain attenuations Lrain for
availability levels of 99, 99.99 and 99.999 %, as well as for fair weather con-
ditions (without rain attenuation) were considered. Within a continental-D1
climate region as discussed in Tab. 3.1, the corresponding rain amounts are
2.2 mm/h for 99 %, 37 mm/h for 99.99 % and 90 mm/h for 99.999 % availabil-
ity, leading to attenuation figures of 1.6, 13.7 and 27.0 dB/km, respectively.
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5 Experimental RoF system – external modulation and coherent detection

While further considering the measured receiver sensitivity for a given data
rate as shown in Fig. 5.8, the corresponding maximum wireless path length
can be derived. As can be seen from Fig. 5.11, maximum wireless path length
to achieve a BER of 10−9 for 1.25 Gb/s-operation is ≈ 2040 m supposing fair
weather conditions. While implementing rain attenuation, the achievable wire-

Table 5.3: Link budget table according to Tab. 5.2 assuming 50 dBi antennas and a transmit
power of 10 dBm.

ID Comment Gel NFel Pel Nel SNRel Gopt Popt

(dB) (dB) (dBm) (dBm) (dB) (dB) (dBm)

(unaltered photonic mm-wave generation / data modulation, see Tab. 5.2)
... ... ... ... ... ... ... ... ...
OA −6.88 6.88 −13.29 −76.47 63.17 −3.44 7.06
PD ηOE,RF = 0.29 −13.20 - −26.50 −89.67 63.17 - -
Nel,shot −68.9 dBm - 8.75 −26.50 −68.82 42.33 - -
Nel,rin −56.8 dBm - 20.23 −26.50 −56.53 30.04 - -
Nel,sig−ase (1) −64.9 dBm - 12.35 −26.50 −55.94 29.45 - -
Nel,sig−ase (2) −65.1 dBm - 12.16 −26.50 −55.45 28.95 - -

PA-1 39.00 5.00 12.50 −16.38 28.88 - -
(el. losses) −2.50 2.50 10.00 −18.88 28.88 - -
AN-1 EIRP 50.00 - 60.00 31.12 28.88 - -
(940 m) EIRP −127.47 - −67.46 −96.35 28.88 - -
(gas. att.) EIRP −15.23 - −82.69 −111.58 28.88 - -
(rain att.) EIRP −25.38 - −108.07 −136.96 28.88 - -

AN-2 50.00 4.3·10−5 −58.07 −76.57 18.50 - -
LNA-1 18.00 3.50 −40.07 −55.30 15.22 - -
MIX −7.50 7.50 −47.57 −62.66 15.09 - -
LNA-2 35.50 2.80 −12.07 −27.02 14.95 - -

simulated BER (using (4.10)) 1.1·10−8

less path lengths for 99, 99.99 and 99.999 % link availability can be predicted
to 1930, 1270 and 940 m, respectively. This scenario is simulated in the fol-
lowing using the link budget model and assuming carrier-class availability of
99.999 % with a predicted wireless path length of 940 m. Besides the antenna
gain modification to 50 dBi and a transmit power of 10 dBm, atmospheric
gaseous and rain attenuation have been implemented as well. The results are
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shown in Tab. 5.3, indicating a received SNR of 14.95 dB corresponding to a
BER of 1.1 · 10−8. This is in good agreement to the expected BER of 1 · 10−9

for 940 m wireless transmission where experimental sensitivities have been
utilized.

5.5 Comparison with the state-of-the-art and conclusion

The developed system using external modulation and coherent detection is
capable of transporting data signals of up to 12.5 Gb/s. This fully meets the
required gross data rates for 10 GbE. However, BERs of below 10−12 are
suggested in the corresponding standards [82]. To meet this requirement, error
correction may be performed at the receiver side, which is further described
in [82] and common for commercial 10 GbE fiber-optic transceivers. A
current limitation in the setup is the bandwidth of the applied mm-wave TX
and RX amplifiers reducing transmission quality for data rates of 7.5 Gb/s
and above.

The achieved wireless path length was as high as 50 m, limited by surrounding
buildings and the remaining power budget. Based upon the system description
in 3 and the developed simulation environment in 4 simulations on the system
have been performed and proven an adequate theoretical description. This
allows for instance a system designer to evaluate the system performance
and to identify critical components and subsystems depending from the RoF
system operating point. It was further shown that the wireless path length
could be extended to the km-range while applying antennas with higher
gain. Here, predictions based upon the experimentally determined receiver
sensitivity and on theoretical simulations using the model reported in 4 have
shown a very good agreement. According to these predictions, the maximum
wireless range for carrier class availability is 940 m for 1.25 Gb/s.

For achieving carrier-class availability at higher data rates, the spectral effi-
ciency needs to be increased, allowing the transmission of a 10 GbE signal
over distances within the km-range. Using a digital modulation scheme with
higher spectral efficiency would also result in a regulation-conform operation
regarding the allocated unlicensed bandwidth.
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Experiments have revealed that the maximum fiber-optic transmission span at
10.3125 Gb/s is as high as 6000 m, which would already be sufficient for many
applications. Longer transmission spans can be realized by compensative
methods like e.g. EDC or the usage of DCF.

In conclusion, 12.5 Gb/s data transmission via fiber and via a 60 GHz wireless
RF carrier has been demonstrated for the first time over technical relevant
distances in [O13]. This data transmission rate of 12.5 Gb/s has been achieved
by utilizing the concept of MZM cascading and applying DSB-CS modulation.
In addition, the fiber-optic transmission span was significantly extended if
compared to conventional DSB-systems as for instance reported in [101, 106].
Further, compared to systems utilizing SSB modulation (e.g. reported in [108])
or DSF (e.g. reported in [193]), the complexity of the system developed in
this thesis is significantly reduced. As regards the state-of-the-art, it should be
noted that systems with higher data rates have been reported in [128,135,136].
However, those RoF systems either operated at a lower RF carrier frequency
and much shorter wireless distances (e.g. at 24 GHz with a wireless path
length of only 6 m [128]) or did not achieve any wireless transmission at all
(e.g. in [135, 136]).
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6
Experimental RoF system based

upon external modulation and
incoherent detection

This chapter presents a RoF system based upon the system description in 3
and utilizing the system link budget model detailed in 4. Major aim of this
system is to demonstrate multi-Gb/s wireless and fiber-optic transmission
for point-to-point connections with reduced system complexity. The applied
subsystems are

• 55.4 GHz DSB-CS carrier generation based upon external modulation,

• broadband NRZ data modulation using an external modulator,

• conversion and wireless transmission using an RoF transmitter,

• a wireless receiver using incoherent detection.

The structure of the system will be discussed in 6.1, pointing out the dif-
ferences from a comparison with the previous system in 5. The achieved
experimental results will be discussed in 6.2. A simulation on the system will
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be presented in 6.3, utilizing the developed theoretical model. This will be
followed by a conclusion in 6.4.

6.1 System setup

The experimental system is shown in Fig. 6.1, exhibiting identical subsys-
tems for photonic millimeter-wave generation, data modulation and wireless
transmission as described in 5.1. The coherent wireless receiver is replaced
by an incoherent one. This is beneficial in terms of system complexity, as the
phase information is no longer required, thus a PLL can be avoided besides a
broadband mixer and the mm-wave LO source. After reception with a 23 dBi
horn antenna and amplification with a low-noise amplifier, the envelope of
the NRZ-OOK-modulated RF signal is detected with an envelope detector.
The recovered baseband signal is further amplified and applied to an error
detector for BER analysis. Besides the modified architecture for the wireless
receiver, the system remained the same. This applies as well for the operating
conditions for the photonic millimeter-wave generator, the data modulator
and the wireless RoF transmitter. However, the RF carrier frequency was
shifted from 60 GHz to 55.4 GHz for the experiments due to limitations of
the utilized envelope detector discussed in 3.7.

6.2 Experimental results

This section describes the achieved experimental results from transmitting
data rates of up to 5 Gb/s. This reduced data rate compared to the previous
system is based upon the limited bandwidth of the applied envelope detector.
The characterization starts with an indoor measurement, setting fiber-optic
transmission span and wireless path length to 50 and 2.5 m, respectively.
A further indoor measurement will be discussed, applying a wireless path
length of 2.5 m, a data rate of 1.25 Gb/s and various fiber-optic transmission
spans. The aim here was to experimentally evaluate the maximum fiber-optic
transmission span supported by the system at a 1 GbE compatible data rate.
This will be followed by outdoor measurements with a constant fiber length
of 50 m and wireless path lengths of 25 and 50 m.
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Figure 6.1: System setup showing the photonic 55.4 GHz carrier generator with subsequent
broadband data modulation, the photonic transmitter and the wireless receiver
using incoherent detection.

6.2.1 Indoor – 2.5 m wireless transmission length

Indoor characterizations within a laboratory environment have been accom-
plished where the wireless transmitter and receiver were placed at a height of
120 cm over ground and placed at a distance of 2.5 m. BER measurements
have been carried out which are shown in Fig. 6.2. The measured sensitivities
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6 Experimental RoF system – external modulation and incoherent detection

for 1.25 and 2.5 Gb/s are −52.8 and −48.9 dBm, respectively. This corre-
sponds to a power penalty of 3.9 dB for the 2.5 Gb/s curve. The BER curve
for 5 Gb/s shows an error floor of about 10−7.
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Figure 6.2: BER measurements applying 2.5 m of wireless and 50 m of fiber-optic transmis-
sion for various data rates.

Reasons for this reduced performance in terms of data rate are the applied
envelope detector with its bandwidth of ≈ 2.6 GHz shown in Fig. 3.26 and
the utilized RF carrier frequency of 55.4 GHz. Here, the RF amplifiers PA-1
and LNA-1 were operated at their band edges which is shown in Fig. 3.18 and
Fig. 3.25, respectively. Besides these points the system remained unaltered
compared to the previous setup in 5.

A further measurement has been carried out to determine the maximum fiber-
optic transmission length the system can accommodate. BER measurements
have been accomplished at a 1 GbE compatible data rate of 1.25 Gb/s while
altering the fiber length between data modulator and wireless RoF transmitter
up to 40.9 km which is shown in Fig. 6.3, confronting the BER versus optical
input power.

As can be seen, error-free operation is achieved applying fiber lengths of up
to 25.4 km. Referring to 50 m of fiber-optic transmission length, the optical
power penalties for 4.1, 10.7 and 25.4 km are 0.4, 0.6 and 1.9 dB, respectively.
The curve for 40.9 km shows an error floor of about 10−8.
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Figure 6.3: BER measurements at 2.5 m wireless path length and a data rate of 1.25 Gb/s for
various fiber-optic transmission spans.

6.2.2 Outdoor – 25 and 50 m wireless transmission length

Outdoor measurements have been performed at the university campus in front
of the department using an unaltered system. Also, the operation conditions
remained the same and wireless RoF transmitter and wireless receiver were
placed at a height of 120 cm above ground. As detailed above, the transmit
power of the link was controlled by the OA, the difference compared to the
indoor experiments is an increased optical input power and therefore increased
transmit power at the antenna to counter the larger path loss.

Experiments have been carried out with data rates of up to 5 Gb/s for wireless
path lengths of 25 and 50 m. Considering the results in Fig. 6.4a for 25 m
of wireless transmission, the sensitivities for 1.25 Gb/s and 2.5 Gb/s are
−54.5 and −49.5 dBm, respectively. An error-floor of below 10−9 can be
deduced from the figure. The BER curve for 5 Gb/s-transmission shows an
error-floor of ≈ 8 · 10−5. For 50 m of wireless transmission given in Fig. 6.4b
the sensitivity is −55.5 dBm for 1.25 Gb/s-operation while the BER-curve
for 2.5 Gb/s-transmission exhibits an approximate error-floor of 3 · 10−6. A
measurement of 5 Gb/s was not possible as the received signal quality was
too low. Comparing the BER curves at 1.25 Gb/s for 25 and 50 m of wireless
transmission shows a good congruence. Eye diagrams have been measured
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(a) 25 m of wireless transmission
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Figure 6.4: Outdoor BER measurements at various data rates for a fiber-optic transmission
length of 50 m. The indicated point in (b) will be further discussed in Tab. 6.1.

for a qualitative comparison which is shown in Fig. 6.5, exemplifying the
eyes for 25 and 50 m of wireless transmission for 2.5 and 5.0 Gb/s-operation.
For the case of 2.5 Gb/s shown in Fig. 6.5a and Fig. 6.5b, the eye for 50 m
of wireless transmission is severely degraded and the eye opening is barely
visible. For the case of 5.0 Gb/s-operation shown in Fig. 6.5c and Fig. 6.5d,
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6.3 Link budget simulation

(a) 2.5 Gb/s, 25 m, 100 mV/div,
100 ps/div

(b) 2.5 Gb/s, 50 m, 100 mV/div,
100 ps/div

(c) 5.0 Gb/s, 25 m, 100 mV/div,
50 ps/div

(d) 5.0 Gb/s, 50 m, 100 mV/div,
50 ps/div

Figure 6.5: 2.5 and 5 Gb/s eye diagrams measured at a received power of ≈ −45 dBm
applying 50 m fiber-optic transmission and a wireless span of 25 and 50 m,
respectively.

the eye for 25 m wireless transmission is already defective while the 50 m
eye is completely closed. This behavior is attributed to the performance of
the envelope detector and the RF carrier frequency in conjunction with the
bandwidths of PA-1 and LNA-1 as discussed in the previous section.

6.3 Link budget simulation

In analogy to 5.3 the link budget of the system is calculated by implementing
the relevant noise contributions deduced in 3 and 4. Like in the experimental
characterization the optical power in the simulation was adjusted by the
optical attenuator OA. A link budget has been simulated for 50 m fiber-optic
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6 Experimental RoF system – external modulation and incoherent detection

Table 6.1: Link budget table for 1.25 Gb/s photonic-wireless transmission.

ID Comment Gel NFel Pel Nel SNRel Gopt Popt

(dB) (dB) (dBm) (dBm) (dB) (dB) (dBm)

ECL - - - - - - 03.00
EDFA-1 - - - - - 14.00 17.00
MZM-1 ηEO,RF = 0.011 - - - - - −9.50 7.50
PPG 1.25 Gb/s - - 10.00 −62.00 72.00 - -
MZM-2 ηEO,RF = 0.015 −34.01 - −24.01 −96.01 72.00 −5.80 1.70
EDFA-2 27.60 - 3.59 −68.41 72.00 13.80 15.50
(opt. losses) −10.00 10.00 −6.41 −75.98 69.57 −5.00 10.50
OA −17.50 17.50 −23.91 −79.12 55.21 −8.75 1.75
PD ηOE,RF = 0.29 −13.20 - −37.12 −92.32 55.21 - -
Nel,shot −76.4 dBm - 4.64 −37.12 −76.27 39.16 - -
Nel,rin −69.6 dBm - 10.02 −37.12 −68.78 31.67 - -
Nel,sig−ase (1) −77.7 dBm - 3.81 −37.12 −68.26 31.15 - -
Nel,sig−ase (2) −77.9 dBm - 3.69 −37.12 −67.82 30.71 - -

PA-1 39.00 5.00 1.88 −28.18 30.07 - -
(el. losses) −2.50 2.50 −0.62 −30.68 30.07 - -
AN-1 EIRP 23.00 - 22.38 −7.68 30.07 - -
(50 m) EIRP −101.98 - −79.60 −109.67 30.07 - -

AN-2 23.00 0.02 −56.60 −78.49 21.89 - -
LNA-1 18.00 3.50 −38.60 −57.37 18.77 - -
ED −16.05 16.05 −54.65 −72.42 17.78 - -
LNA-2 35.50 2.80 −19.15 −36.17 17.02 - -

simulated BER (using (4.11)) 5.8·10−12

measured BER (see Fig. 6.4b) 4.6·10−9

and 50 m wireless transmission at a data rate of 1.25 Gb/s. The simulated link
budget table corresponds to the indicated measurement point in Fig. 6.4b.

According to the system setup shown in Fig. 6.1 the photonic mm-wave
generator is modeled by ECL, EDFA-1 and MZM-1, supporting an optical
60 GHz signal with suppressed carrier and with an optical power of 7.50 dBm
to the input of MZM-2. After data modulation with MZM-2, amplification
with EDFA-2 and attenuation with the OA the signal is coupled to the photode-
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6.3 Link budget simulation

tector for performing o/e-conversion. Considering shot-, RIN- and ASE-noise
contributions and the noise figure of PA-1 as well, the signal exhibits a SNR
of 30.07 dB before wireless transmission. The electrical losses of 2.5 dB are
induced by a WR15-to-V transition and by flanged waveguide lengths as well.
The wireless path of 50 m causes losses of about 102 dB and attenuates the
signal close to noise floor. After reception with AN-2 and amplification with
LNA-1 the signal is applied to the envelope detector ED. The responsivity
of ≈ 3000 mV/mW of the ED in conjunction with the input impedance of
LNA-2 of 50 Ohm causes a loss of ≈ −16 dB. Finally, the received signal
exhibits now a simulated SNR of 17.02 dB which corresponds (according to
(4.11)) to a BER of 5.8 · 10−12 assuming white noise sources with Gaussian
distribution. In the experimental characterization the BER exhibits a value of
4.6 · 10−9 at the same operation point.

Experimental and simulated BER curves are shown in Fig. 6.6, comparing the
cases of 2.5, 25 and 50 m of wireless transmission for a data rate of 1.25 Gb/s.
The course of the theoretical BER-curve for 2.5 m of wireless transmission
agrees well with the experimental results but exhibits a slightly decreased
BER performance. The simulated BER curves for 25 and 50 m of wireless
transmission exhibit a larger gradient than the experimental ones. In addition,
for the case of 25 m of wireless transmission, simulation and measurement
exhibit a power mismatch of about 2 dB. Like in the previous chapter, both
measured and simulated sensitivity for 2.5 m of wireless transmission is
considerably reduced, if compared to 25 and 50 m. This is attributed to the
low input power to PA-1 with its noise figure of 5 dB, as the reduced path
loss for 2.5 m of wireless transmission is equalized with an increased level of
optical attenuation, thus a reduced electrical input power to PA-1. No single
reason can be given to explain this mismatch, but an explanation would be
slightly improperly modeled components, like e.g. the responsivity of the ED
or the noise figures of the amplifiers. Another possibility would be that the
AWGN assumption used for calculating the BER from the SNR is not fully
appropriate due to some non-Gaussian distributed noise sources. In addition,
the simulation is purely scalar, which does not comprise the components’
frequency responses.

However, despite the above discussed issues, the developed theoretical model
shows a sufficiently good congruence with the experimental characteriza-
tion.
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(a) 2.5 m of wireless transmission (see Fig. 6.2)
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(b) 25 m of wireless transmission (see Fig. 6.4a)
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(c) 50 m of wireless transmission (see Fig. 6.4b)

Figure 6.6: Simulated vs. measured BER curves at 1.25 Gb/s.
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6.4 Comparison with the state-of-the-art and conclusion

This system is capable of transporting data signals of up to 5 Gb/s for the
case of 25 m of wireless transmission. Error-free operation has been demon-
strated for 1.25 and 2.5 Gb/s-transmission. Further on, data transmission of
up to 2.5 Gb/s has been achieved over 50 m of wireless span. For 1.25 Gb/s
transmission rate, error-free operation has been demonstrated. Here, a good
agreement between simulation and measurement and thus an adequate theo-
retical system description has been demonstrated. Furthermore, this allows
to identify components and subsystems with need for optimization and to
evaluate the system performance in advance.

Comparing this system with the previously discussed system in 5 shows that
the complexity is considerably reduced by applying incoherent detection
while fully supporting the required gross data rates for 1 GbE and OC-48
transmission.

Main limitations in this system with respect to achievable data rate are the
applied envelope detector with a video bandwidth of approximately 2.6 GHz
and the utilized carrier frequency of 55.4 GHz, as the RF amplifiers PA-1
and LNA-1 were operated at their band edges. An extension to transmit
a 10 GbE-compatible data rate could be achieved by replacing the applied
envelope detector by a detector with sufficient video bandwidth and operating
at around 60 GHz. Such detectors are commercially available and have been
applied for instance in the RoF system reported in [130]. The wireless range
is as well extendable when using antennas with higher gain.

Experiments have further revealed that the fiber-optic transmission span at
1.25 Gb/s is at least 40 km, which would support extended range 1 GbE [82].
Using electronic dispersion compensation or dispersion compensating fiber
would further increase the fiber-optic transmission span.

In conclusion, 5 Gb/s data transmission has been demonstrated via fiber
and wirelessly over 50 m applying incoherent detection allowing a more
complex system compared to coherent detection. As regards the state-of-
the-art, only two RoF systems have been published where technical relevant
wireless transmission spans have been realized with incoherent detectors
[127, 130]. The achieved wireless transmission spans of 300 and 800 m have
been achieved by utilizing high-gain antennas. However, it was already shown
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6 Experimental RoF system – external modulation and incoherent detection

in 5.4 that a wireless range extension to the km-range is feasible by replacing
the applied medium-gain antennas with high-gain antennas if considering
the achieved experimental sensitivities in this chapter. Other results utilizing
incoherent detection are for instance reported in [42, 124, 134]. However,
those systems only achieved wireless transmission over 3 m [124], 1.5 m [134]
or did not comprise any wireless transmission at all [42].
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7
Experimental RoF system based

upon an MLLD and incoherent
detection

The RoF system described in this chapter aims for a system with a minimum
of complexity for applications with low-cost requirements. In detail, the
system is foreseen to demonstrate uncompressed HDTV transmission. The
applied subsystems are

• 58.8 GHz photonic mm-wave generation based upon a passive MLLD,

• broadband NRZ data modulation using an external modulator,

• conversion and wireless transmission using an RoF transmitter,

• an incoherent wireless receiver architecture.

Compared to the approach discussed in 5, the coherent wireless receiver is
replaced by an incoherent one, allowing photonic-wireless transmission with
considerable reduced system complexity. When further compared to 6, the
photonic mm-wave generation is simplified by applying a mode-locked laser
diode in the system. In sum, a very compact system with low complexity
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7 Experimental RoF system – MLLD and incoherent detection

has been realized. The structure of the system and the experimental charac-
terization are presented in 7.1. This system was exhibited at a booth [194],
demonstrating uncompressed HDTV transmission, which is described in 7.2.
A conclusion on the system is given in 7.3.

7.1 System setup and characterization

The system setup is shown in Fig. 7.1. For photonic mm-wave generation the
MLLD is employed as described in 3.1. The optical mm-wave comb is further
modulated with NRZ-data of up to 5 Gb/s using a standard 10 Gb/s electro-
absorption modulator. To compensate the insertion loss of the EAM, but
also for the following BER analysis the data-modulated photonic mm-wave
signal is coupled to an optical amplifier (EDFA-2) which is followed by an
optical attenuator (OA) to control the optical input power to the photodetector
and thus the o/e-converted RF power. After signal conversion, the signal
is coupled to PA-1 and transmitted using AN-1. The wireless receiver is
identical to the receiver discussed in 6, consisting of a horn antenna AN-2, a
low noise amplifier LNA-1 to amplify the signal before envelope detection
and a Schottky detector ED to reconstruct the baseband data signal. For BER
analysis, the signal is amplified by LNA-2.

Outdoor measurements have been performed at a wireless path length of 25 m
and a fiber-optic transmission span of 50 m. BER characterizations for 1.25,
1.5, 3.0 and 5.0 Gb/s have been accomplished, as shown in Fig. 7.2a. The
data rates of 1.5 and 3 Gb/s correspond to the necessary data rates to transmit
an uncompressed HDTV signal, i.e. 1.485 Gb/s for 1080i and 2.97 Gb/s for
1080p.

The achieved experimental results give sensitivities of −46.4, −45.8 and
−44.9 dBm for 1.25, 1.5 and 3 Gb/s-operation, respectively. For the case of
5 Gb/s, the BER curve shows an error-floor of ≈ 5 · 10−7. Eye diagrams have
been measured for a qualitative evaluation of the transmission quality shown
in Fig. 7.2b to Fig. 7.2e. With rising data rate the eyes become more and
more distorted and the eye opening of the 5 Gb/s-eye is barely visible, which
is attributed to the limited video bandwidth of the applied envelope detector
ED.
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Figure 7.1: System setup showing the MLLD-based photonic 58.8 GHz carrier generator
with subsequent broadband data modulation, the photonic transmitter and the
wireless receiver using incoherent detection.

7.2 Realized demo system

Besides the development of advanced photonic components a further aim in
IPHOBAC was a system demonstration based upon components developed
within the project. In that regard, a demo was prepared and exhibited at
ICT2008 in Lyon [194]. The aim of the demo was to demonstrate uncom-
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Figure 7.2: Outdoor measurement after 50 m of fiber-optic and 25 m of wireless transmission.
(a) shows the BER characterization whereas eye diagram measurements are given
in (b) to (e). The received power was set here to ≈ −45 dBm.
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7.2 Realized demo system

pressed HDTV transmission which is shown schematically in Fig. 7.3, based
upon the system setup and the experimental results described before.

As an HDMI source, either a laptop with HDMI output or an HDTV camera
with HDMI output port was applied. Using a commercial HDMI to HD-SDI
converter, the data stream was converted to an NRZ signal and fed to the
RF input of the EAM. Although the experiments above have shown that the
transmission of a 1080p signal with a data rate of 2.97 Gb/s would be feasible,
the utilized converters were only capable of transforming a 1080i signal,
requiring a data rate of 1.485 Gb/s. After 50 m of fiber-optic transmission, the
signal was received by the wireless receiver, back-converted from HD-SDI to
HDMI and applied to an HDTV screen. The system setup was identical to

Photonic mm-wave
carrier generator

Wireless link

Photonic data
modulator

Fiber-optic link

NRZ-TX 1.485 Gb/s

1080i signal
(Laptop / camera)

HDMI/HD-SDI
converter

HD-SDI/HDMI
converterHDTV Wireless

receiver

NRZ-RX 1.485 Gb/s

Photonic 60 GHz
transmitter

Figure 7.3: Schematics of the realized demo setup for uncompressed 1080i HDTV transmis-
sion.

the experimental setup shown in Fig. 7.1 with the exception that the optical
amplifier EDFA-2 and the optical attenuator OA have been removed from
the system. This was done because the wireless path length in the demo was
limited to about 3 m due to environmental limitations at the booth.

Three demonstration modules have been constructed. Photonic mm-wave
generator and photonic data modulator have been packaged to one box with
connectors for modulation input, optical output, DC supply, as well as tem-
perature control for the MLLD as shown in Fig. 7.4a and Fig. 7.4b. The
wireless RoF transmitter and receiver with horn antennas and connectors for
DC supply, fiber input and data output are shown in Fig. 7.4c and Fig. 7.4d,
respectively. Fig. 7.4e shows the completed demo setup with MLLD and
data modulation unit, as well as the wireless transmitter. Here, a laptop is
delivering a 1080i video signal to the RoF system which is connected to an
HDTV screen after fiber-optic and wireless transmission. This system was
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(a) MLLD and modulation unit (b) MLLD and modulation unit

(c) wireless RoF transmitter (d) wireless receiver

(e) demo system with a laptop delivering a 1080i signal to the transmitter

Figure 7.4: Photographs of the demo system for uncompressed HDTV transmission.
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further presented at the ICT2008 in Lyon, France, and voted to one of the top
10 demonstrations among more than 200 exhibits [194].

7.3 Comparison with the state-of-the-art and conclusion

An RoF system for broadband photonic-wireless transmission of up to 5 Gb/s
was presented, operating at an RF carrier frequency of 58.8 GHz. An ex-
tremely compact setup with low complexity was achieved with the applied
MLLD in conjunction with the chosen incoherent receiver architecture and
the simple modulation scheme. Error-free transmission of 1.5 and 3 Gb/s has
been demonstrated, fully supporting the required data rates for uncompressed
1080i and 1080p HDTV. In addition, the setup was packaged to modules and
exhibited at the ICT2008 in Lyon, hereby demonstrating the live transmission
of an uncompressed HDTV signal.

Although applying a modulation scheme with low spectral efficiency, the
consumed bandwidth of approximately 6 GHz for uncompressed 1080p trans-
mission is lower than the specified unlicensed bandwidth around 60 GHz in
most countries and regions shown in Fig. 2.5. The mode-locking frequency
of 58.8 GHz is determined by the length of the active section and could be
easily adjusted to e.g. 60 GHz, allowing regulation compliant operation with
respect to the consumed bandwidth.

The achieved fiber-optic transmission length of 50 m and wireless path length
of 25 m are already sufficient for indoor applications. Larger wireless path
lengths could simply be achieved by applying antennas with higher gain,
whereas an increased fiber-optic transmission span can be realized by applying
an optical band-pass filter in the system. Hereby, the number of optical modes
which participate during beating would be reduced, thus resulting in reduced
chromatic dispersion power penalties. The limitation in terms of data rate is
induced by the applied envelope detector. Applying a detector with sufficiently
high video bandwidth could potentially allow 10 Gb/s-transmission as the
other components exhibit an adequate bandwidth.

In conclusion, 5 Gb/s data transmission has been demonstrated via 50 m
of fiber-optic and 25 m of wireless transmission. The applied MLLD in
conjunction with incoherent detection allowed an RoF system with extremely
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low complexity. The system was packaged to compact modules and further
exhibited at the ICT2008 in Lyon, demonstrating uncompressed 1080i HDTV
transmission and achieved a ranking under the top ten exhibitions among 200
competitors [194].

Further on, we reported a RoF system with a direct modulated 60 GHz MLLD
for the first time [O20]. Here, a structurally-identical MLLD with a mode-
locking frequency in the 60 GHz band was applied, thus omitting the external
modulator. Error-free 3 Gb/s data transmission over 50 m of fiber and 5 m of
air has been demonstrated using OFDM with QPSK subcarrier modulation.

As regards the state-of-the-art, there has been published one similar achieve-
ment by NTT, who demonstrate an RoF system also utilizing an MLLD at
a carrier frequency and data rate of 240 GHz and 3 Gb/s, respectively [126].
However, in this experiment the MLLD was not operated in passive mode but
was actively mode-locked at a subharmonic requiring additional RF sources
as compared to this work.
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8
Summary and

recommendations

8.1 Summary

This thesis has investigated RoF-systems for future broadband communication,
merging fiber-optic and wireless technologies together. Instead of distributing
the data signals within the baseband and performing electrical up-conversion
and wireless transmission, the up-conversion is achieved solely by means of
photonic techniques. Furthermore, to allow data transmission rates within the
multi-Gb/s range, the carrier frequency was extended to the millimeter-wave
range around 60 GHz, while conventional radio systems operate at microwave
frequencies.

In 2, the key concept of RoF has been evaluated, various methods and tech-
niques for optical up-conversion have been compared and analyzed. To
achieve super-broadband data transmission rates, the unlicensed frequency
range around 60 GHz was utilized, where several GHz of bandwidth are
available which had required an evaluation of regulation issues. Previously
achieved results within the field of RoF communication systems have been
thoroughly studied and analyzed.
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8 Summary and recommendations

For developing a model to theoretically describe and analyze the realized
RoF systems, each system was divided into generic subsystems. The applied
subsystems have been described, experimentally characterized and modeled in
3, further including the properties of the fiber-optic and the wireless channel.
Relevant electrical and optical noise contributions have been implemented to
the model as well to allow a reliable theoretical description. These results
were implemented to a Matlab R©-based simulation model in 4, which allowed
to calculate the system link budget and thus the SNR of the experimental
RoF systems. Based upon the SNR, the BER was predicted theoretically.
The extensive experimental work in this thesis was focused on the realization
of broadband photonic millimeter-wave communication systems supporting
different application scenarios requiring data rates within the multi-Gb/s
range.

The developed system in 5 was based upon external modulation for photonic
millimeter-wave generation and coherent detection of the wirelessly trans-
mitted signal. By utilizing the concept of MZM cascading and DSB-CS
modulation, multi-Gb/s data transmission was achieved via fiber and wire-
lessly. If compared to conventional DSB systems, the fiber-optic transmission
span was significantly extended. For a data rate of 10.3125 Gb/s, fiber-optic
transmission over 6000 m was successfully demonstrated. Furthermore, data
transmission of up to 12.5 Gb/s was realized for the first time over relevant
wireless transmission lengths. Within the experiments, the wireless path
length was as high as 50 m. It was further shown that the wireless path
length is extendable to the km-range while utilizing antennas with higher gain.
Thus, a typical application scenario of such a system would be a fixed point-
to-point link, bridging for instance fiber-optic 10 GbE networks supporting
carrier-class availability.

Replacing the coherent receiver architecture with an incoherent approach
shown in 6 allowed a more compact system setup. However, the applied
envelope detector clearly limited the system performance. Data rates of up to
5 Gb/s have been demonstrated for a wireless path length of 25 m, while the
maximum transmission rate was limited to 2.5 Gb/s applying 50 m of wireless
transmission. Fiber-optic transmission over more than 40 km at a data rate of
1.25 Gb/s has further been demonstrated. In summary, the system fulfilled the
data rate requirements for 1 GbE and OC-48 transmission, allowing utilization
within indoor and outdoor application scenarios.
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8.2 Recommendations

A reliable theoretical model has been deduced in 3 and 4 to predict the per-
formance of the experimental RoF systems in 5 and 6. A close congruence
between experimental results and theoretical prediction has been demon-
strated for both systems. This allows design and estimation of the system
performance in preposition, as critical components and subsystems can be
identified and optimized in advance. In 5, wireless range extension to the
km-range was calculated based upon parameter extraction of experimental
results. Simulations utilizing the theoretical model have furthermore shown a
very good agreement with these calculations, allowing adequate predictions
where experimental data is not accessible.

A further RoF system was presented in 7, aiming for uncompressed photonic-
wireless HDTV transmission. Here, photonic millimeter-wave generation
was performed by a purely photonic approach, i.e. by utilizing a prototype
MLLD developed within the project. Compared to the previous systems based
upon external modulation for photonic up-conversion, several components
as for instance LO source or external modulator were no longer required. In
conjunction with the applied incoherent receiver a very compact setup was
realized. Experiments have been carried out, demonstrating photonic-wireless
transmission of up to 5 Gb/s at a wireless path length of 25 m which fully
supports the necessary data rates for uncompressed 1080i and 1080p HDTV
transmission. The system was furthermore packaged to compact modules
and exhibited at the ICT2008 in Lyon for demonstrating uncompressed 1080i
HDTV transmission. A ranking under the top ten exhibitions among 200
competitors was achieved.

8.2 Recommendations

For the system reported in 5, an external synchronization was used to achieve
phase locking between the LO source in the external modulation unit and
in the wireless receiver. Although this was sufficient for an experimental
characterization, a PLL needs to be implemented for a full applicability. The
systems discussed in 6 and 7 have utilized an envelope detector limiting the
maximum achievable data rate. A replacement with a detector supporting
a larger amount of bandwidth would allow higher data rates. For the RoF
systems reported in 5 and 6, a maximum wireless path length of 50 m has
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8 Summary and recommendations

been demonstrated which was limited due to environmental conditions and
the remaining power budget as well. However, for real application scenarios
longer radio distances are required. This could be achieved by replacing the
utilized medium gain horn antennas with high-gain Cassegrain or Gaussian
optical lens antennas which are typically designated for such point-to-point
links. Further on, the systems need to be upgraded with uplink-capabilities to
allow bidirectional communication.

Due to bandwidth limitations some BER characterizations have revealed
insufficient physical error rates. Applying FEC techniques would allow error-
free operation, depending on FEC technique and uncorrected error rate.

Consumed bandwidths within the experiments partially exceeded the allo-
cated unlicensed frequency range around 60 GHz. Thus, in terms of legal
applicability, the spectral efficiency of the systems needs to be improved.
In addition, while considering the spectral path loss within the V-band due
to atmospheric gaseous attenuation, multi-carrier modulation formats like
OFDM may allow a partial compensation of the spectral loss figure to some
degree. An experimental result targeting this scenario was recently published
in [O33].
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A
Components

This annex summarizes the major applied components and test equipment
used for the experiments.

ID Component Manufacturer & Type

AMP-1 Amplifier Mini Circuits
ZX60-14012L+

AN-1 Horn antenna Aerowave
15-7025

AN-2 Horn antenna Aerowave
15-7025

EAM Electro-absorption modulator CIP
10G-LR-EAM-1550

ECL External cavity laser Agilent Technologies
81680A

ED Schottky detector Virginia Diodes
WR15 ZBD

EDFA-1 Erbium-doped fiber amplifier IPG Photonics
EAD-200-CL
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EDFA-2 Erbium-doped fiber amplifier Calmar
AMP-ST15

ERD Error detector Anritsu
MP 1764C

EPM-1 Electrical power meter Agilent
E4418B

EPM-2 V-band power sensor Agilent
V8486A

ESA-1 Electrical spectrum analyzer Hewlett Packard
8565E

ESA-2 External mixer for ESA-1 Hewlett Packard
11970V

LNA-1 RF low noise amplifier Terabeam
HLNAV-262

LNA-2 Low noise amplifier Miteq
JSMF4-02K1500-30

LO-1 Mm-wave synthesizer Wiltron
6769B

LO-2 Mm-wave synthesizer Anritsu
68087B

MIX Balanced mixer Spacek Labs
M63-6

MLLD Mode-locked laser diode Alcatel Thales III-V Lab
IPHOBAC sample

MZM-1 Mach-Zehnder modulator Fujitsu Limited
FTM7938EZ

MZM-2 Mach-Zehnder modulator Fujitsu Limited
FTM7938EZ

OBPF Optical band-pass filter Tecos
FC1563CQ10

OPM Optical power meter EXFO
FPM-300

OSA Optical spectrum analyzer Hewlett Packard
70951B

PA-1 RF power amplifier Terabeam
HLNAV-298
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PA-2 RF power amplifier Terabeam
HLNAV-250

PD Photodetector U2T Photonics
XPDV3120R

PC-1 Polarization controller OZ Optics
HPFC-11-1300/1550

PC-2 Polarization controller OZ Optics
HPFC-11-1300/1550

PPG Pulse pattern generator Anritsu
MP1763B

PH Phase shifter Aerowave
15-2310

PPG Pulse pattern generator Anritsu
MP 1763B

SCO Sampling oscilloscope Agilent
86100C&86116C
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