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Abstract

The advancement of digital optical communicatiothi@ long-haul and access networks has
triggered emerging technologies in the microwavhlitmeter-wave domain. The performance
of these hybrid systems is highly influenced ndiday the optical link impairments but also
electrical circuit effects. The optical and elemdtieffects can be well studied at the same time
using computer aided tools by developing equival@rtuit models of the photonic link
components namely semiconductor lasers, modulgibcdpdetectors and optical fiber.

In this thesis, circuit representations of the phat link components are developed so that
different complex systems can be analyzed in awieft manner. Since the optical light
source is the main limiting factor of the opticalkl, particular attention is given to modeling
the most important characteristics of single maghlaisonductor lasers such as static response
and dynamic response, intensity noise and phasse rmoioperties. The conventional large
signal laser equivalent circuit model which represeghe envelope of the optical signal is
modified to include the laser phase noise propertienis modification is particularly
necessary to study systems like optical remoterbdyee detection where the optical phase
noise is important. Measurement results of therlaseracteristics are compared with
simulation results in order to validate the equawalicircuit model under different conditions.
It is shown that the equivalent circuit model cargmsely predict the component behaviors
for system level simulations.

To demonstrate the capability of the equivalertwirmodel of the photonic link to analyze
microwave/millimeter-wave systems, the new circobdel of the laser along with the
behavioral models of other components are usetaracterize two different radio-over-fiber
(RoF) links: intensity modulation — direct detecti@dM-DD) and optical heterodyne RoF
systems. Wireless signal with specifications conmgywith IEEE 802.15.3c standard for the
millimeter-wave frequency band is transmitted owbe RoOF links and the system
performance is analyzed based on EVM evaluatioms $tudy shows that effective analysis
of microwave/millimeter-wave photonics systemsahiaved by using circuit models which
allows us to take into account both electrical aptical behaviors at the same time.
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By far the most successful application of wirelessnmunication has been the cellular

Introduction

telephone system. According to the recent trendsinformation and communication

technologies (ICT), the ubiquitous availability wiobile-telephone services is close to 100
percent of the world population, almost all of th&pulation covered by the mobile signal.

The global ICT development chart is shown in Fid. [IL]. While growth in mobile-cellular

penetration is flattening, reaching 95.5% by thd eh2014, mobile broadband continues to
grow strongly, on average by around 40% annualtwéen 2010 and 2014. On the other
hand, fixed-broadband uptake is growing steadityaraund 10% compound annual growth
rate. This shows there is a strong growth in moipiternet uptake. In the view of the steep
growth of the broadband and the widespread deploymiemobile infrastructure, there is a
high expectation that the mobile-broadband servisdls become equally as available as
mobile-cellular telephony in the near future. Aduhially, growth in household access to the

internet has also accelerated over the past fansye
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Fig. 1.1.Global ICT developments.

13



Not only is the mobile telephone communicationsagng, Wireless Local Area Networks
(WLANS), which came on the scene in 1997 [2], hale® experienced phenomenal growth.
WLANSs have now made their way into homes, ridingtloa back of xDSL and cable access
modems, which are integrated with WLAN Radio AccBsits (RAPs). Because of the fact
that Wi-Fi is becoming a complement to 3G and 4@ises and is a mainstay of the majority
of devices, there has been tremendous growth indheer of Wi-Fi connectivities in recent
times. In 2013 it was anticipated that the numkfeWoFi connections would surpass 6.3
million compared to 4.9 million in 2012 [3].

Currently available broadband wireless services staddards such as Wi-Fi, GSM, and
UMTS are concentrated in the lower microwave bd&han the new wireless standards such
as long term evolution (LTE+) and worldwide inteeogbility for microwave access (WiMax)
still operate in the lower microwave regions (2—%%HThis places a heavy burden on the
already congested wireless spectrum in the micrewagion. This is the fundamental driver
that has led to new wireless technologies which exgsloit the large unused bandwidths of
millimeter-wave frequency regions for the provisiohfuture broadband wireless services
particularly in the unlicensed millimeter-wave bafsl/—64 GHz). The deployment of
broadband access network which allows the delivaryservice more than 1Gbit/s also
contributed for the release of new radio standdelwering data of multi-Gbit/s. The radio
coverage at this frequency is limited to very snaa#la, single room which allows frequency
reusability without interference. This rapid grovathwireless communication is driven by the
ease of installation and technological maturity.e Tossibility of developing fabricating
reliable digital and RF circuits using miniaturipat technologies allows producing smaller
portable wireless devices [4]. For instance smiak @antenna in the 60GHz band allows
advanced integration of radio terminal such agpbelhes, and laptops.

Emerging standards for high data rate communicatemmot be supported by traditional
transmission systems such as free space and coeedidéd transmission lines, because
electrical transmission of high frequency radiansigover those media is not feasible. In free
space, the losses due to atmospheric oxygen dedtrefs increase with the radio frequency.
In traditional co-axial cable transmission, theskss increase with frequency which makes
long distance transmission using these methods dsiiple without using regenerating
equipments. Optical links have been appeared tthbebest alternative to transmit radio
signals with much better performance and installatiost compared to the other methods [4]
[5]. The method to transmit radio signals over phiaal link is usually referred as radio over
fiber (RoF) system (Fig. 1.2).
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Fig. 1.2.Typical RoF architecture in treccessetwork.

Fig. 1.2 shows typical RoF system integrated wiih é¢xisting fiber infrastructures. At the
heart of this hybrid optical-wireless system isefilbptic communication which serves as a
back bone for the broadband interconnection betwleeicentral office (CO) and the antenna,
base station (BS). The hybrid network incorporatiW@®M technology for fixed wireless
access operating in the millimeter-wave band isdpaictively pursued to provide untethered
connectivity for ultrahigh bandwidth communicationshe architecture of such radio
networks requires a large number of antenna baserss with high throughput to be
deployed to maximize the geographical coverage \lig main switching and routing
functionalities located in a centralized locatidimerefore, the complexity of the antenna at
the BS must be reduced while providing high thrqugh

Although the optical-wireless integration is aldesimplify the backhaul infrastructure and
offers significant benefits to future service piesis, the implementation of the hybrid fiber-
wireless network is not straightforward becauséssfies regarding high frequency wireless
signal transmission signal impairments, spectrulmcation, performance optimization and
integration with existing infrastructure have to tensidered. One of the major technical
challenges in implementing such networks lies ia thitigation of these various optical
impairments that the wireless signals experiencéevideing transmitted over the optical link
in the hybrid network.

The other issue that is being actively investigateshany research centers is the use of fiber
links for short range communications in the honmeaaretwork (HAN). To cope up with the
support new standards in the millimeter-wave bdrat have the capacity of multi-Gbit/s
transmission, optical fiber communication providegethered connectivity. Fibers at home
would be the natural extension of the transpard@itH-network and an ideal to support the
current and upcoming standards for years to come.

* * *
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Since the development of low-loss optical fibethe late 1960s, different light generation
and detection methods have been developed makirigabpcommunication mature
technology every passing year. The idea of usingicalp links for microwave/RF
communication is to take advantage of all the benef fiber optics. Through time, analog
optical links have incorporated different technigji@ improve the performance of the optical
link for RF signal transmission.

The design of an optical link for radio frequencgnsmission is impossible without the
proper choice of different opto-electrical (O/EXaglectro-optical (E/O) components to meet
system requirements. The fundamental elements optcal link are devices that offer signal
modulation, or control, and detection as depicteéig. 1.3. In general, the radio over fiber
link could consist of passive optical componentd antive optoelectronic devices such as
semiconductor lasers, optical modulator, opticalpkdmar, optical fiber, photodetector.
Semiconductor lasers are the most widely used adtght sources thanks to the possibility
of being directly modulated by microwave frequersciEhe modulation frequency is however
limited by the relaxation resonance frequency ef device, which depends on a number of
factors including photon lifetime, differential gaicarrier recombination time and optical
output power. The achievement of high direct matiluta bandwidths requires an
optimization of both the internal structure of tbemiconductor laser and the design of the
laser package because electrical parasitic effesbcgated with the laser chip and package
will also limit the frequency response. Anotheeatiative to expand modulation bandwidth is
to modulate the light externally using external icgdt modulators such as electro-optic
modulators (EOM) and electro-absorption modula(B®sM). As for the fiber optic, there are
different types of fibers that have different featiand capabilities. The choice of the fiber
type depends on the link distance because mudtedilier impairments depend on the length
of the fiber. The optical detector is also anotheportant component that needs careful
choice based on the system requirement.

Optical Fiber PD
Laser
Drive > — Pl g ZZ i ! . .
?|  Circuit - * >| Amplifier > Output
Input
EE E/O 0/0 O/E EE

Fig. 1.3.Block diagram a RoF system.

The function of E/O and O/E is to act like a tramsgl which can convey a microwave
signal from input to the output with little signdégradation, ideally like a transparent tube.
However, the optical link puts some constraints tba system performance because of
impairments from the RoF components such as lagensity and phase noise, laser and
modulator nonlinearities, fiber dispersion, fibéeauation, saturation and noise effects from
the photodetector. These are the most crucial pgteamin determining signal degradation.
This shows the importance of techniques to imprbeelink performance and of course to
improve the design and fabrication of E/O and GiEponents.
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The microwave fiber-optic link design always begmith a definition of specifications for
the link, and can be considered complete when ¢sggd meets those specifications. Based
on these definitions, the system has to be verihed analyzed for different working
circumstances. The design of such systems greatheflls from computer-aided-design
(CAD) tools that allow the optimization and verdtoon of a particular system before its
actual realization, thereby significantly reducitihgg design cycle and cost. The successful
system design which meets system specificationserdép on accurate modelling of
optoelectronic devices. These models should beistens with measured characteristics
while predicting system performances under smghai and large-signal conditions.

In the component level, there exist two types ofdel® namely the physical model and
circuit model. Although physical models of opto¢tenic components are used for device
development optimization and characterization, gant circuit models are widely used in
circuit analysis and design procedures. One adgenté equivalent circuit model is that it
can be applied by using a general purpose comnheictait design software packages. The
equivalent circuit model also facilitates the dasigf monolithic and integrated circuits
because it allows the accurate simulation of a’a$erminal characteristics in a circuit-level
simulation environment. Another advantage of thaiwent circuit modeling is that it is
possible to make independent investigation of weffié parameters of the device and their
interaction with other device parameters. The dbjecof this thesis lies on developing
appropriate equivalent circuit model of single moskmiconductor lasers for different
configurations of RoF systems.

The choice of design software is also an importssue to study system performance as to
whether to use a software tool in the optical ecelcal domain. The choice has to be made
based on the type of system that is to be analy@ptical systems and networks can be
successfully studied using optical domain commeésunfiwares supplied by companies like
RSoft, Optiwave, VPIsystems etc. These softwarésr shte equation based laser models,
fiber models (single and multi-mode) and photodetemodels. However, to study radio over
fiber systems where the RF property of the oplic&lis needed, it would be desirable to use
electrical domain simulators so as to take advantdghe already mature tools in the domain
and to consider the driver circuit, matching andapgic circuit effects of the active devices.
Since electrical domain commercial softwares dohaste built-in optical and opto-electrical
components, the problem with this choice is to @spnt RoF components in the electrical
domain. For this purpose we need equivalent cimwitiels of devices such as semiconductor
laser, photodetector and modulators to constrRibF link in an electrical simulator where
we can apply circuit analysis theory to evaluatgey properties.

Some of the commercially available general purpalsetrical domain CAD tools include
Advanced Design Systems (ADS), MWOFFICE (AWR), ARLAHelsinkji University).
These tools have many capabilities such as fasritligis for the steady-state solution in
nonlinear operation, comprehensive libraries fotivacand passive components, circuit
description through schematic, layout editing fée#, optimization and tunability. The
extent to which these tools can be used for dasigreal analog optical systems depends on
how precisely the equivalent circuit models of thevice (laser or photodetector) represent
the devices’ properties. In this work, ADS from KENGHT TECHNOLOGIES is chosen to
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study RoF systems. This software provides fullndteids-based design and verification
options with wireless libraries and circuit systeaisimulations in a single platform [6]. The
RF circuit analysis simulation tools can be catempat as linear and nonlinear simulators. S-
parameter and AC simulator are among the lineagquacy domain simulators; while
harmonic balance (HB), DC controller and circuivelop (Env) simulation controllers are
used to run nonlinear simulations. Harmonic balaaiceé envelope simulators are essential
tools to perform nonlinear analysis both in timendin and frequency domain. Besides, the
noise simulation features based on mixing algorgéhor intensity and phase makes these
tools preferable. The Ptolemy co-simulation feattae also be used to perform simulation of
digital signal transmission over analog circuitdhe same platform. This helps us to examine
the effects of optical links on the performancetioé digital end-to-end communication.
Generally speaking the circuit analysis and co-tatmn features of ADS can be used to
obtain realistic investigation of a RoF system.

In this thesis the equivalent circuit model of Rafmponents are developed with the aim of
building a tool that can be used to analyze differigpes of RoF links for design and
verification purposes. These tools could assist#feition of specifications for the link and
selection of appropriate devices for generatingduteting and detecting the light, and
selection of electronic circuits to modify the gystperformance. Even though circuit models
of all RoF components are developed, focus is noadine equivalent circuit model of single
mode semiconductor lasers from the rate equatidncansidering its parasitic and matching
circuit.

The interest in modelling of laser diodes in maagearch centers is directly linked to the
progress that has been made in the applicationiabmave and millimeter-wave photonic
links. Since laser diodes exhibit both electromid @hotonic behaviors, it is necessary to take
both effects into account which increases the cerifyl in modeling the dynamic of laser
diodes. Device models usually combine all the dssidnternal physical mechanisms.
However, to incorporate physical properties of thser diode into one model is time
consuming and very complex if only specific propest the device is needed. Besides for
implementation, device models need specialized Géds such as MINILASE, CLASID
[7]. Therefore, simplified equivalent circuit modeWith considerably less computational
burden are desired for the design and analysisadibrover fiber systems. Besides circuit-
level laser models facilitate the design of momaditand integrated optoelectronic circuits
because it allows the accurate simulation of arlmgerminal characteristics in a standard
circuit-level simulation environment.

There have been substantial works done in theatitez to develop the circuit model of
semiconductor lasers under small-signal and laiggak environments. The small-signal
equivalent circuit model of laser was studied in [8 [10] [11] based on rate-equation
descriptions of a laser’s behavior. For realisgpresentation of semiconductor lasers, the
general rate equations in the large-signal condisibould be considered. In fact the small-
signal models can be derived from the large-signatlels by imposing the small-signal
approximation.
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The large-signal equivalent circuit model of singitede semiconductor laser was first
derived by Tucker [12]. In this equivalent circmbdel, lumped circuit elements and current
sources are used to represent the rate equatioreels. It has been suggested that a complete
equivalent circuit model of laser diodes shouleégnate both the intrinsic model and parasitic
circuit models to evaluate the electrical and @tbhaviors within the same simulator.

Considerable amount of work has been done in temture on the laser equivalent circuit
model and its implementation on circuit simulatgt®] [13] [14] [15] [16] [17]. These
models have particular importance to study anafggal links and to evaluate the limitations
of the laser diode such as nonlinear distortion aode figure. A major drawback of the
circuit models in general has been the absenceasdr|phase representation which is
particularly important for coherent and heterodyR®F applications. Laser phase
representation in the model also helps to inveitjae interaction of phase noise and chirp
with the fiber dispersion which could lead to zé&ansmission unless the system is designed
carefully. In this work, we proposed a method tcude the optical phase noise in the model
[15] using a system simulation approach. This dérect extension of previous works done at
ESYCOM-CNAM laboratory which integrates the larggral laser model with the noise
model and parasitic circuits. The previous laserdehd15] has been used to perform
simulations of semiconductor laser diodes in thelinear regime were performed using ADS
to investigate harmonic and intermodulation disbod in directly modulated laser radio over
fiber systems [18] [19] [20].

Like the usual laser circuit models, the new lasedel is represented by a network of two
ports where the input represents the electricatacbribetween the laser and bias circuits and
the output represents the optical output signak iButhe new model the output signal
represents the opticdield’ instead of optical power. This method allows s@tioh of phase
noise effects on the system performance for micvewahotonic systems. It is demonstrated
that the phase model is effectively integrated wiita large-signal and noise model of the
laser. The new laser model can therefore estinm&tentensity noise, phase noise, nonlinear
distortion and other characteristics of the lasede under small-signal and large-signal
conditions. The laser can work well for more compdgstems such as optical phase locked
loops. The model is validated by performing comgami between simulation results of the
equivalent circuit model and measurement resultdis&ributed-feedback (DFB) laser made
in lll_V lab [21] is characterized and a very goadreement between simulation and
measurement of laser characteristics is achievadirecong the precision of the model to
accurately represent the laser for system simulgtioposes.

The thesis is organized as follows:

In Chapter 2 background studies of radio over fiber systems windless communication
systems is given from the general application poinview. The convergence of wireless
communication systems towards Gigabit transmisdionthe millimeter-wave band is
discussed. The principles of radio over fiber atsdproperties are introduced. This chapter
also includes techniques to generate high frequeadip signals for applications in the 60
GHz spectrum.
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Chapter 3 is dedicated to the analysis and circuit modetihBoF components: single mode
semiconductor laser, photodiodes, fiber and modidatGreat deal of attention is given to the
properties and modeling techniques of single masaicnductor lasers. After theoretical
analysis of static response, noise and modulatlwaracteristics are given based on rate
equation analysis, the development of the equivatarcuit modeling of the laser for
microwave applications is studied thoroughly. Tindusion of phase noise to the large-signal
model which is of particular importance for thesishown in details. Besides the complete
laser model is validated by comparing measurenamdssimulation results.

In Chapter 4, the RF properties of the RoF link are studiedni®ation results of IM-DD
links and heterodyne links are given to comparé therformance in terms of noise figure
and gain performance indicators. It is shown thatlaser phase noise is a major problem for
optical heterodyne systems. Optical phase locked is integrated to the system to generate
high purity RF signal.

Finally Chapter 5 deals with the performance analysis of RoF systm@n a wireless signal
complying with IEEE standards in 60GHz band is $raitted over the optical links. The
performance of DM and EM IM-DD and optical heterndyRoF links are analyzed using
EVM simulation to investigate their performancegliffierent emission levels.
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Background Studies on Radio over Fiber
Technologies

2.1.Introduction

Radio networks provide users with attractive featof untethered connectivity for a range
of applications including cellular communication,LJANSs, personal area networks (PANS),
and broadband fixed wireless access. The revolutioemart devices and the increasing
demand for broadband services has also led to ¢msideration of wireless networks
operating at higher frequencies and extending wé&dl the millimeter-wave band where the
total capacity of an antenna at the BS can appr@a@bit/s [4] [22]. The application of
optical fiber links in radio communication networler the generation, transport and
distribution of radio signals is becoming a realiy/service provider worldwide have already
deployed optical infrastructure for radio transnues Some of the applications that use
analog optical links include indoor distributedemta systems offering mobile radio services,
current and next generation microcellular mobiléwaeks, indoor wireless local area
networks and fixed broadband radio access whichpcavide very high bandwidth services
to users [23]. Radio over fiber technology is disding several other applications such as in
radar systems in order to provide high quality R$irdbution. Analog optical systems are
preferable in radar systems where the weight ofsifséem is one of the important concerns
[24].

The theory covered in this chapter is essentialttier discussion in the coming chapters.
Various international standards of wireless commation are revised in the context of their
potential future wireless and optical links for Rapplication is given with the basics of
conventional (centimeter-wave) and 60GHz wirelessmunications. The second section is
devoted to fundamentals of radio over fiber techg@s, their advantages and disadvantages
over traditional communication systems. Finallyjebrdiscussion of two types of RoF
systems is given.
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2.2.Wireless communication systems

The rapid growth of wireless communications is Myaattributed to their ease of installation
in comparison to fixed networks. However, technadah advancement, and competition
among mobile operators have also contributed t@tbeith [22]. So far there have been four
mobile telephone standards, launched in succesgproximately every decade. The first-
generation (1G) mobile systems were analog, an& wemmissioned in the 1980s. In the
1990s, second-generation (2G) digital mobile systenth as the Global System for Mobile
communications (GSM) came on the scene. The GSMiatd has been extremely successful
internationally and it is currently the mainstreamobile communication system working in
radio spectrum around 900, and 1800 MHz. Despief#iv kbps data rate supported by
GSM, the first and second generations of mobileplebnes were intended for voice
transmission and support circuit-switched serviddse third generation of wireless cellular
phone such as universal mobile telecommunicatistesy (UMTS) provides both voice and
data applications [25]. This allows people to mak®ne calls, send text and multimedia
messages, and browse the internet. The fourth geoer(4G) offers higher data speeds and
more mobility such as advanced LTE+ and WiMax.

The 4G system provides a comprehensive and sedlute dased mobile broadband to
smartphones, laptop computer and other mobile dsvithe use of multiple input multiple
output (MIMO) technology improves communicationfpemance and increases the potential
throughput by using additional antennas at both tia@smitter and receiver end. The
requirement speed of 4G services by internatioralila telecommunication advanced (IMT-
advanced) standard is targeted to reach a peakloadviat 100 Mbit/s for high mobility
communication in a moving vehicle and 1 Gbit/s lflmw mobility communication (such as
pedestrians and stationary users) [26].

The 5G systems on the other hand are not officlalipched but expected to provide all the
major features offered by the 4G mobile technolagy IMT-advanced system. 5G mobile
system is all-IP based model for wireless and neohitworks interoperability. They are
expected to remove the limitations of network asgasge and uses multi user multiple input
and multiple (MIMO) output techniques for cost aedergy efficiency [27]. There is an
increasing trend of hybrid systems where radio agncan be transported by fiber
technologies on the existing fiber infrastructwetpport future generation networks.
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Fig. 2.1.Wireless access technologies [28].
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On the other hand, WLANSs or IEEE standards 802/biga provide wireless coverage in
one or more rooms in a building supporting multi pdb The cost, data speed, and easy
integration of WLAN have gained great popularit)2EE 802.11 series standards have
different speed and frequency ranges, shown in samnifiable 1 [29], and the range of these
varies from 30 -100 m based on location.

Table 1. Summary of wireless access technologies

Technology Frequency band Bit rate Signal range Typal usage
GSM 900/1800 MHz 9.6 kpbs 35 km Voice, data
GPRS 900/1800 MHz 160 kpbs 35 km Data, WAP
UMTS 873/1900 MHz 2 Mpbs 2 km Voice, data, multinzed

Bluetooth 2.4 GHz 2.1 Mpbs 10 m

ZigBee 2.4 GHz 250 kpbs 10 m WPAN
UWB cm-wave 3.1-10.6 GHz > 100 Mpbs 10 m
UWB mm-wave 57 — 64 GHz > 1 Gbps 10 m

802.11a 5 GHz 54 Mpbs 100/30 m

802.11b 2.4 GHz 11 Mpbs 110/35m WLAN

802.11g 2.4 GHz 54 Mpbs 110/35m

802.11n 2.4/5GHz 600 Mbps 250/70m

WPAN is another paradigm that provides short ramgeeless connectivity between
consumer electronic devices such as tablets andlenphones. Bluetooth (IEEE 802.15.1
standard) was the first low data rate standard¥&AN networks [30]. It enables wireless
connectivity between mobile phones, computers,&ecdtronic appliances with data rates up
to 3 Mbps. ZigBee (IEEE 802.15.4 standard) wirelesfinologies is designed for data rates
up to 250 kbps, primarily for wireless sensor aggilons [31]. This technology is mainly
devoted for low data rate, low power consumptiomd w cost wireless networking.

The first popular standards for WLAN (IEEE 802.H)gprovide up to 54 Mb/s at 5 GHz,
and 802.11b up to 11 Mb/s at 2.4 GHz, both in emged spectrum bands. These standards
are designed primarily to serve the needs of aptC in the home and office, and later to
allow connectivity “on the road” in airports, hatelinternet cafes, and shopping malls. To
minimize interference from other equipment, both fams of spread-spectrum transmission
and are heavily encoded. Later in 2009, IEEE 802\/hich uses MIMO (multiple input,
multiple output or spatial streaming) is introdudedimprove the maximum single-channel
data rate to over 100 Mb/s. Currently, the wirelessnectivity at home with Wi-Fi is
available until data rate of 300Mbit/s. Recently,vary high throughput 802.1l1lac, an
extension of 802.11n, has been published in 204jiging a minimum of 500 Mbit/s single
link and 1 Gbit/s overall throughput. The lattaarstard reuses the techniques seen in 11n but
with wider bandwidths and higher constellation dsags [32].

The demand for Gigabit data rates over wirelessnections for a range of consumer
applications such as in wireless access netwaukstd home area networks, remote antenna,
radar systems and other multimedia application dgsrimbout its own constraint on the
available bandwidth in the microwave band. Sucl dattes demand large spectrum allocation
which could not be supported by the congested lamerowave band spectrum (2.4 GHz and
5 GHz bands). But the 60 GHz area is relativelyomgested and there is substantial overlap
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of almost 3.5 GHz of contiguous spectrum availaberldwide to support multi-GHz
modulation bandwidths applications.

This upward trend demands new standards that daiev&cdata rates until 1Gbit/s in the
centimeter-wave band and beyond 1Gbit/s in the immeller-wave band. Among the
standardization in the 60GHz is 802.11ad whichlbe&en published in December 2012. This
standard is designed to be compatible with 802clatahe Medium Access Control (MAC)
or Data Link Layer; the difference stays only a¢ gbhysical layer. Bearing in mind the
number of existing devices, backward compatibiityh existing standards using the same
frequency range is a “must”. All the 802.11 semdsstandards are backward compatible.
Devices could then have three radios: 2.4 GHz femegal use which may suffer from
interference, 5 GHz for more robust and higher d@gmlications, and 60 GHz for ultra-high-
speed within a room — and support session switchmgngst them. IEEE 802.11ad was
published in December 2012 and products based isrtdbhnology are now commercially
available [33].

Transmission at 60 GHz covers less distance favengpower, mainly due to the increased
free space path loss, and substantial RF absorpigak in the 60 GHz band due to a
resonance of atmospheric oxygen molecules. Thexefmmmunication at 60 GHz is limited
to only few meters. However, the fact that these-power transmissions will not propagate
very far can be considered as an advantage bedaresices the likelihood of co-channel
interference and increases the possible frequeaayse density. Lower electromagnetic
pollution for healthy environment and reduced opyaty for “theft, hacking” of protected
content by eavesdropping on nearby transmissiansane of the advantages of the 60 GHz
transmission.

Meanwhile, industrial groups have begun exploitimgw radio standards that has the
potential to provide high throughput service. Thetndards use UWB technology in the
centimeter-wave (3.1- 10.6 GHz) and millimeter-wavg57-66GHz) bands. Main
characteristics of these standards are summairiz€dtle 2.

Table 2. Characteristics of wireless access technologiels [34

Technology UWB cm-wave UWB mm-wave
Standard WiMedia IEEE 802.15.3¢c
IEEE 802.15.11ad
ECM 387, WirelessHD, WiGig

MAC IEEE 802.15.3 MAC IEEE 802.15.3c MAC
WiMedia MAC ECMA 387 MAC
Modulation MB-OFDM SC (BPSK, QPSK, 8-PSK, 16-QAM,-@AM)
OFDM
Coding Convolution code Convolution code
Bandwidth 3 x 528 MHz 2 GHz
Data rate 480 Mbps 7 Gbps
Range 10 m 10 m
Band allocation Unlicenced Unlicenced
Environment Indoor Indoor
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2.2.1.Conventional UWB Communication (3.1- 10.6 GHz)

According to the definition of the Federal Commuatiocns Commission (FCC) of the
United States in February, 2002 , a signal is amrsed UWB if either the -10 dB bandwidth
of the signal is larger than 500 MHz or its fran@b bandwidth (2.1) is at least 0.2 [35]. The
fractional bandwidth is defined as

o _ Bandwidih(10dB) (2.1)

"~ Centerfrequency

UWB wireless communication is one of the most iniotr candidates for short range
wireless signals at high data rates (>1 Gbps). FGE has allocated the centimeter wave
spectrum (3.1 — 10.6 GHz) for UWB communicationhair first report. Thus UWB spectrum
covers a large band of frequencies that have beereho a number of different wireless
systems and services such as WIMAX, 3G/4G, saetlimmunications, various types of
radars, and radiolocation. Some applications of U¥Bhnology in consumer networks
include wireless USB, wireless high-definition wideext-generation Bluetooth, peer-to-peer
connections.

The maximum emission level of cm-wave UWB signalvexy low to a value -41.3
dBm/MHz to avoid interference with existing sengda the same spectrum. Comparison of
emitted power levels of some wireless systems @ral8) shows that there is roughly 50 and
60 dB difference in PSD levels of UWB/WCDMA and UWRBLAN systems respectively.
This allows coexistence with other technologies liits transmission distance to few
meters.

Table 3.PSD of some wireless systems [34]

Wireless System Transmit PSD (dBm/MHz)
WCDMA 18
WLAN 7117
Bluetooth 2.0 -19.2/-15.23
uwB -41.25

There exist two kinds of modulation schemes of UWéhsmission namely UWB-impulse
radio and multiband-OFDM (MB-OFDM). UWB-impulse iads based on the transmission
of very short pulses optimized to occupy the ergitewable frequency band. On the other
hand MB-OFDM is a multiband scheme that dividesWhgB spectrum into 14 bands called
sub-bands each with 528 MHz bandwidth (figure 2Tk first 12 sub-bands are grouped into
4 band groups and the last two sub-bands are gdanpea fifth band group as shown in Fig.
2.2. The sixth band group contains the sub-band)9and 11. Band group 6 is the only
available band worldwide. To tackle this probleime European and other regulators have
proposed other mechanisms to avoid interferencevdsst incumbent users of spectrums:
detect and avoid (DAA) and low duty cycle (LDC) amme of the methods [36].

The MB-OFDM transmits information on 110 subcasi®verlapped in the frequency
domain without interference. In addition, 12 pibatbcarriers are used for coherent detection.
Each group of OFDM signals are hopped at diffefegquency sub-bands with a sequence
determined by a time frequency hopping codes (TFC).
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Fig. 2.2.The UWB centimeter-wave band spectrum.
2.2.2.60-GHz UWB transmission

By definition, millimeter-wave ranges from 30 toB@Hz. From this range, a band of
interest for the short distance wireless commuitnats known as the U and E bands (U
band: 40 - 60 GHz, E band: 60-90 GHz). Roughly kipgg 60 GHz band refers to the range
from 50 to 60+ GHz. There has been a significantwarhof available unlicensed spectrum in
this band worldwide (Fig. 2.3). It is because ofstlopportunity that millimeter-wave
communication systems are growing wireless teclgiesothat enables transmission of data at
speeds up to 7 Gbit/s leading to publication oesalvstandardizations in the last decade [34].
In addition to the huge and unexploited availakdadwidth, advancements in the low cost
fabrication technology and low loss packaging makere other drives for the development
of new technologies in this band.

Due to the high loss linked to atmospheric air lraged transmission distances to around
~10m [37], transmission at 60 GHz is limited to yofédw meters. To extend the network
coverage, large numbers of BSs are needed [38k€TB&s should be equipped with low
phase noise millimeter-wave oscillators to achibigh data rate communication. However,
the fact that this low-power transmissions will pobpagate very far can be considered as an
advantage. Because it reduces the likelihood ofhamnel interference and increases the
possible frequency re-use density.
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Fig. 2.3.Spectral allocation in the UWB millimeter-wave band

The UWB (MB-OFDM) in the cm-wave band can suppoaximum of 480 Mb/s. But this
cannot support uncompressed video such as HDMh (definition multimedia interface)
which goes beyond 2 Gb/s. To enhance the datasfatBVB transmitter above 480 Mb/s
brings additional problems in terms of cost, comipye and power consumption. With the 60
GHz solution, we can avoid the data-rate limitagidor wide range of applications with
capacity more than 1 Gb/s data rate.

Applications in the 60 GHz include high definitiemdeo streaming, file transfer, wireless

Gigabit Ethernet, wireless backhaul and others. (Eid). However, issues for the 60 GHz
radio transmission including high-data rate, higteana directivity, and shadowing are being
investigated.
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Fig. 2.4.Conference room networks at 60 GHz [34].

2.3.0Optical Access Networks

Optical access networks are those networks thdttfeemetro or core network by gathering
data from end users. With the installation of filbkerthe home networks (FTTH) already
happened in many countries worldwide, delivery ightspeed services to end users becomes
a possibility. The ultimate goal is to provide newltimedia services like video on demand,
videoconferencing, high-definition TV (HDTV), e-leang, interactive games, Voice over IP.
Therefore, FTTH systems which provide the fastesésible speed are currently being
deployed worldwide. According to the latest figuf8g], the number of FTTH subscribers in
Europe (including Russia) has reached 20.1 millmith more than 77.8 million
homes/buildings passed. While Japan continuesai tlee world in terms of the number of
FTTH subscribers, and South Korea has the highasttpation in the world and is the first
country in the world to reach over 50% penetratbhouseholds using FTTH.

To satisfy the future bandwidth demand, next-gdr@rapassive optical network (PON)
architectures which are based on wavelength divisiraltiplexing (WDM) technique are
being explored [40]. In a WDM-PON the bandwidth tbe fiber is shared between the
subscribers, and each subscriber is assigned afpaavelength channels for up/down links.
This means that each subscriber gets a dedicatatitpgpoint optical channel to the optical
line terminal (OLT) and can send data at any tinteependent of other subscribers, although
they are sharing a common point-to-multipoint pbgkiarchitecture (Fig. 2.5). A WDM
multiplexer/demultiplexer or array waveguide grgtih\WG) is used to combine/separate the
multiple-wavelength signals instead of the optipalwer splitter in a time division PON
(TDM-PON) configuration. This decreases the insertpower loss in WDM-PONs and
improves its ability to scale up to serve a largember of users sharing a single PON.
However, there are some challenges in developimgaatical system since each optical
network unit (ONU) requires a specified wavelengplrce and N separate transceivers at the
OLT to realize a connection to each subscriber.
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Fig. 2.5.WDM-PON configuration.

2.4.Radio over Fiber Technologies

While digital optical communication has tremend®uscess over the last few decades,
analog photonic communication has also attractehi@n because of its simplicity and the
benefits offered by the optical fiber [41] [42]. dRa-over-fiber is generally defined as a
system where the radio frequency signal is trariethifrom the central location to another
destination at the BS over an optical link (Figs)2.The quality of service offered by the
optical link compared to the conventional coaxahle communication is remarkable making
it possible to centralize the RF signal proces$imgtions at the BS. The BS is limited only
to E/O and O/E conversions.

Depending on the type of signal transmitted over diptical link, RoF systems can be
classified as baseband over fiber (BBoF), interatedirequency over fiber (IFoF), and radio
frequency over fiber (RFoF). As shown in Fig. 2.BdR involves the transmission of the
actual RF signal over the fiber, while in IFoF aBBoF the desired microwave signal is
generated at the receiver through up-conversiom \&itlocal oscillator, which is either
provided separately. Therefore, based on the tressgon method used, the receivers at the
BS may be more or less complex. Table 4 summatimsdvantages and disadvantages of
each method.

Table 4. Types of RoF systems.

Type of System Advantages Disadvantages

RFoF -Simplified BSs -Fiber dispersion affects the double
sidebands
-Needs high bandwidth O/E and
E/O components

IFoF -Relaxed bandwidth requirements on -needs mm-wave mixers and LO at
O/E and E/O components. BS or remote LO delivery is
-Tolerant to chromatic dispersion necessary
-Affected by phase noise
-BBOF -aigital fiber optic link — relatively - needs mm-wave mixers and LO
cheap

-Tolerant to fiber dispersion and
nonlinearity.
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Fig. 2.6.Radio over fiber systems (a) RF over fiber (b) Verdfiber (c) Baseband over fiber [43].
2.4.1.Advantages of RoF technologies

Thanks to the low attenuation of optical fibers FRechnology is the best way to distribute

high frequency signal since traditional transmissimedia such as wireless and wired
transmission lines experience unacceptably higanattion such as for millimeter-wave
communication.

Commercially available single model fibers (SMFy&attenuation losses below 0.2 dB/km
in the 1.3 and 1.55 pum spectral windows. Polymeicabfiber exhibits higher attenuation
ranging from 10 — 40 dB/km in the 500 — 1300 nmaweg [44]. These losses are much lower
than those encountered in coaxial cable whosedamsehigher by three orders of magnitude
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at higher frequencies. For instance, the attenoatidRG-214 is > 500 dB/km for frequencies
above 5 GHz. Therefore, by transmitting microwawesthe optical form, transmission
distances are increased several folds and thereggtiansmission powers can be reduced
greatly.

The other importance of using RoF is linked to lingh bandwidth offered by the optical
fiber. Apart from the high capacity for transmigimicrowave signals, the high bandwidth
offered by optical fibers permits to perform micwe functions such as modulation,
filtering, up and down conversion at the BS allogvthe use of WDM for dynamic resource
allocation.

Immunity to Electro-Magnetic Interference is a veaffractive property of optical fiber
communications, especially for microwave transmissiThis is so because signals are
transmitted in the form of light through the fib&ecause of this immunity, fiber cables are
preferred even for short connections at mm-wave&atBd to EMI immunity is the immunity
to eavesdropping, which is an important charadtered optical fiber communications, as it
provides privacy and security.

Lower installation cost and reduced power consumnpéire also other advantages of using
optical links for short and long range wireless ommication systems. This is mainly
because RoF systems allow centralizing most ofuhetions at the BS and the large number
BSs have a very simple function of O/E and E/O ewmsions. This contributes to the
reduction of installation cost and power consumptio

2.4.2.Limitations of RoF technologies

Since RoF involves analog modulation, and deteatiolight, it is fundamentally an analog
transmission system. Therefore, signal impairmenth as noise and distortion, which are
key parameters in analog communication systemsjnapertant in RoF systems as well.
These impairments tend to limit the signal-to-naisgo (SNR) and Dynamic Range of the
RoF links [45]. Wireless system performance is lguanalyzed by using error vector
magnitude (EVM) from which it is possible to estiem#he bit error rate. The noise added due
to the optical link causes low SNR resulting sigaint increase of EVM, while the distortion
limits the dynamic range by causing high inter-sgininterference (ISI) which again
increases the EVM. Due to this reason, analog alptioks are limited to shorter length
compared to their digital counter parts.

Noise in analog optical fiber links include contriltons of the laser's Relative Intensity
Noise (RIN), the laser’s phase noise, the photadhot noise, the amplifier's thermal
noise, the fiber's dispersion, and optical ampiffieamplified spontaneous emission.
Semiconductor lasers have the dominant contribudfamoise to the RoF link. In SMF based
RoF systems, chromatic dispersion may limit therfilink lengths and may also cause phase
de-correlation leading to increased RF carrier ehawise. Because single mode
semiconductor lasers usually have side mode acawnymgathe main longitudinal mode. Due
to fiber dispersion, these modes travel througlotttecal fiber at different speed and received
at the photo-detector at different times causingsphand amplitude fluctuation on the radio
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signal. In Multi-Mode Fiber (MMF) based RoF systemmodal dispersion severely limits the
available link bandwidth and distance.

The other limitation of RoF link is its nonlinearitTo compensate the signal attenuation due
to the fiber, increasing the RF power is a solutidowever, this will have consequence of
having a non-linear system which reduces the dyoaamge causing limited radio coverage.
The sources of nonlinearity in the RoF link areoasged with the laser source and photo-
detector and electrical amplifiers.

2.4.3.Applications scenarios of broadband RoF technologse

The main interest of using radio signal transmissiwer fiber is basically related to the
advantages offered by the optical communicatioesys The large bandwidth and low loss
are some of the main advantages of using the ¢piainstead of the traditional wired and
wireless systems. Fiber optic links solutions galherare recommended for all applications
where high data rate transmission is required,dstah architectures become too complex,
data transmission needs to be secured, electrotnagnterference is a concern, weigh
reduction is important, reduced power consumptsongeded. However, the limited dynamic
range of RoF systems make them restricted to dmdytar length applications compared to
the digital fiber optic communications (e.g. tetras links). Long distance communication
using analog optical links are used in cable tsiewi industry and other remote antennae for
military radar applications [24]. Some exampleswlog photonic applications are shown in
Fig. 2.7 among which the interest of this thesigrighe radio transmission over fiber both for
indoor and outdoor applications.

RoF systems can readily be used for in-buildingldor) distribution of wireless signals of
both mobile and data communication (e.g. WLAN, &#A&N) systems, because most indoor
applications do not require high spurious-Free dyinarange (SFDR). For high frequency
applications such as in 60 GHz transmission, thlestze will be small due to high losses
through the walls, bringing the benefits of RoFhsas installation cost. The in-building fiber
infrastructure may then be used for both wired aidless applications as shown in Fig. 2.7
(a). To further reduce the system installation arantenance cost, multimode fiber (MMF)
or plastic optical fibers (POFs) can be used sasé¢he effect of dispersion is minimal for
shorter length fibers. In-building data communicatLANs are often based on MMF.

In mobile telephone networks (outdoor), the roleR™F is mainly for radio coverage
extension, and capacity distribution and alloca{ib]. The first case includes applications
for railway and motorway tunnels, and other deaot sgeas where their need of network
coverage do not justify the cost of installing aqmérating new radio systems. In this case the
RoF solution extends the reach of an existing B&rne or more locations. The other case
includes applications for subway stations, exhobitgrounds, downtown street levels, and
other densely populated environment where theidraéfiquirement leads to dedicated radio
channels that need to be distributed appropriatekamples of this case are reported in
situations like airports and shopping malls.

Another application for RoF network architectures shown in Fig. 2.7 (b). In this
configuration, a large metropolitan area networkA(Y) supports WDM channels, each
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carrying data rates up to 10 Gb/s. A number ofredimed switching nodes are interconnected
together via an optical MAN ring. Each switchingdeoprovides control, switching, and
routing to the remote node or BSs. The CO can Ineexied to several remote nodes using
ring or star topology as shown in the figure. lther arrangement, the optical WDM channels
at the CO are de-multiplexed and dropped from t#NMo the remote terminals. Then, each
optical channel is directed to the specified BS dmnal detection and radio distribution.
There are many host applications that employ tlaognoptical links. Different architectures
are proposed for the integration of RoF with WDMNP®ystems to support up to 10 Gbps
wireless signal and 112 Gbps baseband signal #48] [

RoF applications can also be categorized basedhemytical link distance as short range
and long haul analog links. Short range analogcaplinks are used in wide applications
from WLAN in millimeter-wave band, and broadbandreléss access networks to road
vehicle communication networks for intelligent tsportation system. On the other hand;
high definition TV (HDTV), internet video, cable T\And remote antennae are some of the
applications that can be classified as long haalaansystems [48] [ [49].
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Fig. 2.7.Applications of RoF systems
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2.5.Photonic generation of millimeter-wave signals

The main system functions of microwave photonice ¢ divided into three main
categories namely transport of microwave and mdten-wave signals over the optical fiber
[50], filtering and processing of microwave signatsthe optical domain, generation of
microwave [51], millimeter-waves [52].

One of the main functions of the optical link inaérg optical applications is for
transmission of the radio signal to remote areastduhe advantage of the low attenuation,
flexibility, immunity to electromagnetic interferea and high bandwidth characteristics of the
optical fiber. This is usually done by modulatirige tintensity of the light with microwave
frequencies up to few tens of GHz through differeahniques. However, the E/O and O/E
devices in the RoF link have to meet a number qtirements to enable higher link gain,
lower noise and wider dynamic range [53]. Thesalireqments include a continuous-wave
(CW) laser with higher output power and low relatimtensity noise, a direct modulated laser
with greater slope efficiency, lower relative inség noise, and higher bandwidth, external
modulators with loweN, and high power handling ability, and photo-detestoith higher
responsivity, bandwidth and saturation power.

The other function is for the signal generatione@ood example of this function is the
generation of millimeter-wave for multi-Gb/s wirekecommunication. In this case, because
of the fiber dispersion which can lead to zero graission in the millimeter-wave band, the
optical link is better used to generate the radjoa rather than transporting the signal. This
function proves its effectiveness compared to treitional methods of radio signal
generations using electronic oscillators as we @ggr to the THz region. Besides the
generation of high frequency radio signals using diptical solutions makes it possible to
transport the signal over the optical fiber. Intgnmodulation of the light using either direct
or external modulation is the usual technique toegate radio signals, but these methods are
limited by the laser modulation bandwidth and thispedrsion-induced fading at the
millimeter-wave frequencies. However, one can gateemicrowave and millimeter-wave
signals by a number of other methods such as lteeoof two lasers, bimodal laser, active
and passively mode locked lasers.

Radio over fiber systems can exploit both the plaaskintensity of the optical field [54] to
transport and generatbe RF carrier, but the most popular methods arectdand external
modulation of the intensity the light. At the reesi, direct detection method is usually used
for intensity modulated signals which are often mdmas intensity modulation-direct
detection (IM-DD). However, coherent and heterodgatection methods can be used to
recover the transmitted information. Coherent detas are more suited for phase/frequency
modulated systems which can achieve better perfacenthan from IM-DD systems in terms
of signal-to-noise ratio and dynamic range butrigd®se noise is a major technical problem
for such techniques.

2.5.1.Intensity Modulation-Direct Detection

IM-DD systems are the simplest configuration of RgyStems. The radio signal modulates
the intensity of the light and the photodetecta@okers the radio signal. If the RF signal itself
is modulated with a data, the modulation format \wé preserved after detection. The light
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source is usually semiconductor laser which carmo asrve as an optical modulator.
Depending on whether the laser is used in CW mada modulation, the IM-DD method
can be further classified as direct modulation (Caviyl external modulation (EM) methods.

DM is the most widely used method in analog optiicekis because of its simplicity and cost
effectiveness. However, this system is limited hg nhonlinear distortion and bandwidth
limitation of the laser diode. Electro-optical bandth up to 35 GHz is achieved
experimentally using direct modulated lasers [H]] [ but the key limitation is the rate of the
unwanted frequency modulation (chirp) increasesigh modulation frequencies. Currently,
commercially available direct-modulated lasers kithypical bandwidths of about 10 GHz at
the maximum. Thus for millimeter-wave applicatiologal oscillator is required at the BS for
up-conversion and down-conversion.

The bandwidth limitation and nonlinear distortiohthe directly modulated laser can be
reduced by using an optical modulator. In this c#ise laser works in a CW mode and the
intensity of the light is modulated externally. MZkind EAM are widely used optical
modulators. Fig. 2.8 shows DM and EM based RoFslink this example, an RF signal of
frequencyfrr, Which carries OFDM signal, modulates a singlerfiency optical carrier at
frequencyfo: creating sidebandgy: + fre. The photodetector then converts the optical signa
to electrical signal to recover the original sigaalfrequency ofgr which has experienced
attenuation, distortion and noise due to the oplick.
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®)
Fig. 2.8.IM-DD system (a) DM RoF link (b) EM RoF link.

The data signal is carried in sidebands on botkssid the optical carrier which is known as
double sideband (DSB) operation. Transmission ohsusignal through a fiber will cause a
phase shift between the two sidebands due to tmemeliic dispersion effect causing
destructive interference at detection. The prohkeeven devastating if multimode fibers are
used because of modal dispersion. Therefore, bee dispersion limits the maximum reach
of IM-DD systems. However, there are some methodsippress one sideband to reduce the
power fading in the EM case. This can be achiewbemeby filtering one band optically or by
using dual drive modulators to obtain single sichebéSSB) modulation. Nevertheless, this
increases the complexity and cost of the systemhasdower receiver sensitivity than DSB
due to the large DC power component at the optigaier.
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2.5.2.0ptical remote heterodyne method using two free runing lasers

When two optical signals at different central freqaies are injected to the photodetector, an
RF signal is generated at a frequency equal tepeetral difference of the optical signals.
While performing optical to electrical conversiaie photodetector also acts as a mixer
thereby making it a key component in heterodyneethaRoF systems. This method can
generate very high frequency signals only limitgdhe photodiode bandwidth, removing the
need of local oscillator at the BS for millimeteave transmission. An example of an optical
remote heterodyne system is shown in Fig. 2.9 wharelectronic feedback circuit is added
to reduce the phase noise influence at the BS.

e -;lOFDM
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Fig. 2.9.Architecture of optical heterodyne for millimeteawe applications.

Optical heterodyne method yields high-detected pdvigher link gain) and higher carrier-
to-noise ratio (CNR). This is so because both titecal powers of the two signals contribute
to the power of the generated microwave/mm-waveasigHowever, it needs very fast
photodiode to generate high frequency signals [82sides it has an inherent advantage
concerning chromatic dispersion. Reducing chromdigpersion effects is very important in
phase noise sensitive modulation formats such as\VkQvhere dispersion causes a power
penalty [2].

Another important attribute of optical heterodyree that it permits low-frequency data
modulation at the CS hence high-frequency elegbtczal modulators are not required.
Therefore, in contrast to IM-DD, the optical sou@ethe CS may be driven either with
baseband data or by a low-frequency RF signal. freqgency modulators generally have
low half-wave voltagesyV, and therefore require lower drive levels. Consetijyetow-
frequency modulators are easier to linearize. Tles@antages make optical heterodyning a
promising technique for future generation networks.

The working principle of optical heterodyne systeoam be explained if we assume the
unmodulated laser outputs beating at the photoditite two optical signals with angular
frequenciesgpopi andwepre Can be represented by
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E,(t) = E extlj (@yut+,)) 0 (2:2)

E,(t) = E, exp{j{ape, t + @00 (23)

whereE; andE; are amplitude termsg,, and g,.are phase terms of the two optical waves,
andu is the unit vector.

The resulting photocurrent after detection is prapoal to the square of the sum of the
electrical fields of the optical signal. After a Diibck and removing higher order terms, the
photocurrent can be written as

lre = Tep BB, COE(aRFt +¢RF) (2.4)

Where %F = woptz - a)optl. and ¢RF = woptZ - %ptl (25)
whererg, is the responsivity of the photodetector.

Equation (2.5) shows that the stability of the amsaneous frequency of the resulting signal
depends on the instantaneous frequency differert@elen the two optical carriers being
mixed. Therefore, it is important to control thetemtaneous frequency difference accurately
in order to keep the frequency of the generatedbsistable. It also shows that the phase noise
of the generated signal is influenced by the optinawidth of the two optical carriers.

The transfer of phase noise from the two free nugphasers to the generated RF signal can
be shown by writing the auto-correlation of the fglcorrent which is related to the root mean
square of the phase difference (phase varianceekeattimet andt + r as follows

(8 (0F) = (0t 1) -2 OF) 29
Substituting (2.5) into (2.6), the phase varianic#e photocurrent is given by
(8@ (1) = (Boolt + 1)~ @t + 1)~ (@000 0) - 2 0)) @7

Since the two lasers are completely uncorrelateztetis no relation between their respective
phases. Due to the averaging, the produapgf and @, becomes zero, therefore, the root
mean square becomes the sum of root mean squaties tfo phases from the two optical
signals:

<A¢RF (t)2> = <A¢opt1(t)2>+<A¢opt2(t)2> (2.8)

From (2.8), we can conclude that the phase noisetgpn of the generated RF signal by
optical heterodyning is the sum of phase noisetgg®s of the two free running lasers. The
linewidth of the RF signal is given by the sumiaglvidths of the two lasers.

In conclusion, the generation of RF signals by ibgabf optical waves from two free
running laser diodes leads to a linewidth enlargemim the case of correlated lasers, the
product of@,, and @, is different from zero in (2.7). Hence the genedaggnal will have
smaller linewidth as compared to (2.8).
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As reported in [57], experimental data shows thilimeter-wave signals generated by two
uncorrelated light sources are highly influencedtly high phase noise of semiconductor
lasers. Two DFB lasers around1.54 um are used to generate the millimeter-wave carrier
between 60 and 70 GHz. One of the lasers is maatllay a 140 Mb/s pseudo random binary
sequence (PRBS) signal. The two lasers being ldateéhe CS, the two optical signals are
combined and transmitted over a single mode filhéerayths up to 12 km. The unmodulated
millimeter-wave carrier is observed to have linewidf approximately 4 MHz due to the
uncorrelated lasers phase noises.

Therefore the major drawback of optical heterodgrisithe strong influence of laser phase
noise and optical frequency variations on the puartd stability of the generated RF carriers.
Since semiconductor lasers have large spectrahgjiéixtra measures to reduce the linewidth
of the generated RF signals, have to be taken.eTaer different methods that are being
proposed to tackle the phase noise influence oérbéyne method using two lasers by
maintaining phase correlation between the two apfields. The two main methods that are
used to maintain the phase correlation are Oppibake-Locked Loop (OPLL) and Optical
injection locking (OIL).

OPLL can be implemented using solid-state lasech a3 Nd: YAG [58] or external cavity
semiconductor lasers [59]. But the use of semicotmtulasers without external linewidth
narrowing arrangements is more attractive for itdeptial compactness to implement
monolithic optoelectronic integration [60] [61]. Teeduce the high phase noise of
semiconductor lasers, large feedback bandwidthedgiired to achieve high performance.
Therefore cheap DFB lasers can be applied for do @&t different applications where there
are demands of low phase noise levels such ashiereot optical sensing, satellite systems
and millimeter-wave radar systems. Experimentaultesshow that wideband heterodyne
OPLL can be achieved for microwave carriers frodB3sHz [62]. Authors have used master
laser of linewidth 2 MHz and slave laser of linethid MHz to obtain the beat signal of
linewidth 8 MHz in the free running case. After §ppg OPLL to the system, noise level of -
125 dBc/Hz is obtained close to the carrier and than -102 dBc/Hz at all carrier offsets.
The linewidth of locked beat signal is not givenedio its measurement difficulty, but
estimated total variance over 1GHz bandwidth istbto be 0.04 rad2.

If this OPLL is to be applied for home area netvgotk generate pure millimeter-wave
carriers at the BS [63], the master and slave $as&m be located at the CS and the BS will do
photodetection and amplification. This method sifrgd the BS and it can help to extend
millimeter-wave band wireless signal transmissiathiw buildings, stadiums or other public
areas. Block diagram of OPLL is given in Fig. 2flocal oscillator and photodetector are
needed at the central station to detect the phiafee deat signal which will be feedback to
the slave laser. The slave laser will then folldwve tmaster laser phase noise profile. By
appropriate design of loop gain and response ttivee,phase noise of the millimeter-wave
signal at the BS can be reduced considerably [6&4-

On the other hand, optical injection locking is @@ way of locking the free running lasers
to the master laser by using optical injection. Tiester laser which is directly modulated at
an RF frequency creates several sidebands arasigdntral frequency. If the slave lasers are
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chosen to be located near the appropriate sidepahnesphotodetector mixes the optical
harmonics to give a multiple of the RF signal mading the master laser. The main
advantage of OIL is that it offers good phase nogskeiction and cheap broad-linewidth lasers
can be used. But its small frequency detuning ramgkhigh complexity limits its application

[2].

Optical heterodyne detection using two uncorreldskrs coupled with electrical self-
heterodyne or envelop detection at the receiver e under investigated [65], [66] to
achieve high performance millimeter wave generatidrese methods reduce the complexity
of the central and BSs while keeping a low phassenmillimeter-wave carrier. Systems
employing these techniques have two free runnisgriaat the CS, while the base station
includes a photodiode, high power amplifier, anteana, and the mobile unit (user) uses
envelop detection to recover the laser phase fficsesignal [67] [68]. But this architecture is
sensitive to chromatic dispersion since the twacapfrequencies have different group delay
while propagating through the fiber optic. Thiseetf could reduce the maximum reach of the
link. On the other hand, if the heterodyning lasetocated at the BS, the system will be
resilient chromatic dispersion but the BS will hdnrgher complexity as shown in Fig. 2.9.

2.5.3.0Optical heterodyne using dual mode laser

A further another approach to create correlatiodmvben the harmonic with less complexity
is using dual mode laser source [69]. The phassesoof the two beating harmonics are
correlated because they are generated from the samty. Despite the poor frequency
stability and the phase noise level [70], this rodthttracts more interest for different fields
such as radar, and short range wireless persogmih@tworks [71] due to its compactness and
tunability.

Mode-locked lasers are an alternative solutiondnegate millimeter-wave signals. These
lasers are realized from multi-mode lasers by iatidgg saturable absorber in the laser cavity
to create self-oscillation (passive-mode lockirid)ese lasers emit short pulses at a repetition
frequency corresponding to the laser’s free spe@mge (FSR). Mode-locking frequencies of
up to 1 THz have been achieved and linewidth «f tean 200 kHz is reported in [72].

2.5.4.0Optical heterodyne using external modulation techrque

Millimeter-wave generation using EM technique isialty employed using cascaded MZMs
[73] [74]. As shown in Fig. 2.10, this method catsito two MZMs, the first is used to
modulate the digital signal at intermediate frequyete.g. OFDM) and the second modulator
is used for the optical up-conversion. It creatdstsands whose spectral width is equal to the
desired millimeter-wave signal. Beating of the baeds gives the desired signal after the
photodetector at the BS. Since the two beating barts are correlated, the signal generated
after the photodetector has low phase noise. Homivese kinds of systems are sensitive to
chromatic dispersion [75]. To avoid the chromaigpédrsion impact, an optical filter such as
fiber Bragg grating (FBG) can be used to filter one of the sidebands [76]. 60-GHz wireless
communication compatible with WDM-PON system isastrgated in [77] using MZM based
optical self-heterodyning method. At the user ahé, envelop detection or self-heterodyne
method can be applied to demodulate the data eingmitted.
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Fig. 2.10.Millimeter-wave generation using MZM based selfdretlyne method.

2.6.Summary

This chapter briefly summarizes the basics of Hyboptical/wireless communication
systems. As the wireless systems are convergirtbetanillimeter-wave, optical links have
proved their efficiency to support the demand nddde these systems. Different techniques
are discussed to generate millimeter-wave signagusptical components. The main issue is
to generate high frequency radio signal with higbacsral purity and low complexity.

The performance of a DM RoF system is mainly limhiby the laser bandwidth, RIN, chirp
and nonlinearities. External modulation can be usedackle the problem of chirp and
bandwidth limitations for applications above 10GHBystems based on optical frequency
harmonics can generate high frequency signals wittie limitation of the laser bandwidth.
The simplest heterodyne system is composed of te® funning lasers. However, the laser
phase noise has direct impact on the detected Isigading to spectral broadening and
degradation of the information-bearing RF carri€his influence can be mitigated by
introducing phase correlation between two laserrcasu using an electrical or optical
feedback method. If two free running lasers havieetoised without any correlation, the phase
noise contribution could be reduced by using RFeroelyning or envelop detection at
receiver (user end). These methods are best suitigod for high frequency applications in
the millimeter-wave band. Since transmission ditanf millimeter-wave is only few meters
(unless high gain antenna is employed), many B&seauired to extend network coverage.
Therefore, BSs are required to be as simple asijjess
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Circuit Modeling of Radio over Fiber Links

3.1.Introduction

This chapter deals with circuit modeling of radieeo fiber components for different RoF
links. Modeling E/O, O/O and O/E components cancbenplex since the optical and
electrical properties of the devices must be incafed. Circuit modeling of RoF
components is an effective approach to represanpooents’ behaviors making it possible to
integrate electrical drive circuit and parasititeefs.

The optical source, semiconductor laser, is charaetd by its electrical properties (bias
current versus junction voltage) and optical prapsr(static response, dynamic response, and
noise). The input impedance and parasitic of tiserlgpackage are some of the electrical
effects that requires attention. The equivalerdutirnodel of the laser has to include all these
properties in a very compact and simplified manner.

At the optical detection, properties like the oglico electrical conversion, noise,
nonlinearity and impedance matching must be consitleThe optical modulator properties
such as insertion loss, modulation property, anmekedcircuit effects need to be incorporated
in the analysis. As for the fiber optics, dispensend attenuation are considered to be the
main parameters that could limit the system peréoroe for short range applications. For
longer fiber transmission systems, nonlinearitytloé fiber such as stimulated Brillouin
scattering plays an important role as it has lawershold than Kerr effect.

This chapter focuses on the detailed modeling aradyais of the laser properties. After
discussing the theoretical background about serdiccior lasers, the equivalent circuit
model of the laser is developed from the rate egust Since the developed circuit model
contains several parameters which depend on cprafyerties and the physical dimensions of
the device, it is challenging to obtain the optimsets of parameters. To obtain these
parameters, we have used optimization and tuniognes available in ADS by comparing
simulation and measurement curves. For this purposasurement of laser characteristics
such as RIN, phase noise, the static responsedymmic response are required. A set of
parameters that gives the best fitting between uredsand simulated curves are then used
for system simulations.
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Development of circuit models of other RoF compdsdeads to system study by cascading
the models in different configurations. This alloaasy evaluation of RoF properties such as
link gain, noise figure and dynamic range. The n®dee flexible to study different RoF
systems in terms of light modulation and detectiBath IM-DD and heterodyne detection
techniques can be studied with these models.

3.2.Semiconductor lasers

Lasers are devices that generate or amplify hightywochromatic radiation in the infrared
region, optical region, or beyond. According to emic developments, sophisticated laser
diodes can have more few hundreds of KHz linewaltd high power up to 100mW [21].
Their small dimension, low power consumption, ploidisy of direct modulation, high
efficiency, and mass productivity are some of thstanding advantages of semiconductor
lasers. Together with the optical fiber technologgmiconductor lasers have brought a
dramatic change in the communication systems td thedncreasing demand for high speed
communication. New applications in the local areatad communication and
telecommunication networks continue to emerge asettdevices become more reliable and
efficient.

In a solid semiconductor material, there are foasib electronic transitions that can occur
between the valence and conduction bands: sponianemission (photon emission),
stimulated generation (photon absorption), stineadatmission (coherent photon emission),
trap-assisted and Auger recombination (Fig. 3.1ght is generated due to spontaneous
emission and stimulated emission. Based on theseptvenomena, there are two kinds of
devices that are used as light sources: light dicggion by stimulated emission of radiations
(Laser) and light emitting diode (LED).

ol e e oL
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Absorption Spontaneous emission Stimulated Emission Non-radiative
recombination

Fig. 3.1. Electronic transitions between the conduction amldnce bands in semiconductor
materials.

The primary mechanism within LED is that large n@mbf spontaneous emissions occurs
inside the material and no photon feedback is plexti This mechanism results in an
incoherent emission since the emission time anection would be random which makes
them unsuitable for optical communication. Whernedssers both spontaneous emission and
stimulated emission occurs, the stimulated emisgodominant allowing the emission of
monochromatic light. It is for this reason thatelss are integral elements of an optical
communication system.

The optical gain medium in semiconductor laser e#donsists of a material which absorbs
incident radiation over some wavelength range te#rest and incorporates a resonant optical
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cavity. When external energy is applied in the foomelectrical or optical energy, the
electrons within the material will be excited tonan-equilibrium state which can cause
spontaneous and stimulated emission. If the energgent radiation is higher than the
bandgap energy between the electron in the exsttdd and the available state in the valence
band (hole), the electron and the hole recombin&iama photon which has the same energy
as the incident photon. So the incident radiatisnamplified rather than absorbed by
stimulating the de-excitation of these electronsngl with the generation of additional
radiation. If the resulting gain is sufficient teewcome the losses of some resonant optical
mode of the cavity, relatively monochromatic ligiain be produced. In semiconductor lasers,
after the light is emitted by spontaneous emissiba,resulting photons are amplified since
they are reflected back and forth in the resonamwity which provides the necessary positive
feedback for the radiation to be amplified, so thd&sing oscillation can be established and
sustained with sufficient injection of electricalezgy (electron injection).

The range of emission wavelengths of semiconduasars covers the optical spectrum from
near ultraviolet to far infrared depending on thatenials used in the lasing region. The most
important criterion to select the semiconductoreriat for a specific heterostructure laser is
related to the lattice matching between the twoisenductors of different band gaps. Long-
wavelength lasers in the range of 1.1 to 1.6 pmdaggrable in optical fiber communication
since the optical fiber attenuation in this windass very low. For these ranges of
wavelengthsinGas.xAs,P1.y — INP combination is the most suitable choice in teringesfect
lattice matching. For wavelength range of 0.8 ® Am, GaAs materials can be used to
realize the laser.

Apart from the bandgap of the semiconductor mdiefa radiative recombination to
happen in the active region, the injected carremd the generated photons have to be
confined in the active region. There are differgintictures to achieve both carrier and photon
confinement. Double heterostructure (DH) is thepast case to have carrier confinement by
forming potential well across the transverse axidemhe photon confinement is achieved by
the index of refraction profile between the cladgiayers and the intrinsic region. The active
region (intrinsic region) is made of a material lwhiigh index of refraction. This index of
refraction profile creates an optical waveguidef@# micrometers thickness. The carrier
confinement effect in DH is one of the most impottéeatures of modern diode lasers. By
further reducing the dimension of the active redgmform a very small layer called quantum
well (QW), the characteristics of the laser charfgeslamentally. Laser diode structures with
this profile are called separate confinement hetemoture - quantum well lasers (SCH-QW).
The surrounding intermediate bandgap region is tsexnfine photons. QW lasers achieve
low threshold current while keeping high gain pefihigh intrinsic modulation bandwidth,
and narrow linewidth, however they are usually nteraperature sensitive than conventional
non-QW devices. The following analyses about treatteristics of semiconductor lasers are
based on [78].
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3.2.1.Types of Lasers

Practical laser diodes can be of the two categdqfes 3.2): those with in-plane cavities
(edge emitting lasers, EEL) and those with vertazlities (vertical cavity surface emitting
lasers, VCSEL). The main difference is that theoagptcavity of EEL is in the lateral axis
where feedback can be accomplished using cleawesd-fairror and emission at the edge of
the device. Whereas in VCSELSs, the cavity is in Weetical direction which is also the
direction of growth of the device, and feedbacladbieved by using a multilayer reflective
stack grown below and above the active region.
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Fig. 3.2. Schematic of (a) in-plane and (b) vertical-cavityface-emitting lasers.

Further classification of semiconductor lasersasdal on the frequency selective mirrors put
in the axial mode propagation direction to detemlrine emission frequency and tunability.
Some of the lasers include but not limited to FaPeyot (FP) lasers, distributed Bragg
reflector (DBR) lasers, distributed feedback (DFers, and External cavity lasers.

Fabry-Perot Laser

Fabry-Perot (FP) laser diodes are those whose mpiar@ simply the flat cleaved surfaces at
the either ends of the laser chip for creating tpasifeedback. The large index of refraction
discontinuity at the semiconductor — air interfgcevides a reflection coefficient of around
30%. FP lasers are the default configuration fdaser (the usual population inversion,
stimulated emission and positive feedback). Thasers are characterized by longitudinally
multimode spectra with a wavelength spread of sg¢wven to several ten nm.

Distributed Bragg Reflector lasers

The other alternative to create a resonant cawityhe active region is to put layers of
different materials at the two ends of the actiegion. These layers would create high
effective reflectivity at Bragg wavelength, henbe hame Distributed Bragg Reflector. These
kinds of lasers can emit single longitudinal modeah is linked to the Bragg wavelength.

Many important diode lasers use distributed pasgraéing reflectors for one or both cavity
mirrors (Fig. 3.3 (a)). A DBR typically has two septe grating regions on either side of the
gain region, and the grating doesn't overlap the geagion. With the in-plane lasers, the
reason is to use their frequency selectivity foigk axial mode operation and with vertical
cavity lasers the reason is to obtain a very higluer of reflectivity. Gratings consist of a
periodic array of index variations. One of the &sinere is to make transition between the
active and passive waveguides without introducimgi@vanted discontinuity. This is of little
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concern for VCSEL case because the axial diredsotme growth direction and switching

materials is always done several times during dnowb manufacture edge emitting laser
diodes with DBR mirror is relatively complex sinadot of structure must be created along
the surface of the wafer which is because in-pRaB& lasers are only formed when their
unique properties such as wavelength tunabilityregeired.

Distributed Feedback Lasers

DFB lasers are very popular devices widely usedptical communication systems. A
distributed feedback (DFB) laser also uses gratmigors, but the gain is included in the
gratings, Fig. 3.3 (b). Thus, it is possible to maklaser from a single grating, although it is
desirable to have at least a fraction of a wavelesgift near the center to facilitate lasing at
the Bragg frequency. DFB lasers are usually witte in-plane cavity types but vertical
cavity versions are also possible, however thermiadvantage over the DBR vertical cavity
lasers and fabrication is not any easier.

The frequency selectivity of DFB lasers is due ke tperiodic grating which forms
constructive interference between forward and aauptopagating optical waves at certain
wavelengths. Therefore, for resonance to happenwéavelength has to match with the
grating period, thus the resonant condition of 8D#&ser is:4g=2n4 whereAg is the Bragg
wavelength and1 is the grating period, and n is the effective aefive index of the optical
waveguide.

In a simple DFB laser, there are two modes equabigced on each side of the Bragg
wavelength that reach threshold simultaneousliggfd is no additional perturbing reflections
such as from uncoated cleaves at the end. Thenfe#itod to avoid two-mode emission is by
using additional reflections to destroy the unwdntiegeneracy. In practice, at least one
cleaved mirror will do the job if the gratings aret too long so the net reflection phase from
one end is shifted from that of the grating. Howetke phase relation between the facet
reflectivity and grating reflectivity is difficulto control and the phase is random, so the yield
of good DFB laser is limited. Another method isngsianti-reflective coated facets and
half/quarter-wave shifted configuration to imprdte yield and phase adjustments.

DFB Laser
DBR Laser
2A
<«—»  P-Tpe
P-Type Grating
/\/\/\I V\/\/\, < Active
DBR | N-Tipe | DBR N - Tipe

FActive Region% (b)

(@)
Fig. 3.3. Laser structures (a) DBR and (b) DFB.
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External cavity lasers

Semiconductor lasers are very sensitive to exteieedback, even a very small amount
(order of -40 dB reflection) drive it from singleoate operation to chaos. Therefore it is usual
to put an isolator at the output of the laser ®vpnt an optical feedback from external optical
interfaces. On the other hand, precisely controligtérnal optical feedback can be used to
create wavelength tunable lasers with very narqpecsal linewidth.

An external-cavity diode laser is, therefore, addidaser which typically has one end anti-
reflection coated, and the laser resonator is ceta@lwith, a collimating lens and an external
mirror as shown in Fig. 3.4. Another type of extdroavity laser uses a resonator based on an
optical fiber rather than on free-space optics.rdd@band optical feedback can be obtained
from a fiber Bragg grating. Longer resonator insesathe damping time of the intra-cavity
light and thus allows for lower phase noise andnaler emission linewidth (in a single-
frequency mode of operation). An intra-cavity filsauch as the diffraction grating can further
reduce the linewidth. Typical linewidths of extdroavity diode lasers are below 1MHz. One
of the important advantages of external cavity fasis its features for mode locking
operation.

External
Cavity
Laser N
Cavity <«
Mirror

Fig. 3.4. External cavity laser.

Tunable semiconductor lasers

Modern WDM lightwave systems require single modarrow-linewidth lasers whose
wavelength remains fixed over time. DFB laserssfathis requirement but their wavelength
stability comes at the expense of tunability. Ageamumber of DFB lasers used inside a
WDM transmitter makes the design and maintenanciol a light-wave system expensive
and impractical. The availability of semicondud@sers whose wavelength can be tuned over
a wide range would solve this problem. Typical tuedasers are based on multi-section DFB
and DBR structures. The current injected into thage-control section is used to change the
phase of the feedback from the DBR through caméduced index changes in that section.
The laser wavelength can be tuned almost continpayer wide range of wavelength by
controlling the currents in the phase and Braggi@es Such lasers exhibited a tuning range
of 17 nm and output powers of up to 100 mW withhhigliability [79].
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Fig. 3.5. Multi-section tunabldaser.

3.2.2.Rate equations

The operating characteristics of semiconductorrsasee well described by a set of rate
equations that govern the recombination effectscafriers inside the active region.
Considering DFB lasers, the current injected to dbtve region is assumed to be uniform
over the volume. Because of the diffusion of thargk carriers the amplification will then
assume an approximately uniform value everywherénactive region. In this section the
single mode rate equations are used to discusstdaaly-state characteristics, small-and
large-signal modulation characteristics, and noidearacteristics of a single-mode
semiconductor lasers.

A rigorous derivation of the rate equations from xMall's equations together with a
guantum-mechanical approach for the induced p@toz can be performed to obtain the
familiar equation that govern the physical phenomiarthe active region [80]. However, they
can also be obtained using intuitive approach sidering the phenomena that reduce and
increase the carrier density, and photon densitiieénactive region [78]. For standard double
heterojunction semiconductors, the single mode eafeations for carriers, photons and
optical phase in the active region can be writtefodows:

dn Iy n
-n jas  __ _ 3.1
dt d aVe, T, V9P S
P_ n_np
—=Iv +IMf—-— 3.2
dt IP+TS I, T, 5.2
de 1 1
L =2\t ==a| T - (3.3
dt ) 20[ Yl rpj

wheren andp are the carrier density and photon density inatteve region respectively;
the internal quantum efficiencysias bias currentg electron chargeyo, the volume of the
active region,r, carrier lifetime,oq light group velocity in the active regiow, stimulated
emission gain/’ confinement factor? spontaneous emission factgy photon lifetime,# the
phase of the generated light the linewidth enhancement factor, ands the instantaneous
optical frequency fluctuation.
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Equation (3.1) indicates the rate at which eledrare created or destroyed inside the active
region. The time rate of change of electrons isattputhe difference between total electrons
injected to the active region and the electronssaored to produce photon with stimulated
emission and spontaneous emission. Other non-nagli@combination effects are assumed to
be small compared to the spontaneous emission.e\WBiR) defines the rate of change of
photon density in the active region. In additionthe stimulated emission, a factor of the
spontaneously emitted photons contributes to thiedamode. In the phase equation (3.3) the
instantaneous phase of the lasing mode is relatethed change of carrier densityhis
phenomenon is known as the amplitude phase coupfiiegt represented by the linewidth
enhancement factor. This means that whenever théhectuation of carrier density from the
threshold value due to external modulation, theicaptphase will be changed as well
following the same profile as the change in theieadensity. This effect is known as the
chirp effect. This is due to the fact that the aefive index, which is responsible for the
change of propagation constant, depends on thieccdansity.

The stimulated emission gaig, is expressed as a function of both the carriesithe and
photon density. The relation between gain and @adensity can be well-approximated by a
straight line, at least in the small-signal comitagy = a(n - n,) Wheren is carrier density at
transparency, and is the differential gain. However better resultaild be obtained using
logarithmic relationg = aln(n/n,) as shown in Fig. 3.6.

Modal Gain, /g

R Carrier Density, n
Fig. 3.6. Modal gain vs injected carrier density [78].

Different nonlinear gain models have been propdeedthe relation between gain and
photon density which is caused by different mecdrasi such as spectral and spatial hole
burning, two photons absorption [81] [82], and kgé current path [83]. Tucket al [84]
introduced a multiplicative correction terfb- gp) based on phenomenological approach of
two-level laser approximation, whetas the gain compression factor. But in semiconducto
lasers transitions could occur between various ggnbands resulting in a large spread in
transition frequencies. In [85], it is shown thatke tmultiplicative factor gives multiple
solutions. Channin [86] on the other hand propogedp)™ which is positive for all values
of the photon density. Another expression is alsaved by Agrawal [82] using density

1
matrix formalism yielding to correction term {f+ sp)2 for the spectral hole burning effect
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which is the dominant mechanism in most DFB laderfact, the linear term is related to the
first order Taylor series expansion of the others.

It must be stated that the contribution of gain pogssion should not be included in (3.3)
because the index change associated with suchneanlphenomena is expected to be much
smaller than the carrier-induced index change, bBedce doesn’t have effect on the
instantaneous phase or linewidth of the emittedcapsignal unless in the case of very high
power or non-cooled laser diode [80].

Although from theoretical point of view the threaigexpressions show different behaviors,
they give almost similar results in the laser dymamat low photon density [87]. A
comparison of the three gain expressions is shawng. 3.7. At higher photon density level,
the linear correction term compresses too muchhartte gives an over estimation of the
nonlinearity of the laser. However as can be seem fFig. 3.8, the photon density for the
entire bias current is within the region where theee nonlinear gains are almost equal.
Therefore the linear gain compression term is usdtis thesis since it has a good tradeoff
between simplicity and accuracy.

g=an-n,)1-) (3.4)

0.8

0.6

0.4

(lfep)*—‘—*-

(1 + sp)f1 —l

Gain correction term

0.2 (1+ 2¢&p )7%-0-0-0—

1 2 3 4 5 6 7 8 9 10 m
pE
Fig. 3.7. Comparison of different gain expressiongws

In the following discussions, a DFB laser from E@émpany is used to analyze the laser
properties theoretically. The parameters used taiolhose properties are listed in Table 5 as
follows:
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Table 5.EM4 DFB laser parameters

Given parameters Values
Central wavelength/ 1550 nm
Threshold current, 47TmA
Slope efficiencyy,, 0.29 mW/mA
Active region volume, V 3.1 10"m°
Cavity length, L 1 mm
Linewidth enhancement facter, 7.25
Spontaneous emission factgr, 1.55 10°
Differential gain, a 4.323 10°'m?
Carrier lifetime,, 2.9 10%
Photon lifetimes, 2.26 10"’s
Carrier density at transparencygn 2.0 16'm*
Gain compression ratia; 5.3 10m°
Confinement factor/ 0.8

3.2.3.Steady-state characteristics

For the CW mode operation of the laser, the stestalye solution can be obtained by setting
all time derivatives to zero. Two important featuid steady-state are of general interest in
characterizing laser performance, namely the layiitent (L-1) curve which shows how the
output power varies with the bias current; and tbegitudinal-mode spectrum which
indicates how the optical power is distributed amtre various modes at a given current (for
multimode lasers).

By settingd/dt=0 in the rate equations, (3.1) and (3.2) can be Iffieghas

. n
O=p —Das — — —y (3.5)
i N, T, 49p
0=rv,gp+rp-F (3.6)
T, T,

With this simplification, the equations can be saolvanalytically, which will help us to
understand some basic characteristics of semictmduasers. Considering (3.6), an
expression for the photon density can be derived as

p= 1—T (3.7)
— =Ty
T a9
p
This equation indicates that when the value of w@ted emission modal gain approaches

1/, (its threshold value), the photon density woulgrapch infinite. The gain actually never
reaches to its threshold value since carrier dgmglt be clamped below its threshold value.
At this point of operation, the laser is said torbached at threshold. The threshold condition
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can also be explained as follows: in order forsinig mode to reach threshold, the gain in the
active region must be increased to the point wiadirthe propagation and mirror losses are
compensated, so that the electric field of the ph®Eexactly replicates itself after one round-
trip in the cavity. Solving the round-trip equatiohthe photon by introducing the boundary
conditions, we can get threshold conditions bothnfiagnitude and phase. While the phase
condition gives the modal wavelength, the thresleolidition for magnitude can be given by

r\/ggth = i (3.8)
TP
In the below threshold bias condition, solutiong26) and (3.6) show that the total output
optical power is negligible hence the injected entmeeds to supply carriers lost to radiative
and non-radiative recombination. If the injectiewdl is increased, the carrier density always
stays below its threshold value (Fig. 3.8). So,threshold current can be obtained from (3.5)
and (3.8) under the below-threshold condition as

n 1
Iy, = VoL h = qVo,| Ny + (3.9)
,7 iTn rVgan
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Fig. 3.8. Carrier and photon densities vs injection currdril4 laser.

The laser output power can be obtained by consigdtie total number of photons that
escape from the active region through the mirrdfee photon lifetimez,, is related to the
cavity loss by

T, =V A =V, (0, + ) (3.10)

p g™ cav

whereg; represents the intrinsic cavity losses andrefers to the amount of photons loss
through the mirrors. For cleaved facet lasers (ER.lasers), the equivalent mirror loss
coefficient in the unit offi’] can be defined as

a

m

- —%In(R) (3.11)
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where L is length of the active region, aRds the product of the mirrors’ reflectivity. For
DFB lasers the mirror loss should be adapted basethe structure of the laser and facet
conditions.

In the above threshold case when the bias cumergases, the carrier density and the actual
gain approaches their respective threshold leVidis.optical power output increases linearly
with injection current and the total spontaneousssion saturates at a level found at
threshold. The total output power emitted by theefacan be defined as the power that is
emitted through the mirrors. If the laser has nmiopbequal reflectivity, half of the total power
will be emitted out of each sides. Considering tigdit is coming out from one of the mirrors,
the total output power becomes

1

PpFEVgO’thP

(3.12)
_1lhv

_Equ( bias Ith)
whereP is the photon number andis defined as the differential quantum efficiencyeg

by

n, =19 _ (3.13)
a +a,

The differential quantum efficiency measures the efficiency of an increase in ouight |
with an increase of the injected current while ithternal quantum efficiency; indicates the
fraction of terminal current that generates casriarthe active region.

Together with the mirror reflectivity, the differeaml quantum efficiency can be used to
extract the intrinsic loss of the lasef,. The output optical power versus bias current (let
| curve) is given in Fig. 3.8. The slope of thewauwhich is usually referred gs, is therefore
given by

, =ihv
LI 2 q d

The L-I curve indicates the threshold level antpoupower level for a given bias current.
The linear relation holds true if the internal eiincy, confinement factor, and cavity losses
remain constant at high injection levels.

(3.14)

Because of the temperature sensitivity of InGaAasers, it is often necessary to control
their temperature through a built-in thermoelectooler. As a result of the temperature, the
slope of the light-current (L-1) curve decreaseschhcan be attributed to junction heating
occurring under CW operation. It can also resulbtfran increase in internal losses or current
leakage at high operating powers (Fig. 3.9). Theralso a shift of the threshold current
towards higher values. The relation between thidsborrent and temperature is given by
[88]
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1 (T)= 1T, )eXI{T “l J (3.15)

TO

wherel(Tf) is the threshold current at a reference temperaand T is a characteristic
temperature often used to express the temperaemsitizity of threshold current. For
INnGaAsP lasers (lis typically in the range 50-70 K in contrast 201K for GaAs lasers.
Therefore, INnGaAsP lasers are temperature sensitidet is often necessary to control their
temperature through built-in thermoelectric cooler.

One important aspect of the DC characteristic {imdicated in Fig. 3.9) is that at very high
bias current, the relation between bias currentangdut power is no more linear. The output
power shows compression at high bias current.
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Fig. 3.9. L-I Characteristiccurve of EM4 laser depending on temperature [79].

3.2.4.Intensity Modulation of semiconductor lasers

One of the very important features of semicondulzsers is their ability to work in direct
modulation operation. The DM scheme and the lasgyub power versus injection current of
a typical semiconductor laser are shown in Fig03UWnder direct modulation, the bias
current causes not only the modulation of the autyptical power but also modulation of the
optical frequency/phase (chirp). In this sectiorthbatensity modulation and frequency
modulation in the small and large-signal casesavered.

The modulation response of the laser can be solwedassuming a time dependent
modulation of the bias current above threshdtiE lyiast in(t) Wherein, is the modulation
current. For the analysis of small-signal modulatithe time varying term{(t)) is small in
magnitude and this helps us to linearize the rateatons simplifying the calculation to
determine the modulation bandwidth.
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a). Small-signal Intensity Modulation (1 M)

The small-signal analysis is based on the assumptmat if the bias current varies
periodically around its value, we can find usefodlgtic solution from the rate equation and
the modulation bandwidth can be determined. The uladidn currentin(t) introduces
deviations on the carrier density, photon densitg @ptical frequency/phase which are
denoted a%y, p1, and 1. These deviations are periodic at a modulatiogueacy ofw. A
criterion for the validity of small-signal approxation is generally expressed in terms of the
modulation depth asm<<1 wheremis given by

m=_mmax (3.16)
lbias ~ ltn

Under small-signal modulation, the gain is depenhaencarrier density and photon density
(3.4); thus the gain will be affected by the tweiaBons:

0g=adn- a dp (3.17)

The negative sign witha, shows that gain decreases with increasing photmsity.
Relations fora, anda can be derived from (3.4):

a=99
dn (3.18)

0
—d—% =-ca(n-n,)

The differential gain coefficienta, tends to decrease at higher photon densitiest iso
assumed to be equalge

ap:

The rate equations for the small-signal fluctuatiopandp; can be linearized to obtain the
solution in the frequency domain as follows
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L, Tva,p,+ja
n =g —1-.—2° H (c) (3.19)
qVoL ok
p, =1, Il .Fvgapa H(a)) (3.20)
I VoL w;
with
M@.__ﬁi__ (3.21)

wh - + jay
Where,p, is the steady state photon density at a partiduss currentl, is the magnitude of
the modulation current in frequency domain,is the relaxation oscillation frequency and

is the damping factor. Relaxation oscillation freqay and damping factor are the following
expressions in the above threshold condition:

v,a
awf=—2— Pa (3.22)
TP
1
y= vgapa+vgappa+r_ (3.23)

n

The relaxation oscillation frequency and the gaatusation phenomena can be explained
from the rate equations as follows: when the gairthie active region is increased due to
stimulated emission, photon density will increadaclv causes more carriers to be consumed
and this causes the carrier density to be decreasating gain saturation. As a result the
photon density tends to be decreased due to theeddptical gain. This saturation effect, in
turn, will increase the carrier density; the pra@cgses on this way. This whole phenomenon
causes oscillation in the transient behavior oflitjet generation at an angular frequency of
WR.

10g|H(a))|2 I !

40 dB/decade

Bandwidth

log @
Fig. 3.11Modulation transfer function of a semiconductoela§ 8].
The parameter that is useful for practical systdms use DM of the light is the modulation
bandwidth. It is defined as the frequency at whioé modulation response has dropped by
3dB relative to its low-frequency or DC value. Aesth of the modulation transfer function of
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a single mode semiconductor laser is given in Bid.l. The response is flat at lower
modulating frequencies and peaks around the retaxascillation frequency.

For the realistic evaluation of the modulation baitth, electrical parasitic effects
associated with the packaging of the device shdngdconsidered as it may lead to a
premature roll-off in the modulation response. Heareit should be stated that for quantum
well lasers with separate confinement heterostrac{8CH), the modulation bandwidth can
be further reduced due to carrier transport effébe transport effect introduces low-pass
filter property on the intrinsic transfer functi¢®9]. This effect can be eliminated by using
narrower SCH region allowing a much larger modolatbandwidth.

b). Small-signal frequency modulation

The amplitude modulation of the laser is always oagganied by frequency/phase
modulation because of carrier-induced changes enniode index. Any variation of the

injection current yields a variation of the carmgEmsity which in turn yields a variation of the
refractive index and thus the optical emission diergpy. This phenomenon of the dynamic
shift of the emission frequency is referred to asqdiency chirping. This frequency

modulation effect may be desirable if we wish toawyically tune the laser frequency, but for
intensity modulation applications, the chirp limitse effectiveness of the optical link by
broadening the modulated laser spectrum.

From (3.1) - (3.4), it is possible to relate thea#irsignal current modulation with the
frequency modulation. The small-signal frequencydaiation corresponding to the intensity
modulation is obtained from (3.3), (3.19), and (3.@s

Nvap, +jw
v, =% rvap 1 Ya%Pa ) H () (3.24)

! aVou aé

where; is the small-signal frequency fluctuation.

Equation (3.24) indicates that the amount of fregyemodulation (FM) due to carrier
fluctuation depends on the value of the linewidtin@acement factor. Just like the carrier
density response, the FM response has a zefa,ap in the complex frequency plane and it
follows the laser modulation transfer function.

By relating (3.20) and (3.24) we can obtain a senpksult that relates the intensity
modulation and frequency modulation (chirp) asoiak:

v, = %T (Fvgap p, + ja))% (3.25)

If we define M=wn/f as the frequency modulation index, we can relée intensity
modulation (IM) and FM modulation indices usingl@). and magnitude of (3.25) as

(3.26)
2
M_a rv,a,p, +1
m 2 w
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It is shown in Fig. 3.12 that the normalized FM dkldresponses have the same shape. Both
responses exhibit peak around the relaxation asioifl frequency, but the IM response falls
quickly after the resonance peak with 40dB/decani@pared to 20dB/decade in the FM
response.

20—
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T
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Fig. 3.12Comparison of IM and FM modulation response of Biker.

¢). Large-signal modulation

For practical purposes in communication applicatjahe modulation depth does not satisfy
the small-signal approximation and therefore, thedrity applied for small-signal analysis
will no more apply. Therefore, nonlinear effectdl wlay an important role under large-signal
condition. Large-signal intensity modulation is smered when the laser is typically biased
close to threshold and modulated considerably abmeshold. In this case, the rate equations
cannot be solved analytically and therefore nuna¢aoalysis is necessary.

The FM response under large-signal can be estinfededthe third rate equation (3.3) and
the first order expansion of the gain around iteghold value which is written as
(3.27)
g =0n +a(n_nth)_app
Substituting this gain expression and (3.8) int@)3ve can relate the carrier variation to the
change of photon density in the large-signal caowlitThis leads to an approximated relation
between the frequency chirp and the optical poRgy)(as [90]

(3.28)
a 1 dR
AV :V(t)_vth :_4 5 (t) dtpt

opt

This relation only assumes the frequency fluctumtie a function of carrier fluctuation. But
at low modulation frequencies, the bias currenb algroduces modulation of the laser
temperature which changes the index of the actiagenal hence modulates the optical
frequency [90]. This kind of chirp due to temperatis called adiabatic chirp and the total
chirp is the sum of contributions from carrier &ion and temperature effects.

57



3.2.5.Noise characteristics of semiconductor lasers

The optical signal emitted from semiconductor lasaows both intensity and phase
fluctuations even at a fixed DC bias current. Thes@ations are due to the random nature of
photon generation where incoherent photons canebergted due to random electron-hole
recombination and spontaneous emission. These plera introduce both instantaneous
intensity and phase fluctuations (noise) on thettechioptical signal. The noises associated
with semiconductor lasers can be manipulated usamgevin noise formulations where white
noise sources are added to each rate equatiorekeoirito account random electron-hole
recombination and spontaneous emission both fengity and phase equations. Thus, by
inserting the gain expression (3.4) to equations$)(33.2) and (3.3), the rate equations with
Langevin noise sources become

dn lias N
G Ty el L-eplo+ R (3.29)
2—?=F\@a(n-no)(1-€p)p+/3£-£+Fp(t) (3:30)
T, Tp
dp_1 )=t 3.31
i 2c{l’vga(n n,) TPJ+F¢(t) (3.31)

where Fy(t) is noise due to the nature of electron-hole rdmoation processes:y(t)
represents the intensity of spontaneously emittedqns F 4(t) represent the random phase of
the photon generated by spontaneous emission. Bngeise sources corresponding to the
carrier density and photon density are in unit tafrg®,

In the presence of Langevin noise soureeq, ¢ become random equations. Dealing with
these random equations could be complex, so canmsydéhe system as memory-less (the
correlation time of the noise sources is much sndfan the relaxation times) simplifies the
solution considerably. Under this assumption, taedevin sources satisfy the relations

(F{t)=0, <Fi(t)Fj(t)>:2Dij5(t_t') (3.32)

where the angle brackets denote ensemble averadjeDars the correlation strength
associated with the corresponding noise sourcendiy

na
Dpp :ﬂT pa

T (3.33)

wherep,, N, represent the steady-state values of the camgkphoton densities.
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a). Intensity noise

Intensity noise is the fluctuation of the power #ed by a laser around its steady-state value.
The spectrum of these fluctuations can be meadweltecting the laser output using a wide
bandwidth photodiode and an electrical spectrunlyaeaa Such a measurement yields the
noise spectrum associated with the total power. Eifj3 shows the intensity noise on the
output power when it is modulated with an analapai.

P

P(i)z P, + P, sin (a) t)+ 5P(t)

t

Fig. 3.13Intensity noise on modulated laser signal for agaloplications.

The intensity noise at a given angular frequengyis characterized by the relative intensity
noise (RIN, per unit measurement bandwidth) caexXpeessed as

RIN _, Sp (c) (3.34)
Af P2

where Sypp is the double sideband spectrum of the power dhtadn, and is related to the
mean-square power by

(0P(t)) = Sp(w). 21 (3.35)

andAf is the spectral measurement filtering window.

Thus the intensity noise in a semiconductor laser loe related to laser parameters using
small-signal analysis as [80]

RIN _ T8n, W+ ) (3.36)
Af AT, P, (wé - a)z)z + (a)y)2

Fig. 3.14 shows simulated RIN spectrum at three ggolevels of EM4 DFB laser with
parameters given in Table 5. The RIN is considgrabhhanced near the relaxation oscillation
frequencywrg but decreases rapidly far>> wg. At a given frequency, RIN decreases with an
increase in the laser power.
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Fig. 3.14RIN spectra at several power levels of EM4 laser.

b). Phase/Fregquency noise

The phase/frequency noise of the laser is relatede quantum fluctuations associated with
the lasing process which affects both the interesitgt phase of the optical signal. This noise
is of interest in evaluating the performance ofereint and heterodyne optical communication
systems. The third rate equation (3.31), shows mmsms that contribute to phase
fluctuations. The first term shows that fluctuasan the carrier populations lead to a phase
change while the second term shows the spontanemission contribution. As discussed
before, a small change in carrier density affelots dptical gain, which in turn changes the
refractive index and consequently the phase. Tienidth enhancement factarprovides a
proportionality between the gain and index chang&g

The frequency and phase noise power spectrums eanbtained from (3.31) in the
frequency domain

1 I 2 2
%(W)zzﬁ@+a |H(C())| ) (337)
1
S, =5 5(w) (3.38)

The frequency noise spectrum has similar qualiéatiehavior to that of the magnitude
square of the laser transfer function. So a pealrat the relaxation oscillation frequency is
observed as shown in Fig. 3.15.
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Fig. 3.15Frequency noise spectrum of EM4 laser.
¢). Spectral Linewidth
The linewidth of a single longitudinal mode undai@peration is a manifestation of phase
fluctuations occurring inside the laser which isially few MHz. The linewidth of the laser
emission Av) is defined as full-width half-maximum (FWHM) of @hlight spectrum. For
semiconductor lasers, the linewidth can be deriveoh the autocorrelation function of the
optical field which has Lorentzian shape as

Av DZHS/(O):im(1+aZ|H (O)|2)

The frequency chirp is directly proportional #owhile the linewidth depends on the square
of a. The linewidth is inversely proportional to thetiopl power, but at very high power
level, the linewidth starts to be independent oivpodue to additional terms that have to be
included in (3.39) such dgf noise [92].

It is experimentally demonstrated that the increasesidual spectral linewidth in a multiple
guantum-well (MQW) distributed-feedback (DFB) lasserdue to an increase infIdoise.
Therefore, the FM noise spectrum of the laservusmby a sum of the white noise component
and I/f noise component [92]. If th&/f noise is taken into account, the frequency noise
spectral density is related to the linewidth atofes

Av Kk
= + —

s(f) 2t

(3.40)

wherek; is a constant related to tH& noise. This makes the autocorrelation function to
deviate from Lorentzian shape to Gaussian shapés i the reason why linewidth
measurements tend to show linewidth saturationigit power, there is even an increase in
linewidth as the power is pushed further high amshin Fig. 3.16.
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Fig. 3.160ptical linewidth for two different fits at 25 °@1].

d). Low-frequency noise (1/f RIN)

The noise analysis based on the rate equationd.angevin noise sources exhibit a flat
noise spectrum at lower frequencies and peaks atreélaxation oscillation frequency.
However, experimental results of noise measurenwrgsmiconductor lasers show that there
is a 1f component in the spectrum at low frequency rarj§8% [94]. This low-frequency
noise is observed both in intensity noise spectamd frequency noise spectrum. Studies
show that the f/noise in semiconductor lasers could have an uténpaiysical limit based

upon similar factors to fundamental noise generatedther semiconductor and solid state
devices.

There are two existing theories as to the origidoef-frequency fluctuations in the laser
diode and how the low-frequency noise is affectgdhe injection current modulation. The
first hypothesis argues that low-frequency intgngiictuations are due to trapping of carriers
in the semiconductor medium with & pbwer low-frequency spectrum, while the other view
holds that competitions between longitudinal moafethe laser diode causes an enhancement
of low-frequency fluctuations.

If we assume that the low-frequency noise is calgethe modes competition in the active
layer, then theoretically, the flhoise should disappear completely if mode-competits
completely suppressed by perfect mode-locking. Anshould disappear in the case of a
purely single mode laser. However, studies revetlatthe residual level of flihoise is often
observed even in the single mode DFB lasers. Toerefor single model lasers such as DFB
laser, the origin of low-frequency noise shoulddwe to the trapping of carriers inducing
additional behavior of carrier fluctuations. Trapgiof carriers will cause the non-radiative
recombination current to fluctuate and eventuallyaduces slow modulation of the injected
carrier density.

For a single mode laser, thd hbise can be expressed in the rate equation s [95

dn I

; n
Gt D))o R )R ) e
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The spectrum of the low-frequency noibgis given by [96] [97]

2 ST 3.42
<Fn,1/f (f )> VOLTr? f ( )

whereoy is Hooge’s parameter.

Equation (3.41) will not only introduce low-frequsnnoise on the output optical power but
it will also have effect on the third rate equateomd hence the linewidth of the optical signal
increases since the frequency noise spectrum chdraya (3.39) to (3.40).

3.2.6.Two level rate equations

The operating characteristics of high speed sendiector lasers can be affected by the
carrier transport effect due to the separate cenfent heterostructure (SCH). This can be
characterized by using current continuity equationthe carrier in the SCH (Fig. 3.17).
Assuming the filling of electrons throughout theagtum-wells (QWSs) is homogeneous, we
can establish another rate equation that consithersdirift of carriers across the SCH, the
carrier capture by the QWs, and the carriers tlsaage from QWSs. Therefore the rate
equations for carrier and photon density becomé [98

dnB -n I_qlbias _E_FE (3.43)
dt QVo, T, T
dn_ ng 1 1
an _ N L (3.44)
" rqrs (z—n ['ej Vg ap
dt T, Tp

whereng is the carrier density in the SCiHg/ts is the rate of carrier loss from the SCH
region to the quantum-well active regidi,=Vo./Vschis the fraction of SCH region filled by
the QW active region, amtlz. is the rate of carrier loss from the QW to the S@gion.

. Electron
; Injection
i «——
& ! . )
5 Left SCH i Right SCH 5
= ! B
[5] ! iy
| 7
? : 3
S e :

Fig. 3.17Single quantum well structure with SCH.
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Small-signal analysis performed to obtain the srsigihal modulation response shows that
the transport effect introduces parasitic like -affi The small-signal output power
modulation response is given by

Rophv 1 (3.46)
a1+ jarg o - o + oy,

where the subscripf” refers to parameters influenced by transportatftmmpared to the
intrinsic transfer function without SCH in (3.20)he above expressions for the modulation
response have low-pass filtering factor with cuttfto=1/7,, new relaxation frequency, and
damping factor values. The SCH region reduces ifffierential gain froma to aly, where the
factor y=1+( s /). But the gain compression factor remains unchangédd reduced
differential gain reduces the relaxation oscillatfcequency and increases the damping factor.
As a result, for high value af the modulation bandwidth of the device will beueed.

The expression for the relative intensity noise a&o be obtained using the small-signal
analysis by making the Langevin noise sources iasdrforce [98] as shown in (3.47). It has
been reported that the additional low frequenci+afilin the modulation response is absent
in the RIN expression.

RIN 02" i (3.47)
AT, P, (why -2 | +(cy)

This is an indication of the fact that in the prese of transport effect, the maximum
possible bandwidth of the laser cannot be determindieectly from the relaxation oscillation
frequency reading of the RIN spectrum because efattiditional low pass behavior of the
modulation response. It is important to note thatttansport effect (low pass behavior of the
modulation response) is eliminated if the separatdinement heterostructure is narrow.

3.2.7.Electrical modeling of semiconductor lasers

As high-speed semiconductor lasers continue tonfggoilitant in analog microwave and
millimeter-wave optical links, detailed analysisitsf operating characteristics is crucial to the
design of those links. The equivalent circuit mooled packaged semiconductor laser can be
developed based on the scheme suggested by [99¢ wheasitic circuit and intrinsic laser
circuits form cascaded networks to obtain the ceteplaser model. The small signal, large-
signal and noise models of the intrinsic laseradareneral double heterojunction laser can be
obtained from the single mode rate equations. Thdeaincan be used to represent different
laser structures as long as they are representéltebsingle mode rate equations. The circuit
parameter values for the different laser structime@ge to be determined from measurement
values [100].

This section explains the general approach of tirmodeling of single mode semiconductor
lasers from the rate equations for system simulagiorposes. The large-signal equivalent
circuit model of the laser is enhanced by introdgcihe laser phase noise into the model
which will be used to investigate the phase noigkiénces on system performance in the
next chapter.
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a). Small-signal model

The small-signal impedance characteristic of annsic laser diode model was studied in
[8]. The small-signal model is constructed from thgedance function obtained from the
rate equations under small-signal modulation ofldtaes current and by arranging the circuit
elements to have values of lumped RLC componerits model is then extended in [9] by
including the effect of spontaneous emission wigctoupled to the lasing mode. Laser noise
is added by including Langevin noise sources foatioh in [10]. The small-signal circuit
model can be used to determine the modulation resspamoise and parasitic circuit effects.

However, those previous models were based on tieeeguations which did not include
lateral carrier diffusion. In [11], the small-sidrarcuit of the laser that takes into account
many factors such as space-charge capacitanceapjoetgion |V characteristics, carrier
diffusion effects and parasitic circuits is pregehtThe non-uniform electron density in the
lateral axis causes the carrier diffusion effea @ris modelled by gain compression term in
the rate equations.

Fig. 3.18 shows a widely accepted small-signal veeant circuit [11] where the input
terminals represent the electrical contacts ondéhgce chip. Contact capacitance and series
resistance between the contacts and active lagdrspace-charge capacitance are modeled
by Cs, Rs andC; respectively. The small-signal photon densityrigpprtional to the current in
the inductive branch of the model. Alternativelye toutput voltage acrosstan be used to
represent optical intensity.

R, R, i(t)
W WwW—\
1§

L,(0)

— —| 7 § 2 + f
c Y !
RSZ I/S

Fig. 3.18 Small-signal equivalent circuit of the laser diode.

b). Large-signal and noise circuit model

Compared with small-signal equivalent circuit, thgnthesis of a large-signal model is

trivial. The advantage of large-signal electricaldul is that it can represent the signal in the
large-signal condition and also can be reducednallssignal model under the small-signal

condition. These kinds of models were first progbb®y [12] where the laser junction is

represented by the simple Shockley diode. The {sigeal circuit model enables the

simulation of laser characteristics by a generappse nonlinear circuit analysis program.

The large signal model can be easily derived fromrate equations by writing (3.1) and
(3.2) into manageable nodal circuit current equestiorThe node currents can be written as
follows
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”ilbiaszlsp-'-r — P+ (3.48)

V
I +pl,=—>+C —F& (3.49)
Rp dt
where:
I st = qVOLVga(n - r]0 )(l—ép)p (3'50)
Isp = qVOLTL (3.51)
p=rs\Vv, (3.52)
T
R=—"_and C_=qV, S (3.53)
P qVOL Sn P q o

S = (Voo V'm™ andV, represents the number of photons but in unit oft.\ig is the
stimulated current which includes the differengaln term,a, and the gain compression term
e. We can observe from (3.48) that the bias currerdisgributed into three branches: the
diode junction current, instantaneous carrier flatibn and stimulated emission. On the other
hand (3.49) shows that the stimulated emissioreatiiand a portion of spontaneous emission
current are dissipated in the resisirand stored in the capacit@,. ThereforeR, andC,
represent the photon loss and storage mechanishe iactive region. Therefore, writing the
equations as functions of input currésds and output voltag®, will allow us to construct the
equivalent circuit as shown in Fig. 3.19.

This two-port circuit model represents the intrinkiser, and it can be cascaded with real
driving microwave circuits and parasitic elememgated to connectors, packaging effects and
matching network for maximum RF power transfer dgriDM operation. Therefore, the
model can be used for simulations from the ciréawel to the system-level performance
analysis.

The voltageV, at the output port is proportional to the optipalwer output of the laser
which is obtained under steady state condit@idt(= 0) as

hv
I:)opt = O5,7d Z__Vp =1\ (I bias Ith) (354)
P
where h is Planck’s constanty is the lasing frequencyand »,, is laser slope efficiency
(mW/mA). Note that the first equality is directagbn of the output voltage of the model and
the optical power output.
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Fig. 3.19Large-signal Equivalent circuit of QW laser basedae level rate equations.

It can be seen from the model that both the etmitend optical properties of the device are
represented in the model. The electrical propeftthe laser is obtained from the left side
(node A) of the model and it is used to evaluat ¥hl characteristic of the laser diode
junction, V,. The input port of this model represents the eleslt contact points where
parasitic circuits and matching networks have tocascaded. The right side of the model
characterizes the optical cavity, denoting the asd fall of the photon density in the active
region. The optical power output is proportionatte voltage at B.

The junction currentl{,) is represented by the diode current equation

lep = Lo exp{ Va j (3.55)
yksT/q

wherelsy; is the saturation currerl, is the hetero-junction voltage,is diode ideality factor,
T is the ambient temperature aigdis Boltzmann constant.

The modulation response of the laser diode carbbered by simply evaluating the ratio of
output voltage over input current in the frequedoynain as

H{w)= %) (3.56)

| (w)

whereVy(w) is the output voltage ar¢w) is the input modulating current.

The effect of temperature on the threshold curagrt slope of the L-I curve is modeled by
taking (3.15) into account. This can be achievednimdifying model parameters such as
differential gain and carrier density at transpayerthat depend on temperature. The
differential gain coefficienta, is proportional to the exponential teerg-AT/To) while the
carrier density at transparencgo) is proportional toexgdAT/Tp). But the dependency of
internal injection efficiencyz£) [101] on temperature is not included.

¢). Noise Mode

The noise in semiconductor lasers is modelled leywthite Langevin noise sources (3.29)
and (3.30). The spectral densities of Langevin enaarrents related to the laser cavity
parameters are given by [78]
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T,

n n

(in°)= q2v§L<F2n(f)>:q2ng[:_aJrzg&&} (3.57)

<i P2>=q2V(§L<F2p(f)>=q2V§L2,B%% (3.58)
n

These average values can be obtained from the Bgomee of the laser at the required bias
level. By adding current noise sourégandip to the carrier density (3.48) and photon density
(3.49) node current equation respectively, the dagignal equivalent circuit model can
include the laser noise sources as shown in F2g. 3.

The low-frequency noise can be simply added toctreier side of the large-signal model.
Its spectral density is given in (3.42).

7. A
bias o AN
]St
Isp
T P
. _ IR,
Iy Jot Ly, Ip

Fig. 3.20Large-signal and noise model.

d). Including Transport effect

To include the transport effect of carriers acribges SCH, the rate equation that determines
the dynamics of carriers in the SCH should be amred. The equivalent circuit model can
be obtained by writing the two level rate equati@®43) - (3.45) as current nodal equations

as follows

n _qVo &_,_ qVou d_nB

1. +qV, — = 3.59
,7| bias q oL Te I-q Ts I_q dt ( )
qVoL Ng n _ n dn
— = qQVoL — = qVo, — + Vo, — -+ qV, v, 9P (3.60)
My e T, T, dt ’
dp _ n_p
—=Tv,g p+trg—-— (3.61)
dt r, T,

These equations can be reduced to:

,7i|bias+i|sp:£+CB dVB (3'62)
T, Ry dt

e

68



dl
Yo Ty =y +S2y (3.63)
R, 1, dt
V dv
I +pl,==>+C —F (3.64)
dt
where Vg =l
C,
RB :ii
VoL G,
c, = NoCy (3.65)
rq
C,= 1
VSCH

I.,1.,V, aresimilar tothenodecurrentsn thequantumwell mode

sp? "st? Vs
The right hand side of (3.63) and (3.64) repredést intrinsic laser. The large-signal
equivalent circuit of the laser can be developadgi€3.62) and (3.64) is shown in Fig. 3.21.

The intrinsic laser model is contained in sepabétek.

Ibias Im Vj
— — o
S/
J/[RB Iy
].sp
L 1
N A Ve § ~@ 87/
B C, (s ; ) ) Ry
7 I, n JOTlyp 'p
SCH Active region (QW)
]in :[RB_ISPi ¢

Fig. 3.21Large-signal equivalent circuit of quantum welldesbased on two level rate equations.

e). Complete DFB laser circuit model

The equivalent circuit models discussed so far 'tishclude the laser phase noise. But it
plays a very important role for system performaaspecially in system based on mixing of
optical signals to generate the required RF sigoah as optical heterodyne systems. The
above models can be used to analyze IM-DD RoF mystmainly because the laser phase
noise doesn’t have considerable effect in the chsirect modulated laser systems for short
range communications [102] [103]. But for coherant heterodyne RoF systems the laser
phase noise should be included in the model sahleae systems can be studied using circuit
analysis methods to predict their performances udidierent operating conditions.
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The main sources of laser phase noise are repeesbytthe third rate equation (3.31). By
creating a link between phase noise and equatrons §3.48) - (3.49), the laser phase noise
can be integrated to the large-signal model. Tk&antaneous frequency (phase) fluctuation
simplified by introducing the photon lifetime frothe threshold carrier density using (3.8) is
used to obtain the nodal current equation thatbmaimtegrated with the photon and carrier
node currents.

) :%arav (h-n,)+F. (1) (3.66)

This can be changed into current equation by muitig the equation by charge of an
electron,g, as

IFN(t):q41ﬂaFav(n n[h)+%_[| (3.67)
where
o I'n0
i2=q’(F2(t) = e (3.68)

Combining (3.51) and (3.67), the frequency fludtuafinally becomes

Iy (t):iarang+ii¢, (3.69)
a4 VoL 21

The optical phase/frequency of the laser is integrdo the large-signal model by using a
simplified approach which is depicted in Fig. 3.Z8e output of the circuit model (Fig. 3.21),
proportional to the optical power, is combined wéh ‘optical carrier whose phase is
modulated by the laser phase equation (3.3). Tasgpmodulation can be performed by using
either a phase modulator or frequency modulatothéncomplete laser model (Fig. 3.22), the
instantaneous frequency fluctuation of the optsigihal represented byy modulates a single
frequency RF signal which represents the opticaliera At the mixer, the frequency
modulated optical carrier is multiplied with theusge root of the optical power (output of the
large-signal modelVs). At the end of the model, the signal representsatical field which
includes the intensity and phase/frequency progeedf the laser.

In this approach the output of the complete lasedehcan be represented by the expression:

lour (t) A/ Popt (t) * Py (tjeXD(J Wyt + qo(t)) (3.70)
Pn(t) represents the laser intensity noigdt) the laser phase noise.

This modeling approach enhances the capabilityhefdonventional laser model to study
different types of systems precisely predicting klger properties under different working
conditions. It should be noted that the instantasdoequency fluctuatioh:y, represents both
noise and small-signal modulation. During noise lysis, the current equation (3.69)
represents the carrier noise and second term mpsekangevin noise source for phase. For
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small-signal analysis, only the first term will beed. As a result, the integration of (3.69)
with the large-signal model parameters helps téude the frequency modulation (chirp)
introduced by the laser into the analysis.

Large signal
model

opt
— Vp

opt

P, expj @yt +¢H,ﬁ)

b= sz%z)dt

Frequency
V(t ) Frequency noise | Modulator

Optical carrier

Fig. 3.22Block diagram of semiconductor laser circuit mogéh phase modulator.

7). Moddl Implementation in ADS

Both the small-signal and large-signal equivaleituit model of the laser can be
implemented on general purpose circuit analysisvswés like ADS. The small-signal model
consists of lumped circuit elements and can be lgimplemented using the built-in libraries
already available in ADS. For the large-signal mptlee relation between the node currents
(3.48), (3.49) and (3.69) are implemented usingoar-port symbolically defined device
(SDD) as shown in Fig. 3.23.

SDD is a component in ADS library with ports frontol10 that permits writing equations to
relate various other circuit parameters allowing@ timplementation of complex circuit
systems. It is a very useful component to representinear devices. It can be used both in
large-signal and small-signal simulations. A weigdtfunction in this component is used to
represent time derivative and integration of aagdt or current. For the noise generation,
standard noise source with specified noise spedeasity are used. Similarly for two level
rate equation models (3.62) and (3.63) are impleéesensing SDD and lumped elements.
ADS schematic of the large-signal model is showfrign 3.23 where the parasitic circuit is
inserted at the input of the model.

The optical carrier is modulated by the frequenkgge of the laser by using a
frequency/phase modulator available in ADS libr&®ye drawback of this method is that the
modulators in ADS work only for baseband modulasignal.
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Fig. 3.23ADS Schematic of complete electrical circuit modkthe laser.

3.2.8.Parameter Extraction from measurements

In order to perform simulations, laser cavity paeéens and physical parameters should be
extracted from measurements of some of the lasmacteristics. The static response of the
laser, dynamic response and noise measuremeniseddo extract the parameters needed for
the laser model simulation. The approach usediswlork is firstly to estimate the cavity
parameters initially from the expressions and mesmsant values. The second step is finely
tuning the initial values until the best match betw simulated and measured characteristics
is achieved. These procedures lead to sets of tasélly parameters which can represent the
laser for system design purposes.

Assuming that the available measurement data at hes the static response (L-I curve),
RIN spectrum, and the optical phase noise powertgpa. Some of the expressions that are
used to extract the intrinsic region parametergyaren below.

Carrier and Photon lifetime

The saturation current and diode ideality factothaf Shockley diode (3.55) that represents
spontaneous emission can be obtained from theRaiflacteristic of the laser usihg andVy,
values. The slope of the L-I characteristic cuniech is also called the steady state gain) (
is crucial to calculate the photon lifetime in thetive region. The expression that relates the
steady state gain to the photon lifetime can baiobtl from (3.10), (3.12), and (3.14) as:

ry=2l 4 (3.71)
nv,a,, hv
To obtain the carrier lifetime, we can use the gabi extrapolated threshold current value

from the measured L-I curve and carrier densithagsholdny, using the expression:
(3.72)
_ aVoL M,

n
Ith

with
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— nO
Ny =——7— (3.73)
=

Nsp is the population inversion factor which has vabeéwveen 1 and 2 [104].
Gain compression ratio

The RIN curve can give information about the motiatacharacteristics and approximate
values of important parameters such as the diffedegain, relaxation oscillation frequency
and damping factor.

The relaxation oscillation frequency and dampingtda are fitting parameters at different
bias currents. Knowledge of the relaxation osadlafrequency helps to obtain an estimation
of the linear gain slope, through the expression

a= qVOLa‘R
rVg (I bias Ith)

wherelpiss is the bias current at which the RIN measurenstaken.

(3.74)

The gain compression ratio of the laser is estithftem the damping factor through the
approximated relation

— qVoL
E=2my——=>0° 3.75
nyr(lbias_lth) ( )

Similarly from the knowledge of gain damping factord RIN value at low frequency, the
spontaneous emission factpr,is estimated from (3.36) as

v.a RN
ﬁ:gTrp(lbias_ Ith)lol0 (376)
Linewidth enhancement factor

From equation (3.39), the linewidth measuremerival the calculation of the linewidth
enhancement factor.

41T p, Ty

-1
GDJAV S ﬁ”aJ 1 3.77)

3.2.9.Laser characterization

Characterization of laser is a requirement for aptical system design to have a good
understanding of the device behavior. The most comof the diode laser characteristics is
the L-I curve. It characterizes the relation betwé®e optical output and the electrical input
drive current. This curve is used to determinel#tser operating point (drive current at the
required optical power) and threshold current @uoirrat which lasing begins). In addition to
the L-I curve, the V-I curve of the laser is neeegdo study the electrical properties of the
laser.
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Other important laser parameters such as wavelesg#tctral linewidth, relative intensity
noise, phase noise, modulation response, and ntmdulahirp can be measured with
appropriate measurement setups. Some of theserpespleave relatively simple definitions
and can be measured straightforwardly, while otipeoperties of semiconductor lasers are
defined rather non-intuitively and the measuremeftthese properties often require good
understanding of their physical mechanisms and lithéations of various measurement
techniques. This section presents some of the mezasuat setups to characterize the RIN and
phase noise of the laser which are essential tairolthe parameters needed for the circuit
model.

a). Relative intensity noise

The fluctuation of the emitted optical power by gemiconductor laser can be measured by
using a wide-bandwidth photodiode and a spectrualyaer as shown in Fig. 3.24. This
measurement yields the noise spectrum associatibdting total power. In addition to the
intensity noise from laser diodes, there are otpleenomena that contribute to the total
intensity fluctuation in an optical system. Onelsegample is the result of noise conversion
from frequency noise to intensity noise. Frequemstabilities in the laser source can be
converted into intensity noise through a frequedependent transfer function as well as
chromatic dispersion. When the laser frequencytidlaes, the transmission efficiency varies,
thus causing intensity fluctuation. In addition, tife transmission system is dispersive,
different frequency components will arrive at thetettor at different times; interference
between them also causes frequency noise to ityansse conversion [105]. In general, the
optical intensity noise in an optical system iseérly proportional to signal optical power;
therefore, it is more convenient to normalize treasure of intensity noise by the total optical
power as in (3.34). RIN is obtained after detectidrere the electrical pow&%. generated at
the output of a photodiode is proportional to thaase of the received optical povy:.

The RIN measurement setup (Fig. 3.24) consists apdical attenuator, a wideband PD, an
electrical preamplifier, and an RF spectrum analyZhe optical attenuator is used to reduce
the photo-detected optical power to avoid photartetts saturation. A wideband photodiode
is necessary because the RIN is usually measuoed fiew tens of kHz up to 20 GHz. The
electrical amplifiers must have pass-band spectnmch covers the desired spectrum and
should possess low noise with the required gaie. arhplified photocurrent is then measured
with an electrical spectrum analyzer which has Highdwidth to display the required noise
spectrum. For this measurement, laser diode isatgmbin a continuous wave.

Electrical
Laser PD Amp Spectrum
Analyzer

Opt. Att.

RIN Extraction

Fig. 3.24RIN measurement setup.
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Since the electrical noise power measured at thgubof the photodiode is the sum of three
contributions: thermal noise, shot noise and intgmoise in excess of the optical source, the
measured electrical noise power spectrum is wragen

Pro = Kean (T )[ kFiLT +20(1 )+ RIN( ) phf} (3.78)

wherekg is the Boltzman constank,is temperature in KelvirR_ is the load resistance of the

photodiodeq is the charge of electron antls* is the average photocurrent. The coefficient,
Kcaib, represents the frequency response of the phatedithe microwave mismatching

between the electrical components (the photodiad®lifier and spectrum analyzer), gain
and noise figure of the amplifier. It is importaot mention that this factor depends on the
level of the optical power detected by the photddialt is therefore necessary to know the
electrical spectrum to the value of means photetiirmeasurement.

There are different methods of calculating RIN $peo from the noise power measured
from the spectrum analyzer. The first method usdbration techniques to calculate the
coefficientKcaip While the second method uses direct measuremef®. @) by turning the
laser under study on and off.

Calibration

Calibration of the measurement setup allows obtgirthe coefficientKcai, in order to
extract the RIN spectrum using (3.78). For thisppse, we use a reference optical source
whose intensity noise is negligible compared to shet noise over the spectral range of
interest. For instance, a solid-state (Nd:YAG) tasbose peak intensity noise is located at
low frequencies (relaxation oscillation appearoat frequency) can be used for calibration.
Its intensity noise is limited compared to the smaise over a wide bandwidth, typically from
100MHz to 18 GHz. So with the low noise optical mm@uconnected to the photodiode, the
noise power measured at the spectrum analyzebwvill

Nrow = Kcalib(f )|: k;;r + 2CI<| ph>i| (3.79)

If the incident optical input to the photodioderamoved, the measured electrical noise
power will be only thermal noise

Ntherm = Kcalib (f )|: k;;ri| (380)

This allows us to deduce the calibration coeffitiesing

NTotaI _ Ntherm (381)

24(1 )

This equation holds true as long as the contriloutd shot noise is greater than that of
thermal noise. For this, it is necessary to havem@-negligible mean photocurrent (of the
order of mA) and use an electrical amplifier withvl noise figure.

Kcalib ( f ) =
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RIN Spectrum

Finally, replacing the reference laser by the laseder test, the RIN sepctrum can then be
calculated from (3.78) - (3.81) as follows

NTotaI B Ntherm _ 2q<| h>
p

RIN(f): Kcalib(f) 5

Y

The accuracy of the measurement depends mainlgeoqutality of the calibration factor and
the detected value of the mean photocurrent.

(3.82)

Direct measurement

The second method of RIN evaluation is based onstme setup as in Fig. 3.24. Two
measurements are performed: the first one witHaber under study turned-on measures the
total noise contribution and a second measurensentaide with the laser turned off. In the
latter case, the noise power measured at the ootple system is composed of thermal noise
of the photodiode and the electrical amplifier.

Differenceof the measurednoise powers
G<| ph>2 R, (3.83)

RIN(f)=10log

where — G is the link gain.

b). Phase noise characterization

Semiconductor lasers, like other electrical oswmls, are characterized by frequency
instabilities which defines the degree to which @stillating source produces the same
frequency value throughout a specified time. Pimasse is a term mostly used to describe the
characteristic randomness of frequency instalslitidhe source of phase noise in
semiconductor lasers is due to the carrier recoatioin phenomena in the laser cavity
(section 3.2.5 b). The linewidth enhancement faetbich relates the small variation of the
real and imaginary parts of the refractive index da the change in carrier density in the
active region can be estimated from the phase rwiaewidth measurement. However, the
fundamental broadening of the laser output spectsudue to the spontaneous emission [91],
the addition of the linewidth enhancement factothim expression emphasizes the fact that the
variations are due to the change of carrier comagah at constant carrier temperature.
Therefore, linewidth enhancement factor is a altigarameter determining both the static
linewidth of the laser and the instantaneous chamgenission wavelength.

Theoretically, phase noise can be explained dswsl assuming an ideal sinusoidal source
with nominal amplitudé, and nominal frequendy described by

Et) = E,sin(2n f,t) (3.84)

But the actual signal can be better modelled by:
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E(t) =(E, +o(t))sin(27 ft + Ag(t)) (3.85)

whered(t) is amplitude fluctuation, antlg(t) is phase fluctuation.
E(t) A E(t) A
_______* S _>; ;<_ A(I)

ASEED AN

(@) (b)

Fig. 3.25lllustration of (a) amplitude and (b) phase noise.

The phase term could contain two terms: determinigrms which are discrete signals
appearing as distinct components in the spectriso, Glled spurious components, and the
second term is due to the random nature of theepfiastuation and commonly called phase
noise. The single sideband phase noise denotégffys considered as the standard measure
for characterizing frequency and phase instalsliie the frequency domain [106]. It is
defined as one half of the double sideband spedeasity of the phase fluctuatio8y (f),
which is measured by the spectrum analyzer:

L(f):%s¢(f) (3.86)

Ss(f) is related to the variance of the phase fluctually

s,(f) :%\;\Ef) (3.87)

where BW is the bandwidth used to measure the phagaation.

L(f) can also be defined as the ratio of power in sideband due to phase noise (for 1 Hz
bandwidth) to the total signal power (carrier pdidebands) as in (3.88). Its unit isdBc/Hz
(dB with reference to the carrier power).

): Power densityin one phasenoisesideband perHz

: (3.88)
Total signal power

L(f
Among the various techniques [107] [108] [109] tbaracterize the phase noise of
semiconductor laser, homodyne and delayed selfd¢dfae methods are some of the
classical measurement setups. The linewidth ofpdical source can also be determined from
the same setup.

In the delayed self-heterodyne method (Fig. 3.2 optical signal is split into two paths by
an optical splitter. The central frequency of tiptical signal in one arm is shifted by 80 MHz
using an acousto-optic phase modulator. The otimerdalays the optical signal to maintain or
remove the correlation between the two optical agnThe two optical signals beat at the
photodiode resulting in a photocurrent at 80MHzakhis measured by an electrical spectrum
analyzer.
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Fig. 3.26Laser phase noise measurement setup.

The frequency shift is helpful to avoid inaccurateasurement because of the noise in low
frequency noise region from the spectrum analyiz¢he delay introduced is longer than the
coherence time, the phase noise spectrum of timalsigeasured by the electrical spectrum
analyzer is twice the phase noise of the laser utede, similar to the analysis of heterodyne
detection using two free running lasers in (2.8wdver, if the delay line is shorter than the
coherent length (shorter coherence time), the phase spectrum of the measured signal by
the electrical spectrum is given by

(4

S,(f)=S, esi ) 4sin’(7i7) (3.89)

where Sy and Sy espare phase noise spectrums of laser and the sigeasured by the
electrical spectrum analyzeris the delay time, anidrepresents the offset frequency from the
center frequency (80 MHz).

In this work we have extracted the linewidth enlament factor using the linewidth
measurement values obtained using delayed selfdustee method and Lorentzian fit. The
laser under study is the high power 1.55 pm DFEBerla®alized by IlI-V lab [21].
Measurements of static response, dynamic respoR¥¢, linewidth are performed in
collaboration with Frédéric Van Dijk and Mickaéluggeron. Once the linewidth enhancement
factor and other laser parameters are extractediaweause (3.39) to compare simulation and
measurement values versus bias current as shokig.if8.27.

1.0E6

8.0E5-

B Measured LW +—e—e-

4.0E5- Simulated W -a—a—a—a-

Linewidth (Hz)

2.0E5+

0.0

g T T T T i 1 T
50 100 150 200 250 300 350 400
Bias Current (mA)

Fig. 3.27Comparison of measurement and simulation of Lingwid 111-V lab laser.
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3.2.10.Comparison of modeling results with measured laselesponses

The first step to perform simulation is to calceldhe initial model parameters using the
expressions given in section 3.2.8. ADS simulatmontrollers that are used for laser
simulation are the DC-simulator, Harmonic Balannd &nvelope simulators. The nonlinear
noise options in HB and Env simulators are usedcdtrulate the RIN spectrum. The
simulation setup in ADS to characterize the laseshown in Fig. 3.28 where the complete
laser model consists of matching circuit, SCH maatad intrinsic large-signal model of the
active region including the noise sources. Therfdoed photodiode models will be discussed
in the next sections. The phase noise simulatigioopsing NoiseCon'’is used to obtain the
single sideband phase noise. The controller usisg sonulation algorithm is based on small-
signal mixing of noise [110]. The mixing analysisa computes the AM noise at offset
frequencies from the any large-signal frequency.

The purpose of the comparison between measuremensimulation results is twofold: to
demonstrate how accurate the equivalent circuit ehad the laser to predict the laser
properties, and to extract laser cavity paramederas to perform system level simulations.
Fig. 3.29 shows comparison of measurement and atronlof laser characteristics. The static
response shows good agreement to measured dat320mA beyond which the measured
data has compression. The gain compression faots ot introduce this much compression
even when large values are used. This phenomenoy bearelated to temperature
dependency of the injection efficiency which is natluded in our model. The RIN
measurement and simulation results are in gooceagrt for the first few GHz frequencies.
The little deviation of measurement and simulatrhigher frequencies is attributed to the
electronic noise floor due the measurement setypabic response simulation also shows
good agreement for most of the practical modulafiiequencies.

I
| Laser Diode
DC_Block |—— I_PIN1
o DC_Block2 1DC Laser Fibre_opt PD_PIN_EF .
P_1Tone e SRC3 PL2 X3 PD2 Term
PORTI Idc=Ipol mA 1th=65 mA length=10 meter Term2
Num=1 Vth=0.85 dispersion=17 Num=2
Z=50 Chm Fopt=Fopt 7=50 Ohm

11 ) Vin S+ ! 2 viibr ! 2 Voul
)
g

P=polar(dbmtow(Pin),0) = Noise=no
Freg=Frf =
Noise=yes

%

VAR1

HARMONIC BALANCE I |%I PARAMETER SWEEP I

Ipol=400 HarmonicBalance ParamSweep
Fif=2e9 HB1 Sweep2
Fopt=200e9 Freq[1)=Frf SweepVar="lpol"
Pin=0 Freq[2]=Fopt

Fig. 3.28 ADS setup to characterize the laser.
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Popt (MW)

Laser phase noise, L(f) in dBc/Hz

Table 6. Extracted modeling parameters of IlI-V lab laser.

Given parameters Values
lin 65mA
Vv 1.5 10"m*
Linewidth 260kHz @150mA
Extracted parameters Values
B 1.3 10°
a 2.08 10°°m’
Tn 7.72 10%%
7 4.8 10"%s
No 2.2316°'m>
€ 2.88 10°m°
a 4
0.45
100 18
80—
| g
60— e
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Fig. 3.29Comparison of measurement and simulation of (dicstesponse and RIN (b) dynamic
response (c) Phase noise (d) RIN.
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3.3.Optical modulators

To transmit data across an optical fiber, the imfation must be first encoded, or modulated,
onto the laser signal. Amplitude modulation (AMdeduency modulation (FM), and phase
modulation (PM) are some of the techniques for@péalansmission.

The limitations associated with DM of the laser #re chirp and modulation bandwidth.
These problems can be solved by using optical eatemodulators. The two types of
modulators widely used in communication systemedeetro-absorption Modulator (EAM)
and electro-optic modulator (EOM). The type of ogtimodulators depends on the physical
principle on how they operate to modulate the lighiransmit information.

The working principle of EAM is based on the vapat in the semiconductor optical
absorption caused by an applied electric fieldedration with the laser source is a possible
advantage of these kinds of modulators. In additibe integration allows the modulator
efficiency to be improved through the use of M@Wuctures.

On the other hand, in EOMs the modulation of thdema refractive index changes in
response to an electrical field, induced by aniagphput voltage which has the information
to be transmitted. Mach-Zhender modulator (MZMairselectro-optic modulator that works
based on the constructive and destructive interteef two phase-modulated optical beams
each propagating in a separate waveguide (Fig.).3V8@h these kinds of modulators high
bandwidth up to 40 GHbandwidth is possible with different structures tswas travelling
wave. However, integration with the laser sourcdifiscult because of their large size.

Ti:LiNbO3
Waveguide

LiNbOg3 substrate

Fig. 3.30Mach-Zehnder Modulator structure.

MZM works based on the interferometer effect betwtee two arms as shown in Fig. 3.30.
Titanium-diffused Lithium Niobate (Ti:LINbO3) is ed as a wave guide and the phase of the
light propagating through the arms can be modifigdhe applied voltage which changes the
refractive index of the waveguide.

If the input optical field to the modulator is erpsed ag, =.,/P, e, the optical field at

the output of the modulator i, :%.[El(t)+ E,(t)] whereEy(t) and Ex(t) represent the

optical fields propagating through each arms ofrtfeelulator with poweP; andP».

When the light propagates through the arms of th2MM the phase shift can be
approximated according to the Pockels effect [HkL]
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Vi(t)

a=@-1

N (3.90)
= Vil

Py,

s

V4(t), Vi(t) are the voltages applied to each axfm|s the voltage required to bring a phase
difference ofr between the optical signals propagating throughto arms.

Assumingge=2m, the output of the modulator can be obtained by

t

iy alt) 3.91
E, =P/ 2 +«/ el 2 (3.91)

R+P

After introducing the extinction ratigr= , the off-driving voltage Vo), the insertion

1~ M2

loss ), the electro-optical transfer function can bettgr as [112]

Epu OV {77V Vo ) 77 Vo =V |
5 «/_e {S”{z v ] u—R { v jJ (3.92)

where, -Vi*V.. The chirp termv,(t)+V,(t) can be set zero for push-pull configuration,
2

Vl(t) =-V, (t) =V, () -

The static response of the modulator shows thamtb@ulator is linear if the bias voltage is
at the middle of the linear regioW£/2). Therefore, the dynamic response of the modulator
depends on the speed of the modulating signaltarairiplitude.

A modulator model that is compatible with the laserdel can be obtained by implementing
(3.92) on an SDD and integrating the parasiticutircs shown in Fig. 3.31. A 3dB power
splitter is used to divide the input optical sigaalthe input and the two optical signals pass
through the two arms of the modulator where thbaige is modulated by the RF signal. The
optical signals are then combined after a phasié shB0° on the lower arm to create the
interference effect needed for intensity modulatibhe parameters such as insertion loss of
4dB, extinction ratio of 24y, of 6 V are taken from the data sheet [113]. Th@asuoeement
data of S11 of the modulator is inserted to the @hading S2P component of ADS. Since the
modulator has bandwidth greater than 28 GHz, it has influence on intermediate
frequencies. The modulator characteristics suchtatsc response and modulation response
can be obtained using S-parameter simulation onbaic balance simulation (3.35).
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Fig. 3.31MZM modulator model in ADS.
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Fig. 3.32MZM characteristics (a) electro-static responseSb).

3.4.Photodiode

Photo-detectors (PDs) are the first component énagtical receiver chain. Their purpose is
to convert an optical (analog or digital) signal aa electrical signal usually called the
photocurrent The physical mechanism at the basis of the serdiotior detectors is the
optical generation of electron-hole pairs througlk Bbsorption of incident photons. The
photo-generated electron-hole pairs are then seguhemd collected to the external circuit by
an electrical field which can be induced by an ek voltage in a reverse biased PN
junction. The carrier generation is determined bg @bsorption threshold, the minimum
energy photons must have to be absorbed. Henceeniérgy of the photon must be higher
than the bandgap energy of the intrinsic matefighe PD. The photocurrent generated by the
photodiode, typically PIN PD, is contribution of dwcurrents: drift current associated with
carriers generated inside the intrinsic depletgibreand diffusion current caused by minority
carriers generated from the edge of the intrinegian. But the main contribution is from the
drift current and diffusion currents are much slowed should be reduced for high speed
operation.
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The relation between the photocurrent and the ioptital power is given by the relation

l ph = r.PD Popt(t) (393)
whererg, is given in A/W.

PIN and APD photodiodes are the main optical remmsiwsed in many applications. PIN
diodes consist of an intrinsic layer inserted betwehe p-type and n-type layers. This
structure detects light and generates current wieis reverse biased. However, the
responsivity is very small and it is often coupldh trans-impedance amplifier (TIA) in
front of the PD. InGaAsP and Ge can be used forltBeum window Ge can be used for
longer wavelength since it has lower bandgap epefgyr 1.55 pm window, the material
used is usually InGaAs which has bandgap ener@y7ateV.

The receiver sensitivity can be greatly improveduling avalanche photodiodes (APD). In
this structure, additional p-type layer is addethétween the intrinsic and n-type layer for the
avalanche multiplication of carriers. It can gemerhaigh current under reverse bias but the
problem is that it generates high noise and then gai temperature dependent. PIN
photodiodes are preferred for most of the optidaérf communication systems due to its
cheaper price, less sensitive to temperature aqaires lower reverse bias voltage than the
APD. However, the APD is generally preferred whiea $ystem is loss limited, as occurs for
long distance links.

The noise generated by the photodiode is as atreksthe noise in the input light (RIN of
laser), and the noise from the device itself (Bi§3). But if we limit ourselves to the detector
noise, the noise current can be added to the detewtrent as follows:

lpp = Tep Pt + 14+, (3.94)

wherely is the dark current angl is a zero-average random process having white powe
spectrum. This noise can be modelled as thermaeno photoresistors, shot noise in
photodiodes and phototransistors, multiplied stoaganin APDs.

For small-signal conditions, e. g. in analog linke photodiode operating with constant
currentlpp, the shot noise model yields the power spectrum

Spp = 20lpp =201, + 2914 = 20155 R, (3.95)

s Photocurrent, 7,
Input Light, P,,,———>] o

PD s Dark Current, /, ]PD
RIN and other —-------- S ettt > Photodetector
optical noises Noise, i,

Fig. 3.33Generation of noise from the photodetector

In analog optical systems, the shot noise flodatne to the RF power) of the photodiode
can be reduced by increasing the input optical pow®wever, increasing input optical
power discloses the power-dependent noise conveedfect of the photodiode. In some RoF
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applications, this power dependent noise converaftatts the phase noise of the generated
microwave signal and can be a limiting factor [11Bhis can be observed when the power
level of the incident pulse train across the phmoe increases which will generate more
carriers. The interaction between the carriers gges internal electric fields opposing the
bias field of the diode. This causes the transtetiof carriers to increase and results
transmission delay, hence phase fluctuation ofRResignal. Increasing the bias voltage is
one way of improving power-to-phase fluctuationgwever, device failure due to the
runaway of dark current occurs due to a bias veltdgt gets too large. This effect is more
pronounced at high modulation frequencies.

The other important characteristic of photodiodesF Rapplications is the frequency
response. The frequency response of a PIN photedsgtimited by four main mechanisms:
transit time of the carrier drifting across therimgic layer, effect of diode capacitance and
any other parasitic capacitance, charge trappirg®ro-junctions, diffusion time of carriers
generated out of the un-depleted region. Carrifngion and heterojunction charge trapping
can be made irrelevant technologically by reduailiifusion length and inserting a thin
guaternary layer at the hetero-interface. Thus, rtteen bandwidth limiting factors of a
standard PIN photodiode are transit time of th& drirrent and the RC constant due to the
parasitic elements [115].

BN
3.96
1.1 (3.96)

2 2
fre  To

f—3dB O

frcis the RC limited cutoff frequency afidis the transit time limited cutoff frequency.

Therefore, the device modulation bandwidth can laximized either by decreasing the
transit time, or reducing the RC time constantJm-travelling carrier (UTC) PDs the transit
time is reduced by making only the fast moving ieari.e electrons to move across the
depleted region contrary to the standard PIN P edwere both electrons and holes transport
contributes to the photocurrent. Hence the deweed in UTC structure is not dependent on
the slower hole transport. UTC-PDs usually haveagelling wave PIN diode structure but
with a separation between the optical waveguideseand the absorption section to help the
absorption to take place in the separation regidnchv reduces the transit time. This
mechanism leads to a big improvement in the desped. UTC photodiodes have also other
advantage: they have high saturation power dubdddct that the optical power is absorbed
in a distributed manner. These kinds of devicessHasen proposed for broadband wireless
applications in the millimeter-wave broadband syst¢116] [117] [118].

Like semiconductor lasers, equivalent circuit mog#iotodiodes can be developed
incorporating the rate equation for electrons ankkdin the absorption region [119]. The
equivalent circuit model including the nonlinearhbeior is also presented in [114] [119]
[120] [121].

In this work, the photodiode for RoF applicatioagepresented by the simplified equivalent
circuit model shown in Fig. 3.34 which consistspbbtocurrent source, junction capacitance
and resistance, a noise source that models the rabise, and parasitic resistance and
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inductance. The model assumes that this photodsoaethe RC time limited case and the PD
bandwidth is external circuit dependent. The phioidels conductancB, is very high of the
order of 5K). The matching resistance representedRpy in the circuit model is used to
reduce the power reflection from the load.

In the coming chapters, two types of PDs will basidered for the two systems under study.
For the IM-DD links, Emcore PIN photodiode [122]used. The main parameters the Emcore
PD are responsivity 0.65 A/W, bandwidth 20GHz, dRB return loss 12dB. For the
heterodyne RoF link UTC PD is used to generatenthieneter wave signal. The parameters
of for the equivalent circuit the UTC PD are ob&rfrom [117].
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Fig. 3.34Equivalent circuit of PIN photodiode.

The photocurrentyy is obtained by multiplying the responsivity of theotodiode with the
optical power which is the magnitude square ofdptcal field. Since the laser diode output
is optical field, a square root function shouldused in the photodiode model to convert the
optical field to optical power. This makes the gthdde model to have a non-linear transfer
function between the input optical and the outpecteical signal. This reassures the detection
after the photodetector replicates the modulatiggas for intensity modulation systems. It is
important to note that the square detection depwwles not the source of nonlinear
distortion due to the photodetector. The scattepagameters,S;) and &), simulation of
Emcore photodiode are given in Fig. 3.35.
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Fig. 3.35S-parameter simulation of the photodiode model.
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3.5.Optical Fibers

Except for free space optical communication, optither serves as a medium of
communication for all light-wave systems by cargyinformation from one point to another
in the form of light. Optical fiber is a very thicylindrical dielectric medium that allows
propagation of electromagnetic waves (light) andthade of glass usually SiGince it has
very low attenuation at optical frequencies. Itsists of a central ‘core’ with high refractive
index surrounded by a ‘cladding’ with lower refigetindex. This helps the propagation of
light within the fiber due to the physical phenorerof total internal reflection.

There are two effects of fiber optic that shouldshedied to design optical communication
systems. Fiber attenuation and dispersion are tst hmiting factors for short and medium
range communication systems.
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Fig. 3.36.Single mode fiber attenuation with respect todptcal spectrum.

As shown in Fig. 3.36, the single mode fiber attdion is typically 0.4dB/km and
0.2dB/km for 1330 nm and 1550 nm windows, respebfivThe attenuation decreases the
signal to noise ratio at the optical receiver andt$ the transmission distance of the optical
fiber communication systems. In some optical systeaptical amplifiers such as erbium
doped fiber amplifiers (EDFAS) which can easily \pd® gain of 20dB or more are used to
increase the link length or provide distributionatdarge number of users but this decreases
the signal to noise ratio [48].

Fiber dispersion is another important issue whedds to the broadening of data pulses as
the optical signal travels along the fiber causimgr-symbol interference (I1SI) between bits.
There are three types of dispersion in the fibéromatic dispersion, modal dispersion,
polarization mode dispersion.

Chromatic dispersion is overall effect of two typ#sdispersion: material dispersion which
is due to the refractive index of the fiber matedependency on the wavelength of the light
passing through it and waveguide dispersion. Maltelispersion causes each wavelength to
travel with a different velocity in the fiber andriges at the destination at different times.
This dispersion occurs in all transmission systsmse the light source and data signal has
finite bandwidth. Waveguide dispersion results frdme waveguide characteristics such as

87



fiber indices and the shape of the fiber core dadding. This type of dispersion is very small
and can be neglected in the transmission link.

Modal dispersion results from the modes of a mudtm fiber propagating with different
velocities. This kind of dispersion is null by defion in single mode fibers (a fiber which has
very small radius comparable to the optical wavgllenat 1550nm). Modal dispersion
depends on the number of propagation modes thsat iexthe fiber which is determined by
the fiber core size and the index difference betwtbe core and the cladding.

Polarization mode dispersion is a special type oflah dispersion which exists in single
mode fibers. This dispersion is due to the fact thare are two modes coexisting in single
mode fibers. The two modes are orthogonally potdariand may travel through the fiber at
different speed causing them to have group deligrence.

The effect of chromatic dispersion is more sigificat higher modulation frequencies and
severely limits the fiber transmission distancetha conventional intensity modulated direct
detection (IM-DD) RoF system, the information sifgig generated on both sides of the
optical carrier which is known as double sidebaB&HB) modulation. When the optical
carrier and the two sidebands are transmitted bler, the chromatic dispersion causes a
phase change for each sideband depending on tée l&bgth, modulation frequency, and
chromatic dispersion parameter. This results intthe RF signals generated by the two
sidebands beating with the optical carrier, atréeeiver, being out of phase, resulting in zero
transmission in some cases.

There have been many solutions proposed to receeftect of fiber dispersions in the
communication systems. Dispersion shift fiber (D&-pne solution. This is important as
single mode fibers operating in the 1550nm windo® lzZecoming important. The idea is to
shift the dispersion zero of the fiber from the et window (1330 nm) to at the third
window (1550 nm) in DSF. Another way to decrease d¢fffects of dispersion is to use a
compensating fiber with a strong negative dispar&ioown as dispersion compensation fiber
(DCF). This is linked to the linear effect of disp@n which can be reversed.

Another important characteristic of optical fibex its nonlinear effect. Since most RoF
applications are limited to few tens or hundredsneters [123] [124], only dispersion is of a
major concern. However, for long-haul analog optioeks like in cable-TV applications,
other fiber impairments such as nonlinear effefttsr(wave mixing, cross-phase modulation,
self-phase modulation, stimulated Brillouin scattgy stimulated Raman scattering) influence
the system performance [48].

In single mode optical fibers, neglecting nonlingas and polarization related effects, the
optical field modal amplitude propagates accordmthe following wave equation
E(e, 2) = E(w 0\H() (3.97)

with E the optical fieldz propagation distance the fiber attenuation, antithe propagation
constant.

Thus the transfer function of the fiber, with Idgdlat attenuation, can be written as
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H(a, 2) =exg-az- jB(a)2) (3.98)

The propagation constant expanded in Taylor san@snd the central optical frequenay,
is given by

ﬁ(a}):ﬁo +ﬁl(w_wopt)+%(w_wopt)2 (3.99)
Considering the single frequency optical field iodulated by a sinusoidal signal of
frequency cos{t), the optical field (2.2) can be expressed as:

E(t)=E, (exp(j (@, t+ goopt))+gexp(j (@ t+ @, wt))j (3.100)

wherem s the intensity modulation index.

Since the propagation constant of the fiber is oomstant over frequency, the three
frequency components will have different propagationstants, hence different phase. At the
end of the fiber, the optical field can be writn

xl] (6t + @+ o))+ Jexp i t+ - cat+ )
E,(t)=E

+ Dexp(ifeay t+ g+ ot +4,)

where ¢o, ¢1, @2 represent the different phase difference betwden three optical
frequencies because their propagation speed ifitbeis different. These phase differences
are due to th@, term of (3.99). The other ternfig andp, introduce merely phase delay and
group delay respectively which are the same fothalfrequency components, hence they do
not distort the signal. Therefopeg is responsible for the signal distortion by intnoohg group
delay difference between the three frequency compisn This effect is known as chromatic
dispersion. It is usually denoted as “D” whichetated td3, as follows

D = —2/1—’}/;2 (3.101)

c is the speed of light, aidis the central wavelength of the optical signal.

To include the fiber dispersion effect in our systave have modelled the dispersion effect
by implementing the last term of (3.99) on a curremntrolled current source (CCCS). The
gain of CCCS is expressed in frequency domain wisigqual to the transfer function of the
fiber (including attenuation and chromatic dispen3i Thus the fiber model includes the
dispersion and attenuation effects which are thetnmportant parameters for most of RoF
applications.
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Fig. 3.37.Electrical circuit model of optical fiber.

Theoretically, the small-signal analysis [105] skotlkat the dispersion of the fiber optic
introduces conversion factors for both the optingénsity and phase. If the optical spectral
density at the fiber input and output &gand S, and the optical phase at the input and
output of the fiber ares, and g, respectively, we can write the following relation:

2 2

Sout:co{l‘f]g a)czjﬁn - sir{ Lf}:l: wczj% (3.102)
2 2

{pout:sin( Lfn/:] a)czjsn + co{l‘fn/:] wczj% (3.103)

From these equations, one can drive the transfestiin of the fiber. They can help to
estimate the dispersion-length effect on the RRadigue to PM-AM conversion. For instance
in the presence of chirp, fiber dispersion intragBiconversion factor of phase modulation to
intensity modulation. During direct modulation dfet laser, the relation between intensity
modulation and phase/frequency modulation spectruahirp can be obtained from (3.25). If
the ratio of frequency modulation response to isitgrmodulation response is represented by
Hemam, ONe can deduce the fiber transfer function inghesence of chirp using (3.102) as
follows [105] [125]:

2 2
co{ Lf A a)czj - sin[ Lf A a)CZJH MM (3.104)

H =
FR T T

If we assume no chirp condition, the teHgy.v vanishes, but the fiber dispersion still
introduces a frequency selective transfer functlae to the first term in (3.104). The length
of the fiber and the RF signals frequency haveetghmsen to avoid dip points (the dispersion
induced power penalty) (Fig. 3.39).

To investigate the fiber effect for IM-DD systen#d)S project shown in Fig. 3.38 can be
used. The laser is represented by pure RF souccehinp is assumed) and the modulating
signal is at a frequency of 40 GHz. This simulat@msumes fiber dispersion of 17ps/nm/km,
attenuation of 0.2dB/km, and UTC photodiode (bamitvilO0OGHZz). In Fig. 3.39 (a), the
output RF power after detection at 40GHz is showith wespect to the length of the optical
fiber. Comparison between theoretical expectatgingithe first term of (3.104) and the fiber
model shows a good match. It is evident that dEparcreates transmission minimums at
harmonics of products of length - RF frequency (ki the output RF power Vs length is
shown for modulating frequencies of 40 GHz and &zGWhen the modulating frequency
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increases, the period of minimum transmission e®es putting limitation on the maximum

transmission reach. This effect could be more punoged in the presence of chirp. This is one
of the limitations of direct modulation systems thre presence of chirp. Dispersion also
affects double sideband modulation in external nedthn systems. Therefore single

sideband modulation technique is often used tdebdispersion [45].

SDD3P
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Fig. 3.38ADS schematic to study fiber effects.
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Fig. 3.39 Microwave signal transmitted over the fiber comgpani of theory and simulation.

The other way to explain the effect of dispersienby using its impact on the relative
intensity noise. It has been demonstrated in [108} the PM-IM conversion due to fiber
dispersion can actually compensate the RIN if saralbunt of dispersion with proper sign is
present. The compensation also appears to beie&fenten for extreme case where the laser
is operated within the coherent collapse regime.

3.6.Summary

The first part of the chapter briefly explains thiperties of single mode semiconductor
lasers to lay ground for developing equivalentuirenodel of the device for large signal
system simulations. Important issues such as #ie sesponse, dynamic response and noise
properties of the laser are the discussed usingateesquations.

The well-known large signal model of single modeng®nductor lasers is then derived
from the rate equation and noise sources are atedyrto fully represent the device. The
inclusion of optical phase noise is of the mainechye. Besides, the two level rate equations
are used to further enhance the models capaklitggresent the carrier transport effect. The
model is validated by comparing measurements of REBr properties with simulations.

The last part discusses circuit modeling of othe@F Romponents: optical modulators,
photodiodes, and optical fibers. The main properid each of these components are
modelled by using their respective functions. Alltlke RoF models are suitable to perform
different system simulations in ADS.
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Study of Radio over Fiber systems

4.1.Introduction

Like any other analog communication systems, Raftesys are influenced by nonlinear and
noise effects that come from the various compondihts optical source, semiconductor laser,
is a fundamental component that affects the sygterformance in terms of its nonlinearity,
intensity noise, and phase noise characteristibs. Study of RoF links in circuit analysis
software helps to precisely predict the influenoésach component in the system while
including other electronic effects like parasitindadriver circuits. In this chapter, the
electrical equivalent circuit models of RoF compasedeveloped in the previous chapter will
be used characterize both direct/external moduladiod optical heterodyne links. This kind
of system level simulation is important in ordertmluate the RF-to-RF performances of the
RoF links.

4.2.Properties of RoF links

As shown in Fig. 4.1, an intensity modulation Rotk Ican be represented by a cascade of
two-port simplified models of the RoF componentssiows that the RoF link acts like a
simple microwave transducer from the point of viefithe transmitted and received electrical
signal. With this approach, the characteristicsaofransducer such as noise figure and
insertion loss/gain of the whole RF-to-RF link dancalculated easily. It allows optimization
and design of RoF systems by applying basic cinguitciples such as matching conditions.
In this section, microwave properties of differdRF systems are defined based on the
simplified two-port model of the RoF link indicatéu Fig. 4.1. The definitions are based on
the analysis performed in [126].

However, some of the optical components such asdamodulators and optical fibers have
characteristics that cause performance degrad#dietncannot be deduced from noise figure
or insertion loss. Phenomena like nonlinear digtnrand phase noise fall under this category.
Dynamic range can be used to evaluate the noniipeaf the system. To evaluate
transmission of digital signals with complex modida formats such as OFDM, the measure
of error vector magnitude (EVM) or bit error raBER) have to be used. The issue of EVM
evaluation will be studied in Chapter 5. EVM is iamportant parameter that helps to get an
idea of the nonlinear and noise distortions intcmtlby the link.
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The models presented in Fig. 4.1 are simplifiedlsgignal models of a directly modulated
RoF link. Notations of inputs and outputs of thed®ls which will be used in the coming
discussions are defined as follows: the input Rfhai which reaches the laser intrinsic
equivalent circuit is represented by the signal at the input to the fiber is referasilp: in, it
represents the amplitude of the optical field. Dipéical power can be obtained by simply
squarindiop: in- The simple photodiode model squares the inputatiand multiplies it by its
responsivity to obtain the small-signal photocutiign The current that reaches to the load is
denoted a$_. Block letterl will be used to represent the signal in the DGcade available
power from the generator is denotedpgsand the power delivered to the load is represented

by pr.

i lzs fopi_in ot ot o i
| opi_out | — pL
o— AN — 50 —* 50 00—
P Riasenis L L L | |
Ry R Ry
Rg R R R Ry
RMar:hPD
O O Q0 oNe! oJe
Generator Laser/Modulator Fiber Optic Photodetector Load

Fig. 4.1Two-port network of a direct modulated laser Roik i

The simplified RoF link model consists of a serniesistor Ruatich at the input of the laser
and a parallel resistoR{(ach9 at the output of the photodiode to satisfy thetamiag
impedance condition which assures maximum powestest and minimum reflection loss.
This kind of matching may be insufficient if theatbimpedance is complex. Nevertheless, it
can be used to enhance the gain at lower frequenicigthis section, resistive matching is
considered to define the analog properties of thE khk with matching condition.

In Fig. 4.1,R; is the RF generator resistanBguichsiS the laser input resistand®.s is the
laser input resistanc® s is the laser input resistandejs the output resistance of the current
controlled current sources (considered as infinik) is the parallel conductance of the
photodiode (about 5¢), R_ is the load resistance. Therefore the relatiorte/dzn various
currentis, iopt_in Iph, andi_ can be written as follows

_— Rs )
is= i (4.1)
® Rs*RuaenstRs ©

iopt_in = \/”LIiLS (42)

iopt_out = EXd— aL)iopt_in (43)

iph = r.PD (iopt_out)2 (44)

i Dii . » whereR, >>R,, (4.5)
Rop +R.
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4.2.1.Link Gain

Link gain is defined as the ratio of delivered pow#o a matched loagh, to the available
power of the generatqps.

g =2 (4.6)
pa

As the DM link consists of a modulated light sourfiber optic and photodetector, the
expression for the link gain is obtained by multipy the gain of each element and can be
expressed as a function E/O, O/O and O/E converefficients of individual components
in the link. If the modulated output optical powsrpop, the optical coupling losses and
optical losses,p, the modulated optical power input to the photedttrpy, the small-signal
gain of an IM-DD link can be written as productintrinsic RF gain of the RoF components:
laser ), gain of fiber optic dor) and gain of photodetectagep) as follows

0 = 9.9F9%0p

2
P2,

Note that the square of the optical power in (4&s7ue to the fact that the optical power is
equivalent to the photocurrent after the photodidéie, the power delivered to the load is
equivalent to the square of the optical power. Btam the gain of a direct modulated RoF
links shown in Fig. 4.1, we need to define intrenBiF gain of each individual component.

(4.7)

During direct intensity modulation of the lasere tnodulating current is added to the bias
current which is translated modulation of the agdtipower. The current that enters to the
laser modeli,g, is related to the current from the generatorgi¢hl). The output of the laser
is related to the input modulating signal by (4.3)nce the output of the laser model
represents optical field, the optical power (intgscan be obtained by squaring the laser
model’s output currentpfe= iopt i? ). Thus if the available RF power from the sourse i
written as (g2Rs/4), the small-signal intrinsic gain of the laser ¢@nwritten as

9.

_ Py _ (74is)’ ~ (. )Zi( Rs )2

pa iGz& RG RLS + RMatchLS + RG (48)
4

nu 1S the slope efficiency of the laser defined in14}. If we assume that the circuit
satisfies impedance matching condition at the inRgt Rvachs+ Ris, the laser gain can be
simplified as

g. =7y (4.9)

2 1
Re
The simplified fiber optic model represents the icgit loss associated with optical

attenuation due to the fiber optic. It can be dadims the ratio of optical power at the output
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of the fiber Popt o) to the optical power at the inpupof: in). Therefore from (4.3), the
conversion gain of the fiber optic can be obtaiasdollows

2 . 4
Oor = {lon) = [ p°pt—°“tJ = (I_"pt-"“tJ = exd- 4aL) (4.10)

popt_in Iopt_in
wherea andL are the fiber attenuation (in linear unit) andgigmrespectively.

The PD model performs square detection before livete the photocurrent to the load.
Assuming the optical power input to the photodiciz(;iqﬁdz(iopt_ou)2 and using the relations
(4.4) and (4.5), the gain efficiency of the PD banobtained as

- P — iLZRL — 2 RPD i (4.11)
gPD pd2 (iopt_out)4 (rPD) (RPD + RLJ RL

If Rep= R_, the conversion coefficient of the PD can be sifigal as

Opy = 1 210 (4.12)
4
From (4.9), (4.10) and (4.12), the intrinsic gaintlee direct modulated RoF link can be
obtained using

i :’7L|2éexl:(_ 40"—) rPDZ% (4.13)

If the source and load resistances are equal atidabjoss is assumed to be negligible,
(4.13) can take a more simplified form as follows

1
gi =Z(,7LI I'op )2 (4.14)
If there is no matching resistor in parallel to tload resistor, the % term in (4.14)
disappears.

The gain of external modulated links can be obthiwéh a similar manner. In this case,
the modulation efficiency of laser is replaced bg modulation efficiency of the modulator.
Considering resistive matching at the RF input &2V modulator and at output of the PD
as in Fig. 4.1, the intrinsic gain of an externaldulated RoF link (with negligible optical
loss) is given by

1
9 = Z (,7MZ Moo )2 (4.15)
wherenmz is the modulator slope efficiency given by [127]
_17RRs (4.16)

/7MZ _2 V”
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Popt iS the constant input optical power to the modulathich can be obtained from the
static response of the laser for a correspondiag burrent. From (4.14) and (4.15) we can
reach to an important conclusion: in DM the intiecngain is constant with respect to the bias
current in the small-signal regime, while in théegmal modulation, the gain increases with
the square of the optical power. The link gainhie DM case is less than one, but the intrinsic
gain of the external modulation link can be gre#ten one. However, by choosing the right
matching circuit at a frequency band of interelsg gain of a directly modulated RoF link
could be made higher one as reported by in [128re/lauthors have demonstrated gain of
greater than one for more than 10 MHz bandwidttnénS-band.

Equation (4.14) seems to show that the intrinsiadependent on the RF input power. But
if the power of the modulating RF signal contintescrease, the gain starts to decrease as a
result of nonlinear behavior of the RoF link. Thaimnonlinear component in the RoF
system is the laser diode in which the nonline&ectfis taken into account using the gain
compression ratio of the laser diodg (Thus the laser modulation efficiencoy j decreases
at high RF power. Therefore, (4.14) holds true oinlythe linear region for small-signal
modulation around the bias point. This leads tmaclusion that there exists a maximum
input power after which the link output power sates at a levelRsa) as shown in Fig. 4.2.
The other nonlinear behavior arises from the chgpeffect if the laser is biased close to the
threshold current. An important figure of merit évaluate the gain compression is 1dB
compression point (Fig. 4.2). It is defined asitiput signal which causes the intrinsic gain to
be reduced by 1dB.

Poue (dBm)

Gain saturation

P,,(dBm)

Fig. 4.2Gain compression curve include dynamic range.

4.2.2.Noise Figure

Noise figure NF) is a measure of degradation of the signal-toencasio due to the device,
the circuit or the system. NF for any two-port netkvor device is defined as the ratio of SNR
at the input to the SNR at the output in logarithomit:

NF = 1o|og(ﬂJ (4.17)
SOUt/nOUI
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Alternatively, NF can be written in terms of gainput signal and noise. If the system or
device adds noisme,qq the output signal and output noise are relatethéoinput signal and
noise ass,u=giSn andnyu=ginin + Nagq respectively. Substituting those relations to 74.ive
can obtain another simplified expression

NF = 10Iog(1+MJ (4.18)
an,

nin is the thermal noise from the generator and it8guas given in frequency domain as

n, =k, TAf (4.19)

where Af is the measurement noise bandwidkh, is Boltzmann’s constant, and is
temperature. It is measured at a temperature ofk23Ghich is the standard temperature for
noise figure measurement as defined by the IEEE.

Equation (4.18) shows that the noise figure is pashelent of the signal itself. The
additional noisen,gg could be caused by different components in theesysin IM-DD
optical links, it includes the thermal noise frohetlaser, RIN, photodiode shot noise, and
thermal noise from the electronic circuit. If wensaler the simplified circuit in Fig. 4.1, the
matching and laser resistances at the laser inpnuifribute to the noise figure. When it is
translated to the output of the system/device nitise power is given bgksTAf. As a result
the total noise added by the system/device sedre atutput can be written as

Ny = GKsTAf + K TAF +ng,  +Ngy (4.20)

shot

The second ternkgTAf) is thermal noise due to the load resistor.

Nshot IS the shot noise power at the load. Shot noigedsphotodiode noise which comes
from the random behavior of the photodetection.t®logse power is given by

Nghot = q<| L>Af I:QL (421)
<l >is the average load current which is related tqotin@ocurrenty, by (4.5).

As for nry, it represents noise power at the output duedarttensity noise of the laser. It
is obtained by using

e = (1 )°RINR Af (4.22)

whereRIN is the single sideband laser relative intensitg@at the RF signal frequency in
linear unit. If the relative intensity noise speéctris given in double sideband, there should be
a factor of %2 in (4.22). From (4.21) and (4.22), ean observe that the shot noise power
decreases linearly with the photocurrent but theenpower due to RIN decreases as a square
of the photocurrent.

Assuming Af = 1Hz, the noise figure at the output of the liokn be calculated by
substituting all additional noise sources (4.2().22) into (4.18) as follows
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kBT+q<IL>+<IL>2RINJRL

(4.23)
(,7LI r-PD )2 nin

NF =10log 2+(

From this expression, we can drive specific cagesrding to the dominant noise. It is
valid for the simplified cascaded circuit shownFig. 4.1 where a lossy resistive matching is
used.

The noise figure of an external modulated link uste) similar to that of direct modulated
links except the modulation efficiency term whichrelated to the optical power, half-wave
voltage and load resistance:

Ko T

+q<IL>+<IL>2RINJRL

(’7Mz Iep )2 M,

£
NF =10log| 2+~ (4.24)

For optical heterodyne links, the noise figure gkdtion has to include passband intensity
noises from the two lasers and baseband intengigerat the millimeter-wave band and shot
noise. Besides the phase noise conversion to ityemsise should be included. Because of
the high phase noise levels from the two laseesirttensity noise converted from phase noise
is usually dominant. Considering the photocurrentaf heterodyne system given in (2.4), the
noise figure of the heterodyne link can be wrisrfollows [65] [129] and [130]:

2k, T

+Q<|L>+ RINHllfl + RIN H2|L22

L L
+1%2 m(RIN; +RIN , + RIN
NF =10log| 2 + L (RINL, 2 :)

T (4.25)

whereRINg; andRINg, are the relative intensity noise evaluated atiméter wave RIN, ;
andRIN_; are RIN from the first and second lasers respeistievaluated at the modulating
RF frequency, andRINy is the phase to intensity noise conversipn.andl , are the DC
photocurrents of individual lasers at the loddmmis the power of the millimeter-wave
carrier.

4.2.3.Dynamic Range

The dynamic range (DR) is defined as the ratichef maximum input RF powepin max t0
the minimum input RF powep;, min, that can be carried by the optical link [131]21.3

2
DR = 10|09{MJ = 10Iog(m—’;‘axJ (4.26)
m

in,min min
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wheremy,n is the modulation index of the input signal thegults in equal signal and noise
powers at the output (SNR=1), amg,.x iS the modulation index where the 1dB compression
point occurs. If mnax represents the modulation index that makes thed tlurder
intermodulation distortion power equal to the nopsmwver, the ratio (4.26) becomes the
spurious-free dynamic range (SFDR). This is theecaben the modulating RF signal is
composed of two tonefls andf,. The concept of DR, SFDR, and noise figure carwbi
understood from the diagram shown in Fig. 4.3.

The point where the power of the fundamental haimand the third order intermodulation
product meet, which is known as the third ordeenceépt (IP3) point, is another indicator of
the nonlinearity of a link. 1IP3 is correspondsthe input RF power and OIP3 refers to the
output third order intercept points. SFDR can beioled from OIP3 as follows:

2
SFDR, = 2(01P3, ~N,.,) (.27
whereNoq IS the total noise of the link at the output.
P (dBm) Ip3
1dB 4
iv
: Pias
SFDR DR
glnl?’f + nﬂdd in dBm
}) NE Noise bandwidth = 1Hz
/ gl in mdBm
Fundamental Pi (dBm)
frequency Third harmonic

Fig. 4.3Power of the fundamental frequency and third-ofdemonic at the output of a nonlinear
system versus input RF transmitted power showimmadhic range, SFDR and noise figure.

4.3.IM-DD ROoF links

In this section, the performance of optical linke &tudied with simulation using ADS
schematics of a direct modulated and external nadeldIRoF links which are shown in Fig.
3.28 and Fig. 4.7 respectively. These systems sboisub-circuits representing DFB laser,
MZM and photodiode include corresponding parasitid matching circuits. The laser model
in this simulation represents the DFB laser fromaVlllab whose physical parameters are
given in Table 6 (in section 3.2.10). The modulatmdel represents the MZM from Photline
technologies with parameters given in section 3% photodetector model represents PIN
photodiode from Emcore, and the fiber model is stendard SMF with attenuation 0.2
dB/km attenuation and 17ps/nm/km dispersion.

The system parameters used for this simulatioraar®llows: the laser bias current is 400
mA, and bias voltage of modulator is at half\gf For simulations of direct modulated links
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in this thesis, the RF frequency transmitted oterftber link is chosen to be 2 GHz to avoid
the relaxation oscillation. Comparison of intringiin of direct and external modulation links
is shown in Fig. 4.4. The EM link has higher gaompared to the DM link. The external
modulator considered for this study has -3dB badtwof 28 GHz. Since the modulation
frequency is chosen at 2 GHz and the absence g efffect, the influence of dispersion is
very limited. Besides, the attenuation of 0.2dB/ken negligible for short distance

communications.

Gain (dB)
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Fig. 4.4RoF gain for IM-DD links.
4.3.1.RF power compression

Under large signal modulation, RoF links introdutistortion to the RF power due to the
nonlinear behaviors of the modulation devices (lasemodulators). The gain compression
point of RoF links can be obtained using harmormitabce simulation by taking the ratio of
the RF signal powers at the output and the inpufig. 4.5, the gain compression and the
SFDR levels of both DM and EM RoF links are givdie DM system has high 1dB
compression point at RF input power of 31dBm coregdo the EM link which is around the
input RF power of 17dBm. The source of the compoess DM links is related to clipping
effect due the threshold current. The slope ofstia¢ic response of the lasex | is constant
for bias currents above the threshold as showrign329(a). In the EM case, the source of
the nonlinear compression is due to the staticaztaristics of the modulator as shown in Fig.
3.32.

To evaluate the SFDR of the links, two tones ofdfhals (2 GHz and 2.01 GHz) modulate
the RoF links. The power of the fundamental freqyeand third-order intermodulation
product is shown in Fig. 4.5. The DM link is shotnhave higher SFDR compared to the
EM link. But in both cases, higher level of dynamaaige is obtained since no amplifiers are
employed in the system.
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Fig. 4.5(a) Gain compression of DM link (b) Gain compreasid EM link (c) SFDR of DM link (d)
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4.3.2.Noise figure

In ADS, noise figure can be simulated using variooistroller tools: S-parameter, harmonic
balance, envelope and AC simulators. The S-parametk AC simulators are only used for
linear systems. Therefore for precise evaluatiomam$e figure harmonic balance simulator
has to be used using either its nonlinear nois@or using Noiscons component which can
calculate noise figure using the standard noiserégonfiguration. Both single sideband and
double sideband noise figures are calculated usD§ simulators. But for the RoF systems,
when we say noise figure, it refers to the singlelsand noise figure.

Noise figure versus bias current of a direct mogaldaser link is presented in Fig. 4.6 by
comparing simulation and calculation based on thé&ndions given above. In (a), the
contributions of different types of noises from fReF components to the load are presented
to analyze the dominant noise source accordingddtas point. The noise power at the load
due to the laser RIN decreases when the laserchiasnt increases. This can be understood
by looking at the expression (3.36) where we caseple that the RIN spectrum is
proportional to the inverse of the average optualer at low frequencies. But moving close
to the relaxation oscillation frequency, the RINesjpum begins to be proportional to the
inverse of the cube of the average photon densigverage optical powef/p.’). Since the
RoF link being investigated here is at 2GHz whishciose to the relaxation oscillation
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frequency of the laser under study, we expecttti@RIN power is inversely proportional to
the cube of the power. And in (4.22), the RIN cimition to the total noise at the load is
proportional to the square of the photocurrent Whis related directly to the laser bias
current. Therefore the overall RIN contribution ttee total noise at the load is inversely
proportional to the average optical power hencddber bias current. This relation, however,
is valid only at low power levels. According to [9Gat high injection levels, the RIN
spectrum starts to converge to the shot noise lefethe RIN spectrum and becomes
proportional tol/p,. That is why the RIN noise power at the load drgpgkly at low bias
current and starts to slow down at higher biaserus. On the other hand, the shot noise
power at the load increases with the bias curreniva would expect it from the relation
(4.21).
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Fig. 4.6HB noise simulation of DM IM-DD RoF link (a) indigual noise powers at the output (b)
noise figure (c) Gain of the link.

Fig. 4.6(b) illustrates the noise figure of theedirmodulated link where NF simulation using
harmonic balance simulator is compared with cateada made using (4.23). The noise
figure obtained using HB simulation is the singiéeband NF and it is about 0.4dB lower
than that obtained using calculation from individo@ise powers as in (4.23) in the shot noise
dominant region.
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In general, the result shows that there exists gimoam bias point where the NF of a
directly modulated RoF link is minimum contrary what one would expect from (4.23)
which shows NF is directly proportional to the ptmitrrent (bias current). But this is logical
because the system is being changed from RIN daedrta shot noise dominated when the
bias current increases.

For external modulated links, NF can be studiedh waéispect to the modulator bias voltage.
This study is made using the ADS schematic showfign4.7 when the modulator is biased
at 6 V (half ofV;) and the laser is biased at constant current @fm4Q Since the bias current
is constant, the RIN contribution to the total eoower is governed its relation with the
photocurrent as in (4.22). As a result, the RINsaatontribution to the total noise power at
the output increases with the photocurrent fasten tshot noise. At low bias, shot noise and
thermal noise are dominant but as the bias voliageases the link becomes dominated by
shot noise and RIN. The overall characteristic &f \Wrsus bias voltage of the modulator is
given in Fig. 4.8 (b) where the NF increases whea bias voltage increases from the
minimum transmission bias point4;) to the maximum transmission bias poiwt§ of the
modulator.

Compared to the noise figure of the direct moddlddser (Fig. 4.6 (b)), the noise figure of
the EM link (Fig. 4.8 (b)) is lower. This is becauhe modulation efficiency of the external
modulator fuzm) is higher than that of the laser diode resultigher intrinsic gain. At 2
GHz, the intrinsic gain of the DM link is -20dB cpared to -16dB for the external modulated
link.
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Fig. 4.7ADS schematic for External modulated IM-DD RoF link
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4.3.3.Spectral purity

For some systems with stringent spectral purityuiregnents, the intrinsic gain and noise
figure are not enough to characterize the link. phase noise of the RF signal generated after
the photodiode gives a measure of the spectratypafithe signal. One of the reasons of
phase noise degradation of RF signal in IM-DD Raokd is the low-frequency intensity noise
of the laser up-conversion during DM of the lagdris phenomenon is investigated in [133]
where up-conversion factor is derived for a direatibdulated laser. The up-conversion factor
determines the amount of low-frequency noise trassg to the microwave frequency as
illustrated in Fig. 4.9.

Up-converted low frequency RIN

_RIN noise floor at high frequency
Power —

T Frequency

>

1kHz 1MHz
ey High frequency RIN
Low frequency RIN

Fig. 4.9Low-frequency noise conversion to the microwavaaig133].
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The low-frequency noise can be included in thedasignal model of the laser by simply
inserting the low-frequency noise source with spewt given in (3.42). This noise is
independent on bias current. The parameter thatacteizes the low-frequency noise is
Hooge's parameter which is between®16 10 for 11l-V semiconductor materials. The noise
conversion and the intensity noise floor contribotio the microwave phase noise can be
explained by the following expression [133]:

bl
R

wherePy is the total phase noise powRBIN(frf) is the relative intensity noise of the laser at
the modulation frequenc¥pm(F) is the PM/AM noise conversion factd®]Ny is the low-
frequency intensity noise of the laser (low-frequeRIN).

P(p(fRF):%RL(Zq|§h+R|N(fRF)I§h+%J+ |KPM|2(fRF)R|N1/f (4.28)

Equation (4.28) shows that the microwave phaseernisisomposed of two components: the
phase noise close to the modulation frequefigy,and the phase noise far from the carrier.
The 1/f noise up-converted to thi&r is dominates at very low frequencies witlf
characteristics. With the increasing offset, itmerged with the phase noise floor which is
determined by the sum of other noise sources idinkelf the fiber dispersion is taken into
consideration, the laser phase noise is conveot@iniplitude noise which results in close-in
phase noise around the microwave frequency ofaster

The directly modulated RoF link shown in Fig. 3i828used to simulate the low-frequency
noise level and its contribution to the phase noisthe RF frequency after the photodiode.
For this simulation, the 1lI-V lab laser biased4@0 mA, and Emcore photodiode are used. If
all the noise sources including laser phase naigettaned off except th&/f noise in the
system, the phase noise of the RF signal aftephioéodiode will have the spectrum shown in
Fig. 4.10 (a), assuming no fiber dispersion. THenoise appears at very low frequency and
its magnitude is be very small.

Fig. 4.10 (b) shows the phase noise of the RF kaftex the fiber of different lengths. These
simulations show that the close-in phase noisee@igible compared to the noise floor and
chromatic dispersion doesn’t have pronounced effedhe spectral purity of the RF signal.
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Fig. 4.10Simulation of RF phase noise after RoF link (a)ydrf noise (b) laser phase noise
conversion to microwave phase noise due to chrandépersion.
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4.4.Heterodyne RoF links

Typical optical heterodyne system consists of tvee frunning lasers, an optical combiner,
and a photodiode. An example of an analog optio&l Wwith remote heterodyne detection is
depicted in Fig. 2.9. In this section the properté¢ these systems are studied by simulation
using the equivalent circuit models of the O/E &i@® components developed in chapter 3
which are suited for these kinds of systems siraté the intensity and optical phase noises
are included. ADS schematic of a heterodyne systegiven in Fig. 4.11. The output of the
laser models atoptical’ frequencies are coupled together before the prated The two
heterodyning lasers represent the 1ll-V lab DFBtaend EM4 DFB laser. The photodiode
represents UTC photodiode with parameters givesestion 3.4. The first laser is biased at
400 mA and the second laser is biased at 180 mA.Rf signal that modulates the MZM is
2 GHz.

The intrinsic gain analysis for these systems éniital to that of IM-DD systems. But here
the noise figure includes the shot noise and RIhtrdaution from the second laser. However,
the performance of heterodyne system for analoghoamication is largely dependent on the
laser phase noise. Since the RF signal after tbeodlode is the result of beating between the
optical signals from the two uncorrelated lasensrpchas a direct impact to the wanted signal
even when there is no fiber dispersion effect.

4.4.1.Noise Figure

Noise simulation of an external modulated heterediynk shows that the system is shot
thermal noise limited. The contributions of RIN s®ifrom both of the lasers, shot noise and
thermal noise have the same behavior as the EM IMIiBk as shown Fig. 4.8(a), but with
higher noise power level because of the high photeat in the heterodyne system. But the
noise figure of heterodyne systems is higher th&®DD links because of the additional noise
from the second laser. Since the heterodyne linkbased on external modulation, the
individual noise components present in EM IM-DDkbBnwill still be here. However, the
heterodyne links is dominated by the high phaseensom the two lasers. As shown in Fig.
4.12, the noise figure obtained from HB NF simwatcoincides with noise figure calculation
using (4.25). The reason for this problem is néyfunderstood up until now.

Fig. 4.11ADS schematic of external modulated heterodyne IR
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noise figure.

4.4.2. Laser phase noise influence

As it has been explained in section 2.5.2, ther lpbase noise has direct impact on the signal
generated using optical heterodyne systems. Thigabgithase noise contribution to the
wanted signals which are the sidebands of the rmpatignal omn= @opt1 - @op) Can be
explained by exploiting the trigonometric relatiosignilar to those carried out in section
2.5.2. Assuming the microwave signal that moduldkeslaser or MZM iscoqw. t), at a
frequencyf;, the modulated optical signal after Taylor se@ggansion can be expressed as

£ ()= £, &) 1+ meod )

=E, e(i (cprr t + o)) {1+g(e(j“’ct)+ e (_j%t))} (4.29)

— E1 (e(j ("’oput"%ml)) + ge (J(%puti%t’f%pu))j

After transmission over the fiber, the three fraggyecomponents travel at different speed
through the fiber due to chromatic dispersion. €hae, at the output of the fiber, the three
frequency components will have different phaseydetanponents as follows

E,(t)=E,

(i (%put + @putdo )) + m (j (%put + %ptl_%t+¢l))

e e
(4.30)

+ m e (j (woptlt + Qo+ Qt+P, ))

0o, 91, 92, correspond to the group delay introduced by tiveroatic dispersion of the fiber
as discussed in section 3.5. For small modulatingrawave frequencydf) these phase
differences can be neglected.
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The second laser output can be expressed as

E2 (t) — E2 e(i (%ptzt"'%ptz)) (431)

If we suppose that polarization alignment is achiebetween the two optical signals, the
resulting photocurrent becomes

2
E12 + Ez2 + E12 m? + E12 %COS{&)C'[ + (¢1 - ¢0)}
+ El2 gcos{wct + (¢o - ¢2)}

m2
+ Elz TCOS{ZC«JC'[ + (¢1 - ¢2)}
+ ElEZ Cos{a)mmt + (ﬂ. - ¢2)+ ¢0}

+ E1E2 %Cos{(a)mm - wc)t + (ﬂ. - ¢2)+ ¢l}

lee =R (E,()+E, (1)) =R (4.32)

+ ElEZ gcos{(wmm + wc)t + (@. - ¢2)+ ¢2}

The desired signal can be found from the last ®vms$ of (4.32) i.e. sidebands of the beat
signal omm Which can be separated from the other compongnissimg suitable band pass
filter. It contains the phase noise from the twoamelated laser sources. The linewidth of the
millimeter-wave signals is equal to the sum of Wdths of the two lasers. If the modulating
microwave signal carries phase sensitive digitghalis such as OFDM signals, the received
signal would be severely degraded by the opticaspmoise.

This can observed using phase noise simulationnigebs available in ADS using the
schematic shown in Fig. 4.11. The two lasers reprieBl-V lab laser biased at 400mA, and
EMA4 laser biased at 180 mA. The phase noise simal&chnique in ADS is based on small-
signal mixing of noise [134]. The tools are dedichto oscillator phase noise simulation in
frequency domain, but the technique can be usstlutty phase noise around any large-signal
frequency such as optical frequency in our casewss the phase noise of a large-signal
carrier can be analyzed from small-signal mixinghofse. The mixing analysis additionally
computes the AM noise as well at offset frequentria® the any large-signal frequency. The
phase noise simulation method in ADS calculatesithgle sideband phase noise by the same
way as the standard phase noise notation whicftea denoted ak(f). This spectrum can be
computed from the phase noise spectral density @l6) and is expressed in dBc/Hz.

Fig. 4.13 shows the phase noise spectrums of thHeneter-wave signal dmnr wc). Since
the EM4 laser has very high phase noise at 180 thrmillimeter-wave signal has exactly
the same phase noise as the EM4 laser.
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Fig. 4.13Simulation of phase noise of lasers and millimetaxe signal.

The level of phase noise in optical heterodyne esyst is unacceptable for many
applications. Consequently, some techniques hawe temployed to reduce the phase noise
level. As it has been discussed briefly in chagtehe methods used to mitigate the effect of
laser phase noise from the two laser sources cdivigied into two categories: the first one is
by using two free running lasers and electricaf-semodyne method [65] or using phase
noise cancelling circuits as in [135], and the selcmethod is by creating correlation between
the two sources through an optical or electricatifeack mechanism [41] [42].

Optical phase locked loop (OPLL) method is one s tnethods that create correlation
between the sources using electrical feedback. OPIdf interest because of its potential to
significantly reduce the relative phase noise paa of frequency-locked lasers, resulting in
the optical generation of high spectral purity sigmainly for millimeter-wave applications.
This following section will briefly discuss someettretical background about OPLL.

4.4.3.0ptical phase locked loop

The theory behind OPLL is based on the classicatrobtheory of negative feedback
which consists of a forward-gain element with tfangunctionA(w) and feedback element
B(w) as in Fig. 4.14.
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Fig. 4.14Negative feedback loop.

In the case of OPLLA represents the laser frequency modulation (FMpaese, and
represents the loop transfer function. A heterodsystem with OPLL is represented in block
diagrams in Fig. 2.9. The phase difference betwienlocal oscillator and the optically
generated RF signal is feedbacked to the slave tagerce it to follow the master laser phase
profile.

110



The closed loop transfer function of such systesrgivien by:

Y Ale)
TF = =— 7/ _ 4.33
(@) X 1+ Alw)x B(w) (4:33)
The millimeter-wave signal which is filtered fromet photocurrent given in (4.32) is mixed
with the LO, which is represented bycos o+ #.0), to give a phase error signal:

Ierr = Kma-|_o RElEzsin((“Lo _a‘mm)t +( m _¢s)_¢Lo) (4'34)

where K, is related to the gain conversion factor of thexemia o is the LO current
amplitude,wo, is the LO angular frequency ang, is the LO phase noisgs, andgs represent
the phase of the master and slave lasers respgctive

The feedback loop at the receiver consists of rigked photodiode (e.g. UTC PD),
electrical low pass filter, LO at the millimeter-wa band, and slave laser. The delay
component in Fig. 2.9 is used to take into accdtet propagation delay in the optical
connection and electrical circuits for the loopm€&idelay is one of the most important issues
for the OPLL stability condition. In free space iopt it is much higher but it can be reduced
as much as in order of picoseconds in integrateld GRuctures [136].

Since the slave laser at the receiver usually igts $pectral width, the aim is to reduce the
phase noise by using OPLL. This can be achieveddoyng the phase error signal (4.34) to
the bias current of the slave laser to force fbtlow the profile of the master laser. The error
signal has to pass through the low pass filteremuce the noise bandwidth. The OPLL
architecture can be improved with a balanced deteoivhich could be used to reduce
unwanted intensity noise (from both lasers) inltop.

The effect of the feedback on the properties of $leve laser can be investigated by
considering the rate equations. Since the feedisaa#ided to the bias current of the laser, the
loop has some influence on the laser internal patars. These influences can be modelled by
adding the feedback term to the rate equationsrémesent carrier density. The coupling of
carrier density and photon densities will introdudeganges in the behavior of the laser
characteristics such as relaxation oscillationdeewwy, RIN, and phase noise. The modified
carrier density rate equation can be written ag][13

d N
- :—”q'\;:f - —ay, pln-n,)(1-#p)+ kplt-7)+F, (1 (4.35)

n

wherek is a constant representing the laser FM resparisehe loop propagation delay.
4.4.4.0Optical phase locked loop properties

Simplified small-signal model of an OPLL for phgsepagation in the loop is shown in Fig.
4.15. The slave laser acts as a current contragmillator which has a phase equal to the
integral of the input current fluctuation. Its ted@r function for the phase propagation in the
loop is1l/w. The open loop transfer function of the feedbactud is defined by the product
of frequency responses of all the components andead to state the loop bandwidth and loop
gain. It can be expressed as:
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Gop — Kae HF(a))HFM (w)e(wr) (4.36)
w
where Ky is the feedback loop gain which is given by the nitagle of (4.34), the low
frequency values of the loop filter response amdRNl response (FM sensitivity) of the slave
laser.Hg(w) is the frequency response of the filter, &hgh(w) is the frequency response of
the slave laser normalized with FM sensitivity. Timae delay caused by the feedback is
taken into account by the exponential term.

The open loop transfer function is used to defim@e important performance metrics such
as loop bandwidth and stability. The loop bandwidthiefined as the largest frequency for
which the open loop transfer function is largemthenity. However, it is usually limited by
the loop stability condition which states that thagnitude of the open loop function should
be less than unity when its phase #s Therefore, the frequency at which the phas&gf
equals represents the maximum possible value of the h@omwidth.

Generally speaking, the closed loop bandwidth terd@ned by the requirements for loop
stability, the sum of slave and master laser ligglng, and phase noise level of the mm-wave
signal required by the system. Since semiconduasars have a large amount of phase noise,
a wide feedback bandwidth is necessary. In ordackeeve the wide feedback bandwidth, the
loop-propagation delay must be small and the badithsi of the electrical components
together with the slave laser FM response mustide and uniform in both magnitude and
phase [61].

K,

de

é Sf anj

jor

e

Slave

Laser L e ]
L1
HE\[ (a))“‘ - H F (w )
jo

¢,

Open Loop Gain

Fig. 4.15Simplified small-signal schematic of an OPLL [138].

From the simplified small-signal model of the logphich neglects the amplitude noise in
the loop), we can obtain the phase of the slaer aféer locking as

1
+G

(]

(4.37)

A=l
1+G, 1
¢+ is the phase of the locked slave laser, @fids the phase of free running slave laser. This
equation shows a very important relation betweerstave laser and master laser phase noise.
The locked laser phase follows the master wherofiem loop gain is greater than one. For
very low values of the open loop gain the slaverghase noise is independent of the master
laser phase noise and it will be equal togtle
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The residual phase error of the loop is also amathportant parameter to evaluate OPLL
performance. It is defined as the variance of plagsgation of the locked laser from the ideal
case where it follows the master laser. For st@ii?eL, the standard deviation of the phase
error should be much lower than 1 rad? [61]. Thageherror variance is given by:

a5 = (e -af) (4.38)

In frequency domain this can be related to the tspledensity of the phase error by using
Wiener-Khintchine theorem

g, = f S;(f)df (4.39)

S, is the spectral density the phase of the beaski@n - ¢s) and it can be obtained from
(4.37) as follows

2

(sr(f)+s7(1)) (4.40)

4

. 1
(1)< e

whereS™ S5 ™ are the spectral densities of the phase of mksger and free running slave
laser respectively.

To link the residual phase error to the spectraiidths of the two lasers, we can use (3.38)
and (3.39). So, the phase noise spectral densiti¢éise two lasers in terms of the spectral
linewidth of the lasers can be written as

5" (1)=2 2
(4.41)
Av
Sf)=—>
“’() 2rrf?
Finally, using (4.38) and (4.41) the residual phaser variance will be
Av,+Av el 1|1
o2 = BV + AV, e (4.42)
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4.4.5.0PLL Simulation

ADS schematic for OPLL simulation is shown in Fgl6. The setting of this simulation is
as follows: master laser is biased at 400 mA, dadeslaser is biased at 180 mA. The
corresponding free running mode linewidths are k813 and 1 MHz for the master and slave
lasers respectively. The photodiode is UTC PD withilar parameters as in the previous
simulations. Phase noise spectrums of the slavenaaster lasers are shown in Fig. 4.13
where the slave laser phase noise is the domiranttiloutor to the millimeter-wave phase
noise. Local oscillator is used with appropriatgnsio obtain the phase error signal for the
loop. The loop filter is a first order low-passtéil with bandwidth of 6 MHz with stopband
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attenuation of -15dB. This loop filter is chosendbtain high performance loop which is
shown to be less sensitive for time delay comp#yddgher order loops [64].

Opfical combiner

Master Laser .
Optical Fiber Photodiode

Fig. 4.16 Schematic of heterodyne system with OPLL simulalipADS.

As a first step for OPLL simulation, the open lotpnsfer function should be studied
separately to determine the bandwidth of the feeklb@op. It is important to make sure that
the open loop gain and bandwidth satisfy the stgbiéquirements. The transfer function of
the OPLL can be obtained by using small-signal y@mslaround the steady-state operating
point. AC simulation can be used to evaluate thendpop transfer function which is shown
in Fig. 4.17. The feedback bandwidth is estimatefiGMHz and the requirement for stability
is achieved for time delay of 1 and 10ns but notlfdOns. The total phase error variance
estimated to be 0.027 rad? in infinite bandwidtd &r013 rad? in 12 MHz loop bandwidth.
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Fig. 4.170pen loop transfer function (magnitude and phaseflifferent time delays.

The OPLL simulation can be performed by using HBEmv simulators. With the loop
parameters in Table 7, the phase noise simulagisultris shown in Fig. 4.18. The slave laser
phase noise is locked to the master laser for laffset frequencies (belofs) and causes
significant reduction of the mm-wave phase noisa tevel of -97 dBc/Hz. This is due to the
correlation created between the master and slaserdaBut at higher offset frequencies
(abovefgy), the slave laser phase noise becomes equal tioetneunning phase noise since
the two lasers will become uncorrelated at higseiffrequencies. The oscillation observed at
higher offset frequencies is due to the loop dadffgct. The result shown in Fig. 4.18 is
obtained using loop delay of 10 nsec.
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Table 7.0OPLL Key parameters.

Parameters Values
Loop bandwidth, gy 10 MHz
Loop gain, Kdc 0.07 GHz
Loop propagation delay, 10 ns
PD responsivity 0.45 mA/mW
Local oscillator powerf(, = 60 GHz) -3dBm
Mixer conversion loss 6dB
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Fig. 4.18Phase noise of slave laser, master laser and mra-sigwal with OPLL.
4.5.Summary

In this chapter, the analog properties of a Rok trainly the intrinsic gain and noise figure
are defined and simulation results are discussedifferent system configurations. The
equivalent circuit models of RoOF components arel useobtain results in consistent with the
theory. Assuming simple resistive matching at theet input and photodiode output, it is
shown that the intrinsic gain direct and MZM ba&éd links are mainly dependent on the
conversion efficiencies of the modulating devicksdr or modulator) and photodiode. In
external modulated link, it is possible to incredise gain by increasing the optical power
because the conversion efficiency of the modulst@ower dependent. As a result, the noise

figure of an external modulated link is shown tednanuch lower level than direct modulated
links.

The last part of this chapter deals with effectlasfer phase noise in optical heterodyne
system. Laser phase noise is of great concernercdéise of complex modulated RF signal
transmission over the fiber. To reduce the effdclaser phase noise, we have introduced
OPLL to the heterodyne link. With careful considena of loop parameters, the millimeter-
wave signal generated by the heterodyne link isvehto have lower phase noise compared to
the open loop case. These studies are made to damatenthe effectiveness of the equivalent
circuit models to analyze variety of systems evéenvnegative feedback loop is included. In

the next chapter, the OPLL system will be usedrmmsmission of high data rate signal based
on OFDM modulation.
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60-GHz Wireless signal (OFDN
transmission over RoF links

5.1.Introduction

Despite the nonlinear and noise distortions ofaadlier fiber systems, their performance is
generally accepted for current wireless commurocasiystems such ag®Qeneration (2G),
and ¥ generation (3G) systems even when using low cesticonductor lasers and
photodiodes [139] [140]. Signal distortion and atigtion could be compensated by the
receiver amplifiers and digital signal processingdtionalities of the data recovery. However
to achieve higher data throughput, next generatoreless systems will need more
demanding requirements for RoF links. These systetisuse OFDM technology which
provides robust performance on a wireless chanil. high spectral efficiency, resilient to
inter-symbol interference and flexibility of OFDM akes it attractive for wireless
communications in the 60 GHz band. However, OFDYhals are sensitive to phase noise
which causes the loss of orthogonality among suigcarbecause of phase rotation on each
subcarrier and inter-carrier interference betweditarriers.

In this chapter, we use the equivalent circuit ni®dd RoF components to study the
transmission of OFDM signal over heterodyne RokdinfThe OFDM signal complying IEEE
standards for the 60 GHz band is generated usingIMM8 and circuit analysis is performed
in ADS using co-simulation techniques. We demonstridnat the effects of noise and
nonlinearity can be evaluated using circuit simatatechniques. This analysis has benefited
from the simulation the RoF characteristics exmdim the previous chapters to evaluate the
influences of component level impairments over aysiperformance. Performance of the
system is evaluated using EVM simulation. It iswwhahat optical heterodyne systems are
highly influenced by the optical phase noise frdma bptical sources and the performance of
such systems can be considerably improved by @sirgptical phase locked loop.
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5.2.60 GHz wireless transmission characteristics
5.2.1.Attenuation

The 60 GHz signal is impacted by different phenoanenich as oxygen absorption,
different obstacles, material attenuation, patls lete. At 60 GHz, the signal is absorbed by
oxygen molecules to much higher extent comparedtteer frequencies. The oxygen
absorption at 60 GHz leads to significant signtratation of up to 17 dB/km [141]. Signal
attenuation at 60 GHz due to dry wall, white boave|l studs is also observed to be higher
compared to other frequencies such as 2.5 GHz [1Al2¢ main mechanisms of signal
propagation at 60 GHz are line of sight (LOS),tfoeder and second-order reflection paths
[143]. There is little diffraction since the signalavelength is smaller than most of the
objects. As a consequence of the aforementioneduadtion factors, 60 GHz signal does not
travel far distance and these systems are suifablbigh throughput indoor data delivery
requiring lots of BSs of very small size to exteéhe network coverage.

5.2.2.Modulation options

There are few modulation classes that can be cemxidfor millimeter-wave wireless
transmission. These options include multi-carr@FDM), single carrier (SC), and constant
envelope modulation [34].

OFDM modulation is well suited for multipath chaimas the frequency selective fading is
divided into a number of flat-faded channels. Thedp the equalization function to be
efficient compared to other modulation options. ©tiger advantage of OFDM modulation is
its high spectral efficiency compared to otherswideer, OFDM systems are complex. The
peak-to-average ratio (PAPR) of OFDM signals is mbgher than other systems limiting
the efficient use of amplifiers. Moreover, it is racsensitive to frequency offset and phase
noise.

Generally, each modulation type offers its own aage and disadvantage. For a given
application, one can find the best choice. Foraimsg, if an application requires the most
resilient performance in multipath channels anddnaitter power efficiency is not critical,
OFDM could be the best solution. But if both battkfie and support of higher data rates are
equally important (for line of sight (LOS) or no®©OS channels), single carrier modulation is
preferred solution.

5.2.3.Wireless standards in the 60 GHz band

Standardizations targeting the 60 GHz band inclédeE 802.15.3c, WirelessHD, ECMA-
387, Wireless Gigabit Alliance, and IEEE 802.11 Hgese standards are meant to address the
market which is moving to the widely available mmileter-wave band to support multi-
gigabit transmission as new wireless usages araginy high data throughput.

The IEEE 802.11.ad is a family of IEEE.802.11 fanaihd it is started as a new generation
Wi-Fi system in the 60GHz allowing it to maintaimetcurrent Wi-Fi user experience. It is
expected that this standard will be the most widdédployed technology. Below are the
physical layer specifications of OFDM signals aciog to the three standards.
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Table 8. OFDM PHY layer specification for the 60GHz standard

Parameters IEEE 802.15.3c ECMA-387 IEEE 802.11.ad
HSI mode Type A OFDM PHY
Occupied bandwidth 1.815 GHz ~1.904 GHz 1.815 GHz
Sampling rate 2.640 GSa/s 2.592 GSa/s 2.640 GSa/s
Number of subcarriers 512 512 512
FFT period 193.9 ns 197.53 ns 193.9 ns
Cyclic Prefix duration 24.24 ns 24.7 ns 48.5 ns
Cyclic Prefix length 64 64 128
OFDM symbol duration 218.18 ns 222.23 ns 242.4 ns
Number of data subcarriers 336 360 336
Number of pilots subcarrier 16 16 16
Number of DC subcarriers 3 3 3
Number of null subcarriers 141 133 0
Number of unused subcarriers 16 0 157
Modulation QPSK QPSK SQPSK, QPSK
16-QAM, 64-QAM 16-QAM 16-QAM, 64-QAM

5.2.4.0FDM signal

Orthogonal frequency division multiplexing is oné the best alternatives to tackle
multipath propagation effects in wireless commuticasystems while maintaining several
advantages such as high spectral efficiency, retider-symbol interference, robustness to
the impulsive noise. However, it has also some Hemks such as sensitivity to carrier
frequency offset and phase noise, sensitivitydad Q imbalance, high peak-to-average ratio
(PAPR), requires high speed digital to analog caeve(DAC) and analog to digital
converters (ADC) and high energy consumption.

OFDM building blocks are shown in Fig 5.1. At thmartsmitter, thdFFT block is used to
map the bit stream of data to each sub-carriererAfte parallel to serial converter, cyclic
prefix is added and the signal is up-convertedrnionégermediate frequency. At the receiver,
the signal is down-converted and passed througl-fieblock to demodulate the output bit
stream. Mathematically, the transmitted signal lsanvritten as:

N-1 )
Ser = RE{Z s,(t- nTsys)e"Z”“‘)} (5.1)
n=0
where Re{.} represents the real part of the sighigkis the symbol length is the number
of OFDM symbols,f; is the center frequency, arg{t) is the complex baseband signal
representation for the" OFDM symbol.

In OFDM systems, when many subcarriers combinetoacts/ely, they create high peak
signal in time domain. This peak is one of the disentages of OFDM modulation format
since it causes clipping or distortion effectasltharacterized by the PAPR parameter which
can be calculated as the ratio of maximum powéneéanean power:

PAPR,, = 10Iog(%§é‘”} (5.2)
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Fig 5.1.0FDM building blocks.
5.2.5.Phase noise in OFDM signals

The performance of OFDM systems are highly depenaiethe frequency offset and phase
noise of the system. The effect of frequency oftsas been thoroughly analyzed in the
literature and many methods have been proposedtdoestimation and correction. For
instance in [144], maximum likelihood estimation (i) algorithm is used to estimate and
compensate the frequency offset. Phase noise oothiee hand is a random process and it is
difficult to compensate. Phase noise is caused aégyntomponents mainly transmitter and
receiver oscillators. But if optical heterodyne Rotks are used for transmission of wireless
OFDM signals, the large laser linewidth is the mesuse of system phase noise. Several
works have been done to investigate and quantéyetfect of phase noise in OFDM signals
[145] [146].

The effect of phase noise on each OFDM sub-cargars be observed by writing the
complex envelop of the transmitted sigrsa(t) as

18 . k
s(n) :NZS‘ ex;{jZHan (5.3)

k=0

wheres is the sampled signal in the frequency domain, khéstotal number of OFDM
symbols.

Assuming the channel in Fig 5.1 is linear and thiy @ffect is phase noise, the received
signal after the FFT block can be expressed as

r(k) = g(n) e (5.4)

Using small-signal approximation on the phase tlatibn, we can write
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e = codg(n)) + j sin(¢n))

(5.5)
=1+ j ¢@n), if @(n)is small

This approximation is important to separate theaignd noise parts as follows

r(k)=s(n)(1+ jeln)) (5.6)

Therefore, the demodulated bit stream of datalvelll

y(k)=s, +%Nz_llskhf¢(n)exp{ j ZHnE(r - k)) 5.7)

=5 t&

Equation (5.7) shows the error introduced on theeived signal is merely due to phase
noise. This effect can be analyzed in two ways. flisé is whenr=k: this is a cause of the
common phase error (CPE) and it manifests itselfifiyoducing phase rotation in the
constellation map. The second effect is winek causing inter-carrier interference. This is
normally the cause of loss of orthogonality in tBEDM signal which is essential to the
proper functioning of the system.

Some of the subcatrriers in the OFDM signal aret gildbcarriers which are used for time and
frequency synchronization, and phase noise coarecihe OFDM demodulator, therefore,
continuously track the known pilot subcarriershe transmitted signals to compensate for the
phase noise rotation. However, the amount of pimaése that can be compensated at the
demodulator is limited. To evaluate and optimize tevel of phase noise for phase noise
dominated systems, it is useful to use the ruldrofmb that the pilot tracking by the
demodulator effectively compensates the phase mabisi#sets up to about 10% of the OFDM
subcarrier spacing [147].

5.2.6.Error Vector Magnitude

Signal to noise ratio (SNR), bit error rate (BER)d error vector magnitude (EVM) are
common performance metrics for the performanceuvati@n of digital signal transmission in
many wireless applications. But EVM provides fast efficient method to measure and
evaluate multi-level, multi-phase modulation signdl48]. EVM considers all of the potential
phase and amplitude distortions as well as nois® @movides a single comprehensive
measurement figure for determining the performaatdhe system. It is defined as the
average constellation error power with referencéhéopoint of a highest constellation point
of the modulation scheme, so it measures the ootaif the signal in the constellation as
shown in Fig 5.2.
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Fig 5.2.Diagram illustrating EVM calculation for a consglbn point.

Mathematically, EVM is expressed as [149]:

EVM = J,ﬁi(m +007) 58)

1

Rmax

whereN is the number of symbols used in the measuremérandAQ are error vectors,
andRnaxis the magnitude of the ideal transmitted symboklie chosen modulation.

A common problem with EVM measurements is the ahatthe correct reference point.
This is because the receiver does not have knoeledlghe transmitted data, and EVM is
measured by comparing the received signal with ¢lesest reference point on the
constellation plane. If the transmitted signal ighty degraded by the noise and other
imperfections, a received signal point may be caexgbdao the wrong reference point. When
the signal degradation is very high, the calculd® value could even be lower than the
real EVM value with reference to the correct refiers point. This effect is shown in Fig 5.3
where the deviation of the EVM calculation basedlwa closest reference point and the real
EVM [148]. The problem is even worse for higherdemodulations such a$XQAMand64-
QAM.
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Fig 5.3.Measured EVM and Real EVM [148].
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EVM measures combined effects of different impamteanainly nonlinearity, noise, gain
and phase imbalance of 1Q modulator. In OFDM sigrhe effect of non-linearity on the
EVM performance is either compression or symbopelision. The intermodulation between
subcarriers distorts the symbol on another camarsing inter-carrier interference (ICl).
These two phenomena make the effect of nonlinetrigppear as a random noise. However,
nonlinearity cannot be treated as a random noise.

The effect of phase noise on the EVM can be studsedg the variance of different noise
sources because the noises are uncorrelated. tothext of RoF links, the noise sources are
RIN from the laser, phase noise of the laser, photte shot noise, and thermal noises.

For a system noise modelled by a Gaussian noiselnBf¥M can be related to SNR by
assuming that the error vector powers in (5.8)eguel to the noise powers [150] as:

EVM = |1 (5.9)
SNR

However, this formula is to be used with cautiondwese the assumption is invalid if signal
degradation is caused by nonlinearity and phasesenoin single-carrier, linear and
memoryless systems, the relation between EVM and BNjiven by [151]

2
EVM = i+2—2ex —i (5.10)
SNR 2

wheredy is the total phase jitter of the system at theirer and SNR is the output signal to
noise ratio. For OFDM/QAM based systems, detailethlysis of EVM considering
contribution of individual effects (noise, nonlimég, and 1Q imbalance) is given in [152].
The analytic EVM evaluation gives comparable resattcording to the general definition of
EVM.

If 1Q imbalance is neglected, EVM of an OFDM sigraln be estimated from the phase
noise spectrum,(f), and SNR as follows If the system is phase ndrinant, EVM can be
related to the phase noise spectrum [153] [147] as

EVM :\/Z*IL(f)df +ﬁ? (5.11)

whereL(f) is the single sideband phase noise spectrum.

5.3.OFDM signal transmission over RoF links

In this study, RF signal carrying OFDM modulatedjiwl signal is transmitted over
different architectures of RoF links to investigtte effects of noise and nonlinear distortions
by simulation. Since all of the system components r@presented by equivalent circuit
models, this study can be performed in ADS wherssigulation option can be used to
analyze the influence of analog circuits over thgtal signal.

ADS library offers various components to generat®-®FDM signals. But those
components are specifically designed for UWB staglan the centimeter wave band
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according to the specification given in [154]. Téfere OFDM signal with the 60 GHz

standard is generated using MATLAB and the basebdaid is loaded to ADS. The

simulation set-up is shown in Fig 5.4 where the E¥aculation is done after exporting the
baseband data to MATLAB. Up-conversion and downveosion of the baseband signals is
performed using QAM modulator and demodulators lalsée in ADS library components.

Dataflow and envelop simulations are performed valieate the analog link on the digital
signal.

Co-simulation in ADS

— — v | o B
& data |_modulator _ _modulator _ :

RoF Link EVM

calculation
Fig 5.4.Simulation technique set-up OFDM signal transmissiver the fiber links.

For this study, quadrature phase shift keying (QPS¢nal is generated using MATLAB [4]
using the IEEE 802.15.3c specifications listed abl€ 8. The QAM modulator considered is
ideal to avoid I-Q imbalance. The baseband sigoasillation and the up-converted signal at
IF frequency are shown in Fig 5.5 when the totalgoof the OFDM signal 0dBm. Null and
pilot subcarriers are plotted in red and the datacarriers are in blue. Since the electrical
components are ideal, the SNR in the back-to-bask @about 30dB and the EVM is around
0.29% for almost all of range of usable power Isvdlhe PAPR of the OFDM signal is
calculated to be 13dB.
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Fig 5.5.(a) Spectrum of transmitted RF signal and (b) agleton of the pure baseband signal.
5.3.1.IM-DD links for 60 GHz communication

IM-DD links with DM and EM links are characterizéd section 4.3. For the transmission
of the OFDM wireless signal, the setting for theicg link will be as follows: the IlI-V lab
laser is biased at 400mA, fiber length is set tmzand the photodiode is Emcore PIN
photodiode. The photodetected IF signal is up-caedeto millimeter-wave by using a mixer
with gain of -6dB and noise free local oscillatbhe schematic of the simulation setup of the
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DM link is shown Fig 5.6. It should be noted thliststudy is made in the absence of laser
chirp. Therefore single mode fiber has very limigftect on the RF signal (2GHz) for short
distances. Thus the fiber length is assumed zereduce complexity.
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Fig 5.6.DM IM-DD simulation setup.

The spectrum of the received OFDM signal after dnaission over the IM-DD link is
shown in Fig 5.7. Because of the RoF link loss amiger loss, the level of the received
spectrum is around -65dBm compared to -30dBm inbthek-to-back case. As we can see
from the spectrum, the optical link has attenudtesl signal but there is not considerable
degradation on the constellation. This spectrunobtained when total emission power is
0dBm which is close the optimum point where the&§ of noise and nonlinear distortion are
minimum. EVM calculation at this power level is aibd.74 %. Nevertheless, there is still an
increase in EVM compared to the back-to-back casetd the unavoidable intensity noise of
the optical components.

Considering the extreme cases when the input @M power is -30dBm and 30dBm, we
can observe the effects of intensity noise andineat distortion in Fig 5.8 and Fig 5.9. In
Fig 5.8, the SNR is very small (around 15dB) arel¢bnstellation is extremely distorted due
to the noise from the RoF link. The EVM calculatglmows around 40 %.

In Fig 5.9, the total power of the OFDM signalnsreased to 30dBm to show the nonlinear
distortion due to the RoF link. The constellatidntlee demodulated signal shows the signal
distortion but it is hard to say whether the effecioise or nonlinear distortion from the
constellation since the nonlinear distortion effappears as noise. As shown in Fig. 4.5, the
input power level where 1dB compression point a& M IM-DD link occurs is around
29dBm. Since the PAPR is 13dB, the system is insttaration region if the input power is
above 16dBm. This nonlinear distortion originatesnf the clipping effect due to the
threshold current of the laser diode.

On the other hand, the external modulated RoF dhmkracterized in section 4.3 shows that
its noise figure is better than DM links. Howevigre 1dB compression point is around input
power level of 17dBm (lower than the DM case) evVfethe MZM is biased at the linear
region (6V). The noise and nonlinear effects in BNWDD links are shown on the OFDM
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spectrum and constellation diagram of the recesigaal after the optical link in Fig 5.10 and

Fig 5.11. Since the PAPR of the OFDM signal is 13 point is decreased by 13dB, thus
the compression starts to occur when the total npeawmer of the OFDM signal is about

8dBm.
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Fig 5.11.EM IM-DD( I?nk (a) Received OFDM signalmillimeter-wave (b) constellation of
demodulated baseband sigridspy = 20dBm.

EVM versus OFDM mean power at the input of the Mok is given in Fig 5.12 for both
DM and EM IM-DD links. For low emission power legelthe DM link offers poor
performance compared to EM IM-DD links becausehaf high noise figure (44dB at bias
current of 400mA compared to 30dB of EM at 6V biadtage) as shown in Fig. 4.6.
However, at high power levels, DM links offer beterformance with EVM values less than
20% until power level of 30dB. Note that the 1dBmwession point of the link at 400mA
bias current is about 31dB. EVM simulation incluglia fiber length of until 20km doesn’t
change the result.
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Fig 5.12.EVM vs input RF power.

5.3.2.Heterodyne using two lasers for 60 GHz communicatio

As it has been discussed up until now, optical roefyne systems using two independent
laser semiconductor laser diodes is highly infleehby the laser phase noise. In this section,
the phase noise influence on the OFDM signalsvsstigated by simulation. The heterodyne
link used for this study has the same setting asétup shown in Fig. 4.11. Master laser (llI-
V laser) is biased at 400mA and slave laser (EMérlais biased at 180 mA, MZM is biased
at half ofVz (at 6V) and UTC-PD generates the millimeter-wagnal. The loop parameters
are the same as before. Since the fiber dispeedfect for this configuration is negligible,
fiber length is set zero for this simulation toued complexity.

Selects the mm-wave carer
Ra2
R=500hm

Trneeres
Store imaginary and real parts
of the demodulated data

T2
sinimbalance=0
Phassimbalance=0 Gainimbalance=0.0 . 2
Baseband data from Matlab s e R o

Extemal Modulated Heterodyne RoF link
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Ras
R=100hm
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c=22F

Local_Oscillstar]
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Fig 5.13.ADS schematic for co-simulation of extésnenodulated optical heterodyne RoF system with
OPLL.

To investigate the effect of phase noise on the KAEYnals, co-simulation is performed by
first removing all the intensity noise sources frtme system. This allows us to differentiate
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the different noise contribution. The phase nopectums of master laser, slave lasers are
shown in Fig. 4.13.

The constellations of the demodulated signal witth @ithout employing OPLL the loop are
shown in Fig 5.14 where the impact of phase nasevident as a circular distortion of the
signal points about the center of the constellatibme OFDM demodulator can track and
compensate phase variations of the signal by usiegpilot tones, as long as the phase
variations are relatively slow with respect to #hanbol rate. However in the heterodyne
system, the high level of phase noise makes it gsipte for the demodulator to track the
phase error, as a result EVM is about 40%.By imecthe phase error back to the slave laser
(Fig 5.13), it is possible to effectively removeethhase rotation. With the OPLL the EVM
value is reduced from 40% to about 1.4% when ohBsp noise is simulated. When all of the
noise sources in the system are activated, the E&IMe is reduced from over 40% to 2.5%.
A plot of the received OFDM spectrum considering tmly phase noise is shown Fig 5.15
where the signal level and SNR looks unaffectedisTihis not possible to qualify the signal
quality using only SNR.

1‘ —D‘B rDiE —D‘A —Diz 5 DIZ D‘A DiE D‘B 1I 1‘ —D.‘S —DIG rDid —D.‘2 6 DI2 D.‘A D.‘B DES 1I
(©) (d)
Fig 5.14.Constellation of the received sigizpm = 0dBm (a) free running lasers and only phaseenois
is activated (b) free running lasers with phase@&aind intensity noise activated (c) locked lasers
when only phase noise is activated (d) locked as&th all noises activated.
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Fig 5.15.Spectrums of received signal after trassion over the heterodyne RoF link (a) free running
lasers (b) locked lasemBgrpy = 0dBm.

To examine the noise and nonlinear effect on thestetlation, we can consider very small
and high emission powers. For the case when tha QE®M power Porpy) is very small (-
30dBm), the constellation is not very much improwsbden OPLL is used because the
dominant effect at low emission level is the intgngoise which is not corrected by the
feedback mechanism. Nevertheless, EVM is reduaed #4% to 16% using OPLL.

In the other extreme case when the mean OFDM p@mesry high Porpy = 20 dBm), the
RoF system performance is limited by the nonlindatortion due to the MZM. The
constellation is shown in Fig 5.17. The nonlineffiec presents itself as noise in the
constellation, but the OPLL only correct the phasese rotation and the nonlinear distortion
persists at high power levels.

(b)
(a)
Fig 5.16.Constellation of the received sigiJspm = -30dBm (@) free running lasers (b) locked lasers
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(b)
Fig 5.17.Constellation of the received sigidspm = 20dBm, (a) free running lasers (b) locked lasers

@)

EVM simulation result of the EM optical heterodysgstem for a sweep of input OFDM
mean power is given in Fig 5.18. EVM curve for tieterodyne system with free running is
not displayed since the values at its best is ad@®%. The heterodyne link including OPLL
performs better than the DM IM-DD at low power |lesvand better than the EM IM-DD link
at high power levels. However, if realistic compiotsesuch as mixers and local oscillators are
used for the three systems, the EVM values woulkigieer than estimated in this study.
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Fig 5.18.EVM vs input RF signal power.
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5.4.Summary

In this chapter, transmission of wireless signaleradhree RoF systems in the millimeter-
wave band complying with IEEE 802.15.3c standardemonstrated. The RoF components
are represented by the equivalent circuit modéie dffects of noise and nonlinearity on the
OFDM signal are presented using EVM simulation.this study, the mixers and local
oscillators are ideal. But it is known that reahqmbnents especially in the millimeter band
have many constraints. Besides, the wireless chaffects are not included. Hence, the
analysis solely investigates impairments that cémoen the optical link. In this scenario the
best EVM obtained considering the optical link infpetions is 0.47% compared to the BB
EVM of 0.29%.

The EVM simulation in Fig 5.18 shows that the DM-DD link show high linearity and the
EM IM-DD link performs well at low emission powers.is evident that the performance of
optical heterodyne systems would be better thaiDIMsystems if electronic impairments are
included. In conclusion, optical heterodyne systevita OPLL achieve higher performance
than corresponding IM-DD system for high data rmgssmission in the millimeter-wave
band. However, complexity and cost are the maiitditions to apply these systems in home

area networks.
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Conclusion and Perspectives

In this thesis, some of the most important issueslectrical equivalent circuit modeling
microwave photonic devices are studied with paldiclattention given to single mode
semiconductor laser which is the main limiting taadf microwave/millimeter-wave photonic
systems. In chapter one, the importance of equivagcuit model compared to numerical
device simulations is explained. Even though theas been a shift towards numerical
simulations driven by the rapid increase of compuipower, equivalent circuit models will
play more important role in the foreseeable futimresystem simulation purposes. Besides,
equivalent circuit models are preferably used hyuii engineers who are familiar with
circuit concepts for system evaluation. The maisuésis therefore to develop accurate
equivalent circuit models of photonic componentst ttan represent devices properties and
influences on the system performance.

Chapter two gives the general background study tabloe convergence of wireless
technologies towards optical solutions for netwodverage mainly in the millimeter-wave
band. The main constraints in choosing the systemitactures being system simplicity and
cost, both optical and electrical solutions exisgénerate millimeter-wave signals at the BS.
Nevertheless, optical solutions are emerging tooibe of the main candidates in terms of
transmission performance, energy consumption aaasparency. Since the wireless signal
transmission in the millimeter-wave band is verprshthe BSs are naturally ‘pico-cells’.
Network coverage extension is achieved by deployiramy BSs which are expected to be
cheap and compact.

Semiconductor lasers are the integral parts otaptiommunication systems in general. The
noise and nonlinearity of semiconductor lasers aiten the main system impairments in
communication systems. In chapter three, theoletitalysis is given about the properties of
single mode semiconductor lasers from the rate temms point of view. The electrical
equivalent circuit model of the laser is expected precisely represent the device by
integrating all the important properties in the mlodro this end, the electrical equivalent
circuit model of the laser is proposed using the emuations based large signal model of the
laser with intensity and phase noise of the la$b@is modeling approach allowed us to
simulate different properties of the laser inclggstatic response, dynamic response, noise
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characteristics and spectral linewidth. The modelalidated by comparing simulation and
measurement of laser characteristics which aredooimave a good match.

As complement to the laser model, equivalent cirmodels of other photonic components
such as photodiode, MZM, and optical fiber are asweloped. These models also include
some of the main properties of the devices sucth@RC property and shot noise of the
photodiode, the static and dynamic behavior of M£M, attenuation and chromatic
dispersion of the fiber optic. These models togethh the laser model are essential to
effectively study and analyze different RoF systems

Chapter four deals with characterization of difféar®oF architectures using the equivalent
circuit models developed in chapter three. As asagnsystem, a RoF link can be evaluated
in terms of link gain, noise figure and dynamicganThe different RoF systems studied are
DM and EM - direct detection (IM-DD) and externabdulation — heterodyne detection
systems. The laser RIN has dominant influence in &8tem and shot noise is the limiting
factor in external modulated IM-DD systems. Extémadulated IM-DD links have slightly
lower dynamic range in terms of input RF power. Wl heterodyne detection systems, the
optical phase noise is the main limiting factoreTghase noise level is reduced considerably
using OPLL. Considering a master laser with lingtvidf 13.3 kHz and slave laser with
linewidth of 1 MHz, the OPLL is able to obtain tteeal phase error variance of 0.044 radz in
a 12 MHz loop bandwidth.

In chapter five issues concerning about the trassiom of digital signals with complex
modulation scheme over analog circuit link are stigated. The digital signal is generated
based on the current standard in the millimetereMa&nd which OFDM format to enhance
capacity of transmission. Based on the common pegnce metric such as SNR and EVM,
IM-DD and optical heterodyne systems are studiedremsmission of the OFDM signal. For
the data rate of 3.08 Gb/s, in the ideal electraaicdition all of the three systems achieve
EVM values lower than 30 % for a range of input pdwers from about -30 to 20 dBm. But
these simulation results are rather optimisticesialectrical circuit effects such as mixer and
local oscillator noises are not included.

In conclusion, the results and findings demonstiratethis thesis have two purposes. The
first objective is to demonstrate the possibilitl analyzing and designing RoF systems
efficiently by developing precise circuit modelsRdF components. The second objective is
the system analysis itself. Among the three Rokesys studied, the DM IM-DD link shows
the best in terms of linearity but at low emissmower, the EM IM-DD link performs well.
Compared to optical heterodyne systems, IM-DD systshow slightly good result in the
ideal case but in reality regardless of their caxipy, optical heterodyne systems with OPLL
could achieve the best performance compared to IM4$ystems for wireless OFDM
transmission in the millimeter-wave band.

In general, this thesis explores the equivalentudirmodeling approach of modeling
microwave/millimeter-wave systems. This work cobklfurther validated by using different
measurement setups similar to the simulation sestjosvn in Fig 5.6 and Fig 5.13. This
approach could also be used to investigate diffepeaof-of-concept experiments e.g. to
compare the performances of different millimetemavgeneration techniques such as those
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discussed in chapter 2. The other potential us&tfeecequivalent circuit models would be in
integrated photonic components and systems.

The tools developed in this thesis could also beduer the design of optical electronic
integrated circuits (OEIC) to predict high-speeditdi signal parasitic (crosstalk, ground-
bonce, jitter) or broadband signal distortion usielgctrical domain CAD tools. Other
advantages offered by electrical simulation sucthasonsideration of dispersion effects and
high frequency losses (substrate, transmissions,linend components) can also be
investigated.

A further extension of this work would be to deyelkequivalent circuit of multimode lasers
using the multimode rate equations with a similgpraach as the technique used for single
mode semiconductor lasers. Similarly, multimodeffieffects such as modal dispersion can
be included in the fiber model. Modeling high spgatbtodetectors is another area of
extension. The equivalent circuit model of UTC-Pbuld be developed in detail as the
importance of high speed photodetectors is evittegenerate millimeter-wave signals.
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RESUME ENFRANCAIS

Les avancées en communication numérique optiqus l@anréseaux longue distance et les
réseaux d'acces font apparaitre des technologiesgémtes dans les domaines micro-ondes
et millimétriques. Ces systemes hybrides sont fioet® influencés non seulement par les
performances des liens optiques mais aussi pasceds circuits électriques. Les effets des
composant optiques et électriques peuvent étre @indiés simultanément en utilisant des
outils assistés par ordinateur et en développantramiéles de circuit électrique équivalent de
chacun des composants de la liaison tels que s=sslaa semi-conducteurs, modulateurs,
photo-détecteurs et fibre optique.

Dans cette thése, les modéles électriques des samisode la liaison photonique sont
développés pour étudier des architectures difféserita source de lumiére optique étant le
principal facteur limitant de la liaison optiqueneuattention particuliére est accordée aux
caractéristiques des lasers a semi-conducteuranag@éle de circuit équivalent de laser
représentant intialement I'enveloppe du signalqojetiest modifié pour inclure les propriétés
en bruit de phase du laser. Cette modificatiorpagiculierement nécessaire afin d’étudier les
systemes ou le bruit de phase optique ne peutn@gigé : les systemes de récepteurs
hétérodynes optiques et les systemes auto-hét@sdptiques. Les résultats de mesures des
caractéristiques statique et dynamique de lasdrcgonparés aux résultats de simulation afin
de valider le modéele de circuit équivalent, et ceurp différentes conditions de
fonctionnement. Il est démontré que le modéle deuiti équivalent peut prédire avec
précision les comportements des composants posimgations au niveau systeme.

Pour démontrer la capacité de cette modélisationladéaison photonique permettant
d’analyser la dégradation des signaux micro-ondésmatriques transmis, le nouveau
modele de circuit du laser est utilisé avec les élesdélectriques des autres composants afin
de caractériser différents liens radio sur fibroFRtels que la modulation d'intensité -
détection directe (IM-DD) et les systemes RoF loétgmes optiques. Un signal de modulation
complexe large bande avec des spécifications coef®ra la norme IEEE pour la bande de
fréquence a 60 GHz est transmis sur les liens Rafperformance du systéme est analysée
sur la base de I'évaluation de I'EVM. Cette étudatne I'intérét des modéles des circuits qui
nous permettent de prendre en compte les compantenge la fois électrique et optique
simultanément pour I'analyse efficace des systgrhetnique micro-ondes/millimétriques.
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BREF SOMMAIRE EN FRANCAIS

Le déploiement de réseau d'accés haut débit quighin une vitesse de plus de 1 Gbit/s a
la maison permet d’entrevoir des technologies et migrmes émergentes a des débits de
plusieurs Gbit/s. Les nouvelles normes pour la camoation a ultra haut débit de données
ne peuvent pas étre prises en charge par les sst@etransmission traditionnels en espace
libre et sur des lignes de transmission (cable iahabigne bifilaire) du fait d’une trop forte
atténuation du signal millimétrique sur ces méffidguences permettant un débit élevé. En
espace libre, les pertes augmentent avec la fréqueh atteignent des pics a certaines
fréquences, correspondant a I'absorption de ce&damolécules atmosphériques. Dans un
cable coaxial traditionnel, les pertes augmentemtstdjuement avec la fréquence. La
transmission a longue distance en utilisant ceshodéts s’avére impossible sans l'aide
d'équipement de régénération. Les liaisons optiqpfédent la meilleure alternative pour
transmettre des signaux radio avec un bon rappaiitg/prix du colt de l'installation par
rapport aux autres méthodes [4] [5]. Le procédér pansmettre des signaux radio sur une
liaison optique est généralement désigné commersgstadio sur fibre (RoF) (Fig. 1).

: (6(0) /

Fig. 1. Systeme de Radio sur fibre.

La figure ci-dessus est le systeme RoOF typique gigtéaux infrastructures de
télécommunications existantes. Au cceur de ce sgstéptique-sans fil hybride est la
communication a fibre optique qui sert de coloneetébrale pour l'interconnexion large
bande entre le bureau central (CO) et l'antenre,lavistation de base (BS). L'étude de
technologie WDM sur ce réseau hybride, intégranacoes sans fil, et fonctionnant en bande
millimétrique se poursuit activement pour fournireuconnectivité mobile a ultra haut débit a
l'utilisateur. L'architecture des réseaux uniquemeadio nécessite un grand nombre
d'antennes et de stations de base a déployer afmakimiser la couverture géographique.
Les principales fonctionnalités de commutation etrdutage doivent étre situées dans un
emplacement centralisé. Par conséquent, la contgldgil’antenne reliée a la station de base
doit étre réduite, tout en offrant un débit éleve.

Bien que l'intégration optique sans fil est en mesle simplifier ce type d'infrastructure
“backhauling” tout en offrant des avantages cestainx opérateurs et fournisseurs d’acces, la
mise en ceuvre d’'un réseau hybride est délicatailulés dégradations du signal RF haute
fréquence transmis. Les fréquences considérées petformances attendues sont les points a
considérer pour l'intégration et I'optimisation tids systéemes dans l'infrastructure existante.
L'un des principaux défis techniques de ces réseésixle dans la distorsion des signaux
transmis sur la liaison optique dans un réseaduidigbr
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L'autre thématique qui est activement menée dansodebreux centres de recherche est
l'utilisation de liaisons a fibres optiques pous leommunications a courte portée dans le
réseau de la maison (HAN). Pour y faire face, deivatbes normes dans la bande

millimétriqgue sont apparues de capacité de plusi€bit/s, mais a fortes pertes en espace
libre. La fibre optique permet alors d'étendre lauwerture radio. Ce réseau optique

transparent a l'intérieur de I'habitat serait l@lpngement naturel du réseau FTTH, il en

devient idéal pour étendre les connexions et assune parfaite mobilité a I'aide des futurs

standards de communication sans fil.

* * * *

Depuis le développement de la fibre optique a éagdrte a la fin des années 1960, différentes
méthodes de génération et de détection de la lemiét été développés rendant les

technologies matures et les communications optiquessibles. L'idée des liens optiques

transmettant des signaux micro-ondes / RF est oftgirde tous les avantages de la fibre

optique. Avec le temps, les liaisons optiques agigles ont incorporé différentes techniques

pour améliorer les performances de la liaison otide transmission de tels signaux.

La conception d'une liaison optique est possibBcgrau choix des différents composants
opto-électriques (O/E) et électro-optiques (E/O)mpr@pondre aux exigences du systeme. De
tels dispositifs doivent offrir une modulation,dentrdle et la détection de signaux RF comme
représenté sur la Fig. 2. En général, la liaisotiorssur fibre peut étre constituée de
composants optiques et de dispositifs optoéleajrms tels que des lasers a semiconducteurs,
modulateur optique, amplificateur optique, fibreigpe, photodétecteur. Les lasers a semi-
conducteurs sont les plus largement utilisés cormmece optique grace a leur possibilité
d'étre directement modulé par des fréquences moicdes. La fréquence de modulation est
toutefois limitée par la fréquence d’oscillation wdaxation du dispositif, qui dépend d'un
certain nombre de facteurs : la durée de vie detopbk, le gain différentiel, le temps de
recombinaison des porteurs et la puissance deesoptique. L'utilisation de largeurs de
bande de modulation directe élevées nécessitéoéslane optimisation de la structure interne
du laser a semi-conducteur et la conception dedlable de laser afin de minimiser les effets
parasites électrigues externes. Une autre altgengtour élargir la largeur de bande de
modulation est de moduler la lumiere en utilisaed chodulateurs optiques externes tels que
les modulateurs électro-optique (EOM) de type MAehnder (MZM) et des modulateurs a
électro-absorption (EAM). Quant a la fibre optiquegxiste différents types de fibres ayant
des caractéristiques différentes selon ses dimesngiéométriques, sa structure, et le matériau
utilisé. Le choix du type de fibre dépend de ldatise de la liaison, Le détecteur optique est
€également un élément important qui doit étre jedisement choisi en fonction de la
configuration systéme requise.

Optical Fiber PD
Laser
Drive - 'I ( gz E ! o .
2 Circuit d * >| Amplifier > Output
Input
BE E/0 0/0 OE EE

Fig. 2 Schéma de principe d'un systéme RoF.
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Les composants E/O et O/E sont des transducteurseftant de transmettre un signal
hyperfréquence de l'entrée a la sortie avec pedédgadation, agissant ainsi de maniéere
transparente. Cependant, la liaison optique péértealles performances du systéme en raison
de distorsions apportées par les composants Relguel les bruits d'intensité et de phase, les
non-linéarités, la dispersion des fibres, I'attdrarade la fibre, la saturation et les sources de
bruit du photodétecteur. Ce sont les parametrepliescruciaux dans la détermination de la
dégradation du signal. Cela montre l'importancectaix de la technique de modulation
utilisée, pour améliorer les performances de l@sdia, mais aussi la conception et la
fabrication des transducteurs.

La conception d'un lien optique-microondes commetmgours par la définition de ses
spécifications. Le systeme doit étre vérifié etlgsgmen fonction de divers paramétres. Ces
systemes bénéficient grandement de la conceptristés par ordinateur (CAO) et des outils
qui permettent I'optimisation et la vérificatiorun' systéme particulier avant sa réalisation
effective, réduisant ainsi de maniere significatigecycle de conception et le colt. Cette
conception dépend alors de la modélisation prédese dispositifs optoélectroniques. Ces
modeles doivent étre conformes aux caractéristigmesurées tout en prédisant les
performances au niveau systeme que ce soit en esgmtit ou grand signal.

Au niveau du composant, il existe deux types deeatesd le modele physique et le modele
circuit. Bien que les modeles physiques des conmissgtoélectroniques soient utilisés pour
l'optimisation des couches technologiques, les tesdée circuits équivalents sont quant a
eux dédiés a l'analyse de circuits et aux procéddesconception. Un avantage du modéle
“circuit équivalent” est qu'il peut étre utilisé rsun logiciel de conception de circuit. Le

modele de “circuit équivalent* facilite égalemera konception de circuits intégrés

monolithiques parce qu'il permet la simulation @écdes caractéristiques de chaque
composant dans un environnement de simulation itirdln autre avantage de cette

modélisation est qu'il est possible détudier limihce de différents paramétres
indépendamment les uns des autres et de leur dtiterasur les composants et circuits
associés. L'objectif de cette these repose suréieldppement d'un modeéle de circuit

équivalent approprié de lasers a semi-conducteéomsless pour différentes configurations de

systemes RoF.

Le choix du logiciel de conception est égalemerd guestion importante pour étudier les
performances du systeme. Ainsi des logiciels dass domaines optique ou électrique
existent. Ce choix doit dépendre du type de systguiadoit étre analysé. Les systemes et
réseaux optiques de grande dimension a multiplegagéongueurs d’ondes (WDM) peuvent
étre étudiés a l'aide de logiciels commerciaux cumdine optique (Rsoft, Optiwave,
VPIsystems etc...). Ces logiciels offrent des modéledasers basés sur les équations de
continuité, des modeles de fibres (monomode et ismdtes) et de photodétecteurs.
Cependant, pour étudier le signal radio qui se ggepsur les systemes a fibre, il est
souhaitable d'utiliser des simulateurs du domaleetrggue de maniére a tirer parti des outils
déja matures dans le domaine et de pouvoir y iadkes circuits de commande électrique et
les composants parasites de la mise en boitier. "@mes logiciels commerciaux ne
disposent pas de bibliotheque de composants optiguepto-€lectriques, il reste donc a les
développer. A cet effet, nous avons besoin de itd@lectriques équivalents de dispositifs
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tels que les lasers a semi-conducteur, photodétrsoét modulateurs pour évaluer le lien RoF
complet. L'analyse circuit peut ainsi étre autagig@dur évaluer les propriétés d’'un systeme
hybride optique-microondes.

La majorité des outils CAO du domaine électriquatsmommerciaux : Advanced Design
System (ADS), MWOFFICE (AWR), APLAC (Université Hahkji). lIs comportent de
nombreuses fonctionnalités telles que des algoathmapides pour calculer la réponse d’un
circuit en régime non linéaire, des bibliothequesipletes de composants électriques actifs et
passifs, la description du circuit a travers unbéstatique et |'optimisation. Les outils
disponibles peuvent étre utilisés pour la conceptie systemes optiques - analogiques réels,
ce qui dépend de la précision des modeéles dévedofpens ce travail, ADS de Keysight
Technologies est utilisé pour étudier les systéeR@is. Ce logiciel fournit des bibliotheques
complétes de composants pour les standards de coicatian sans fil et la co-simulation sur
une seule plate-forme [6]. Au niveau circuit RF5 tutils de simulation peuvent étre opérés
en régimes linéaire et non linéaire : S-paramet&(s,dans le domaine fréquentiel et en
régime linéaire; I'Harmonic Balance (HB), DC etdianulation d’enveloppe (Env) en régime
non linéaire. Les simulateurs HB et Env sont ddgsoessentiels pour effectuer une analyse a
la fois dans les domaines temporel et fréequertieloutre, les caractéristiques de simulation
de bruit basé sur le mélange des algorithmes poterisité et la phase rendent ces outils
préférables pour la prise en compte du mélange rdé¢ BM/PM. La fonction de co-
simulation Ptolémée peut également étre utiliséerr peffectuer une simulation de
transmission de signaux numériques a travers leemmgs complet. Ceci nous permet
d'examiner les effets des liaisons optiques spefformance de la communication numérique
de bout en bout d'un systéme RoF.

Dans cette these, la modélisation de composantseRb&eveloppée dans le but d’analyser
les différents types de liens RoF. Ces outils petnagder a la définition de spécifications
d’une liaison et la sélection des dispositifs appgs de transceivers E/O et O/E en vue de
'optimisation du systéme. L'accent est mis sumledele de circuit équivalent de simples
lasers a semi-conducteurs a partir des équationsonignuité et des éléments parasites de
connexion.

L'intérét pour la modélisation de diodes laser distctement lié aux progrés qui ont été
accomplis pour moduler la lumiere a des fréquenoésoondes, voire millimétriques.
Comme les diodes lasers présentent a la fois désrip@nces électroniques et photoniques,
en temporel et en fréquence, il est nécessaireadae en compte les deux domaines, ce qui
augmente la complexité de la modélisation qui doihbiner tous les mécanismes physiques
internes au composant. Des logiciels de simulatioeomportement physique 2D ou 3D sont
utilisés au niveau composant : MINILASE, CLASID [Qe type de simulations est lourd a
mettre en ceuvre et gourmand en ressources infoumeatiet temps de calcul. Des schémas
électrigues simplifiés sont ainsi privilégiés pdarconception et I'analyse de la radio sur
fibre. De plus, de tels modéles facilitent la cqota de circuits optoélectroniques intégrés
monolithiques et permettent la simulation précisdedirs principales caractéristiques dans un
environnement standard de simulation.
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Plusieurs travaux réalisés dans la littérature neont’intérét de développer le modele de
circuit de lasers a semi-conducteurs en régimédefaignal et grand signal. Un modeéle petit
signal de laser a été étudié dans [8] [9] [10] [haké sur les équations de continuité. Une
représentation réaliste doit considérer le régimand) signal. En effet, les modéles petits
signaux ne sont que des dérivées de modéles ggmal & un point de fonctionnement fixé.

Le modéle de circuit équivalent grands signaux ater unique a semi-conducteur a été
développé par Tucker [12]. Ce modele utilise déméhts de circuit & constantes localisées et
des sources de courant représentant les porteulss gbhotons. Un modele de circuit
équivalent complet de diode laser doit intégrea dois le comportement intrinseque et les
circuits parasites externes pour évaluer les padoces électriques et optiques avec le méme
simulateur.

On trouve dans la littérature un assez grand nordbreéférences sur la modélisation de
laser et sa mise en ceuvre sur des simulateursitsifdi2] [13] [14] [15] [16] [17]. Ces
modeles ont une importance particuliere pour étulilie liaisons optiques analogiques et
évaluer les limites de la diode laser introduitaslps distorsions dues aux non linéarités et au
bruit. Un inconvénient majeur des modeles de discudéveloppés est l'absence de
représentation de la phase optigue du laser quipagiculierement importante pour la
détection cohérente et les systemes RoF hétérodifiegoduction de la phase dans un
modéle de laser permet également d'étudier l'ictieradu bruit de phase avec la dispersion
de la fibre qui pourrait conduire a une absencdralesmission du signal. Dans ce travail,
nous avons proposé un procédé pour inclure le eitphase optique dans le modéle
préecédemment développé [15] en utilisant une apgrgar simulation systéme. C’est une
extension directe des travaux antérieurs réalisédahoratoire ESYCOM-Le Cham qui
integre le modele du laser grand signal intégratiriiit et les éléments parasites externes. Le
modele de laser précédent [15] a été utilisé péaliser des simulations de diodes laser a
semi-conducteur en régime non-linéaire et étudies Idistorsions harmoniques et
I'intermodulation de signaux radio complexes modtila laser [18] [19] [20].

Ce nouveau modéle de laser est représenté paradghmigdle dont le port d'entrée représente
la commande électrique (polarisation et modulaRét) et dont le port de sortie représente le
signal optique. Désormais, le signal de sortie danodéle intégrant la phase optique est
proportionnel au vecteur “champ électrique” optig@ieon plus a la puissance optique. Cette
meéthode permet une simulation des effets du bruplthse sur les performances du systéme
pour les systemes micro-ondes photoniques. Il éstottré que le modele de phase est
efficacement intégré au modeéle du laser grand kiginbruité. Ce nouveau modele de laser
peut donc estimer le bruit d'intensité, le bruitpdase, la distorsion non linéaire et d'autres
caractéristiques de la diode laser en régimes gigtial et grand signal. Le laser a été utilisé
dans des systémes plus complexes tels que leseBaugkerrouillage de phase optique. Il a été
validé en effectuant la comparaison entre les t&@sutle simulation du modéle de circuit et de
mesure. Sur un laser DFB réalisé au lllI-V Lab [Bblus avons obtenu un trés bon accord
entre la simulation et les mesures confirmant dagirécision du modele et son intégration
dans des systémes complexes en simulation.
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Fig.3 modele initial grand signal en amplitudeiimteque et éléments parasites.

Le modeéle grand signal d'un laser monomode est &mun la figure 3. Les éléments
d’interconnexion sont situés a l'entrée du modeieniseque initial développé a partir des 2
éguations de continuité (porteurs et photons).doesces de bruit en courant sont exprimées a
l'aide des forces de Langevin. L'entrée de ce meodst électrique et la sortie est optique,
proportionnelle a I'enveloppe de la puissance atid-'introduction du bruit de phase dans
le modéle du laser initial est représentée suiglardé 4. Ce nouveau modéle complet permet
de simuler les bruits de phase et de fréequenceasker.l De méme les effets introduits en
modulation de fréquence sont simulables. En revariels effets de chirp du laser ne sont pas
considérés dans le cadre de ce travail.

Large signal opt
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Fig. 4 Modéle grand signal et bruit de phase ogtigqtegré.

* * * *

En conclusion, cette thése explore la modélisattompléte électrique de dispositifs
photoniques et plus particulierement celle du laseni-conducteur qui est le principal facteur
limitant des systemes photoniques- micro-ondessDapremier chapitre, I'importance de la
modelisation électrique, par rapport a des simiatinumériques, de la physique des
composants est expliquée. Bien que les simulatomsériques soient plus aisées du fait de
laugmentation rapide de la puissance de calcul atdmateurs, les modeles de circuits
équivalents sont les seuls qui permettent des alinnk au niveau systéme. En outre, les
modeles électriques sont de préférence utiliséslgmriingénieurs qui sont familiers des
concepts de simulation circuit pour I'évaluationsyigtéme. La question principale est donc
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de développer des modeles de circuits équivalexaste simulant le comportement des
composants photoniques qui influencent la perfogaathun systeme complexe.

Le second chapitre introduit la convergence dds@ogies sans fil a des solutions optiques
pour faciliter la couverture réseau, principalemat@#ns la bande millimétrique. Des
contraintes existent dans le choix des architestaystéme : la simplicité du systéme et son
colt, des solutions a la fois optiques et élecasgexistent pour générer des signaux
millimétriques a la Station de Base (BS). Néanmolas solutions optiques apparaissent
comme l'un des candidats potentiels en termes d@&rpmnces de transmission, de
consommation énergétique et de transparence dauéS€®mme la transmission des ondes
millimétriqgues en espace libre est courte, lesmtatde base sont de type «pico-cellule» et
doivent étre nombreuses. La couverture du réseauassirée par le déploiement de
nombreuses stations de base qui doivent étre cdegpatde faible colt. L'association d’'un
réseau filaire optique aux communications sarngefimet d’étendre la couverture.

Des lasers a semi-conducteurs sont des partiegramties de systemes de communication
optiques. Le bruit et la non-linéarité des comptsaont souvent les principales déficiences
du systéme dans les systemes de communication.|®ahapitre trois, une analyse théorique
est menée sur les propriétés des lasers a semixctends et les équations de continuité qui
les régissent. Le modéle électrique équivalentaderl est proposé a partir de cette étude,
intégrant les non-linéarités et les bruits d’amyolé et de phase optique. Cette approche de
modélisation nous a permis de simuler différentesaatéristiques du laser : les réponses
statique et dynamique, les caractéristiques det letude largeur spectrale. Le modéle est
validé en comparant les résultats de simulaticsieainesure des caractéristiques, un tres bon
accord est trouve.

En complément du modele de laser, les modéles dwmiitsi équivalents des autres
composants photoniques tels que la photodiode, 48 Mt la fibre optique sont également
développés. Ces modeéles prennent en compte certaies principales propriétés des
dispositifs telles la fréquence de coupure et lgithie la photodiode, les comportements
statique et dynamique du MZM, l'atténuation etikpdrsion chromatique de la fibre optique.
Ces modeéles conjointement avec le modeéle laseresmantiels pour étudier et analyser des
systemes RoF différents de maniere efficace.

Comme pour un systeme analogique, les systemespBaWwent étre évalués en termes de
gain de liaison, de bruit et de dynamique. Lesédd#ihts systtmes RoF étudiés sont la
modulation directe (DM) et la modulation externeVijlge- détection directe (DD) et des
systemes de détection hétérodynes.

Les facteurs de bruit des trois systemes sont septés sur la figure 5. Les principales
contributions de bruit dans les liens RoF sontI,Re bruit de grenaille, le bruit thermique
et le bruit de phase. Le bruit dominant qui limlgée performances du systeme est différent
selon I'architecture systeme. Le RIN du laser a imflaence dominante dans le systeme de
DM IM-DD, tandis que dans les systemes EM IM-DD,beriit de grenaille est le bruit
dominant. La dynamique en puissance de bruit déenF est Iégerement plus faible pour le
lien EM IM-DD. Dans les systémes de détection loélgnes, le bruit de phase optique en
conversion de bruit d'intensité est le bruit dominau fait du niveau élevé de bruit de phase
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des lasers a semi-conducteurs. Les liens RoF ENDIMent le plus faible facteur de bruit
tandis que les systémes hétérodynes présentexttéaif de bruit le plus élevé.

51 4
50— 40;
40 384 calculation —e—e—
@ calculation —g—e— [ : ; ]
% 48 {; 36 NF with HB simulation —¢—¢—
2 o NF with HB simulation —%—¢— 3 s
w w
Q T Q
;5” 46— é 32—
45— 30—
44— 28—
43 vvvv‘\v|\1||\l]r¥¥||\lll|f|\V|\|\V|V\I||\I\I|\|\l 2 VVIV‘V\I!]f!ll}ll!llllVI|VY!V|IIFV|T¥T1ill‘fl!lll
100 150 200 250 300 350 400 450 500 550 600 3.0 35 4.0 4.5 50 55 6.0 6.5 70 75 80
Bias Current (mA) Bias Voltage (V)
(a) (b)
7!
70—_
g ]
T 65
9 4
E)
L 4
8 60 -
S calculation —p—a—
& NF with HB simulation ——%—
:
e o B B B R
30 35 4.0 4.5 5.0 58 6.0 6.5 70 75 8.0
Bias Voltage (V)
(c)
Fig. 5 Facteur de bruit de systemes RoF (a) DM IDI{B) EM IM-DD (c) EM systéme
hétérodyne.

Pour limiter la conversion du bruit de phase entlaifintensité, une boucle a verrouillage de
phase optique peut étre utilisée pour verrouidaker esclave bruyant sur le laser maitre qui
a généralement une largeur de raie plus faiblenikeau de bruit de phase est réduit en
utilisant une OPLL, comme les simulations le conént. La schématique d’'un systéeme
hétérodyne en modulation externe est représentéa gure 6.
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Fig. 6. systeme hétérodyne optique.

146



Les niveaux de bruit de phase du laser maitreader lesclave et du signal millimétrique
généré apres détection sont représentés sur & figuPour cette simulation, le laser maitre a
une largeur de raie de 13,3 kHz et le laser escéaume largeur de raie de 1 MHz en
fonctionnement libre. Le signal millimétrique rééup alors le bruit de phase du laser esclave.
L'utilisation de I'OPLL fixe la largeur de raie daser esclave sur celle du laser maitre,
réduisant ainsi fortement le bruit de phase duadignmllimétrique généré. Il a variance de
I'erreur est estimée a 0,013 rad? si la bande dewilage de la boucle est de 12 MHz.
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Fig. 7 Bruits de phase du laser maitre, du lasdaes et du signal millimétrique généré
apres détection.

Enfin, les liens RoF sont utilisés pour transmetkes signaux numériques avec un schéma
de modulation complexe autour d’'une porteuse RFsigaal numérique OFDM est généré
selon la norme actuelle en bande millimétrique. pegormances en termes de SNR et EVM
des systémes optiques hétérodynes et IM-DD soutiéstipour ce signal OFDM. Pour un
débit de donnés de 3,08 Go/s, 'EVM n’excéde pd&s pour un puissance d’entrée RF située
entre -30 a 20 dBm. Toutefois ces résultats delsiion sont plutdt optimistes car les effets
de circuits électriques tels que les mélangeur sefllateur local ne sont pas inclus. La
comparaison entre les trois systémes RoF est eggEssur la figure 8.

60 : : : : :

—&— Optical heterodyne_Locked
—&%— EM IM-DD
—%— DM IM-DD

40f-Y-dp i

-40 -30 -20 -10 0 10 20 30
Input OFDM power {dBm)

Fig. 8. EVM du signal OFDM en bande millimétriqueup les trois systemes RoF en
fonction de la puissance d’entrég-p\y.

147



En conclusion, les études développées dans ceite thnt deux objectifs. Le premier
objectif est de démontrer la possibilité d'analys¢rde concevoir des systemes RoF
efficacement en développant des modeles électrigéess de composants RoF. Le deuxieme
objectif est l'analyse d’'un systéme complexe. Pdesitrois systtmes RoF étudiés, le lien
DM IM-DD affiche la meilleure performance en lingér mais a puissance d’entrée faible,
c’est le lien EM IM-DD qui est plus performant. Cpanés au systeme hétérodyne optique,
les systemes IM-DD montrent des résultats |égeremmanilleurs, mais en réalité,
indépendamment de leur complexité, les systéemesgrdiines optiques avec OPLL
pourraient démontrer les meilleures performances [@transmission de signaux OFDM en
bande millimétrique.

Cette these explore I'approche de modélisationirdeit équivalent des systémes optiques
micro-ondes. Cette approche pourrait égalementuditieée pour étudier les performances de
différentes techniques de génération a ondes néilliques tels que ceux décrits dans le
chapitre 2 et les comparer. L'autre utilisationeptielle des modeles de circuits équivalents
serait d’étre une aide pour l'intégration des cosgms et systemes photoniques.
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