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The development of high-speed electronics has improved the availability and reduced
the cost of components operating in the millimeter wave (MMW) region substan-
tially. Therefore, in recent years the spectral range of 30–300 GHz has received
a strongly increased interest in various application areas such as medical imaging,
spectroscopy, radars, and guidance systems. The progress of MMW technologies has
opened new opportunities in optical communication, and it has also made possible
the rebirth of optical heterodyne detection systems.

Remote heterodyne detection (RHD) links are promising candidates for the op-
tical MMW generation in the future. The most critical challenge in RHD links is
the generation of two stable and phase-correlated laser lines. This work focuses on
RHD links, and the generation of optical carriers using novel distributed feedback
(DFB) laser diodes (LDs). These lasers provide a compact low cost solution for the
optical MMW generation with a tunable frequency separation that can be exploited
in numerous applications, particularly in RHD links.

The thesis gives a general presentation of optical communication links followed
by a presentation of the elements and the characteristics of RHD links, outlining
the difficulties and advantages of employing RHD links in optical communications.
Multi-quantum-well distributed feedback laser diode principles and characteristics
are reviewed and the LD requirements for operating as light sources in optical RHD
links are derived. The thesis also presents a time-domain travelling wave simula-
tion model developed for complex multi-section LDs. The model was developed since
the laser characteristics needed for operating as RHD light sources imply non-typical
simulation conditions like longitudinally non-uniform transverse sections, longitudi-
nally non-uniform carrier and photon densities, variable gain and grating coupling
coefficient, and a combination of active and passive sections. The developed model
takes into account spontaneous emission noise, gain dispersion and variations of the
longitudinal effective refractive index, material gain, carrier densities and photon
density. Based on this model a simulation program has been implemented. Nu-
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merous simulation studies have been performed on the novel laser structures and
the thesis presents some of the most relevant numerical modelling results, including
continuous wave and transient analysis. The simulation results are compared with
experimental results and the differences are analyzed and discussed.
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Korkeanopeuksisen elektroniikan kehitys on parantanut millimetri-aallonpituudella
toimivien komponenttien saatavuutta ja alentanut näiden hintaa merkittävästi. Siksi
viime vuosina spektrialue 30–300 GHz on vastaanottanut voimakkaasti lisääntynyttä
mielenkiintoa monilla sovellutusalueilla aina lääketieteellisestä kuvantamisesta, spek-
troskopiasta ja tutkista, ohjausjärjestelmiin asti. Millimetriaaltoteknologioiden edis-
tys on avannut mahdollisuuksia optisessa kommunikaatiossa tehden myös mahdol-
liseksi optisten välitaajuusilmaisusysteemien uudestisyntymisen.

Etäiset välitaajuusilmaisulinkit ovat lupaavia kandidaatteja optiselle millimetri-
aallon tuottamiselle tulevaisuudessa. Tärkein haaste välitaajuusilmaisulinkeissä on
kahden stabiilin ja vaihekorreloidun laserviivan tuottaminen. Tämä työ keskittyy
välitaajuusilmaisulinkkeihin ja optisten kantaja-aaltojen tuottamiseen käyttämällä
uudentyyppisiä hajautetun takaisinkytkennän (DFB) laserdiodeita (LD). Nämä lase-
rit tarjoavat edullisen ja kompaktin ratkaisun optiseen millimetriaallon tuottamiseen
säädettävällä taajuuserolla, jota voidaan käyttää hyödyksi monissa sovellutuksissa
ja erityisesti välitaajuusilmaisulinkeissä.

Tutkielma antaa yleisen esityksen optisista kommunikaatiolinkeistä, jota seu-
raa esitys välitaajuusilmaisulinkkien perusosista ja ominaisuuksista yhteenvetäen
vaikeudet ja edut välitaajuusilmaisulinkkien käyttämisessä optisessa kommunikaa-
tiossa. Työssä käydään läpi monikvanttikaivoisten jakautuneen takaisinkytkennän
laserdiodeiden periaatteita ja ominaisuuksia, sekä johdetaan puolijohdelasereille ase-
tettuja vaatimuksia valonlähteinä toimimiselle optisissa välitaajuusilmaisulinkeissä.
Tutkielma myös esittää aika-alueen etenevä aalto -simulaatiomallin, joka on ke-
hitetty monimutkaisille ja moniosioisille laserdiodeille. Malli kehitettiin koska om-
inaisuudet, joita lasereilta vaaditaan välitaajuusilmaisulinkkien valonlähteenä toi-
misessa, johtavat epätyypillisiin simulaatioehtoihin kuten pitkittäisesti epäyhden-
mukaisiin poikkileikkauksiin, pitkittäisesti epäyhdenmukaisiin kantaja- ja fotoniti-
heyksiin, vaihtelevaan vahvistukseen ja hilan kytkentäkertoimeen sekä aktiivi- ja
passiivialueiden yhdistelmiin. Kehitetty malli ottaa huomioon spontaanin emission
aiheuttaman häiriön, vahvistuksen dispersion sekä vaihtelut pitkittäisessä efekti-
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ivisessä taitekertoimessa, materiaalin vahvistuksessa, kantajatiheyksissä ja fotoni-
tiheydessä. Simulaatio-ohjelma on toteutettu tähän malliin pohjautuen. Lukuisia
simulaatio-tutkimuksia on suoritettu uudentyyppiselle laserrakenteelle ja tutkielma
esittää joitakin olennaisimpia numeerisia mallinnustuloksia, sisältäen jatkuva-aal-
toista ja dynaamista analyysia. Simulaatiotuloksia verrataan kokeellisiin tuloksiin
ja eroavaisuuksia analysoidaan ja tarkastellaan työssä.
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INTRODUCTION

The idea of using light to carry information is not new. People have used fires to send
messages for thousands of years. However, the modern idea of optical communication
can be traced back to 1880, when a Scottish-born American scientist Alexander
Graham Bell invented the very first photophone. It was a device that allowed voice
transmission by the aid of a light beam [1]. The idea of the photophone waited
about 90 years until the discovery of lasers and the development of optical fibers
made optical communication practical and efficient [2].

Today, there is a wide variety of commercial and research applications for both
guided and unguided optical communication systems. Everyday a huge amount of
data is sent through optical fibers and the amount of data is still rapidly increas-
ing. Computers and mobile devices all over the world interact with each other via
the Internet, which is largely based on optical communication. The rapid rise in
the amount of transferred information increases the competition between different
optical communication technologies and there is a continuous pressure to find more
effective solutions.

Because the list of applications involving optical communication is almost endless,
there are also many different requirements that are critical, such as high transmis-
sion speed, portability, compact size (small footprint), high reliability and low cost.
These requirements are pushing the optical communication systems towards the
physical limitations of optical fibers, receivers/detectors and light sources. Thus,
sophisticated methods have been developed to overcome these limitations. For
instance, one very critical step was taken at the end of 1990s, when wavelength-
division multiplexing (WDM) enabled sending independent optical channels through
the same optical fiber [3]. Since then WDM has boosted transmission capacity of
optical communication systems enormously.

In recent years the millimeter-wave (MMW) region has gained a lot of attention
in many applications such as optical imaging, spectroscopy, and radars. The use
of MMWs could also provide a compact and cost-effective solution for high-speed
communication networks. The basic concepts of optical communication links are
reviewed in Chapter 1. Chapter 2 focuses on remote heterodyne detection (RHD)
which is a promising candidate for the implementation of optical MMW links in the
future. A comparison between the RHD links and other types of links shows the
potential advantages as well as the difficulties of implementing RHD links in opti-
cal communications. Chapter 3 presents the basic principles of multi-quantum-well
(MQW) distributed feedback (DFB) lasers and outlines the characteristics required
for their use as optical RHD light sources. Chapter 4 presents a time-domain trav-
elling wave (TDTW) simulation model developed for complex multi-section laser
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diodes (LDs) that could fulfil the requirements of optical RHD light sources. Chap-
ter 5 presents some of the most relevant simulation results obtained with the model
described in Chapter 4 and compares the simulations with experimental results. The
achievements and conclusions of this work as well as the possible future developments
are given in the conclusions.
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1. OPTICAL TRANSMISSION LINK

1.1 Basic concepts

Even though there is a variety of different types of optical communications links, the
basic principle of all these systems obeys Bell’s photophone [1]. The communication
links contain a data source, a transmitter that imprints the data on a carrier signal
and sends it through a transmission channel, and a receiver which extracts the data
from the received signal.

An optical link employs a light source as a transmitter. The primary role of the
light source is to convert an electrical signal into an optical one. The basic require-
ments for light sources in optical communication systems depend on the application
but the main features are spectral width, noise, cost, output power, modulation
speed, reliability, temperature sensitivity and compatibility with optical fibers. Light
emitting diodes (LEDs) and laser diodes are usually the best suited devices for these
requirements. Hence, almost all optical communication links employ a LED or LD
as a light source.

The generated optical signal is usually launched into an optical fiber. Optical
fibers provide a reliable and secure transmission path for the propagation of light.
Optical fibers also provide wide bandwidth, low attenuation and low transmission
cost. In addition unguided transmission techniques can be used in optical commu-
nication. In this case the beam of light emitted by the transmitter spreads in free
space. Unfortunately, light beams are not as practical as microwaves for broad-
cast applications because the transmitter and receiver must be aligned accurately
in order to avoid significant coupling losses [4]. Although unguided links have many
applications, these are not considered further in this work.

Receiver circuits are usually the most complex devices in optical links. An optical
receiver contains an optoelectronic converter that converts the light signal back into
an electrical signal. A receiver must also extract information from the received
signal. Therefore receivers contain filters, comparators, and circuitry to recover and
process the signal further by electrical means.

Moreover, the optical links can include some additional components such as re-
peaters, multiplexers, and demultiplexers. Repeaters and amplifiers (either optical
or electro-optical) are used to regenerate optical signals and prevent corruption of
the signal due to detrimental effects such as dispersion and attenuation. Multi-
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plexers and demultiplexers are optical devices that combine several signal streams
(carried by different wavelengths) into a single optical fiber channel and separate
the received combined optical signal into the initial different signal streams, respec-
tively. These devices are used to keep apart the different optical signals transmitted
by different wavelengths through the same WDM optical fiber channel, such that
the signals do not interfere with each other during the transmission.

1.1.1 Signal modulation

Communication links can be classified in many ways. One way of doing it is to
discriminate communication links according to the type of signal modulation. Typi-
cally, communication systems use the variation of the amplitude, phase, or frequency
of a carrier wave to encode the data. When analog modulation is used, the mod-
ulated property varies continuously as a function time. In digital modulation the
information is transferred using only discrete values (of amplitude, frequency, phase
or some combination of these) sampled at certain time slots. The simplest example
is a binary signal, which can take two distinct values at given time slots.

Although both analog and digital optical modulation have many different ap-
plications, digital systems are prevalent these days. This is because digital signals
can provide several advantages over analog signals. In optical systems the signal is
usually generated using LEDs or LDs that are generally non-linear devices. How-
ever, the output of analog signals must follow the analog electrical input signal in
order to maintain the waveform of the analog signal. Therefore analog transmitters
require high linearity and stability. These requirements are often difficult to fulfill
directly with LEDs or LDs, but can be achieved by exploiting external circuits [5].
Unfortunately, external circuits increase the cost and complexity of the transmitters.

Also the optical fibers can usually handle digital signals better than analog sig-
nals due to the channel non-linearity, attenuation, and dispersion. Analog signals
also suffer more from noise because small changes that can be meaningful, but small
changes can be also induced by noise. Consequently analog receivers have higher
requirements in terms of noise than their digital counterparts. This work is concen-
trated on digital signals but a comprehensive picture of analog links can be found
from [5,6], for example.

1.1.2 Characteristics of optical receivers

One of the most critical characteristic of communication links is the transmission
speed. Transmission speed can be defined in many ways. Data rate or bitrate
describes how many bits are transferred between the transmitter and receiver in
a unit time. However, data rate is not solely sufficient to define the transmission
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speed, if logical symbols can have more values than ’on’ and ’off’. Hence, symbol or
baud rate is used to express the number of symbol changes per unit time.

When the transmission speed of a transmitter increases, the reliability of com-
munication links decreases. In a binary signal this means that the number of bit
errors increases. Bit errors describe bits of a data stream that have changed with
respect to the original bit stream during the transmission.

The bit-error rate or ratio (BER) is in turn an indicator of how often the decision
circuit of the receiver will interpret a bit differently than the transmitter has in-
tended. BER is usually expressed as a ratio of error bits per transmitted bits during
the transmission interval. Because the number of bit errors depends strongly on the
length of the sample, reliability of a communication link is usually expressed in terms
of BER. A common criterion for communication links is to achieve BER ≤ 10−9 [4],
but more stringent requirements such as BER ≤ 10−12 can also be used.

In practice all signals have certain average power and noise levels. Noise has
many sources such as the transmitter or receiver circuit themselves. Despite the noise
sources, all receivers require that the power level of the signal is some amount higher
than the noise level in order to detect the signal. The difference between the average
power of the signal and noise level can be characterized through signal-to-noise ratio
(SNR).

If the SNR value is low, the signal cannot be distinguished from the noise and
digital receivers cannot maintain reliable communication. Therefore receivers have
a SNR value which is required to achieve a certain specific BER value [4]. The
sensitivity characterizes this property of receivers. At a given modulation format,
sensitivity depends on the design of the receiver as well as BER value and data rate.
Typically, there are also many detrimental effects in communication links. These
effects, such as waveform distortion, can reduce the receiver sensitivity [7].

Usually the communication systems are designed such that the transferred signal
has a SNR level higher than the sensitivity of the receiver. This safety margin
guarantees that the receiver provides reliable communication. On the other hand
the extra power is wasted which increases transmission cost [7].

1.2 Optical fibers

Today optical fibers are an essential part of any guided optical communication sys-
tems. Despite the fact that the very first experiments with guided light were made in
the 19th century, this invention was forgotten for many decades [8,9]. The progress
in the research of optical fibers was very slow, until the discovery of lasers gave a
big boost to this branch of engineering. Before the 1960s the idea of long-haul op-
tical communication systems was impractical, because attenuation in optical fibers
was high. However, this technological barrier was solved in 1966 [2]. This also
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accelerated the development of optical communication systems.
Usually optical fibers used in optical communication, are fabricated from high

purity fused silica glass. The optical fibers consist of a core surrounded by a cladding
and protective outer jacket. The cladding is fabricated from one or many layers of
materials such that it has a slightly lower refractive index than the core in which
light is guided. This refractive index change can be continuous (graded-index fibers)
or it can have an abrupt interface (step-index fibers).

Light intensity experiences attenuation due to absorption and scattering, when
it travels through optical fibers [10]. Attenuation is an important factor in com-
munication links because it eventually limits the transmission distance of unam-
plified optical signals. Losses of optical fibers depend on the wavelength of the
light propagating within it. Silica glass based fibers have three spectral domains in
near-infrared where communication links usually operate due to the relatively low
attenuation. The first window is at 800− 900 nm which is typically used for short-
distance communication. Cheaper light sources and detectors can be utilized in the
first window. The second window is at 1250− 1350 nm where chromatic dispersion
(CD) in silica fibers vanishes. The third window is at 1430−1600 nm. This window
is typically used in long-haul communication because it has the minimum attenua-
tion (∼ 0.2dB/km) and it coincides with the gain bandwidth of Erbium doped fiber
amplifiers (EDFAs) [11].

Optical fibers also have other impairments apart from losses that can limit per-
formance of communication links such as dispersion, non-linear effects and birefrin-
gence. These effects are discussed further in Section 2.2.

1.2.1 Fiber modes

In optical fibers the propagation of light can be explained using different models,
the simplest being the ray optics model. However, the ray optics model is only valid
for fibers which have a relatively large core diameter compared to the operation
wavelength. For example, a typical single-mode fiber (SMF) may have a core radius
which is only a few microns and therefore ray optics is not capable of accurately
describing light propagation in single-mode optical fibers.

Classical electromagnetic theory [12] on the other hand, gives a fundamental
and accurate description of light propagation in optical fibers with any dimensions.
Of course, this model is computationally more intense than the ray optics model.
However, ideal optical fibers have a cylindrical shape and it allows a simpler for-
mulation. Particularly, this is the case when the weakly guiding approximation
(ncore − ncladding << ncore) holds and it is applied to step-index fibers. Then a pair
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of Helmholtz equations [4]

∇2Ẽ+ k2(ω)Ẽ = 0, (1.1)

∇2H̃+ k2(ω)H̃ = 0, (1.2)

with appropriate boundary conditions can be used to describe the propagation of
light in the time-harmonic form 1 .

Equations (1.1) and (1.2) can be solved parallel in terms of two independent
variables that are usually chosen to be the longitudinal components. After longitu-
dinal components are solved it is possible to determine the transverse components
from these independent variables using Maxwell’s equations [7]. Assuming that the
solution is separable, the trial for the electric field

Ez(r, φ, z) = R(r)Φ(φ)Z(z) (1.3)

leads to a system of ordinary differential equations [4]

d2Z

dz2
+ β2Z = 0, β ∈ C (1.4a)

d2Φ

dφ2
+m2Φ = 0, m ∈ Z (1.4b)

d2R

dr2
+

1

r

dR

dr
+

(
h2 − m2

r2

)
R = 0,

h = n2
corek

2
0 − β2, r ≤ a

= β2 − n2
corek

2
0, r > a

(1.4c)

in the case of step-index fibers. Here the radius of the core is denoted by a. The
longitudinal component has a plane wave (Z(z) = eiβz) solution and the azimuthal
component has a 2π-periodic (Φ(φ) = eimφ) solution due to the rotational symmetry
with respect to the azimuthal angle.

The radial equation is a Bessel equation and its non-trivial solutions are linear
combinations of well-known Bessel functions (R(z) = AJm(hr) + BJm(hr)) [13].
The unknown constants A ∈ C and B ∈ C can be determined, when appropri-
ate boundary conditions (continuous differentiability is required) are applied. The
Bessel equation has solutions only for certain values of β which remain bounded at
the origin and tend to zero when r goes to infinity [13]. These solutions, which form
a discrete spectrum, are so called guided modes. Equation (1.4c) may allow multiple
solutions associated with the fixed m, depending on diameter of the core and mate-
rial characteristics of the fiber. However, for single-mode fibers it is possible to find

1k(ω) is equivalent to n(ω)k0, where k0 = ω
c =

√
ε0µ0 is the wave number, n(ω) is the refractive

index of the material, ε0 and µ0 are the vacuum permittivity and permeability respectively. Ẽ =
Ẽ(r, ω) and H̃ = H̃(r, ω) denote Fourier transforms of the electric and magnetic fields.
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only two eigenpairs which fulfill the equations (1.4) and the boundary conditions.
The eigenpairs correspond to orthogonal polarization states and perfect rotational
symmetry causes degeneracy between those states [4].

The dispersion relation β(ω) defines the frequency dependence of mode propaga-
tion and the inverse of its derivative gives the group velocity which is the propagation
speed of the mode in the fiber.

1.3 Optical detectors

Photodetectors are crucial elements for optical communication links. The primary
target of these devices is to convert an optical signal into an electrical one, after the
signal is transferred optically through the transmission medium. Although semicon-
ductor photodiodes are not the fastest available detectors, they can fulfill most of the
requirements set for photodetectors such as high sensitivity, fast response, low noise,
small size, low cost, and high reliability [4]. Particularly reverse-biased photodiodes
based on the p-i-n junction are the most used detectors in optical communication
links [4]. The basic principles of photodiodes are reviewed in order to understand
the limitations that these devices set. The noise characteristics of photodiodes and
the requirements that they should fulfill as RHD detectors are also discussed.

1.3.1 p-n photodiodes

The basic principle of a p-n junction based photodiode is simple. The p-n junction
consist of asymmetrically distributed n-type and p-type semiconductor materials.
When the p-n junction is illuminated and the incoming photons have an energy
higher than the bandgap energy, the photons are absorbed with a certain non-zero
probability. The photon absorption lifts an electron from the valence band into
an empty state in the conduction band. Thus, photon absorption also generates
an electron-hole pair. Finally, these electron-hole pairs are separated and enforced
to drift into opposite directions (electrons towards n-side and holes towards p-side)
primary under the influence of the internal electric field generated in the space charge
region of the p-n junction by carrier diffusion. The carrier separation and transport
by drift is more effective in the regions with significant electric field.

By reverse biasing the depletion region is extended and the applied electric field
is added on top of the internal electric field, increasing the collective carrier flow 2.
When both ends of the junction are connected to an external circuit, it is possible
to measure current flow through the terminals, which follows the variation of the

2In addition, carriers generated within the diffusion length from the edge of the depletion region
can take a part in the carrier flow.
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Figure 1.1: p-n junction based photodiodes consist of p-doped (with negative acceptor
ions) and n-doped (with positive donor ions) regions. Carriers inside the space
charge region (in yellow) are separated and swept away by drift.

optical field intensity incident on the photodiode [14]

Ip = RPin + Id, (1.5)

where Pin is the power of the incident light, R is the responsivity and Id is the
dark current which arises due to the thermal excitation of carries [15]. Dark current
is present even if there is no light coming in the detector, but it can be neglected
in many cases, because its magnitude is usually relatively small. Because optically
generated electron-hole pairs are swept away from the depletion region by drift the
photodiode becomes essentially faster if reverse bias is applied [4].

Although carriers are swept fast from the depletion region, mainly due to the
internal field, the carrier transport does not happen instantaneously. The carrier
transit-time (τtr) describes how fast this process occurs. However, the carrier transit-
time is not the only physical restriction to the response time of p-n junction based
detectors. The junction capacitance brings its own contribution to the response time
of p-n junction based photodiodes. The junction capacitance together with the in-
ternal resistance and the resistive load form a RC-circuit having an equivalent time
constant (τRC) [14]. Hence, the junction capacitance can also limit the response
time of photodiodes. The frequency bandwidth (BW ) for photodiodes is usually
limited by carrier transit-time and RC time constant according to the equation [4]

BW =
1

2π(τtr + τRC)
. (1.6)

Diffusive carriers, which are generated close to the edge of the depletion region, can
also contribute to the photocurrent. Because diffusion is a relatively slow process,
diffusive carriers decrease the bandwidth of photodiodes.

While the transit time increases with the width of the depletion region reducing
the bandwidth, the RC time constant decreases with the width of the depletion
region (due to reduced junction capacitance) increasing the bandwidth. The opti-
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mum depletion region width decreases and the corresponding maximum bandwidth
increases with the area of the detector. Unfortunately the photocurrent is also re-
duced with smaller depletion region width and smaller photodetector area. It should
also be noted that higher photocurrents are desirable for increasing the SNR since
they increase the shot noise in absolute value but decrease the shot and thermal
noise relatively to the signal. The combination of high bandwidth (tens of gigahertz)
and high photocurrents (tens of milliamperes) can be achieved in velocity-matched
photodetectors [16,17].

1.3.2 p-i-n photodiodes

p-i-n photodiodes work basically the same way as p-n photodiodes but they have a
much wider depletion region, because a layer of intrinsic semiconductor material is
sandwiched between the p and n-doped regions. There are some certain advantages
obtained from using a p-i-n structure - better quantum efficiency, reduced junction
capacitance, reduced variation of junction capacitance with applied voltage, greater
proportion of the generated current being carried by the faster drift - discussed in
the following.

When photons are injected, only a certain amount of photons contribute to the
output current, because only some of the incident photons are absorbed due to
stochastic nature of photoelectric effect. Also some of the photons are not entering
in the active area of the photodiode and some photoelectrons recombine back to
photons. The output and input of photodiodes have a relationship defined as an
external quantum efficiency [4]

η =
electron collection rate
photon incidence rate

=
Ip/q

Pin/hν
=

hνR
q

, (1.7)

when dark current is assumed to be negligible. The p-i-n structure improves quan-
tum efficiency, because wider depletion region allows more photons to be absorbed
inside the depletion region.

Increasing the width of the depletion region also reduces the junction capacitance
and thereby the RC time constant, thus increasing the bandwidth. Also reducing the
ratio between the diffusion length and the drift length in the p-i-n structures results
in a greater proportion of the generated current being carried by the faster drift
process. This contributes to increasing the bandwidth. Therefore, p-i-n photodiodes
are usually used today for high-speed applications due to the improved frequency
bandwidth with respect to p-n photodiodes [14]. Although p-i-n photodiodes can
have improved quantum efficiency and bandwidth, there is a trade-off between these
two in the design of p-i-n devices.

When the width of the depletion region increases, the transit-time limited band-
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width decreases, but RC-time limited bandwidth increases [14]. On the other hand,
increasing the width increases quantum efficiency. Consequently, an optimization
of the depletion region is required. There have been several studies concerning this
limitation and advanced structures have been developed to overcome the trade-off
between quantum efficiency and frequency bandwidth of p-i-n photodiodes [18].

It should also be noted that the depletion-layer width in a p-i-n diode does not
vary significantly with the bias voltage (being roughly the same as the thickness the
intrinsic region). Thus, the junction capacitance is essentially independent of the
bias voltage, remaining constant in operation.

Heterojunction p-i-n structures offer additional flexibility in optimizing the per-
formance of a photodiode. In a heterojunction p-i-n photodiode, the intrinsic/un-
doped region has a smaller bandgap than one or both of the doped regions. While
the small bandgap of the active undoped region determines the long wavelength
cut-off of the photoresponse one of the wider-bandgap doped region can serve as a
window for the optical signal to reach the active region without experiencing any
absorption. The diffusion mechanism is eliminated (increasing the bandwidth) by
avoiding the photogeneration of carriers outside the low-bandgap depletion layer.
Moreover, the large bandgap of the window region sets the short-wavelength cut-
off of the photoresponse, which creates a spectral window for the p-i-n photodiode
quantum efficiency and responsivity.

1.3.3 Avalanche photodiodes

Due to the attenuation, long-haul communication links typically require in-line am-
plification, which increases costs. Hence, the ability of detectors to maintain reliable
communication even with relatively low power levels is essential for many communi-
cation links. Therefore, avalanche photodiodes have sometimes been used to increase
quantum efficiency and sensitivity through the multiplication of generated carries.

Avalanche photodiodes are p-i-n photodiodes which operate with relatively high
reverse voltage. The high voltage strongly accelerates optically excited carriers, so
that they can generate secondary carriers [19], as it also occurs in photomultipliers.
The avalanche carrier-multiplication process, which may take place over a relatively
short distance, effectively amplifies the photocurrent by a significant factor.

Although the avalanche photodiodes can usually provide higher responsivity than
p-i-n photodiodes, they also have smaller operation bandwidth than fast p-i-n pho-
todiodes [14]. The increased responsivity reduces the noise influences of subsequent
electronic amplifiers, whereas the quantum noise becomes more important and mul-
tiplication noise is also introduced.
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1.3.4 Noise in photodiodes

The photocurrent of an ideal photodiode directly corresponds to the incoming pho-
ton flux. However, in practice the photocurrent Ip = RPin experiences small vari-
ations, even when the input power Pin is stable. On the other hand the photon
generation in the light source is a statistical process and the emission rate always
has some random fluctuations. Amplifiers, if used, also generate some additional
fluctuation to the signal. Therefore the incoming photon flux fluctuates around its
mean value. The fluctuations are known as photon noise. In this section the de-
tection noise is discussed and it is assumed that the incoming photon flux does not
experience significant fluctuations.

The absorption of photons in photodiodes is also a statistical process and there
is a certain probability for an absorption event to occur. Thus, the number of the
photon absorption events can fluctuate with respect to time, which results in shot
noise. In p-n and p-i-n photodiodes the shot noise current is given by [20]

〈i2shot〉 = 2q(Ip + Id)BW, (1.8)

where BW is the noise bandwidth and q is the elementary charge.
Thermal noise originates from the thermal motion of electrons in resistive devices

[11]. Hence, thermal noise is generated even without any bias. The thermal noise
can have many sources in a receiver, such as the series resistance of the photodiode
itself or a load resistor. Receivers contain amplifiers that can also enhance thermal
noise. Usually this is taken in account using the noise figure of the amplifier (Gn), it
is a simple factor describing the enhancement of thermal noise due to amplification.
Thermal noise current for a resistance R at temperature T can be expressed as [4]

〈i2thermal〉 =
4kBTGnBW

R
, (1.9)

Both thermal and shot noises are white (i.e. they have a flat spectral power density)
[4].

Avalanche photodiodes have similar thermal noise as p-n or p-i-n photodiodes.
Nevertheless, the shot noise of avalanche photodiodes is enhanced with respect to
p-i-n and p-n photodiodes due to the internal amplification process. Internal gain
increases the photocurrent of avalanche photodiodes M times. For this reason pho-
tocurrent can be expressed as

Ip = MRPin (1.10)

if dark current is neglected. Each primary carrier can generate a different number
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of secondary-carriers than the others due to the random excitation of secondary-
carriers. Therefore, the multiplication factor is a random variable that creates noise
in the gain of a photodiode. The shot noise of avalanche photodiodes is characterized
by [19]

〈i2shot〉 = 2qIpM
2FABW, (1.11)

where FA is the excess noise factor [19]

FA = kAM + (1− kA)(2− 1/M). (1.12)

Typically it is assumed that the dimensionless parameter kA is small (0 ≤ kA << 1)
[19].

1.4 Intensity modulated direct detection links

One of the most intuitive and primitive ways to transfer MMWs optically is to gen-
erate MMWs from a sequence of intensity pulses. Intensity variations can be gener-
ated by modulating optical sources like LDs or LEDs directly. The optical intensity
variations are detected using a photodiode. After detection, the data is processed
further by electrical means. The information about the phase, frequency and state
of polarization are lost in the direct detection. Currently, almost all commercial op-

Figure 1.2: A typical single channel IMDD system.

tical communication systems use the intensity-modulation direct-detection (IMDD)
scheme to transfer data. IMDD systems are compact and simple, which are the main
reasons why these systems have dominated optical communication many decades.
IMDD links have several drawbacks, such as low sensitivity, poor frequency selec-
tivity [21] and low spectral efficiency [22]. However, IMDD links can mitigate some
transmission impairments by utilizing EDFAs efficiently [22]. This has extended
the reach of conventional IMDD systems. Nevertheless, high-speed IMDD links
can suffer from serious signal degradation in long-haul transmission due to disper-
sion, waveform distortion and accumulated amplified spontaneous emission (ASE)
noise [7].
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1.4.1 Transmission distance limitations of IMDD links

Because transmission impairments accumulate along optical links, transmission sys-
tems are often characterized by a bandwidth-distance (BL) product. The distance
can be defined as a maximum transmission length of a signal having a certain data
rate fulfilling a predetermined BER value. The BL product of a IMDD link can be
limited by different factors, but usually it is limited by the available power budget
and attenuation or dispersion [11].

Typically long-haul unamplified communication links operating at low-speeds are
limited by the signal strength at the receiver [7]. If the signal is too weak the receiver
cannot retrieve the data. In that case the input power level must be increased or the
sensitivity of the receiver has to be increased such that it is high enough to provide
reliable communication. However, it is not necessarily possible to increase the input
power due to non-linearity of the channel. The sensitivity of the receiver, in turn,
can be increased by decreasing transmission speed [21]. On the other hand, if the
length of the communication link becomes shorter, the power level of the signal at
the receiver is higher, because transmission losses are also smaller. Thus, a higher
data rate can be obtained. This describes the balance between the transmission
speed and length. The maximum transmission distance of an unamplified power
limited link can be estimated using an equation [4]

L =
10

af
log10

(
Pout

Prec

)
, (1.13)

where af is the net loss in (dB/km), Pout is the laser output power and Prec is the
power level required to achieve a certain BER value at the receiver.

Power limitations can be reduced by enhancing the signal using in-line amplifiers.
However, this increases also ASE noise in the link, which can limit the attainable
BL product. Consequently, IMDD receivers are rather ASE noise limited than shot
noise limited in long-haul communication links where multiple amplification stages
are applied to the signal [22].

When the transmission distance increases, the BL product is not only limited
by the available power budget and fiber attenuation, but also by fiber dispersion.
Directly modulated IMDD links are sensitive to chromatic dispersion (CD) due to
the non-zero spectral width of the optical signal. Besides the stationary spectral
width of the light source, the optical signal spectrum is also broadened under in-
tensity modulation. The intensity variations at the light source are associated with
frequency variations, also known as chirp. The non-zero spectral width of the opti-
cal signal leads to intensity-pulse broadening as the pulses at different wavelengths
travel at different speeds through a dispersive channel. Pulse broadening is a detri-
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mental effect in IMDD links because it causes pulses to overlap. Eventually, the
overlap is so large that the the receiver cannot distinguish them and the data is lost.
Fortunately modern external modulators lower significantly the chirp compared to
directly modulation lasers, thus reducing the dispersion sensitivity of intensity mod-
ulated signal [14].
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Figure 1.3: SNR penalty induced by chromatic dispersion in a IMDD link with differ-
ent MMW frequencies as a function of transmission distance. Second-order disper-
sion coefficient D = 17 ps/(nm · km) and operation wavelength 1.55µm are assumed.
Attenuation is not taken into account in the calculations.

Although external modulators can reduce chromatic-dispersion-induced detri-
mental effects, these are not fully eliminated and CD can still affect the BL product
of externally modulated high-speed long-haul IMDD links by causing significant SNR
penalty [23]. In IMDD links the chromatic dispersion causes modulation sidebands
to experience differential phase changes with respect to the carrier [24]. There-
fore spectral components can interfere destructively at the receiver causing periodic
signal fading [23]. CD induced SNR penalty can be estimated for an intensity mod-
ulated signal using [25]

Ip ∼ cos2
(
πcDL(fRF/f)

2
)
, (1.14)

where D is the second-order dispersion coefficient, fRF is the MMW frequency and
f is the optical carrier frequency. Figure 1.3 shows that, when dispersion compen-
sation is not employed, the CD induced power penalty becomes significant after a
few kilometers. The MMW signal completely vanishes, when the sidebands have
opposite phases [23], as illustrated in Figure 1.3. At higher speeds, the transmission
distance of IMDD links can also suffer from accumulated non-linear effects [4] or
polarization mode dispersion (PMD) [26,27].
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1.5 Main requirements of optical fibres and photodetectors
in optical MMW generation

Optical fibres and detectors are important elements in any guided optical communi-
cation system. The systems, that are particularly aimed to transfer MMWs, require
several specific properties from the optical fibres and photodetectors. One of the
most critical requirement in terms of photodetectors is the cut-off frequency that
must reach the MMW frequency at which the system is designed to operate. Be-
cause the MMW frequency can be tens of gigahertz, this requirement can be quite
severe. Usually it is also important that the frequency response of the photodetec-
tor is relatively flat close to the MMW frequency. Otherwise a small change in the
MMW frequency can induce a large change in the photocurrent that can distort
the signal and cause problems in the signal processing after the detection. How-
ever, there are some applications where a highly non-uniform frequency response
can be desired such as the demodulation of a frequency modulated MMW signal.
Moreover, high responsivity and low internal noise enable a high sensitivity for the
receiver and therefore they are also wanted characteristics in photodetectors that
are used in optical links to generate MMWs.

As shown in Section 1.4.1 chromatic dispersion can impose a periodic signal fading
in IMDD links without a proper dispersion compensation. Optical fibers where
the second-order chromatic dispersion vanishes at the operation wavelength give an
alternative to overcome problems caused by CD. On the other hand this imposes
higher losses (the zero-dispersion wavelength and the minimum-loss window do not
coincide in ordinary single-mode fibers) or more costs (expensive dispersion-shifted
fibers that have low attenuation and CD). Hence, more effective solutions such as
RHD are developed to solve the limitations set by CD in optical fibres. A detailed
discussion about RHD is included in the following chapter.
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2. OPTICAL REMOTE HETERODYNE

DETECTION

Even though IMDD systems have many benefits, they also suffer from various lim-
itations as discussed in Section 1.4. Consequently many alternative schemes have
been considered to eliminate the transmission impairments of IMDD links. In 1970
DeLange [28] made the first proposal of optical coherent heterodyne detection, where
a MMW signal was generated optically by heterodyne mixing a laser spectral line
with a local oscillator (LO) laser at the receiver, such that the spectral lines were
separated by a desired MMW frequency.

The configuration provides many advantages over IMDD links, but it still has a
major issue related to the large phase noise of semiconductor lasers. Although it
is possible to stabilize the operation frequency of LDs [29, 30], the resulting MMW
linewidth becomes Lorentzian shaped with a linewidth equal to the sum of the
individual laser lines. This linewidth may not be narrow enough to achieve the
predetermined BER value under modulation1 and the transmission speed becomes
strictly limited by the linewidth [31].

Fortunately the spectral purity of the MMW signal can be improved by het-
erodyning two phase-correlated spectral lines together [32]. However stable phase-
correlation is hard to maintain in coherent heterodyne detection due to the random
phase fluctuations of LDs, and therefore an optical phase locked loop is often re-
quired to synchronize the phases of the incoherent lasers. This requirement has been
the main issue in coherent heterodyne detection.

Despite several other studies in 1980s and 1990s [29, 30] heterodyne detection
systems were mainly used in research laboratories due to their complexity. Recently
these systems have gained more attention because they provide several advantages
over IMDD links that are particularly visible when transmission speeds and spectral
congestion are increasing. The main virtues of heterodyne detection are:

• Higher sensitivity, easily obtained selectivity [21], and possibility to use so-
phisticated modulation formats as the phase, frequency, polarization, and am-
plitude can be recovered in the detection [22].

• The difference frequency linewidth can be much smaller than the optical
1Unless very low phase noise lasers are used in the configuration [23].
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linewidth of the signal and LO signal, provided the two are mutually coherent.
An electronic filter can define an effective optical frequency bandpass that is
narrower than any realizable wavelength filter operating on the light itself.
This enables background light rejection and the detection of weak signals.

• For a strong LO, a possible noise reduction to the shot noise limit [33].

• The frequency difference is generally far away from the spectral ranges of
many noise sources. Thus, the spectral region near the frequency difference
is usually relatively quiet and electronic filtering can efficiently remove the
remaining noise sources.

• The MMW signal is easily down-converted to frequencies where it is possible
to exploit ultra-low noise electrical amplifiers to boost the signal.

• Possible gain in the detection process itself: when a controlled local oscilla-
tor (LO) is employed, the amplitude of the detected difference frequency can
become larger than the amplitude of the original signal since the difference
frequency signal is proportional to the product of the amplitudes of the LO
and the signal. Thus very weak signals are captured by mixing the incoming
signal with a strong local oscillator without any supplementary optical or elec-
trical ampliers. The detection gain can enhance the sensitivity of a heterodyne
receiver 10-15 dB compared to a IMDD receiver [21].

• As the full complex amplitude is maintained in the, detection using phase or
polarization-diversity receivers [22] becomes possible. This enables electronic
equalization to efficiently and accurately post-compensate several detrimental
effects [34,35].

2.1 Optical remote heterodyne detection links

Optical remote heterodyne detection (RHD) avoids complicated phase or frequency
locking at the receiver end because the reference laser line is provided remotely,
which reduces the complexity of the system significantly compared to the conven-
tional coherent heterodyne detection [36]. In RHD links two spectral lines, which
are usually phase-correlated with a frequency difference equal to the desired MMW
frequency, are transmitted through an optical fibre. The MMW signal is generated
by heterodyning both spectral lines at the receiver using a photodetector. Because
the spectral lines are generated optically, this method is capable of generating ex-
tremely high MMW frequencies. In practice the MMW frequency is limited by the
bandwidth of the photodetector or circuitry that are used to detect and process the
signal.
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Figure 2.1: The configuration of optical RHD links. In reality the laser lines are
only partially correlated due to the imbalanced propagation paths of the laser lines
and dispersion effects [37].

On the other hand RHD also requires a stable dual-wavelength laser source which
can provide the phase-correlated laser lines. Therefore many different approaches
have been proposed for dual-wavelength optical transmitters:

• Dual-wavelength lasers operating in two longitudinal modes have been inves-
tigated [38].

• LDs with two transverse modes operating in a single longitudinal mode have
been reported [39].

• High quality MMWs have been generated using external modulators by sup-
pressing one of the modulation sidebands [40] or the optical carrier [41]. In
these techniques only a single-mode laser is required to operate at continu-
ous wave (CW) mode, and external modulators are employed to modulate
the intensity of the laser output. Although these transmitters are stable and
both transmitted spectral lines are from the same laser source, transmitter
structures are complex and external modulators increase insertion losses.

• Injection locking has also been used to generate MMW signals. In this case
the modulation sidebands of an intensity modulated master laser are fed into
one or two slave lasers. Moreover the free-running frequencies of the slaves are
designed to match with the sideband frequencies. When the injected optical
power is suitable, the slaves become locked to the sidebands of the master
laser. If the outputs of the slaves (or a slave and the master laser) are coupled
to a photodetector, the configuration generates a narrow linewidth MMW
signal [42, 43]. In practice the locking bandwidths are narrow because the
configuration suffers from stability problems. Consequently feedback loops
are usually used to increase the stability of injection locked lasers [44].
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High spectral purity is achieved if the laser modes share the same cavity and gain
medium because both modes experience the same dominating noise mechanisms, and
the common noise is rejected at the photodetector when the instantaneous phases of
the laser lines are subtracted [45]. Due to the common mode rejection effect, phase
noise is reduced significantly and a high quality MMW signal can be generated [46].

2.2 Sensitivity degradation of RHD receivers

Ideally the phase-correlation of the spectral lines is maintained during the trans-
mission in RHD links, resulting in highly phase stable MMWs [24]. However, in
practice, optical links contain several impairments such as intensity noise, phase
noise, polarization fluctuations, dispersion, and various non-linear effects that de-
teriorate the signal quality, disrupt the phase-correlation effect, and reduce the BL
product of RHD links. Due to nonidealities, the receiver sensitivity decreases and
the signal power should be increased in order to maintain the required BER value.
The increase of optical power is known as power penalty. This section focuses on
several sources of power penalties that can deteriorate the receiver sensitivity in
RHD links.

2.2.1 Intensity noise

Stimulated emission becomes the dominant photon generation process when semi-
conductor laser is operating above the threshold current. Nevertheless, spontaneous
emission is still present. The randomness of spontaneous emission events causes
that lasers always experience some kind of fluctuation in the output power, even
in CW mode. Even though spontaneous emission corresponds to a small amount
of generated photons, these photons have a significant effect on intensity noise. In
spontaneous emission the recombination of an electron-hole pair generates a photon.
For this reason each spontaneous emission event decreases carrier density, introduc-
ing also a change in the optical gain and refractive index. These perturbations
within the laser cavity lead to intensity and frequency (phase) fluctuations via re-
laxation oscillations [31,47]. The power fluctuations of a laser are usually expressed
in terms of relative intensity noise (RIN) and its contribution to the noise current
of a photodetector can be approximated by [48]

〈i2RIN〉 = (RPin)
210(RIN(dB)/10)BW, (2.1)

where RIN(dB) is the measured average value of RIN over the noise bandwidth in
decibels. RIN is efficiently suppressed by using balanced photodetectors to receive
the signal [49]. Balanced detectors also reduce the direct detection components from
the detected signal. These properties make balanced detectors a more preferable
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solution for detecting the beat signal than ordinary single-port detectors. The MMW
signal generated by a balanced photodetector can be expressed as [7]

Ip = 2R
√
Pin,1Pin,2 cos(2πfRF t+∆φ), (2.2)

where Pin,1and Pin,2 are the optical powers of the detected laser lines, and ∆φ is the
phase difference. At this point it is worth noticing that the photocurrent is related
to the product of Pin,1 and Pin,2. Hence the photocurrent of the beat signal can
fluctuate even though the sum of Pin,1 and Pin,2 remains constant. This fluctuation
is caused by mode partition noise (MPN) and it is discussed more closely in Chapter
5.

There are also many other noise sources in RHD links besides RIN, MPN, ther-
mal, and shot noise such as phase-induced intensity noise (PIIN). In reality the
transmitted spectral lines have a finite spectral width. When the phase noise of the
laser lines interacts with CD, intensity noise is imposed to the MMW signal at the
photodetector degrading the SNR [50]. The impact of PIIN on the SNR does not re-
duce the performance of receivers significantly in medium-haul systems even though
the linewidth is relatively broad [50]. Nevertheless PIIN can become the dominant
noise source in long-haul RHD systems as depicted in Figure 2.2. Contribution of
PIIN to RIN is approximated by [51]

PIIN(fRF ) = 4π∆ν

(
fRFD

λ2L

c

)2

, (2.3)

where ∆ν is the laser linewidth, L is the length of the optical fibre, λ is the optical
wavelength, c is the speed of light, and D is the second-order dispersion parameter.

Reflections also increase intensity noise in optical links. Reflections emerge due
to refractive index interfaces, located at the connectors and splices of optical fibres.
They can build up external interferometric cavities causing multiple copies of the
signal to propagate in a fibre. If phase-shifted copies are associated with chromatic
dispersion, phase variations are converted to intensity noise that is enhanced by
optical amplifiers [48]. Competing cavities can also cause instabilities within the
internal laser cavity and increase the laser RIN [52]. Back-reflections are reduced
by using connectors with for example angled end-facets. Optical isolators are also
used to reduce back-reflections.

In practice, each optical amplifier degrades the SNR value somewhat due to spon-
taneous emission induced noise. Optical amplifiers not only generate spontaneous
emission noise, but also enhance spontaneous emission from the previous amplifi-
cation stages. Hence, amplifiers are also sources of amplified spontaneous emission
(ASE) noise. Both spontaneous emission and ASE noise introduce additional mixing
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Figure 2.2: The noise levels of various noise sources, total noise (Ntot), and the
received optical power (Pin) are estimated for two different kind of RHD links. (a)
shows noise powers for a RHD link operating at 1.31 µm where the second order
chromatic dispersion vanishes. (b) describes different noise sources for a RHD link
operating at 1.55 µm. The power of the signal is boosted with an optical pre-amplifier.
The modelling parameters are specified in Appendix A.

products at the photodetector that affect the noise level of the generated photocur-
rent.

Typically only two additional mixing products bring significant contribution to
the total noise as compared to the unamplified link. The first one is the mixing prod-
uct between the ASE noise and the amplified signal known as signal-spontaneous
beat noise. This noise is detected only in the electrical domain and it can be esti-
mated using [48]

〈i2Sig.−Sp.〉 = 4R2GPinSspBW, (2.4)

where Ssp is the noise spectral density given by [48]

Ssp(f) = (G− 1)Gnhf/2, (2.5)

and Pin is the received unamplified optical power. In Equation (2.5) the amplifier
gain is denoted by G. Gn is the noise figure, and h is the Planck constant. The
second observable mixing product is generated when ASE noise beats against itself
at the receiver. Spontaneous-spontaneous beat noise is expressed as [48]

〈i2Sp.−Sp.〉 = 2R2S2
sp(2Bop −BW )BW, (2.6)

where Bop is the optical noise bandwidth. Signal-spontaneous beat noise is usually
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more important in terms of link performance than spontaneous-spontaneous beat
noise if the optical noise bandwidth is relatively narrow [53].

2.2.2 Phase noise

One of the most critical requirements for heterodyne detection is the spectral purity
of the received signals, but phase noise has a much smaller effect on IMDD sys-
tems [31]. The reason for the importance of phase noise in heterodyne detection is
obvious from Equation (2.2) as a differential phase change is related to the generated
photocurrent. In order to keep the phase noise induced SNR penalty low, the phase
difference must be relatively stable.

The short-term stability of the phase difference is often characterized through the
linewidth of the generated MMW signal. If the laser lines are phase-correlated the
common noise of the laser lines is rejected at the photodetector and the generated
MMW signal can have an extremely narrow linewidth even with relatively broad op-
tical linewidths [54]. However, dispersion induced phase noise broadens the spectral
line of the MMW signal and narrow optical linewidths are also required for remotely
provided laser lines to maintain low phase noise in the MMW signal [54].

Fundamentally the finite spectral width of continuously operating LDs is limited
by two factors. The first one is the random events of spontaneous emission. Spon-
taneous emission is a completely incoherent mechanism that generates photons in
the cavity of lasers. The generated photons have an arbitrary phase that causes the
spectral broadening of laser lines. Spontaneous emission also indirectly contributes
to the linewidth of a laser through intensity fluctuations as explained in Section
2.2.1.

The second factor that inherently affects the linewidth of LDs is caused by ex-
ternal perturbations, such as thermal noise or fluctuations in the injected carrier
density. Temperature and carrier density fluctuations change the characteristics of
the laser cavity and eventually introduce phase noise by inducing variations in the
material gain and refractive index.

Besides the fundamental limitations set for the linewidth of LDs by the external
perturbations and spontaneous emission, LDs have also many other sources of phase
noise such as mode instability [55] and the existence of sidemodes [56] which can
significantly increase the linewidth. Phase noise induced SNR penalty depends on
the modulation formats and demodulation schemes, and it is usually described as a
function of linewidth-data rate ratio ∆ν/B [57]. Section 2.3.1 includes more detailed
discussion about the values of ∆ν/B ratio for different modulation formats and
demodulation schemes.
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2.2.3 Nonlinear effects

Typically guided optical communication systems exploit single-mode fibres in long-
haul data transmission because multi-mode fibres suffer from modal noise and inter-
modal dispersion [48]. However single-mode fibres have a small core diameter which
induces a high intensity of light in the core, although the total propagating power
is rather low. Hence single-mode fibres do not behave as completely linear channels
at higher optical power levels. In long-haul links non-linear effects can accumulate
over the transmission length and cause signal degradation through several different
effects such as stimulated Raman scattering (SRS), stimulated Brillouin scattering
(SBS), four wave mixing (FWM), and self-phase modulation (SPM) [4].

SRS is an inelastic scattering process where a photon loses its energy to an optical
phonon and a lower-energy photon [58]. In pure silica SRS shifts the frequencies of
the scattered photons with respect to the incident photons usually about 10–14 THz
[59]. In single-mode fibres SRS requires relatively high power levels (∼ 1–2 W) before
the scattered power starts to increase almost exponentially [58]. Due to the relatively
high threshold power, SRS does not usually limit the performance of single channel
links but it can induce crosstalk in WDM systems [4].

SBS in turn is an inelastic scattering process where a photon loses its energy to
an acoustic phonon and a photon [58]. Acoustic phonons have much smaller energy
than optical phonons, that take part in SRS, and therefore SBS induced frequency
shifts are much smaller (order of a few GHz [4]). The threshold power is also much
lower for SBS (of the order of a few milliwatts) and the small threshold power of
SBS can limit the propagating power in single channel optical links [60]. After
the threshold is exceed a large amount of optical power reflects back towards the
transmitter, causing optical power to saturate [61]. The threshold power depends on
the linewidth of the optical signals [61], and modulation format as well as modulation
speed [60]. Because the threshold power is inversely proportional to the number of
amplifiers in the link, SBS can be a serious problem for long-haul links which employ
many amplifiers [61].

FWM generates new spectral lines when at least two initial spectral lines interact
with each other through the non-linear response of a material [59]. FWM is a phase
sensitive process and the conversion efficiency depends on the phase-correlation of
the interacting spectral lines [59]. Hence, the two phase-locked optical lines employed
in RHD are particularly sensitive to FWM. Also polarization [62] and the spacing
of the spectral lines [61] affect the mixing efficiency. FWM is a detrimental effect in
communication links because the mixing products of FWM act like background noise
and degrade the SNR. FWM can also imbalance the propagating laser lines, limit
the maximum power per channel, and increase bandwidth requirements in RHD and
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WDM links [4, 57, 63].
SPM is a consequence of the intensity dependence of the refractive index, which

causes fluctuations in the phase and instantaneous frequency of spectral lines [4].
Phase and frequency fluctuations lead to the spectral broadening of spectral lines
which in conjunction with chromatic dispersion causes signal distortion. In WDM
systems the intensity of adjacent channels can fluctuate at the same time enhancing
non-linear phase noise further [4]. Non-linear phase noise can be minimized using
modulation formats where the intensity variations are small.

2.2.4 Dispersion and polarization mismatch

In fibre-optic channels dispersion effects can distort the signal and reduce the receiver
sensitivity. In medium and long-haul communication links dispersion impairments
emerge not only from chromatic dispersion (CD), but also from polarization-mode
dispersion (PMD). At higher transmission speeds temporal spreading caused by
different dispersion effects can limit the attainable BL product of communication
links [26, 64]. The impact of dispersion effects depends on the fibre itself, applied
modulation format, and the spectral width of the optical signal. Dispersion effects
are usually reduced by compensating CD and PMD in optical or electrical domain.
Dispersion induced effects and compensation methods are discussed briefly in this
section.

Historically intermodal dispersion was the dispersion type that formed the first
problem for fibre-optic communication when multi-mode fibres were introduced. In-
termodal dispersion follows from the different group velocities of fibre modes. Due
to intermodal dispersion, after a long propagation distance the receiver detects mul-
tiple copies of the signal arriving at slightly different times. To avoid intersymbol
interference, the group delay between fibre modes caused by intermodal dispersion
must be small enough, in order to provide a significant temporal overlap between
fibre modes compared to the time period reserved for a bit. Unfortunately, inter-
modal dispersion is usually such a strong phenomenon that only small BL products
can be obtained using multi-mode fibres. When the core radius is reduced, fewer
and fewer modes can propagate within the fibre core. For single-mode fibres the core
radius is so small that only the fundamental mode can propagate inside the core long
distances. Although high-order modes can be excited in single-mode fibres, they ex-
perience high attenuation which allows them to propagate only very short distances.
Because single-mode fibres eliminate intermodal dispersion and modal noise, long
and medium-haul guided communication systems use single-mode fibres [65].

CD is a type of dispersion that occurs because the group velocity of the optical
signal is a function of wavelength. CD spreads out the spectral components of
the propagating light in optical fibres as they tend to travel at different velocities
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through an optical fibre. Generally CD has two sources:

• Material dispersion: Different spectral components see different refractive in-
dex.

• Waveguide dispersion: Even if the refractive index would not depend on the
wavelength, still the transverse modal profile is wavelength dependent, result-
ing in different effective refractive index values for different wavelengths.

Because both laser lines travel through an optical fibre in RHD links, CD induces
a differential propagation delay (∆τdisp) between the laser lines [23]. Moreover, in
some cases the laser lines do not necessarily travel exactly the same optical path in
RHD links, and there might be a small offset delay due to a path imbalance ∆τpath

that contributes to the total differential propagation delay given by [23]

∆τ = |∆τdisp +∆τpath|. (2.7)

The propagation path delay can be estimated by [23]

∆τpath = ±∆Lpathnncore

c
, (2.8)

where ∆Lpath is the path length difference. The sign of the path imbalance intro-
duced delay depends on the CD induced delay. If the path imbalance delays the
same laser line than CD then ∆τpath is positive, otherwise it is negative. CD induced
delay is expressed as [23]

∆τdisp = DLfRF
λ2

c
. (2.9)

In Equation (2.9) D presents the second order chromatic dispersion parameter, L
is the propagation length, fRF is the frequency difference between the two spectral
lines, and λ is the operation wavelength. As shown in Figure 2.3 a small path
imbalance delay can reduce the differential delay when the transmission length is
small. However, when the transmission length increases, the path imbalance delay
cannot compensate the large propagation delay of the laser lines. If the propagation
delay is not compensated otherwise, the laser lines sent at the same time arrive at
different moments. If the arrival time difference is too large it may cause intersymbol
interference, increase the probability of false decision, and eventually destroy the
signal.
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Figure 2.3: (a) CD induced propagation delay as a function of transmission distance
calculated for different path imbalance delays. (b) phase noise spectral density esti-
mated for different propagation delays. The laser linewidth is 10 MHz, fRF=60 GHz,
λ=1.55 µm, D=17 ps/nm·km, and the path imbalance delay is assumed to be neg-
ligible.

The propagation delay is conventionally counterbalanced in optical domain by
filtering or using dispersion compensation fibres, for example. Unfortunately optical
dispersion compensation is often costly, non-adaptive, and requires that dispersion
management is distributed throughout fibre-optic links due to the non-linearity of
optical channels [4].

Furthermore CD induces two observable detrimental effect in RHD links. The
first effect is that CD also induces a power penalty directly, while the second one
is that a non-zero differential delay results in phase noise that can limit the BL
product of a link [23]. Assuming that the transmitted laser lines have a Lorentzian
shape, phase noise fluctuation spectrum is approximated by [66]

Sφ(f) = 2
∆ν

πf 2

(
1− cos (2πf∆τ)

)
(2.10)

If the generated laser lines are perfectly phase-correlated, the differential delay re-
sults in a partial phase-correlation when the lines travel through a dispersive channel.
This phase noise broadens the linewidth of the MMW signal and can induce a SNR
penalty at the receiver whose magnitude depends on the modulation format and
demodulation scheme.

However it has been shown that RHD links experience almost negligible power
penalty caused by CD when compared to IMDD links that are used to generate
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Figure 2.4: Dispersion penalty of a RHD link estimated for different laser linewidths.
Chromatic dispersion causes a relatively small power penalty in RHD links although
the laser linewidths are relatively broad. The calculations have been performed for
D=17 ps/nm·km, λ=1.55 µm, and fRF=60 GHz.

MMWs [67]. In principle the optical spectrum in RHD links is comparable with the
optical spectrum of single-sideband (SSB) intensity modulation. In double-sideband
intensity modulation the signal power periodically fades as shown in Figure 1.3 be-
cause of CD [24]. In SSB modulation CD causes only relative phase changes between
the spectral lines. Therefore the CD induced power penalty almost completely van-
ishes in RHD links even though the laser lines are broad. The propagation delay
induced SNR penalty is estimated in RHD links using a simple formula [67]

SNRpen = 10 log

(
1

exp(−2π∆ν∆τdisp)

)
. (2.11)

In practice all optical fibres have imperfections. These defects, as well as temper-
ature, humidity or mechanical stress, can break the cylindrical symmetry of fibres
such that optical fibres act as a birefringence material [68]. Hence the fundamental
mode having two degenerated orthogonal polarization states, can split into two dif-
ferent modes propagating with slightly different group velocities [69]. Therefore the
orthogonal polarization states experience a phase difference and propagation delay
with respect to each other when both of them propagate through an optical fibre.
The phase difference may fluctuate randomly in time, causing variations in the po-
larization states of the optical signals. This effect is referred to as polarization mode
dispersion (PMD).

In RHD both carriers have ideally an identical state of polarization that leads
to a photocurrent described in equation (2.2). As explained above, PMD can cause
polarization mismatch, although the two carriers have the same polarization before
being launched into an optical fibre. Polarization mismatch can also occur due to
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imperfect optical components (isolators, couplers, etc.) or different initial polariza-
tions. The other sources of polarization mismatch can mitigate or deteriorate the
total SNR penalty caused by PMD [70,71].
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Figure 2.5: PMD induced propagation delay (a) and power penalty (b) are estimated
for two different kind of TPMD coefficients in a RHD link. TPMD=0.8 ps/

√
km is a

typical value for fibres used in old networks, while modern communication links have
usually much smaller PMD coefficient such as 0.1 ps/

√
km or smaller. fRF= 60 GHz

and the splitting ratio κpol= 0.5 are assumed in the calculations. This illustrates the
worst case scenario and corresponds to 45 degree angle between a linear polarization
state and the principal polarization axes.

PMD is a time-dependent random process, while a detailed analysis of practi-
cal systems requires a statistical approach [67, 72], it is possible to approximate
PMD induced delay time between the carriers using a measured average value. The
transmission distance of communication links is usually in the region where the
propagation delay is proportional to the square root of transmission distance [69].
Thus, the PMD induced propagation delay is estimated by [69]

τPMD =
TPMD√

L
, (2.12)

where TPMD is the average proportionality coefficient. PMD induced power penalty,
in turn, is expressed as [67]

SNRpen = −10 log

(
1 + f(κpol) + cos2(πfRF∆τPMDL)(1− f(κpol))

2

)
, (2.13)

where κpol is the power splitting ratio of light launched into a fibre with respect
to the principal axes and f(κpol) = cos

(
4 arccos(

√
κpol)

)
. As shown in Figure 2.5,

PMD can be a serious problem for old fibre links that have a relatively high PMD
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coefficient. Fortunately, only a small signal degradation is expected in modern fibres
where PMD coefficient is reduced. The propagation delay also depends on TPMD

but it is usually much smaller than the propagation delay of CD.

2.3 Modulation schemes

The modulation is a process where a low-frequency baseband signal is mixed with a
carrier signal. From the communication theory point of view signal modulation is a
key factor that determines the transmission properties of a signal. Recent needs for
advanced modulation formats are motivated by the signal tolerance to transmission
impairments (CD,PMD, non-linear effects, etc.), susceptibility to accumulated noise,
transmission capacity, better reliability, improved power, and spectral efficiency.

Various factors have an impact on the choice of modulation scheme. Unfortu-
nately there is no perfect solution for all these requirements and the modulation
format is always a compromise that is the closest to the requirements of a particular
application. The choice of modulation format depends on many parameters such as
transmission speed, fibre type, transmission length, and frequency spacing.

The basic forms of digital modulation schemes are amplitude-shift keying, (ASK),
frequency-shift keying (FSK), and phase-shift keying (PSK). These are considered
in this section. More advanced formats, like the quadrature amplitude modulation,
which is a hybrid of PSK and ASK, are not considered in this work, but an excellent
description of high-order modulation formats can be found from [69].

The ASK is a digital modulation format associated with amplitude variations
of the modulated signal. It uses a finite number of discrete amplitude values to
represent digital data. Fixed amplitude values of ASK modulation are transmitted
such that one of the discrete amplitudes is transmitted during a bit duration, while
the phase and frequency of the signal remain constants during the modulation.

The ASK modulation format can be applied to RHD and IMDD links, but hetero-
dyne detection implies a couple of differences compared to direct detection receivers.
The amplitude variations cause unintentional phase changes in LDs and this leads
to the degradation of the signal due to the phase sensitivity of heterodyne receivers.
Consequently, the ASK modulation in RHD links is usually generated using exter-
nal modulators, because external modulators can keep the phase of the transmitted
signal relatively stable [4]. External modulators are also used to reduce spurious
frequency modulation of the signal that can reduce the performance of coherent
receivers [4]. However, the external modulators increase the size, cost, and losses of
transmitters [69].

FSK is another of the basic digital modulation schemes in which digital data is
encoded by varying the frequency of the carrier between discrete frequency levels.
In the simplest form of FSK there are only two frequency levels. One frequency
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represents ’0’ and the second frequency ’1’. The number of the discrete frequency
levels can be increased in order to improve the power efficiency but increasing the
number of frequencies requires a wider transmission bandwidth [73].

FSK is less susceptible to intensity noise than ASK because non-linear processing
can be used to reduce spurious intensity variations from the signal. It is also more
tolerant to non-linear effects because the signal has ideally a constant amplitude.
FSK signal can be generated without external modulators, exploiting the chirp of
directly modulated LDs. On the other hand FSK modulation has also drawbacks
such as low spectral efficiency compared to amplitude or phase modulation formats,
and more complicated demodulation circuits than ASK.

The requirements for directly modulated laser sources in communication links
employing the FSK modulation format typically include low spurious amplitude
modulation and high frequency modulation (FM) efficiency up to the maximum
modulation speed [74]. FM efficiency describes how much the operation frequency
changes with respect to bias current variations, and it may depend strongly on the
current variation frequency [57]. The frequency dependence is problematic because
any non-uniformity in the FM efficiency can lead to a bit-pattern dependent be-
haviour [74].

PSK is a spectrally efficient digital modulation format. Typically PSK receivers
can provide superior sensitivity compared to ASK and FSK ones [4]. On the other
hand PSK modulation requires phase sensitive detection, making the demodulation
circuits more complicated than in ASK or FSK formats.

PSK signal is generated by changing the phase of the signal and keeping both
amplitude and frequency constant. The information is embedded to the phase of
the carrier in a digital form. Binary PSK signal contains two fixed phases such that
there is a phase shift of π between the logical symbols. Because the phase of the
carrier contains the information, large phase fluctuations corrupt the transferred
information. Thus, PSK requires that the phase of the carrier is stable and well-
controlled. Phase stability sets also stringent requirements for the linewidth of the
MMW compared to FSK or ASK modulation formats [75]. The requirements can be
mitigated by introducing methods such as differential phase-shift keying (DPSK).
DPSK requires phase stability only for a two-bit period because it compares the
phases of adjacent bits to each other. Absolute phases are no longer needed as in
PSK, which reduces linewidth requirements significantly [75]. For PSK and DPSK
modulation formats external modulators are usually used to create the modulated
signal optically [69].
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2.3.1 Demodulation

Heterodyne receivers require a further stage where the frequency of the MMW signal
is brought down to baseband and the information is extracted from the signal. This
stage is also known as demodulation. There are various ways to create a mapping
from the intermediate frequency to the baseband for different modulation methods.
Most of these are well-known from radio and microwave communication systems. In
this section several demodulation techniques for ASK, FSK and DPSK formats are
explored.

As discussed earlier, phase information is preserved in heterodyne detection. This
also reflects on demodulation methods that can be exploited to recover the data.
Synchronous and asynchronous receivers are common examples that have been used
to indicate differences between two different approaches to demodulate digital mod-
ulation formats using analog circuits. Synchronous receivers use an absolute phase
reference to demodulate signals whereas asynchronous receivers do not have any
absolute phase reference. Which demodulator is the best suited for a particular
modulation scheme depends on what kind of signal is expected to be received. Par-
ticularly, noise characteristics and the modulation index (i.e. how much the mod-
ulated variable changes with respect to transmission speed) are important to know
when designing a receiver for a particular application.

A straightforward implementation of an asynchronous ASK receiver can be done
using a simple envelope detector. In the first place out-of-band noise is easily re-
moved from the incoming signal by applying a bandpass filter directly before the
envelope detector. After the envelope detection, the high frequency ripple is re-
moved by a low-pass filter and finally the binary flow is determined based on a
threshold circuit. The synchronous ASK receiver mixes a local oscillator signal with
the incoming signal. Whenever the local oscillator has the same frequency as the
carrier, a direct current component appears at the output. Unfortunately the level
of direct current component depends on the phase between the local oscillator and
the incoming signal and therefore a phase locked loop is needed to stabilize the phase
difference. Low-pass filtering is employed to remove high-frequency noise before the
output is fed into a threshold circuit for detection.

Asynchronous and synchronous FSK receivers can be implemented in a similar
way than their ASK counterparts because a binary FSK signal can be ideally treated
as two ASK signals operating at two different frequencies. If the tone spacing is much
larger than the transmission speed, it is possible to extract one of the tones using an
asynchronous or synchronous ASK receiver by centering the bandpass filter or local
oscillator on one of the tones [76]. The performance of the receiver can be slightly
improved by separating both tones using two ASK receivers in parallel such that
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the bandpass filters or local oscillators capture the tones separately. Eventually
the outputs of the ASK receivers are subtracted before they reach the decision
circuit [77]. It is worth noticing that, unlike in ASK receivers, FSK receivers can be
equipped with a limiter positioned just before the actual frequency discriminator.
For this reason FSK receivers can results in a significant improvement in the SNR
compared to ASK receivers [78]. The improved SNR however requires a higher
bandwidth. The non-linearity caused by the limiter imposes a threshold effect in
FSK receivers which leads to a rapid performance reduction if the SNR value falls
below a certain threshold value [78].

Asynchronous receivers are more tolerant with respect to the phase noise of LDs
which makes these receivers particularly attractive for wide deviation FSK and ASK
formats. In order to keep the SNR penalty below 1 dB, the linewidth requirements
are tight (∆ ν < 5 × 10−3B) [69] for synchronous receivers compared to asyn-
chronous receivers (∆ ν < 0.1 B) [57]. Nevertheless synchronous receivers have
theoretically a better sensitivity than asynchronous receivers if the linewidth is nar-
row enough [31,79].

It is self-explanatory why it is not possible to implement asynchronous PSK re-
ceivers. However, it is possible to detect DPSK signals asynchronously using a delay
line interferometer. By separating the bandpass filtered signal into two arms, de-
laying the second arm exactly one bit and mixing the signals, the phase difference
between two successive bits can be determined [80]. The same method has also been
used to demodulate FSK signals having a small tone spacing compared to the trans-
mission speed [11]. FSK demodulation requires a delay in which the tone spacing
experiences a π phase shift [81]. The receiver requires a relatively narrow linewidth
for the incoming MMW signal (∆ ν < 2.5 × 10−3B and ∆ ν < 3.0 × 10−3B

for FSK and DPSK respectively [81]).
The demodulation schemes described above can be implemented using simple

analog circuits and the theory behind these methods is well-established. Unfortu-
nately the signal undergoes many linear and non-linear transmission impairments
during the propagation through an optical fibre. Conventionally the linear effects
on multiplexed channels are compensated at the same time by passing the overall
optical signal through dispersion compensation filters, for example. However re-
cent advances in analog signal processing (ASP) and digital signal processing (DSP)
allow a different approach. Because the full complex amplitude can be recovered
in heterodyne detection, the transmission impairments of an individual signal can
be accurately compensated using an electronic circuit after the detection, which
simplifies the structure of the transmission links. Although this approach has an
additional impairment in the form of detector non-linearity, it has many attractive
properties because the stability and performance of communication systems can be
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greatly enhanced by applying adaptive and time-varying signal processing [22]. Post-
compensation using electronic circuits is considered to be a flexible, cost-effective,
and feasible solution for 100 Gb/s communication systems in the future [22]. Elec-
tronic post-compensation can also reduce non-linear distortions [82].

Futhermore DSP has a significant advantage over ASP. Digital receivers need an
analog-digital converter that translates the signal into digital form, introducing si-
multaneously a low-level quantization noise. After the analog-digital conversion, the
receiver induces only a negligible noise level to the signal in the signal processor it-
self. ASP instead, induces additional noise to the signal during the signal processing.
This is a problem when circuits become more and more complex because noise can
have a great impact on the receiver performance. On the other hand DSP requires
analog-digital converters which are either unavailable, or costly and power-hungry
at ultra high frequencies [83].

2.4 Advantages and difficulties in remote heterodyne detec-
tion

RHD has several advantages over IMDD links and conventional coherent heterodyne
detection in optical MMW generation. The main benefits are:

• Negligible SNR penalty due to chromatic dispersion

• Signals having very high MMW frequencies can be generated

• No need for a local oscillator laser that is locked to the transmitted optical
signal using complex electronic circuits

• It is possible to use advanced modulation formats and sophisticated signal
processing tools to compensate transmission impairments because amplitude,
frequency, and phase are recovered in the detection.

On the other hand the main limitation in RHD links comes from the light source
that is used to generate two stable phase-correlated laser lines. Even though some
solutions exist (injection locked lasers, external modulation techniques, etc.) they
are usually expensive and have a high complexity. A dual-wavelength laser diode,
that generates both spectral lines in the same cavity, could provide a low cost com-
pact light source for RHD links with a high power efficiency, low coupling losses,
and a tunable frequency difference. These properties make dual-wavelength lasers
very desired for numerous applications that exploit RHD.



35

3. STRAINED MULTI-QUANTUM WELL

DISTRIBUTED FEEDBACK LASERS

As discussed in Chapter 1, modern fiber-optic communication links usually employ
a LED or LD to transmit optical signals. LEDs can provide simple and low cost
light sources for short distance and low-speed communication links, but they are
not suitable for high-speed long-haul communication due to their wide frequency
spectrum, low modulation speed, and low efficiency.

LDs have high efficiency, fast response time, and narrow spectral width. LDs also
emit coherent light that is easier to focus and couple into a single-mode fiber effi-
ciently. Distributed feedback (DFB) lasers are a type of LDs that have an integrated
diffraction grating placed along the active region of the guiding structure, which pro-
vides single longitudinal mode selectivity. DFB lasers are compact, robust, and can
operate with low intensity and phase noise levels. These properties make DFB lasers
very desirable light sources for high-speed long-haul communication. This chapter is
devoted to quantum well based DFB lasers and LDs in general. The chapter reviews
the basic operation of semiconductor lasers, single-, and multi-quantum well laser
structures, establishing the theoretical framework for the laser model described later
in Chapter 4.

3.1 Semiconductor band structure

A complex set of equations is needed to describe the behavior of semiconductor
devices from the electronic, optical and thermal perspective, which are all involved
in the semiconductor light sources. Although there are many different modeling
targets and model accuracy levels, the electronic equations generally include the
Poisson equation, the current continuity equations, the Schrödinger equation, the
electrochemical equilibrium potential equation (Fermi level equation) and the carrier
transport equations (e.g. Boltzman equation, drift-diffusion equation). The optical
perspective of the semiconductor behavior is governed by the Maxwell equations
or some approximation of them while the thermal perspective is modeled by the
distribution of thermal sources/sinks and by the heat transfer equation. Besides
the electronic, optical and thermal equations there are also the coupling equations
between these three main behavioral domains (the carrier generation-recombination
equations, the heat generation and absorption, and the material parameter equa-
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tions, which give the material parameters variations with different variables such as
temperature or electric field).

Solving the complete set of semiconductor equations is an enormous and computa-
tionally intractable task, particularly since the semiconductor crystals are composed
of a vast number of tightly packed atoms that interact with each other. The accurate
treatment of crystals leads to a complicated many-body problem that is computa-
tionally almost intractable. Therefore, many simplified models have been proposed
to provide satisfactory accuracy with reasonable computational cost.

Without a great loss of accuracy, it is usually sufficient to consider only the
behaviour of valence electrons (electrons of the highest occupied atomic orbitals),
and assume that the other electrons are localized around the nuclei forming ions.
Because the ions are much heavier than the electrons, the valence electrons respond
to ionic vibrations almost instantaneously, and, therefore, the motion of electrons
can be decoupled from the motion of ions [84]. This approximation simplifies the
many-body problem to a many-electron problem which is still too complicated to
solve in practice. The Hartree-Fock approximation leads to a practically solvable
single electron problem by assuming further that each valence electron experiences
only the fixed average potential of other electrons and the periodic potential of the
ion lattice [84]. For the single electron problem there are several numerical methods
such as the orthogonalized plane wave method [85,86], pseudopotential method [87],
and k · p method [88] that can be used to seek numerical approximations for the
exact solutions.

Due to the dense packing of atoms in crystals the wave functions of the individual
valence electrons overlap. In the meantime the Pauli exclusion principle does not
allow electrons to have exactly the same quantum state. Hence, the solutions of
the single electron problem result in energy bands. Each of these bands defines a
set of quasi-continuous energy levels, rather than discrete energy levels of individual
atoms [89]. The energy states that the electrons can occupy lie within the energy
bands En(k), where n is the band index and k is the wave vector associated with
the wave packet of an electron. Although, the single electron Schrödinger equation
has an infinite number of solutions at given k, it is usually sufficient to consider only
the bands that lie just above and below the Fermi energy known as the conduction
band (CB) and valence band (VB)1.

In solids there are forbidden energy ranges in which there are no solutions for
1For many important semiconductors the VB splits into three branches close to the band max-

imum. The branches are referred to as split-off, heavy and light hole bands, where the latter ones
are possibly degenerated. These branches can be conveniently approximated by a parabolic local
approximation of the momentum-energy dependence close to the band maximum [90]. It is also
possible to use the same parabolic approximation for the CB. In the parabolic approximation the
electrons and holes are assumed to behave like free particles with a certain effective mass defined
by the curvature of the energy-momentum dependence curve.
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the single electron problem at a given value of the wave vector. A special feature of
semiconductors is that the Fermi energy lies within a forbidden region, which appears
between the CB minimum and the VB maximum. This energy range is called as the
bandgap. Semiconductors have two different types of bandgaps, direct and indirect.
In direct bandgap semiconductors the VB maximum and the CB minimum occur
approximately at the same value of the wave vector, whereas in indirect bandgap
semiconductors the wave vector of the CB minimum and VB maximum differ2.

Because the bandgap is small in semiconductors, a valence electron can jump
from the VB to the CB by absorbing thermal energy, thus leaving behind a vacant
space in the valence band, which is referred to as a hole. Since electron states are
closely spaced in the energy bands, an electron from another state in the valence
band can easily occupy the vacant space, leaving behind another empty state, and
leading to a movement of the empty space (hole) in the valence band.

Therefore a hole behaves like a positive-charge moving freely in the VB, similarly
with the movement of excited electrons in the CB. The electrons in the CB and
holes in the VB can take part in a collective carrier flow when an external voltage
is applied to a semiconductor. When the temperature rises enough to have suffi-
cient free electrons and holes the semiconductors become conductive. However, the
thermal excitation is not sufficient to provide the conductivity required for most
applications and the semiconductors are often doped by extra impurity atoms in
order to tailor the conductivity and other material properties [92]. Dopant atoms
with more valence electrons than the host semiconductor lattice atoms are employed
to create an n-type semiconductor by introducing additional electron states below
the CB edge, such that the supplementary valence electrons are easily excited to the
CB by thermal energy. Dopant atoms with fewer valence electrons are introduced in
the host semiconductor lattice to create a p-type semiconductor by adding electron
state vacancies (i.e. filled hole states) close enough to the VB edge to be thermally
excited. The dopant-increased carrier concentrations improve the conductivity of
the semiconductor material.

3.2 Basics of semiconductor lasers

The laser is a device that amplifies and emits a coherent light beam by stimulated
emission. There are different types of laser structures but the essential structural

2The probability of interband transitions depends strongly on the crystal momenta (p = ~k) of
the initial and final states [90] because the conservation law of crystal momentum enforces a strict
selection rule for interband transitions [91]. If the wave vectors of the initial and final state do
not match, the selection rule requires that one or multiple phonons participate to the transition
to ensure momentum conservation. The probability of a phonon-assisted carrier generation or
recombination process is much smaller than the probability of carrier generation or recombination
processes in direct-gap semiconductors, where phonon assistance is not necessary [69].



3. Strained multi-quantum well distributed feedback lasers 38

elements are: a gain medium to provide gain to the propagating optical field and
structural elements to provide optical mode confinement and optical feedback in an
optical cavity. The fundamental optical processes underlying the laser operation are
absorption, spontaneous emission and stimulated emission:

• Interband absorption takes place if a photon has sufficient energy to lift an
electron from the VB to the CB. When an electron is promoted to the CB,
the absorption simultaneously generates a hole in the VB. Intra-band absorp-
tion takes place when a carrier (electron or hole) is further excited from an
already-excited state to another, unoccupied higher energy state in the same
band (but possibly a different subband).

• Spontaneous emission takes place because systems tend to reach equilibrium
in the lowest energy states. In semiconductors the excited states have a certain
average lifetime that defines how long an electron can occupy a certain excited
state in the CB, until it spontaneously falls back into an empty state in the VB.
Because this process also obeys the conservation laws of energy and crystal
momentum [90], the energy difference between the lower and higher energy
state is released to a photon in the process, while the momentum difference is
compensated by a phonon (if it is the case).

• Due to time-reversal symmetry there is also a reverse process for the absorp-
tion: the stimulated emission [14]. In stimulated emission a photon can stim-
ulate an excited electron in the CB to fall back into the VB such that another
photon is also generated. The stimulated photon has ideally exactly the same
frequency, direction, polarization, and phase as the stimulating photon.

There is also the non-radiative recombination (including Auger recombination, sur-
face recombination and recombination at defects/traps), when the energy released
from the recombination of a CB electron with a VB hole is transferred as heat to
other carriers or to the lattice.

Gain

The stimulated emission is the dominating photon generation process in LDs. It is
a photon multiplication process that amplifies the intensity of light in an avalanche-
like manner. In order to get a net optical amplification, the stimulated emission
rate must exceed the absorption rate. In thermal equilibrium the most likely opti-
cal process is the interband absorption and no lasing can occur due to stimulated
emission.

The first efficient semiconductor lasers operating in continuous wave at room tem-
perature were double heterojunction (DH) LDs, which are essentially p-i-n diodes
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with a relatively thin (0.1-0.4 µm) layer of nominally undoped narrower bandgap
semiconductor sandwiched between p and n-doped cladding layers with wider bandgap
and lower refractive index. It is important to mention that from the three different
types of bandgap alignment in heterojunctions (type I - straddling gap, type II -
staggered gap, and type III - broken gap), which depend on the distribution of the
bandgap difference between the CB and VB, the double heterojunction structures
are regularly based on the type I straddling gap alignment. This is because this type
of alignment ensures the confinement of both types of carriers in the low bandgap
region. Therefore, only the type I straddling gap alignment will be considered in
the following.

When a forward bias is applied to the p-i-n structure (i.e. electrical pumping),
it enforces carriers to drift towards the undoped narrower bandgap active region
from the opposite directions. Due to the higher bandgap of the cladding layers, the
injected carriers are trapped within the active region. Carrier trapping in the active
region can also be obtained when a externally-injected optical field is absorbed and
generates the carriers (i.e. optical pumping). If the electrical or optical pumping
power is sufficient, large concentrations of CB electrons and VB holes build up within
the active region. This situation, known as population inversion, is the opposite of
the thermal equilibrium when most of the electrons occupy the VB and the CB is
almost empty. Once population inversion is obtained, the probability of a stimulated
emission event to occur exceeds the probability of an interband absorption, and the
photons propagating in the active region experience a net amplification.

Due to the multiple loss mechanisms in LD, the pumping power must be increased
until the gain equals the total loss, before the lasing starts. The point where this
happens is known as the laser threshold. Above the threshold, the carrier density
does not increase significantly (and, accordingly, the gain remains close to the thresh-
old value) because the supplementary pumping power is transformed by stimulated
emission into laser output power.

Laser cavity: optical guiding and feedback

Since the stimulated emission requires not only population inversion but also a
relatively high stimulating optical field cavity, almost all LDs employ an optical
guiding mechanism and an optical feedback mechanism to provide high optical field
intensity in the active region. The optical feedback increases the distance that
photons travel in the cavity, it enhances the photon density that is needed to trigger
the photon multiplication process of stimulated emission and it provides a selection
mechanism by recirculating only some of the photons.
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3.2.1 Occupation probabilities

When a semiconductor crystal is in the thermodynamic equilibrium it does not
exchange matter and energy with its environment and the carrier concentrations
remain constants in time. Under thermodynamic equilibrium the occupation prob-
ability of an electron is governed by the Fermi function

F (E,EF ) =
1

e(E−EF )/(kBT ) + 1
, (3.1)

where EF is Fermi energy. However, most of the semiconductor devices, includ-
ing LDs and photodiodes, usually operate under non-equilibrium condition. The
thermodynamic equilibrium can be disturbed, for example, if a device is illumi-
nated or if an external voltage is applied to it. The perturbation changes the car-
rier distributions in the CB and VB away from the thermodynamic equilibrium
distributions and, if the perturbation remains constant long enough, the system
establishes a new equilibrium state. In this new non-thermodynamic equilibrium
state it can be considered that electrons and holes have their own quasi-equilibrium
states [93], and the occupation probabilities of carriers in the CB and VB can be
determined separately through two Fermi functions and quasi-Fermi levels. The
occupation probability for an electron state in the CB at a given energy E under
non-equilibrium condition is expressed using the Fermi function with Fermi level
EF=EFc (i.e. Fc(E) = F (E,EFc)). The probability that an energy level E in the
VB is filled by a hole is given by 1− Fv(E), where Fv(E) = F (E,EFv) [93].

3.3 Quantum well lasers

The typical thickness of the low bandgap active region in DHs is of the order of
0.1-0.4 µm. However, the development of fabrication technologies has allowed the
growth of thinner active regions (∼ 5-20 nm). The reduction in the active region
thickness has been observed to result in drastic changes in the electronic and op-
tical properties of the structure [94–96]. These changes are attributed to quantum
mechanical effects that take place when the thickness of the active region becomes
smaller or comparable to the carrier de Broglie wavelength [97]. As a result of
the reduction in the active region thickness, the carrier motion in the layer growth
direction, perpendicular on the layer thickness, becomes restricted, leading to a
quantization of kinetic energy [97]. Because the quantization can be described by
the well-known quantum mechanical one-dimensional potential well, these lasers are
referred to as quantum well (QW) lasers. The other two dimensions of the low-
bandgap region are much larger in QW lasers and in these dimensions the carriers
behave like in the bulk semiconductor.
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The reduced thickness of QWs split the continuous energy bands of the bulk
QW semiconductor material into discrete energy subbands. Using the parabolic
band approximation and assuming that the well is infinitely deep, the interband
transition energy in a QW structure of thickness Lz can be expressed for a direct-gap
semiconductor as [97]

Eϑ,ς(k) = Eg +
~2(πϑ/Lz)

2

2m∗
e

+
~2(πς/Lz)

2

2m∗
h

+
~2|k|2
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with the in-plane wavevector k = (kx, ky) and the reduced mass mr=m∗
em

∗
h /(m∗

e+m∗
h),

where m∗
e and m∗

h are the effective masses of the electron and hole participating in
the transition, respectively.
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Figure 3.1: (a) reveals the step-like density of states in QW structures and indicates
allowed interband transitions. It also depicts the occupation factors and filled states
in the CB and VB. (b) shows the band structure of a typical type I QW and the
first two subbands. (c) is a sketch of a type I QW gain spectrum. The blue curve
presents the gain spectrum with gain broadening (by convolving the material gain
with a Lorentzian lineshape function) and the red one gives the gain spectrum without
broadening.

The energy of the split-off band is relatively and far away from the heavy (HH) and
light hole (LH) bands and, therefore, it does not significantly influence the optical
transitions. Hence the optical transitions are usually considered taking into account
only heavy and light hole bands. Although the band structure of a QW contains
many subbands, only certain type of interband transitions are allowed while others
are forbidden. The forbidden transitions follow from the fact that optical transitions
in QW structures must satisfy several selection rules:

• The energy must be conserved in the transitions.

• The in-plane wave vector fulfills the conservation law of momentum ∆k = 0

[98].
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• The subband quantum number conserves in the transitions between the sub-
bands of the CB and VB, (i.e. ϑ = ς) [97].

• The relative strengths of interband optical transitions involving TE and TM
modes depend on the final VB state and some transitions do not occur (i.e. TE
transitions between CB - HH, CB - LH, and CB - SO have relative strengths
of 1/2, 1/6 and 1/3, respectively while TM optical transitions do not occur
between CB and HH states and have 2/3 and 1/3 relative strengths for CB -
LH and CB - SO, respectively).

The material gain depends mainly on three factors; the occupancy probabilities3,
the density of states (i.e. the number of available states per unit energy per unit
volume), and transition probabilities4. It turns out that the band structure of QWs
leads to a step-like density of states [98]. Due to the abrupt increase in the density
of states, one would predict that also the gain has an abrupt increase after each sub-
band edge, because the transition probability under k-selection rule is approximately
constant with respect to photon energy [99]. This is not what has been observed
and the gain spectrum of a QW laser is much smoother than expected. Two pri-
mary causes for the smoothness have been proposed. According to the first one, the
tails follow from the violation of the strict k-selection rule, causing an energy de-
pendence of the transition matrix element [100]. The second explanation rises from
the broadening of transition energies due to the various intraband scattering pro-
cesses between carriers and phonons (which are induced by crystal inhomogeneity
and many-body effects) [97,101].

The density of states in the VB actually consists of two sets of overlapping steps.
One series correspond to the subbands of the HH band and the second set is re-
lated to more sparsely spaced LH subbands. Although, the transition probability
is larger for CB-LH transitions in TM polarization than the transition probabilities
for CB-LH or CB-HH transitions in TE polarization [99], typically the material gain
is higher for TE polarization due to the higher hole density in the HH subbands. In
TE polarization CB-HH transitions have higher transition probability than CB-LH
transitions [99].

3Because a necessary condition for an emission event in a semiconductor requires that the initial
state E2 in the CB is filled and the final state E1 in the VB is empty, the occupation factor for
an emission event Fe is given by Fc(E2)(1−Fv(E1)). On the other hand the occupation factor for
an interband absorption event Fa is governed by Fv(E1)(1 − Fc(E2)), since an absorption event
can only occur when there is an empty state in the CB to where a valence-band electron can
jump. The condition for positive net gain and population inversion in a semiconductor is given by
0 < Fe − Fa = Fc(E2)− Fv(E1) =⇒ EFc − EFv > E2 − E1 = hf .

4The transition probabilities are not explained in this work, but it is worth mentioning that they
depend on the transition matrix element that makes interband transitions polarization dependent
in QW lasers [99]. It is also proportional to the overlap integral of the electron and hole envelope
functions [97].



3. Strained multi-quantum well distributed feedback lasers 43

QW lasers can provide several advantages over conventional DHs. For example,
QW structures are less susceptible to temperature variations and they experience
smaller chirp than DH structures [98]. QWs also have a small active volume, which
decreases the transparency current density. In QW lasers the energy levels have a
strong dependence on the width of the well Lz. By adjusting the well width, the
emission and absorption wavelengths can be tuned without changing the composi-
tion of the active region material. The main advantage of QWs, however, comes
from the possibility to apply strain in the active region. Strained QW structures
are considered later in Section 3.3.3. The step-like density of states is also known to
improve the slope of material gain with respect to the change in the carrier density
at low carrier densities [97, 102]. However, there is also a price to pay from the
step-like density of states, as the gain saturates at high injection levels. Due to the
gain saturation, the maximum gain of a fully-inverted subband does not necessarily
produce enough gain to compensate losses until the second subband starts to fill up.
Another drawback of QWs can sometimes be considered their small optical confine-
ment, due to the narrow thickness of the active region. However, there are many
situations when a small optical confinement factor favors the desired characteristics
of the laser.

3.3.1 Separate confinement heterostructures

Since both the photon flux and material gain vary across laser structures, it is
convenient to define the modal gain Gm to describe the net average increase rate
caused by stimulated emission per unit length for the photon flux inside the laser
cavity. The modal gain is determined by a weighted average of material gain over
the cavity volume [102]

Gm =

∫
g(r)|E(r)|2dV∫
|E(r)|2dV

, (3.3)

where g=g(r) is the net material gain per unit length that characterizes the local
net stimulate emission rate.

Since a QW is very thin and only a small portion of the optical power is aligned
with the active region, single QW structures comprising just the QW and cladding
layers are not used in practice. A structure referred to as separate connement
heterostructure (SCH) is generally employed to increase the overlap between the
photon flux and the QW-based active region (i.e. to increase the transverse optical
field confinement in the QW). In the SCH structure the QW is surrounded by
intermediate bandgap waveguide (WG) layers, which in turn are embedded between
wide bandgap p- and n-doped cladding layers. Since usually higher bandgap is
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associated with reduced refractive index, the WG layers have a refractive index
lower than the QW and higher than the cladding. Hence, because the WG layers
are significantly thicker than the QW, the SCH structure optical waveguiding is
provided by the WG layers (and their refractive index contrast to the cladding
layers), relatively independent of the thickness and refractive index of the QW. In
the SCH structures the QW-to-cladding potential barrier is divided in two steps:
the QW-to-WG and the WG-to-cladding potential barriers.

The bandgap and the corresponding refractive index distribution are essential in
the design of SCH structures. A large bandgap and corresponding large refractive
index difference between the cladding and WG layers leads to a good optical confine-
ment but poor carrier confinement if the QW-to-WG bandgap difference is reduced.
This increases the carrier leakage out of the QW and eventually increases the thresh-
old current. On the other hand, if the WG-to-cladding bandgap and corresponding
refractive index difference is small, it typically results in a good QW carrier conne-
ment, but poor optical connement (due to the reduced WG-to-cladding refractive
index contrast), which reduces the modal gain [103].

Compositional grading of the WG layer material (commonly known as graded
index, GRIN) is sometimes employed such that the WG layer bandgap decreases
continuously towards the QW. The grading has the advantage that it introduces a
potential gradient, which which pushes carriers towards the QW. This reduces the
number of occupied states in the WGs which, in turn, causes a reduction in the
threshold current [104] and increases the quantum efficiency. The built-in electric
field may also affect the modulation bandwidth of QW lasers by making the the
carrier transport faster.

The claddings layers are usually highly doped, which improves the flow of the
injected carriers, but, in order to reduce internal losses due to free-carrier absorption
in the areas with high optical field intensity, the WG layers are, generally undoped.
There are two elements which have a major contribution to the carrier transport in
SCH structures [105]

• the carrier transport time through the WG layers

• the carrier capture time by the QW

In graded index (GRIN) structures, bandgap variation assists carriers to move across
the WG layers, inducing a noticeable reduction of the carrier transport time com-
pared to the ungraded structure with the same WG thickness [106]. Nevertheless,
this improvement may be counter-balanced by the fact that the GRIN structures
usually achieve their maximum optical connement for larger thickness than constant
composition WG layers [105, 107]. Although GRIN structures can reduce the band
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filling of WGs as well as the carrier capture time [106], GRIN-WGs are not preferable
in all circumstances, especially when high FM efficiency is desired [108].

The width of the WG layers requires optimization both for the step-index constant-
composition and for the GRIN types of SCH structures. Thick WG layers lead to a
long carrier transport time, whereas narrow WGs reduce the optical connement and
may increase the parasitic capacitance of the structure [105].

3.3.2 Multi-quantum well structures

When LDs are directly modulated, the maximum attainable digital modulation
speed is determined by many factors, the most important being the photon and
carrier lifetimes. The photon lifetime defines the average time a photon spends in
the laser cavity before it is absorbed or emitted through the laser facets. The photon
lifetime is usually of the order of a few picoseconds in edge emitting lasers, and this
sets the theoretical upper limit for the modulation speed of a LD. The carrier life-
time, in turn, gives what is the average time a carrier spends in excited state, before
it falls into the ground state. Below the threshold, the carrier lifetime is defined
by the rates of non-radiative recombination and spontaneous emission. Hence, the
lifetime is relatively long (∼ 1-4 ns). Above the threshold, the carrier lifetime is
substantially smaller due to the much higher stimulated emission rate.

When the LD pumping is increased, the modal gain climbs up, the carrier life-
time declines and the maximum attainable modulation speed rises. Unfortunately,
the modulation speed cannot be increased indefinitely being limited by the carrier-
photon laser self-resonance frequency, which is given by the carrier and photon den-
sity relaxation oscillations. It has been observed that a large photon density, short
carrier lifetime, short photon lifetime, and high differential gain (i.e. the slope of
the modal gain with respect to carrier density) increase the carrier-photon resonance
frequency and enable faster direct modulation [109].

QW lasers have a modal gain which rises rapidly after the carrier density exceeds
the transparency value, due to the step-like density of states. However, when the
modal gain increases, it experiences a saturation because the volume of the thin
QW is small and there is a relatively small number of states to be inverted at each
subband.

To overcome this difficulty, multi-quantum well (MQW) structures, containing
several generally identical quantum wells, are used, particularly in high-speed di-
rectly modulated LDs. The multiple wells are separated by barrier layers that usu-
ally have a smaller bandgap than the WGs, but a larger bandgap than the wells.
This structure improves the optical confinement by increasing the overlapping of
the optical field intensity distribution over the total volume of the active region.
Hence, for a given modal gain, the carrier density associated with one well becomes
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smaller [110], and a higher carrier density is required to saturate the modal gain [111].
This implies that MQW structures can generally provide a higher differential gain
than SQW structures when the modal gain is high. Moreover, there is an extra differ-
ential gain enhancement less carriers are wasted to fill states within the WGs [112].
The higher differential gain of MQW lasers has been shown to improve their mod-
ulation bandwidth [105]. The decision using SQW or MQW structures depends on
many factors, including the laser losses and the desired laser characteristics. The
MQW structures are particularly required when laser losses are high, since the SQW
structures might not provide enough gain. MQW lasers have usually superior mod-
ulation performance, largely due to the higher differential gain, sometimes narrower
emission linewidth increased, slope efficiency and reduced threshold dependence on
temperature (largely due to reduced carrier leakage to the claddings)5. On the other
hand each well in the MQW lasers requires the same transparency carrier density as
the well in SQW lasers. Hence, at low loss levels SQW lasers usually perform better
than MQW lasers when the rest of the structure remains identical. Hence, at low
loss levels the SQW lasers usually perform better than MQW ones.

So far it has been assumed that the carrier density is uniformly distributed over
the wells in MQW lasers. Although uniform carrier distribution is desired, in reality
this is hard to achieve when carriers are distributed over many QWs. To avoid the
problems caused by non-uniform carrier distribution, the MQW lasers require accu-
rate investigation of the carrier transport and capture, including carrier re-capture
and transport between the wells.

Besides QW carriers capture, there is an opposite process in which carriers can
escape from the QWs. This is a detrimental phenomenon for SQW structures,
but vital for MQW structures. Without it the MQW lasers would have highly
non-uniform carrier distributions from one well to another. Therefore in MQW
structures it is important to design the active region in such a way that the carrier
capture of the whole MQW structure is optimized while the carriers are uniformly
distributed among wells [114].

At the normal operating temperatures of LDs, the carriers can escape from QWs
by the aid of thermal energy. In MQW structures the electrons can be transferred
from one QW to the next by tunnelling through the barriers. The dominant trans-
port mechanism is the faster one [105]. The thermionic emission time is independent
of barrier width, but it strongly depends on the potential barrier height. On the

5The smaller state filling leads to a smaller chirp and reduction in linewidth enhancement
factor (αH) as the number of QWs increases [113]. The reduced carrier threshold density (Nth) and
increased active region volume, combined with the smaller linewidth enhancement factor contribute
to emission linewidth (∆ν) reduction. On the other hand increased internal losses and higher
spontaneous emission factor lead to emission linewidth increase with the number of QWs. Hence,
the optimization of the number of QWs in order to minimizes the laser emission linewidth is not
straightforward [113].
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other hand the tunnelling time is a function of both height and width of the bar-
riers [105]. Low potential barriers leads to shallow wells with higher thermionic
escape and tunneling, which result in uniform carrier distribution among the wells
but higher carrier leaking out of the MQWs, which increase band filling of WGs [112]
and losses [115], decreasing the modal gain. On the other hand, high potential bar-
riers reduce both the thermionic emission and tunneling, leading to non-uniform
carrier distribution among the wells. Thick barriers eliminate the tunneling and the
remaining thermionic emission both couples the QWs and induces carrier escape to
the WG, which are contradictory effects, for which it is difficult to achieve a good
compromise.

Thin barriers increase the carrier tunnelling, improving the uniformity of carrier
distribution among the wells without affecting adversely the carrier escape from
the MQWs. However, very thin barriers may lead to the coupling of QWs [116].
When inter-well coupling occurs, it splits the subbands of the well into minibands
increasing the density of states and making the population inversion more difficult.
Because strong inter-well coupling smears the step-like density of states, it is usually
an unwanted phenomenon. Relatively high potential barriers are preferred in order
to limit the carrier escape from the QWs while the QW coupling and relatively
uniform carrier distribution among the wells is improved by employing thin enough
barriers for providing enough tunneling without creating minibands.

3.3.3 Strained quantum well structures

The laser performance can be improved when strained QWs are used. Strain is
achieved by growing one or multiple thin layers of semiconductor material on top
of a substrate such that the substrate material and the layer material have slightly
different lattice constants. The bonds between the thin layer ions and the substrate
ions prevent the thin layer ions from being spaced with their characteristic/native
lattice constant. As the thin layer thickness increases, the stress rises until the
critical thickness is reached and the strain relaxes through misfit dislocations [117].
Below the critical thickness, when the native lattice constant of the thin grown layer
is smaller than the substrate lattice constant, the thin layer ions are forced to sit
farther apart in the layer plane and the strain is referred to as bi-axial tensile strain.
Conversely, when the native lattice constant of the thin grown layer is larger than
the substrate lattice constant, the thin layer ions are forced to sit closer in the layer
plane and the resulted in-plane strain is called tensile strain. The in-plane lattice
constant variation under biaxial strain is accompanied by an opposite variation of
the lattice constant along the direction perpendicular on the layer plane, according
to the Poisson ratio. Also, due to the various structures and distributions of the
crystal cell atoms the resulted strain has both hydrostatic and shear components (the
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hydrostatic deformation being associated with the variation of the average spacing
between ions, and the shear deformation being associated with the variation of the
crystal cell angles).

The strain modies the band structure of QW structures in different ways depend-
ing on the crystal cell and band structure type. The changes affect particularly
the valence band structure since the hole binding energies and movement are more
affected by the crystal cell ion distribution. The hydrostatic strain changes the sep-
aration between the energy bands, while the shear strain breaks the degeneracy of
light and heavy hole bands and modifies the effective mass of holes [118]. Under
compressive biaxial strain the bandgap is increased, the HH energy level is shifted
above the LH energy level and the HH effective mass is reduced, while under tensile
bi-axial strain the bandgap is reduced, the LH energy level is brought above the HH
level and the LH effective mass is increased.

Figure 3.2: Band structure distortion due to lattice strain. Adapted from refs. [119,
120].

Strained QW structures have shown significant reduction in the threshold current
density mainly due to lifting the HH-LH band degeneracy, which reduces the density
of states and enables population inversion at lower injection levels [111, 121, 122].
Moreover, reduced carrier density is contributing to the reduced temperature sensi-
tivity, which is derived from reduced carrier leakage, Auger recombination suppres-
sion of the valence band absorption [123]. Strain also affects the polarization selec-
tivity of QW lasers. The compressively strained QWs emit only in TE polarization,
while tensile strained QWs emit more in TM and less in TE polarization [117]. Other
advantages of strained QW lasers are decreased spectral linewidth [124], smaller
spontaneous emission rate (owing to the smaller transparency carrier density), bet-
ter quantum efficiency [125], and enhanced modulation speed (due to the increased
differential gain).
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3.4 Transverse laser structures

In the edge-emitting lasers the light propagates along the p-i-n-junction plane. When
Fabry-Perot resonator cavities are used the laser cavity is usually delimited longi-
tudinally by cleaved facets, which act as partly reflective mirrors. Both the car-
rier transverse population inversion and the transverse optical field confinement do
not only provide the conditions for stimulated emission but can also ensure sin-
gle transverse mode operation. The potential barriers between layers (particularly
the QW-to-barrier/WG in QW lasers) provide the vertical carrier confinement that
helps in achieving the population inversion, while the vertical optical confinement is
ensured by the SCH structure. Limiting the thickness of the active region as well as
the thickness of the WG layers and WG-to-cladding optical contrast ensures single
vertical mode operation.

Two types of methods are commonly used to ensure lateral carrier and opti-
cal field confinement and prevent the excitation of higher order lateral modes in
edge-emitting lasers: index and gain guiding. In gain-guided lasers the lateral con-
finement is obtained by spatially varying the gain in the lateral direction. This is
usually performed by restricting the current flow laterally to a narrow stripe (5-10
µm) along the longitudinal direction of the laser cavity. Although the current den-
sity spreads laterally when it flows towards the active region, the highest current
density is concentrated just beneath the contact. Laterally elsewhere the current
density is so low that the population inversion is not achieved and the active layer
is absorbing. Hence, the laterally varying gain in the active region confines the
stimulated emission laterally, inducing the lateral gain guiding of the optical field.

(a) (b)

Figure 3.3: Examples of (a) buried heterostructure laser and (b) ridge waveguide
laser transverse structures.

Index-guided lasers introduce a lateral variation in the refractive index, generally
on top of some form of lateral gain guiding. There are several ways to fabricate
index-guided lasers, but they are mainly based either on varying the thickness of
the semiconductor layers above the active region (like in ridge waveguide lasers) or
on inducing a lateral discontinuity in the semiconductor material (by etching and
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re-growth, like in buried heterostructure lasers).
The typical ridge waveguide structure employs a ridge is etched on top of the ac-

tive region, which may be subsequently embedded in a dielectric material. The bias
current is injected (with limited lateral diffusion) through the ridge into the active
region, overlapping to a large extent with the optical field, which is confined later-
ally by the lateral contrast of the vertical effective refractive index. The structure is
both index and gain guided laterally but since the lateral index contrast is relatively
small (i.e. weakly index guided) the structure also relies on the relatively high gain
guiding provided by the limited lateral extension of the current flow through the
active region.

The strongly index-guided buried heterostructure lasers can be fabricated by
etching a narrow stripe of the active region and subsequently embedding it into a
lower refractive index non-conductive semiconductor material. The lateral extension
of the current flow and the lateral confinement of the optical are given by the lateral
extension of the un-etched active region stripe. While this structure is both gain
and index guided, the index guiding is usually so strong that it dominates the
lateral guiding of light. Index-guided lasers have superior mode stability, lower
threshold, higher beam quality, and better linearity compared to gain-guided lasers.
Usually strongly index-guided lasers have even better characteristics than weakly
index-guided lasers, but their fabrication is more complicated and expensive [126].

3.5 DFB lasers

DFB lasers are edge-emitting lasers having a periodical variation of the (effective) re-
fractive index on the longitudinal direction (along the direction of light propagation).
The longitudinal periodicity provides constructive interference of the reflections from
refractive index variation only for wavelengths obeying the Bragg condition

2neffΛ = mλB, (3.4)

where Λ is the variation period, λB is the Bragg wavelength6, neff is the effective
refractive index, and m is the grating order.

This creates a feedback mechanism that selects only the longitudinal mode with
the closest wavelength to the Bragg wavelength. The periodic structure is also com-
monly denominated as a ’grating’, while the ’distributed feedback’ name is derived
from the fact that the feedback is distributed along the grating in the laser cavity.

The longitudinal variation of the (effective) refractive index is usually provided
6For a uniform grating there exists a particular wavelength, known as the Bragg wavelength

(λB), at which the partial reflections are out-of-phase and the propagating light waves completely
cancel each other, causing destructive interference.
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by etching a corrugation close enough to the active region (in order to provide good
overlapping with and coupling to the optical field), and subsequently embedding it by
regrowth with a semiconductor material of different refractive index (thus creating a
longitudinal buried grating structure). The buried grating fabrication requires that
the epitaxial growth process is stopped at some point and the epiwafer is taken out
from the growth chamber. Then the corrugation is etched onto the surface of the
wafer. After cleaning, the epiwafer is set back into the growth chamber where the
rest of the epilayer structure is grown over the corrugation (with the material grown
immediately on top of the corrugation having a different refractive index than the
corrugated material). A second processing stage follows to define the surface features
(e.g. ridge waveguide, contact opening and metallization) of the device [127]. This is
a complex expensive, time consuming process, involving at least two epitaxial growth
stages and two processing stages, and it may suffer from contamination between the
different growth and processing stages.

The DFB lasers can be alternatively fabricated using surface gratings [128, 129].
In this case the geometry of a weakly index-guided ridge waveguide laser ( processed
after the complete epitaxial growth of the epiwafer has been accomplished) includes
a periodic corrugation on one or the both sides. This method reduces the fabrica-
tion complexity, costs but has the disadvantage that optical feedback (i.e the grating
coupling coefficient) is limited due to the limited overlap between the optical field
distribution and the grating area. However, with a proper design the laterally corru-
gated (LC) ridge waveguide gratings can provide sufficient optical feedback [5,129].

It should be mentioned that the end facets also have an important role in the
design and operation of DFB lasers. When the optical feedback of the grating is
weak, the magnitudes and phases of the end facet reectivities govern the behaviour
of DFB lasers. If the optical feedback is stronger than the magnitudes of the end
facet reections the grating dominates and the end facets have a negligible effect on
the operation of a DFB laser.

Regardless of the fabrication method, the DFB grating structure can be described
as a one dimensional photonic crystal that prevents the propagation of light with
wavelengths within a stopband around the Bragg wavelength. Since modes can-
not propagate within the stopband a ’pure’ DFB structure (i.e. without any other
feedback mechanism apart from the grating) supports two degenerate modes placed
at the first antinodes on the sides of the stopband. The most common ways
to lift the dual-mode degeneracy of DFB lasers and achieve stable single longitudi-
nal mode emission are the use of un-balanced reflection from the laser facets, the
use of periodic gain/loss variation (aligned with the refractive index variation) and
the use of phase-shift(s). The un-balanced facet reflections are usually achieved by
high-reflection (HR) and anti-reflection (AR) coating of the facets. One problem
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(a) (b)

Figure 3.4: (a) shows the grating structure of a DFB laser. (b) shows the optical
spectrums of an uniform DFB laser and a QWS-DFB laser.

of this approach stems from the fact that the cleaved laser facets cannot be ac-
curately positioned with respect to the gratings. This makes the mode selection
based on un-balanced facet reflections very tricky and un-reproducible. Moreover,
the un-controllable phase of the facet reflections with respect to the grating reflec-
tions creates fabrication yield problems as most of the laser characteristics (e.g.
emission wavelength, output power, linewidth, modulation bandwidth, side-mode-
suppression-ratio) depend on it.

The periodic gain variation can be achieved through injection current modulation
(when the grating affects the longitudinal current distribution) or through loss vari-
ation induced by the grating structure. Although it ensures good single-longitudinal
mode stability, a significant and index-grating-phase-matched gain/loss variation is
tricky to achieve and might affect the laser characteristics.

A quarter wavelength long defect (phase-shift) placed within the grating intro-
duces a reflectivity dip in the stopband. This dip in the reflectivity enables single
longitudinal mode emission for the quarter-wave shifted (QWS) DFB laser [130],
which is a desirable property for many applications, particularly in optical com-
munication systems. In QWS-DFB lasers an integer multiple of a quarter of the
Bragg wavelength is usually chosen as a phase-shift section for the grating because
it guarantees the widest band gap and attenuates the other longitudinal modes near
to the Bragg wavelength [130]. Chirped (i.e. with slightly varying period) [131]
and apodized (i.e. with varying coupling strength) [132] gratings are used to mod-
ify the band structure of the 1D photonic crystal Bragg reflector. Sometimes so
called superstructures are applied as well. In superstructures multiple gratings are
placed next to each other, such that the individual gratings are separated by a small
unperturbed sections [133].
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3.6 Chirp and temperature induced effects in semiconductor
lasers

Since the carrier density influences both the optical intensity and the emission fre-
quency/wavelength, LDs can be used to generate optical intensity and frequency
modulated signals by directly modulating the current flow into the active region.
In the digital modulation LDs are typically pre-biased above the threshold current
and the digital data is encoded to the optical output by superimposing bias current
variations on the pre-bias. As the bias current varies, the carrier density and modal
gain switch the output power between different intensity levels.

However, any variation in the carrier density also leads to a refractive index
change because the gain and refractive index are related [134], and therefore the
emission frequency shifts. Hence, the intensity and frequency modulation are not
fully separable and there always is frequency modulation when intensity modulation
is present and vice versa. The relationship between the gain and refractive index can
be described empirically [135] using the linewidth enhancement factor, αH

7, given
by [47]

αH = −4π

λ

dneff/dNc

dGm/dNc

, (3.5)

where neff is the effective refractive index (i.e. the characteristic refractive index of
the laser structure), Nc is the electron density in the conduction band, and Gm is
the modal gain. Because the differential gain and refractive index are wavelength
dependent, it also reflects into the αH-factor. It has been observed that the αH-factor
usually becomes smaller as the emission wavelength (given by the Bragg resonance)
is blue-shifted with respect to the gain peak in DFB lasers (because this increases the
differential gain at the denominator of eq. 3.5). On the other, hand the αH-factor
increases when the emission wavelength is red-shifted from the gain peak [115, 136,
137].

There are several mechanisms that generate heat in LDs. Most of these are some-
how also related to carrier density, such as non-radiative recombination, resistive
heating, intraband scattering, optical absorption, and surface recombinations [119].
Particularly, carriers inside the active region can generate heat (largely through hot
carrier relaxation), which is conducted away from the structure and dissipated into
the surrounding environment. Temperature affects (usually negatively) many char-
acteristics of LDs, among them the threshold current [138], quantum efficiency [139],

7Unfortunately, it is hard to measure the αH-factor directly and therefore experimental results
are always dependent on the measured structure. For example, the temperature tuning effect is
also related to thermal expansion of the grating pitch in DFB lasers.
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and noise [140]. Consequently, the operation temperature of LDs is often stabilized.
The temperature variations induce changes in the refractive index and in the

material gain mainly because temperature modifies the band structure (particularly
by reducing the bandgap) in semiconductors [141]. The refractive index and the
material gain perturbations shift the emission wavelength. In some cases this is
a detrimental effect, but in some a desired property. Temperature also brings its
contribution to the αH-factor. When temperature rises, the derivatives of the gain
and refractive index with respect to carrier density decrease, but the slope of the
gain usually declines faster than the slope of the refractive index. For this reason
increasing temperature decreases the αH-factor [142].

Generally rising temperature increases the refractive index and the grating pitch
in DFB lasers. On the other hand growing carrier density lowers the refractive index
due the band filling, bandgap shrinkage, and free carrier absorption [115]. Hence,
temperature and carrier density variations introduce opposite shifts for the emission
wavelength. Because temperature variations take place in a slower time scale than
carrier variations [57], the FM efficiency, discussed in Section 2.3, is strictly depen-
dent on the variation speed of the injected carriers. At lower variation speeds, the
temperature induced wavelength tuning dominates, until temperature variations can
no longer follow carrier density variations. At higher variations speeds, the carrier
induced refractive index change is solely responsible for the wavelength tuning as the
temperature tuning effect vanishes. For QWS-DFB laser the competition between
these two counteracting phenomena causes a sharp dip in the FM efficiency close
to 10 MHz range modulation frequencies [57]. If a QWS-DFB laser is frequency
modulated close to the dip, this may lead to a bit-pattern dependent behaviour,
and distort the signal [74].

3.7 Requirements for dual-wavelength laser sources in remote
heterodyne detection links

There are several properties that are essential for a dual-wavelength laser source in
RHD links. In general the semiconductor lasers have a large phase noise that results
in a broad spectral width for the MMW signal when two separately generated (inco-
herent) laser lines are used to generate the MMW. Hence, RHD links usually exploit
laser sources that can generate two phase-correlated laser lines. In dual-wavelength
lasers both spectral lines are generated within the same laser cavity and therefore
they experience the same dominant noise sources. When both of these spectral lines
arrive to the photodetector, the common phase and frequency noises are subtracted
and the resulting MMW can have a smaller linewidth than the linewidths of the
laser lines in optical domain. The frequency drift of the MMW is also significantly
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reduced due to the same effect.
Moreover, a good MMW generation efficiency and a high SNR require that the

power levels of the spectral lines are relatively close to each other. However, this
requirement is not sufficient to ensure a high quality beat signal after the detection
because side modes can act as a background noise to the signal and degrade the
SNR, inducing supplementary mixing products that cause problems in the signal
processing. Hence, the side modes of the laser spectrum must be suppressed. Al-
though the mode balance is good and the side modes are suppressed, the laser lines
must also have sufficient power to overcome transmission losses (coupling losses,
fiber attenuation, etc.) but several non-linear effects, discussed in Section 2.2.3, set
an upper limit to the powers of the spectral lines that are launched into an opti-
cal fiber. Also the structures that utilize a monolithically integrated semiconductor
optical amplifier can boost the powers of the laser lines if they are not adequate.
Moreover, there are various other characteristics that are wanted in dual-wavelength
lasers, including narrow spectral widths (which increases the tolerance with respect
to chromatic dispersion) and a common polarization for both spectral lines.

The most troublesome requirement for dual-wavelength lasers in RHD links is the
stability of the dual-wavelength emission, which is difficult to attain due to the gain
competition of the laser modes. A strong gain competition can cause fluctuations
in the relative amplitudes and frequencies of the spectral lines and these variations
are directly transferred to the MMW in the detection, deteriorating the quality of
the resulted electrical signal. By reducing the spatial overlap of the optical fields of
the two modes, the competition for gain of the two laser modes may be alleviated.
Because multi-section laser structures can reduce the overlap of the optical field
distributions of the two laser lines these structures are favourable solutions in the
design of dual-wavelength lasers. It is also possible to efficiently tune the frequency
difference of the two modes by injecting a longitudinally non-uniformly distributed
bias current into a multi-section laser structure when the modal distributions have a
reduced overlap because the modes experience the carrier and temperature induced
refractive index changes differently.
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4. TRAVELLING WAVE MODEL OF DFB

LASERS

The modelling of semiconductor lasers is a complicated task due to many complex
interactions taking part in the operation of these devices. The detailed description
of LDs would require a full quantum mechanical treatment and the solution of
a coupled opto-electro-thermal problem (already outlined in Chapter 3). Since the
fabrication process of LDs is never perfect, the similarity between the characteristics
of the modelled and fabricated device cannot be taken for granted even for detailed
laser models. Essentially the full description can be far too complex to work with.
Therefore many simplified models have been proposed to give a basic understanding
of the operation of LDs and their dynamic behaviour [143–145].

In this work we concentrate on a one dimensional time-domain travelling wave
(TDTW) model based on models described in [127,146–149]. TDTW models provide
many advantages over commonly used standing wave approach which is valid only if
the photon lifetime is short compared to the characteristic time of the laser dynamics
[150]. Meanwhile TDTW models handle laser dynamics in a very small characteristic
time scale [150]. The standing wave approach and other modelling methods forced
to seek the resonance frequencies of the laser cavity in the complex plane may suffer
from convergence problems. This is particularly problematic if the modelled laser
is also unstable, because the instability of the laser can cause further convergence
problems, and there isn’t necessarily a way to detect the source of the failure [119].

TDTW method, instead, does not handle individual longitudinal modes explicitly,
but the resonance frequencies can be found out by applying the discrete Fourier
transform to the time-dependent envelope functions of the forward and backward
travelling waves [146]. TDTW models are particularly applicable for multi-mode
lasers because they do not need to solve resonances self-consistently at each time step
as frequency-domain methods. Since TDTW models include stochastic spontaneous
emission sources, they also take into account realistically the effects of spontaneous
emission and quantum noise on the laser characteristics.

TDTW also has several drawbacks. Particularly the spectral dependency of the
material gain or refractive index are hard to implement efficiently in time-domain
because the longitudinal modes are not explicitly known during
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the simulation1. Usually TDTW algorithms are only conditionally stable. The
stability conditions strictly restrict the spatial and temporal step sizes. Any violation
of the stability requirements can lead to spurious solutions and numerical instabilities
[127]. Although TDTW algorithms can be used to estimate the linewidth of a laser,
this is practical only for relatively broad linewidths because the simulation time is
proportionally to the square of the frequency resolution. Thus, very long simulation
times are required in order to average out the noise of a narrow linewidth laser [119].

4.1 Travelling wave equations

The classical electromagnetic theory gives a relatively comprehensive picture of DFB
lasers from the optical point of view. According to that theory, the solution of an
initial and boundary value problem is required to give the full optical description of
DFB lasers. Unfortunately large scale Cauchy problems are cumbersome to solve.
Since the optical response of LDs is much faster than the electronic or thermal time
scales, it is typically sufficient to consider Maxwell’s equations in their time-harmonic
form. Moreover, it is assumed that the refractive index variations are small in the
regions where optical intensity is confined, and therefore the exact solution can be
conveniently approximated with relatively good accuracy by a series expansion of
TE and TM modes. Because the semiconductor layers, where the light is guided, are
very thin in the vertical direction but relatively broad in the lateral direction, it is
assumed further that TE and TM modes have only one dominant polarization com-
ponent similar to well-known slab waveguides [127]. Due to these approximations,
the problem can be separated into two coupled but much simpler scalar problems
that govern the transverse and longitudinal structures separately. Despite the var-
ious approximations, the separation of the longitudinal and transverse solutions is
a lengthy procedure and it is not considered in this work but a detailed discussion
can be found from for example in [127].

The two dimensional transverse problem provides the transverse field distribution
u(x, y) and propagation constant βm pairs with the given angular frequency ωm of
the m-th longitudinal mode. The solutions correspond to the TE and TM modes
of a fully passive guiding structure having an infinite translation symmetry in the
longitudinal direction without any gain, loss, or reflections (e.g. grating structure).
Although this problem has an infinite number of solutions, there is only a finite
number of modes that vanish at infinity and have a real valued propagation constant
in a lossless structure. These requirements are essential for the modes guided in a

1Of course it is possible to apply a DFT-algorithm to the envelope functions after each time
step but this is computationally expensive, since the inverse Fourier transform must be performed
to return to time-domain.
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Figure 4.1: Schematics of a DFB laser with laterally-coupled ridge waveguide grating.

passive optical structure. Hence the transverse problem is given by

∇2u(x, y) + k2u(x, y) = β2
mu(x, y), (4.1)

with Sommerfeld radiation condition [151]. Moreover it is assumed that the solutions
have a continuous first derivative.

The problem is similar to one discussed earlier in Section 1.2.1. Unlike for optical
fibres, there are no analytical solutions for the transverse problem that fulfills the
boundary conditions in edge-emitting lasers due to the more complicated geometry.
Thus, numerical methods are required to approximate the exact TE and TM modes
in the transverse cross-section [152,153].

The design of the transverse structure of DFB lasers is aiming that only the
fundamental solutions of TM and TE modes exist (i.e. single transverse mode
operation). Because the optical feedback and confinement of TM modes are smaller
than TE modes [98], it can be assumed that the fundamental TE mode starts to lase
first, and the fundamental TM is suppressed, particularly in compressively strained
QW structures.

The second sub-problem examines operation along the longitudinal structure,
which is governed by a pair of travelling wave equations (i.e. classical advection
equations). The derivation of the travelling wave equations used in this work is
based on the assumption that the electric field amplitude can be written as

Ψ(r, t) = u(x, y)
∑
m

(
F (z, t)eωmt+βmz +R(z, t)eωmt−βmz

)
(4.2)

where u(x, y) is the transverse field distribution of the fundamental TE mode. F (z, t)

and R(z, t) are spatially and temporally slowly varying envelope functions.
Taking into account the periodic variation of material or geometry in the longi-

tudinal direction and assuming that the time variations of the refractive index are
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slow compared to the optical frequencies, two travelling wave equations are obtained
for the counter-propagating envelope functions [127]

1

vg

∂F

∂t
+

∂F

∂z
− (Γg − α− jδ)F = jκR + ispon,f , (4.3a)

1

vg

∂R

∂t
+

∂R

∂z
− (Γg − α− jδ)R = jκF + ispon,r, (4.3b)

where vg refers to group velocity, g is the material gain per unit distance, Γ is the
confinement factor, and αi is the loss factor. δ is the detuning factor and κ is
the coupling coefficient. These parameters are defined more rigorously later in the
following sections.

In the TDTW model the counter-propagating envelope functions are solved di-
rectly in time-domain and they carry information about the amplitude and phase of
the spectral components which is essential in order to characterize the behavior of
classical waves in gratings and interfaces. Since photons are not classical particles,
the envelope functions and photon density must be somehow tied to each other.
As both the photon flux and the square of the classical electric field are propor-
tional to the light intensity, the envelope functions are normalized according to a
semi-classical interpretation [154]

S = |F |2 + |R|2. (4.4)

The photon density is related to the optical power of a laser through [154]

P = hfvgSA, (4.5)

where A is the area of the guiding region and f is the reference frequency. Here it
has been assumed that the photon density is uniformly distributed over the guiding
area and vanishes everywhere else.

In general, a partial differential equation without any initial or boundary condi-
tions has an infinite number of solutions or it has no solution. Therefore, auxiliary
initial and boundary conditions are imposed. Because it is assumed that there are
no photons inside the laser before the simulation starts, the zero solutions are set
as initial conditions. It is also required that the solutions of equations (4.3) must
meet following boundary conditions

F (0, t) = r2R(0, t), , R(Lcav, t) = r1F (Lcav, t) (4.6)

where r1 and r2 are the complex reflection coefficient of the end facets and Lcav is
the cavity length.
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4.1.1 Gain and detuning factor in TDTW equations

The TDTW equations described in Section 4.1 are classical advection equations.
The general solutions of homogeneous advection equations

1

vg

∂R

∂t
− ∂R

∂z
= 0, (4.7a)

1

vg

∂F

∂t
+

∂F

∂z
= 0, (4.7b)

are well-known since they simply translate each point in the initial solution to the
new position z ±vg∆t. Hence, they describe the movement of waves travelling in the
−z and +z directions with velocity vg. Therefore these equations are also known as
one-way wave equations. When the net modal gain, loss factor and phase are added
to the right hand side

1

vg

∂F

∂t
+

∂F

∂z
= (Γg − α− jδ)F, (4.8a)

1

vg

∂R

∂t
− ∂R

∂z
= (Γg − α− jδ)R, (4.8b)

it can be shown that substituting trials [127]

F = e(Γg−α−jδ)vgtF̃ , R = e(Γg−α−jδ)vgtR̃ (4.9)

into equations (4.8), only the solutions of the advection equations (4.7) in terms of
variables F̃ and R̃ are needed. Namely, the solutions of equations (4.8) are simply
recovered from these solutions using equations (4.9).

The αi-factor takes into account general losses such as absorption, radiation and
scattering losses within the laser cavity. The detuning factor that appears in Equa-
tions (4.8) is defined according to

δ = β − βr =
2πneff

λ
− βr, (4.10)

where neff is the characteristic refractive index of the guiding structure also know
as effective refractive index. The detuning factor has two main tasks. First of all it
is numerically convenient to normalize the propagation constants with respect to a
certain reference value. The second task is related to the carrier and temperature
induced refractive index changes that can be efficiently implemented using the de-
tuning factor, because it creates an additional phase shift to the envelope functions
when neff changes. The choice of the reference propagation constant is arbitrary. In
DFB lasers the detuning factor is often defined as the deviation from the propagation
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constant meeting the Bragg condition

2βrΛ = 2mπ, (4.11)

where Λ is the grating period, and m is an integer known as the grating order. This
choice is taken because the grating period is usually constant and in DFB lasers the
propagation constants are interesting close to the Bragg condition. If there is no
grating present, then a good choice for the reference propagation constant is defined
by the wavelength of the peak gain.

4.1.2 Finite difference method and discretization

Assuming that the group velocity is constant throughout the device2, the TDTW
equations are discretized by dividing the laser into small segments (s > 0) with equal
lengths in the longitudinal direction. It can be thought that there is node between
two adjacent sections where a transfer matrix and a supplementary noise source are
located. The transfer matrix and noise source take into account the fundamental
processes of DFB lasers (gain, losses, noise, coupling, etc.). At each time step the
values of an envelope function are updated in all the nodes using the old solutions
from the previous time steps as an input. After the solutions are updated in the
node points, then the next time step is taken and the envelope function are once
again updated in the node points. Each node point also has a reservoir of carriers
that interacts with the photon density through a carrier rate equation.

Figure 4.2: Schematics of the numerical implementation of TDTW method. In the
figure the forward travelling envelope function (F Tn

Z ) is propagating to the right, and
the reverse envelope function (RTn

Z ) travels to the left.

The solutions of the travelling wave equations are searched using the second-
order central difference scheme in time and space. Since the method is an explicit
time-marching algorithm, the spatial and temporal step sizes (∆t > 0) are not inde-
pendent of each other [155]. The numerical stability of the algorithm requires that

2The choice of constant group velocity simplifies the model, but it is not compulsory and the
group velocity can vary with respect to the position. However, if the group velocity also depends
on time, a more complicated algorithm is required.
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so called Courant-Friedrich-Lewy (CFL) condition [156]

0 <
vg∆t

s
= CCFL ≤ 1 (4.12)

is fulfilled. Otherwise the information is forced to propagate numerically faster
than the group velocity which leads to instabilities and the numerical algorithm
may yield unreliable, spurious results. The inequation (4.12) is only a necessary
condition, but it is not sufficient to ensure the stability. However, it has been shown
that the numerical errors at a time step do not grow in time for this particular
algorithm [127]. Consequently it is said that the method is numerically stable. This
also guarantees that the algorithm generates a solution that remains bounded if
Equation (4.12) holds.

In this work central difference approximations are used. The central difference
approximation of a spatial derivative is written as

∂F

∂z

∣∣∣∣
z=Zs,t=(T− 1

2
)∆t

≈
F

T− 1
2
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2

− F
T− 1

2

Z− 1
2

s
, (4.13)

where T and Z are temporal and spatial node points. Time derivatives are approx-
imated using

∂F

∂t

∣∣∣∣
z=(Z+ 1

2
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≈
F

T+ 1
2

Z+ 1
2
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2
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2

∆t
. (4.14)

Although the values of a continuous function may be approximated using the func-
tion value at the previous time step, a more convenient solution in terms of the
numerical formulation is to use an averaged value such that

F (z, (T − 1

2
)∆t) = F

T− 1
2

Z ≈ 1

2

(
F

T− 1
2

Z+ 1
2

+ F
T− 1

2

Z− 1
2

)
, (4.15)

This method is called Lax averaging [157], and it is used when the numerical ap-
proximations of the travelling wave equations are constructed later.

Since the finite difference approximations of the time and spatial derivatives arise
from cutting off the Taylor series of the corresponding derivatives, there is an error
that reflects the fact that only a finite number of terms are used in the approxi-
mation. This truncation error decreases as the step size decreases. In the central
difference scheme used in this work, the truncation error is proportional to the square
of the step size, and therefore it is a second-order method.

There is also another source for numerical errors originating from the finite pre-
cision computations. Unlike truncation errors, round-off errors rise as the step size
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decreases. Both truncation and round-off errors can spread out the solution such
that large gradients are smoothed as time evolves [158]. They also introduce a dif-
ferent numerical dispersion relation for the waves that numerically propagate in the
simulation compared to the physical waves [158]. Since the distortions caused by
numerical dispersion are smallest when the CCFL-number equals to unity [127,158],
the time and spatial step sizes are chosen according to the condition ∆t = s/vg.

4.1.3 Gratings and coupled waves

Guided modes of an ordinary dielectric waveguide with infinite translation sym-
metry are orthogonal and therefore they do not exchange energy with each other.
However, a longitudinally periodic perturbation breaks this orthogonality such as
contra-propagating waves can interact with each other [159]. The periodic perturba-
tion affects photons in a similar way than the periodicity of a semiconductor crystal
affects the motion of electrons. Hence, if the conservation laws of the momentum
and energy are fulfilled the optical waves with opposite wave vectors can couple into
each other and exchange energy.

Effective index method and coupled-mode theory has been applied to give a
relatively good approximation for weakly coupled structures [159–161]. Since these
approaches provide a good accuracy with a small computation cost they are used
to couple contra-propagating envelope functions into each other in the developed
TDTW model. According to the coupled-mode theory a simple complex factor
known as coupling coefficient κ is used to describe how much an envelope function
is coupled into the another counter-propagating envelope function [162]. When
the propagation constant lies in the photonic band gap, the coupling coefficient
introduces an imaginary component to the propagation constant, attenuating the
corresponding longitudinal mode. For higher order gratings correction terms are
used to take into account radiative modes [162]. These terms are neglected in this
work.

By adding the coupling term to the right hand side of Equation (4.7), a pair of
coupled advection equations are obtained [127]

1
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∂F̃

∂t
+

∂F̃

∂z
= jκR̃. (4.16a)

1

vg

∂R̃

∂t
− ∂R̃

∂z
= jκF̃ . (4.16b)

Equations (4.16) should be solved with boundary conditions

F̃ (0, t) = r2R̃(0, t), R̃(Lcav, t) = r1F̃ (Lcav, t), (4.17)
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and using initial values F̃ (z, t) = 0 and R̃(z, t) = 0. Numerically the equations
(4.16a) and (4.16b) are approximated by applying the central difference scheme and
Lax averaging as discussed in Section 4.1.2. These approximations yield a pair of
discrete equations
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Solving Equations (4.18) in terms of unknown variables F̃ T+ 1
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for the envelope functions F and R in Equations (4.3) is obtained. Although the
indices of the time steps and spatial mesh points in Equations (4.19) are not integers,
there is no need to restore envelope functions at half-integer time steps and node
points because it is possible to apply an half-integer shift to the variables.

4.2 Carrier rate equation

Travelling wave equations (4.3) and boundary conditions (4.6) are not solely suffi-
cient to describe the behavior of DFB lasers that can exhibit highly non-uniform
photon and carrier densities along the length of the device. In order to complete the
picture of the energy exchange between carriers and photons in DFB lasers, the op-
tical model must be coupled with the electrical transport process. However, classical
macroscopic carrier transport models such as drift-diffusion model are complicated
to implement and computationally expensive. Hence it is assumed that each longi-
tudinally sliced segment has a carrier reservoir that interacts with photon density.
Within the sections carrier-photon interactions are modelled combining travelling
wave equations with a carrier rate equation. The carrier rate equation given by [127]

d(ΓV Nc)

dt
=
Iη

q
− 2ΓV vgg(Nc, S, λ, T )S−

ΓV (ASRHNc +BsponNc
2 + CAugNc

3), (4.20)

considers the rate of change of the total carrier number within the active volume
occupied by the segment. In Equation (4.20) V is the volume of the guiding region
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expressed as V =As. η is the injection efficiency which describes the lateral current
spreading, leakage over the hetero-barriers, and electron-hole pair recombinations in
the WG and barrier layers. ASRH , Bspon and CAug are experimentally determined
recombination coefficients. It has been assumed that the optical power is uniformly
distributed over V and outside this volume it completely vanishes. Because the
active region is much smaller than the region where photons are confined, the term
ΓV takes into account that only a fraction of the carrier density overlaps with the
photon density.

The first term on the right hand side in Equation (4.20) describes the total
number of injected electron-hole pairs. The second term is related to the net rate at
which stimulated emission reduces the electrons in the conduction band. The last
remaining terms incorporate the reduction of the carrier number due to spontaneous
emission and non-radiative recombination. In Equation (4.20) it is assumed that the
carrier transit and capture times are negligible. The effects of thermal carrier escape
and longitudinal carrier diffusion are also omitted.

4.2.1 Recombination terms

In semiconductors a spontaneous emission event takes place when an electron and a
hole recombine. Therefore the spontaneous emission rate depends on the number of
occupied electron states Nc in the conduction band and on the number of vacancy
states in the valence band Pv. Thus the number of spontaneous emission events is
expected to be proportional to the product of the electron and hole number, i.e.
NcPv [148]. Usually the LD active regions are nominally undoped and therefore the
charge neutrality condition Nc ≈ Pv holds. Consequently the spontaneous emission
rate is approximated by a semi-empirical formula [163]

Rspon = BsponN
2
c , (4.21)

where Bspon is the proportionality factor known as bimolecular recombination coef-
ficient. It has been shown that the injection current, bandgap energy, and tempera-
ture have a strong impact on Bspon [164–167]. Bspon is also much smaller for indirect
than direct bandgap semiconductors [69].

Excited electrons can also interact with other atoms or particles such that no
energy is released in the form of electromagnetic radiation. In such a case the
released energy typically excites phonons in the semiconductor crystal. Because
non-radiative recombinations do not generate any photons they must be minimized
for LDs.

Semiconductor crystals are never perfect, and there are always imperfections and
impurities which may affect the characteristics of the structure. Imperfections (i.e.
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defects) introduce energy states (i.e. traps) in the forbidden bandgap. These states
can also facilitate two step trap-assisted recombination processes which may be
associated with absorption of multiple phonons [88]. A carrier is able to use these
intermediate states as stepping stones. It can first fall into an intermediate state
and in the second step it moves into the valence or conduction band. Because energy
and momentum must be preserved during the processes, these transitions emit or
absorb photons or phonons.

The Shockley-Read-Hall model characterizes the recombination caused by im-
purities and other defects in a semiconductor [168]. At high injection levels the
recombination rate is approximated as [102]

RSHR =
Nc

τe + τh
= ASRHNc, (4.22)

where τe and τh are recombination lifetimes of electrons and holes respectively. Be-
cause the recombination rate is directly proportional to carrier density, Shockley-
Read-Hall recombinations have a limited effect on the total recombination rate at
high injection levels.

In Auger recombination processes the released energy of an electron-hole recom-
bination is transferred to a third carrier which can be an electron or hole. Auger
recombination processes are non-radiative processes because the energy of the third
particle is eventually released to the lattice. In two electron and one hole collisions
the rate of Auger recombinations is proportional to the number of available states
in the valence band Pv and the square of occupied states in the conduction band
Nc. On the other hand processes involving two holes and one electron are propor-
tional to NcP

2
v . Therefore Auger recombination rate depends strongly on the carrier

concentrations and it becomes important when both carrier densities are high [102].
Auger recombination rate is expressed as

RAuger = CAugN
3
c , (4.23)

where the proportionality factor CAug is typically determined empirically. CAug

depends also strongly on the band gap, and CAug decays rapidly when band gap
increases. It can be shown that increasing temperature also increases the recombi-
nation coefficient [169].

4.3 Gain modelling

Since the material gain g(Nc, Pv, S, λ, T ) affects many characteristics of LDs, its
accurate modelling is required to improve the understanding of the behaviour of
LDs. Although thermal effects can be taken into account in the material gain, it
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is complicated when the characteristic time scale of a laser is smaller than ∼ µs

[150,170]. Because the electronic time scale is much smaller ∼ ns than the thermal
time scale, the temperature distribution must be updated much slower than the
carrier density in transient simulations. Since the main interest of this work is
focused on direct modulation, the temperature induced variations in the material
gain has been neglected in order to avoid complicated coupling between carrier and
thermal equations.

In QW structures the material gain varies sub-linearly with respect to the carrier
density [111], and therefore the logarithmic fit of material gain is widely applicable
for QW lasers [102]. However, the linear fit provides a reasonable good accuracy
for LDs with MQW active regions if the total losses are relatively small [111]. Be-
cause the lasers, modelled in Chapter 5, must employ a grating having a quite good
coupling strength in order to suppress undesired longitudinal resonances, the as-
sumption of the low total losses is expect to be valid. Hence, the carrier density
dependence of the material gain is expressed as

g(Nc) = g0(Nc −Ntr), (4.24)

where Ntr is the transparency carrier density and g0 is an experimentally determined
fitting parameter. Gain saturation introduced by carrier heating and spectral hole
burning are included by introducing a non-linear gain coefficient ε such that [127]

g(Nc, S) =
g(Nc)

1 + εS
. (4.25)

As discussed before the material gain also depends on the wavelength of photons.
Unlike in frequency-domain methods, the wavelength dependence is not straight-
forward to implement in time-domain methods in which the oscillating longitudinal
modes are not explicitly known. A convenient solution is to employ temporal fil-
tering during the simulation [127]. Temporal filtering decreases computational cost
because it can be implemented efficiently evaluating simple convolutions directly
in time-domain and no conversions between time, and frequency domain is needed
during the simulation.

If losses are kept relatively low, the threshold gain is usually also quite low and
only the electronic states from the first subband of a strained MQW structure are
required to achieve lasing action. In this case a good approximation of the gain
curve close to the gain peak is obtained when a parabola or Lorentzian function are
fitted to the experimental data. These type of filters are simple to implement and
therefore digital Lorentzian filters are used to model gain dispersion in this work.
For broadband gain modelling modern spatio-temporal digital filters must be used
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instead [171].
As digital filters handle discrete-time signals they are an obvious choice for gain

filtering. Linear digital filters are divided roughly into two categories; finite impulse
response (FIR) filters and infinite impulse response (IIR) filters according to their
filter coefficients. The general formula for digital filters is given by [172]

yn =
M∑
k=0

ckxn−k +
N−1∑
j=0

djyn−j−1. (4.26)

For FIR filters the dj coefficient vanish, contrary to IIR filters where dj coefficients
may have non-zero values. IIR filters are usually more compact and they can ap-
proximate the prescribed frequency response accurately with a smaller number of
coefficients than FIR filters [172]. Hence IIR filters have smaller storage require-
ments and it is possible to evaluate the convolution faster but it is worth noting
that FIR filters are always stable, whereas IIR filters may be unstable which must
be taken into account when IIR filters are designed. In this work the material gain
is filtered using an IIR filter. The filter coefficients are given in [127]. The gain
filter falls into zero at the Nyquist frequencies ±1/2δt and thus aliasing errors are
avoided.

4.4 Spontaneous emission sources

As DFB lasers in reality, the numerical TDTW model is also excited by sponta-
neous emission. This feature is implemented using complex spontaneous sources
which have randomly distributed real and imaginary parts. At each spatial and
time step spontaneous emission sources are substituted into Equations (4.3). Spon-
taneous emission sources are generated using a normally distributed pseudo-random
number generator with zero mean such that the sources fulfill the following correla-
tion relations [154]

〈ispon,f,r(z, t), ispon,f,r(z′, t′)〉 = βspon(BsponN
2
c )δ(z − z′)δ(t− t′)/vg, (4.27a)

〈ispon,f,r(z, t), ispon,f,r(z, t)〉 = 0, (4.27b)

where βspon is the coupling coefficient of spontaneous emission into the lasing modes,
δf is the Delta function, and 〈·, ·〉 is the usual inner product of complex numbers.
Since the spontaneous emission sources meet Equations 4.27 in the node points at
each time step, they are spatially and temporally uncorrelated.
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4.5 Spectral linewidth

In communication systems it is preferable that optical sources emit over a narrow
spectral width. Fundamentally the spectral width is limited by the coupling of
spontaneous emission to the stimulated emission which induces fluctuations to the
intensity and phase of the laser output [47]. These fluctuations are not independent
of each other and their mutual coupling brings its contribution to the laser linewidth
[47].

Hence the linewidth depends on the spontaneous emission rate, but it also de-
pends on several internal and external factors such as the fluctuations in the carrier
density, the recombination rates, the optical gain, and the operation temperature.
Phase fluctuations of a DFB laser are ideally considered to be a stochastic Gaus-
sian random process. Thus the linewidth is found to be Lorentzian with a spectral
linewidth [173]

∆ν =
Rsp

4πI
(1 + αH

2) =
τv2gnsp

4π(Nc −Nth)Vact

(αi + αm)
2(1 + αH

2), (4.28)

where Rspon is the spontaneous emission rate, αH is the linewidth enhancement
factor, I is the light intensity, nsp is spontaneous emission coupling factor, vg is the
group velocity, ηi is the injection efficiency, αi is the internal loss factor, αm is the
mirror loss factor, Nc is the carrier density, and Nth is the threshold carrier density.

Equation (4.28) indicates that the linewidth should decrease as the time-averaged
output power Pout rises and this behaviour has been experimentally observed in LDs
at low power levels. However, the linewidth usually saturates close to 1-10 MHz
in LDs and starts to broaden as the output power increases beyond the linewidth
reduction saturation point [174]. Several reasons for the linewidth rebroadening
have been studied; mode instability [55], existence of sidemodes [56], spatial hole
burning [175], and non-linearity of gain and refractive index [176].

Even though it is not obvious from Equation (4.28), the linewidth depends on the
length of the laser cavity, since Rspon decreases as the laser cavity becomes longer
and the mirror losses decrease. Also the photon density increases at a given output
power. For these reasons the linewidth of a Fabry-Perot laser varies according to
L−2
cav [174]. The dependence of the cavity length is shown to be much stronger κ−2L−3

cav

in QWS-DFB lasers with no end facet reflections due to the highly concentrated
intensity distribution [177]. On the other hand the spatial hole burning can degrade
the linewidth if the κL-product is too high, and therefore κ is usually kept relatively
low.

Because single QW structures have smaller spontaneous emission coupling fac-
tor, it was predicted that single QW structures are superior to MQW structures in
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terms of linewidth [110]. Nevertheless it has been noticed that MQW structures
can exhibit reduced linewidth compared to their single QW counterparts [174,178].
These observations are explained through the improved differential gain and smaller
state filling in the WG and barrier layers [113]. Due to the same reasons strained
QW structures have also shown lower values of the linewidth enhancement factor
compared to the lattice matched structures [179]. Under modulation the linewidth
broadens significantly due to carrier induced refractive index change. In the TDTW
model the effective refractive index change is estimated using a first-order approxi-
mation

neff (Nc) ≈ neff,0 + ΓNc
∂neff

∂Nc

, (4.29)

where neff,0 is a known reference value at negligible carrier injection.

4.6 TDTW modelling of multi-section lasers

The developed TDTW model gives a good picture of complex multi-section lasers
with a relatively low computational cost. The model takes into account the longitu-
dinally non-uniform distributions for the carrier and photon densities, for the gain,
for the grating coupling coefficient, for the losses, for the effective refractive index,
and the longitudinal variations of the transverse sections. Different combinations of
active, passive, grating and gratingless sections are also easily modelled. Further-
more, spontaneous noise sources are included into the model, making the algorithm
more realistic.

Despite the simplicity of the model it is possible to obtain reasonable estimates
for many device characteristics such that the linewidth, threshold current, optical
power, and spectrum, which can be compared to experimental results. The simu-
lations performed with the model provide a detailed information about important
characteristics within the laser cavity that cannot be measured directly (e.g. lon-
gitudinal carrier and photon densities). Many of the longitudinally non-uniform
characteristics are essential when the laser structures are designed and optimized to
achieve the best possible performance.

The model allows continuous wave as well as transient analysis for a relatively
short time-scale, providing important information about the behavior of a laser in
time-domain (the rise and fall times, the frequency and damping rate of relaxation
oscillations, the overshoot and undershoot of the signal, the jitter). The algorithm is
flexible and it is possible to incorporate various sub-problems to the TDTW model
in order to improve its correspondence with respect to actual devices.



71

5. SIMULATION RESULTS AND

COMPARISONS

In this chapter a simulation program based on the model described in Chapter 4 is
used to estimate some basic continuous wave (CW) and transient operation prop-
erties of the well-known QWS-DFB and Fabry-Perot lasers. These results are com-
pared with the analytical and numerical solutions obtained in [180,181] which exploit
the power matrix method (PMM).

The chapter also contains sections that introduce CW and large signal modelling
results, and analysis of superstructure grating (SSG) DFB lasers. These lasers can
be used to generate dual-wavelength emission with electrically tunable frequency
separation. CW analysis concentrates on the characteristics of the laser structure
without any applied modulation. In the large signal analysis the dynamic behavior of
the structure under direct modulation is investigated. The dynamic analysis reveals
how the dual-wavelength emission generated with the aid of the SSG-DFB laser
structure can carry frequency modulated digital data at a MMW carrier frequency
in a RIN limited unamplified RHD link.

In the simulations the receiver is assumed to be perfect and no additional noise
is imposed due to the detection. More detailed analysis would require that shot and
thermal noises, and PIIN are inserted into the signal. Dispersion and non-linearity
of the communication channel are also neglected for simplicity. However, it is pos-
sible to include chromatic dispersion in the large signal analysis with a relatively
straightforward method by filtering the numerical signal generated by the TDTW
model [4]. The characterization of non-linear effects in a RHD link requires more
rigorous treatment, and the solution of the pulse propagation equation that can be
solved numerically using for example split-step Fourier method [4].

5.1 Conventional laser structures

In the following the large signal dynamics and CW behavior of a QWS-DFB laser are
considered briefly by using the same simulation parameters as in [180, 181]. These
modelling parameters are listed in Appendix B. At first the light-current character-
istics of the laser are investigated by running a series of independent simulations
with uniformly distributed injection current. After each simulation the bias current
is increased, and the final output power of a laser end facet is stored. Because it
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has been seen from the output signal that the turn-on transients settle down before
8 ns even for high injection levels, the simulation time of an individual simulation is
chosen to be 15 ns in order to guarantee that the CW operation is reached. In [112]
it has been found that the threshold current of the laser lies close to 32 mA. Ac-
cording to the TDTW simulations the threshold current is about 29 mA. The bias
current is increased to I1 =49 mA where both PMM and TDTW implementations
give about 2.5 mW output power in the CW operation.

0 1 2 3 4
0

2

4

6

8

10

Time (ns)

O
pt

ic
al

po
w

er
(m

W
)

(a)

0 1 2 3 4
0

2

4

6

8

10

Time (ns)
O

pt
ic

al
po

w
er

(m
W

)
0 1 2 3 4

1.4

1.45

1.5

Time (ns)

R
el

at
iv

e
ca

rr
ie

r
de

ns
ity

(b)

Figure 5.1: (a) depicts the optical power response from one of the facets of the
QWS-DFB laser to a step variation of the bias current from just below the threshold
current to approx. 1.7 Ith. The red graph is the solution presented in [112], where
the problem is solved using PMM. The blue graph is the solution obtained with the
implemented TDTW program. (b) illustrates the evolution of the longitudinally av-
eraged relative carrier density (green) and the optical output power (blue) calculated
by the TDTW program. The carrier densities are normalized to the transparency
carrier density (i.e. Nc = Ntr =1).

In the second stage the large signal modulation characteristics of the laser are
considered. The laser is biased just below the threshold value and the simulation
is run as long as the carrier and photon densities reach the steady-state. Then a
step-like current density is injected to the laser such that the bias current is switched
rapidly to I1. The output power of a laser facet and the longitudinally averaged
carrier density are stored during the simulation. Moreover, two spectrums of the
signal are calculated by applying a Fourier transform algorithm [182] to the output
power. The first spectrum is evaluated from the first 2 ns after the bias current is
switched to I1 and the second spectrum is calculated from a time period between 2
and 4 ns.

Figure 5.1 shows how the carrier density starts to climb up as soon as the current
pulse is injected, whereas the photon density waits until the threshold carrier concen-
tration is reached. After that the photon density and optical power rapidly increase
and cause carrier density to drop as stimulated emission rate causes more and more
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electrons to fall into the valence band. Consequently, the gain also drops, reducing
the photon density. Carriers can then accumulate again and initiate an increase
in the photon density. This energy exchange is referred to relaxation oscillations
(ROs), and its consequences were discussed earlier in Section 3.3.2.
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Figure 5.2: (a) indicates the optical power along the longitudinal QWS-DFB laser
structure evaluated using the implemented program (dashed blue) and PMM (dashed
red) [112]. (a) shows also the corresponding relative carrier densities for the laser
structure (solid lines). (b) illustrates the spectra of the simulated QWS-DFB laser
during the transients (blue) and under the CW operation (green). This figure shows
how the chirp broadens the spectral width of the QWS-DFB laser under direct mod-
ulation.

Figure 5.1 points out that there are still significant variations in the output power
after the ROs have decayed (t >2.5 ns). These fluctuations are induced by the spon-
taneous emission noise and a poor side-mode suppression ratio (SMSR) [154]. In
QWS-DFB lasers the defect in the middle of the longitudinal structure creates a
peak in the highly non-uniform longitudinal photon density that drains the popu-
lation inversion associated with the main mode. However, the main mode does not
deplete the population inversion in the nodes of the optical field and other modes
can exploit the population inversion of the gain material in the middle of the lon-
gitudinal structure because they have a different longitudinal periodicity than the
main mode. Hence, this effect, known as longitudinal spatial hole burning (LSHB),
may weaken the SMSR and lead to a multimode operation in devices that have a
high κLcav-product [154,180].

In order to verify the correct operation of the gain filtering, the optical spectrum
of a typical Fabry-Perot laser structure is simulated in the CW operation. The
simulation parameters can be found from Appendix B. The simulated mode spacing
is 100.1 GHz with the frequency resolution of 13 MHz. This is in good agreement
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with the theoretical mode spacing 101.4 GHz given by equation [183]

∆f =
vg

2Lcav

. (5.1)

Figure 5.3b also shows clearly that the Lorentzian gain filtering works as intended.
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Figure 5.3: (a) is the relative carrier density in the longitudinal direction of the
Fabry-Perot LD. (b) shows the calculated optical spectrum of the modelled Fabry-
Perot laser with Lorentzian filtering (blue), and a Lorentzian fit (red).

5.2 SSG-DFB laser structures

As discussed in Section 2.1 there are several ways to generate the desired phase-
correlated laser lines in RHD links. Dual-wavelength semiconductor lasers have
many advantages over the other approaches discussed in Section 2.1. Compact size,
low power consumption, high spectral purity, high integrability with optical fibres,
low complexity, and low-fabrication cost make dual-wavelength lasers very tempt-
ing sources for optical MMW generation. Furthermore, temperature and carrier
induced refractive index changes can be exploited to tune the generated MMW fre-
quency. Unfortunately, despite various studies no electrically tunable and stable
dual-wavelength QW based semiconductor laser is reported covering the 20–80 GHz
frequency separation to the best of author’s knowledge. In this work a monolithic
SSG-DFB laser structure with strained MQW active region is analyzed in terms of
dual-wavelength emission.

In the analyzed SSG-DFB laser structure two longitudinal modes correspond to
the emitted wavelengths. The SSG structure responsible for the selection of these
modes consist of multiple internal cavities in which one of the longitudinal mode
dominates. This enables the modes to have a substantial spatial overlap in the
longitudinal direction while having significantly different longitudinal distributions.
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Since both longitudinal modes have almost identical transverse field profile, the lon-
gitudinal modes can interact with each other through the gain medium and the grat-
ing structure. Hence, the laser structure should provide two highly phase-correlated
laser lines that can create a narrow linewidth MMW signal upon detection.

Since the photon densities associated with the main modes are spatially concen-
trated in different regions of the laser, the power levels of the modes can be balanced
by non-uniform current injection into the structure. Also by varying the injection
current, it is possible to tune the frequency separation. Several dual-mode SSG-DFB
lasers have been fabricated in the ICT FP7 DeLight project using laterally corru-
gated ridge waveguide gratings, covering the difference frequency band from 20 GHz
to 1.3 THz. The lasers have been fabricated employing UV-nanoimprint lithogra-
phy [129]. In Section 5.3 some measurement and simulation results based on the
legacy laser chips are presented.

5.3 CW analysis of SSG-DFB laser structures

This section is devoted to the CW analysis and modelling of the SSG-DFB lasers us-
ing the developed TDTW program. In order to provide high quality dual-wavelength
emission, a good balance between the power levels of the generated longitudinal
modes must be obtained. The currents required to balance the modes are found out
by a series of independent simulations.

In each simulation a constant longitudinally non-uniform distributed current den-
sity is injected through the contacts into the laser. Once the turn-on transients of
the photon and carrier densities have settled down, the simulation is run until a suf-
ficiently long sample is recorded and a discrete Fourier transform is performed for
the sample. The simulation series yields a bias map depicting the currents at which
the modes are balanced. In addition, several other parameters such as the power
levels of the unwanted side modes and the tuning range of the MMW frequency
can be also calculated during the simulation series. A simulation series is run for
a structure that is targeted to create a frequency difference close to 45 GHz. The
used modelling parameters are given in Appendix B.

As shown in Figures 5.4a and 5.4c, the simulated and measured mode spacings
have a reasonable good correspondence although several effects are neglected, includ-
ing temperature induced refractive index change that has an opposite influence on
the refractive index than pure carrier density variations. This explains the difference
between the shifts of the measured and simulated optical spectra under increasing
bias currents because the implemented TDTW model does not take into account
thermal effects. Hence, an increasing bias current shifts the spectrum towards higher
frequencies in the TDTW model. However, temperature induced refractive index
change is much stronger than the carrier induced refractive index change, when



5. Simulation results and comparisons 76

65 70 75 80
85

90

95

100

105

110

115

120

Fr
eq

ue
nc

y 
se

pa
ra

tio
n 

(G
H

z)

 

I 2 (m
A

)

I1 (mA)

44.76

45.52

46.27

47.03

47.78

(a)

-200 -100 0 100 200

 

R
el

at
iv

e 
po

w
er

 (2
0 

dB
/d

iv
)

Relative frequency (GHz)

fFP
FWM

-20 20 30
 

 I2=120 mA
 I2=109 mA
 I2=99 mA
 I2=88 mA   

I1 = 66 mA

 

(b)

16 18 20 22 24

86

88

90

92

94
 

Fr
eq

ue
nc

y 
se

pa
ra

tio
n 

(G
H

z)

I 2 (m
A

)

I1 (mA)

33.65

36.05

38.45

40.85

43.25

(c)

-60 -40 -20 0 20 40 60

 I2=95 mA
 I2=93 mA
 I2=91 mA
 I2=89 mA

I1 = 19 mA

R
el

at
iv

e 
po

w
er

 (1
0 

dB
/d

iv
)

Relative frequency (GHz)

fRF

(d)

Figure 5.4: (a) shows a map of the simulated frequency difference fRF as a function
of two bias currents. The third contact is unbiased. The black arrow indicates
the current tuning that has been used to generate the spectra of the laser output in
the optical domain shown in (b). (c) and (d) show the corresponding measurement
results with slightly different bias currents. fFP denotes the frequency spacing of
Fabry-Perot modes.

the bias current changes slowly. Therefore, the measured optical spectrum shifts
towards smaller frequencies in Figure 5.4d when the bias current increases.

The Figures 5.4 show that the mode spacing remains almost constant if both
currents are increased or decreased simultaneously. If one of the currents is varied
and the second one is kept constant, the mode spacing and mode balance change.
Moreover, a high tuning efficiency is obtained if one of the currents is increased and
the second one is decreased simultaneously. Figures 5.4b and 5.4d also show that
almost all the other modes are suppressed with respect to the two dominating ones.
Both the simulations and the measurements show two side modes on both sides of
the dominating modes. These side modes are displaced from the two main modes
by the frequency difference of the main modes. These side modes are present even
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when the end facets are perfectly anti-reflection coated and they can be attributed to
four-wave mixing (FWM), arising from the non-linear interaction of the main modes.
The magnitude of the side modes is related to the overlap of the main modes, the
frequency difference of the dominating modes, and the gain compression [184].

To reliably carry information the frequency and amplitude of the MMW signal
must be relatively stable. The linewidth of the generated MMW signal is a good
indicator of the frequency stability. The linewidths of the measured and simulated
signals have been estimated by fitting a Lorentzian lineshape to the spectrums of
the MMW signals. The linewidth of the simulated MMW signal and the simulated
linewidths of the optical carriers are below 1 MHz. The accurate values are not
obtained because this would require impractical simulation times and a very high
memory capacity in order to average out the spontaneous emission noise.

The linewidth of the MMW signal is measured by an electronic spectrum ana-
lyzer. In the measurement system the laser output is fed into a p-i-n photodiode
that generates the MMW beat signal. The photodiode is connected to a broadband
electrical amplifier and a bandpass filter that is used to remove the out-of-band
noise from the signal before it is fed into the spectrum analyzer. Several successive
measurements have been made and the narrowest measured linewidth is 15.6 MHz
with the frequency resolution of 24 kHz. Unfortunately, during the measurements it
has been noticed that the linewidth experiences considerable fluctuations is broad-
ened up to 159 MHz, when the operation temperature and injection current are kept
constant. The linewidth of a SSG-DFB laser is also measured under single-mode
operation using self-homodyne measurement technique [7]. The measured results
are in the 13–15 MHz range1. No significant fluctuation in the linewidth has been
observed during the measurements.

The amplitude noise level of the MMW signal is traced by capturing the ampli-
tude of the signal using a high-speed oscilloscope with a sampling rate of 80 GS/s.
Figure 5.5b reveals that the amplitude noise of the beat signal is relatively low in
the measured and simulated MMW signals. Although the output powers of the fab-
ricated lasers are low and therefore the RIN spectrums are not measured, the eye
diagram of the output power in Figure 5.5c confirms that under single-mode oper-
ation the lasers do not have a particularly large intensity noise level. Furthermore,
Figure 5.5a shows that the short-term stability of the measured MMW frequency in
the dual-mode operation is poor.

1In the measurements the bias levels are only slightly perturbed from the currents that balance
the modes in dual-mode emission. To avoid poor SMSR, the optical spectrum has been monitored
during the measurements.
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Figure 5.5: (a) shows the instantaneous frequency of the simulated (with red line)
and the measured (with blue line) signal. The signals are demodulated using Hilbert
transform [185]. (b) presents the amplitude variations of the simulated (with red line)
and the measured (with blue line) signals within a 7 GHz frequency span around the
central frequency. The green line gives the estimated noise floor that is evaluated
from the frequency spectrums. Moreover, the eye diagram in (c) shows the measured
output power of the laser under 5 Gbps modulation in single-mode operation.

5.4 Multimode dynamics of LDs

Simulating the non-linear dynamics of LDs is a complex problem and it includes
several phenomena such as mode and injection locking [186], and frequency push-
ing and pulling effects [187]. Moreover, multi-mode LDs are known to have com-
plicated dynamic behavior also due to gain competition under certain operation
conditions because of self and cross saturation effects [186,188]. The dynamic anal-
ysis of LDs is particularly important because LDs never actually reach the steady
state due to noise caused by the stochastic nature of photogeneration processes, and
the steady-state analysis is no longer valid if noise sources are taken into account.
Therefore many different approaches have been used to understand the dynamics of
LDs [127,189,190]. Since each longitudinal mode is driven by spatially and tempo-
rally uncorrelated spontaneous emission events, the modes fundamentally experience
unavoidable fluctuations in terms of power and frequency although the injected cur-
rent is held stable.

In RHD links the fluctuations in the power levels or frequencies of the laser
lines are directly transferred to the MMW signal affecting its quality. Because
cross saturation effects enhance the intensity and frequency noises of multi-mode
lasers [191,192], these effects are detrimental in terms of link performance and should
be kept to a minimum.

The cross saturation of the gain is associated with the reduction of the popula-
tion inversion that corresponds to a certain oscillation mode due to other oscillating
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modes. If the instantaneous power of a lasing mode suddenly increases due to a noise
source, the population inversion of the electronic states corresponding to the lasing
mode is depleted and carriers try to fill this spectral hole by re-distributing them-
selves via electron-electron and electron-phonon scattering [97]. This reorganization
takes place in the intraband relaxation time scale which is in the sub-picoseconds
range in QW based materials [97]. The scattering reduces the carrier densities re-
lated to other modes leading to the decreasing gain and power of these modes. Hence,
an increase in the power of a longitudinal mode causes reduction of the power levels
of other modes, and therefore the power spectrum of the laser output can fluctuate
significantly compared to the total power.

The fluctuation of the power partition is referred to as mode partition noise and its
magnitude depends on many characteristics of the lasers such as the bias levels [188]
and the number of longitudinal modes. Large mode partition noise can be found in
LDs oscillating just a few longitudinal modes with comparable powers [140]. Also
adjacent modes experience much larger power fluctuations than modes that are
further apart [193]. In addition the linewidth broadening of the gain material as
well as the spatial overlap of the photon populations of different longitudinal modes
affect the cross gain saturation and mode partition noise [187]. Very strong mode
partition noise occurs when dual-mode emission is generated from two nominally
single-mode states that are rapidly switching between each other [140].

Because the gain and refractive index are related through Kramers-Kronig rela-
tionship [134], mode partition noise and mode hopping also affect the refractive index
of the active region and can cause variation in the mode spacing. Mode partition
noise as well as mode hopping take place at the time scale of the cavity round-trip
time and therefore these phenomena may be averaged out from the spectrum at high
frequencies [140]. However, both of these phenomena are detectable at frequencies
below the relaxation oscillation frequency in the spectrum [188, 189]. Because the
cavity round-trip time is typically just a couple of ps, the mode partition noise and
mode hopping can still affect the MMW signal in time-domain.

Cross saturation effects are partly taken into account in the TDTW model because
each spatial node has only a single carrier reservoir that contains all the carriers
in the conduction (or holes in the valence band) without any energy dependence.
However, the photon densities associated with the lasing modes are not explicitly
known during a simulation run in the TDTW model. Cross saturation and spectral
burning are suspected to increase the difference between the measured and simulated
results.
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5.5 Large signal analysis of distributed phase shift structures

In the following the large signal dynamics of SSG-DFB structures is considered.
This section is gives a theoretical perspective for explaining experimentally observed
instabilities discussed in the previous sections. The laser modelling parameters used
in this section can be found from Appendix B.

In the beginning several independent simulations have been carried out to find
three uniformly distributed currents that keep the suppression ratio between the
dominating modes below 3 dB while the suppression ratio between the weakest
main mode and the strongest competing side mode is required to exceed 20 dB.
This optimization procedure is run for two different structures, where the second
one is slightly modified by apodization in order to reduce the effects of LSHB, and
increase the uniformity of the longitudinal carrier and photon density distributions.

For both structure variants two different sets of bias currents (I0 and I1), allowing
continuous tuning of the MMW frequency are chosen such that the conditions for
the dominating and side modes given above are fulfilled, and the tuning range is
maximized by changing two currents out of three and keeping one of the currents
constant. Relatively high bias currents are used to achieve a high stimulated emission
rate that reduces the carrier lifetime and causes the carrier density rapid decay
between successive ’0’ and ’1’ states in digital modulation experiments [68]. After the
bias currents are determined for both structure variants, the current pulse responses
of the structures are simulated by injecting currents I0 to the structure until the CW
operation is reached and then imposing a 0.4 ns long current pulse with currents I1

to the laser.
Figure 5.6 shows that the carrier density has a much longer rise time in SSG-DFB

lasers compared to a QWS-DFB laser with the same bias currents and model pa-
rameters. The apodized grating structure allows a wider maximum tuning range for
the MMW frequency (12 GHz) compared to the unapodized laser structure (7 GHz)
with a little bit higher current swing. Large ROs of the SSG-DFB structures can
be also alleviated by proper pulse shaping [194,195], reducing the current swing, or
increasing the photon density within the laser cavity such that the non-linearity of
the gain dampens ROs. However, a smaller current swing reduces the tuning range
of the MMW frequency, and a high photon density can increase the magnitude of
the unwanted FWM side modes compared to the dominating modes.

In the following a FSK transmission experiment is performed for the apodized
SSG-DFB structure by injecting current pulses to the laser, which represent a pseudo
random binary sequence. The signal is demodulated using a delay line interferometer
described in Section 2.3.1. The optimum delay that maximizes the extinction ratio
between ’0’s and ’1’s is found to be 56 ps for a 9 GHz frequency tuning that is used
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Figure 5.6: (a) presents the optical power (on left panel) and carrier density (on right
panel) responses of an SSG-DFB structure (with green line) and the corresponding
responses QWS-DFB laser (with blue line) having the same injection currents. (b)
shows with red line the power (on left panel) and carrier density (on right panel)
responses of an apodized SSG-DFB structure. The black lines are the power and
carrier density responses of the reference QWS-DFB laser. The oscillations in the
output power and the carrier density at the MMW frequencies are filtered out from
the figures.

in the simulation [57]. The demodulated signal is split into two bit long sections
that are superimposed to form an eye diagram. In the simulations the bias current
is assumed to have 15 ps rise and fall times.

Figure 5.7 shows that the FSK modulated signal has a good vertical eye opening
which indicates to a good tolerance with respect to additive noise as expected. On
the other hand the intensity modulated signal of the QWS-DFB laser has a smaller
timing jitter, and rise and fall times resulting in a better horizontal eye opening.
The longer transitions between the logical symbols and the larger jitter are related
to the high rise and fall times of the carrier density, and larger fluctuations in
the carrier density induced by the beat signal. The longer transitions are also a
consequence of the delay which the demodulator requires in order to provide a good
extinction ratio between different logical symbols. The delay can be reduced at the
expense of the extinction ratio, or by increasing the tuning range. However, during
the simulations it has been observed that the improved tuning range increases the
relaxation oscillations, leading to larger rise and fall times of the carrier density.

One way to increase the data rate of FSK signals is to increase the number of sig-
nalling frequencies. In this way it is possible to increase the number of logical values
that correspond to a certain frequency in the signal. This power efficient modulation
method is referred to multiple frequency shift keying (MFSK). In MFSK the overlap
between the different MMW frequencies that correspond to different logical symbols
is higher than in the binary FSK modulation and therefore the symbol rate must
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Figure 5.7: (a) is the eye diagram of a demodulated FSK signal that is generated
using an apodized SSG-DFB structure with gain compression factor ε= 1 × 10−17.
(b) is the eye diagram of the same structure with ε= 3.5× 10−17. (c) shows the eye
diagram of the output power of a QWS-DFB structure with the same laser modelling
parameters under single-mode operation when the laser is modulated using the same
bias currents with ε= 3.5 × 10−17. The modulation speed is 2.5 Gbps in all of the
cases.

be decreased to achieve the same BER value with a given bandwidth. A simulation
run is also made for a SSG-DFB structure by increasing the number of signalling
frequencies to four by introducing to two additional MMW frequencies between the
frequencies that were used in the previous simulations. The spectrum of the received
signal and the carrier density variations are presented in Figure 5.8.
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Figure 5.8: (a) depicts the spectrum of the beat signal in the MFSK modulation
with four signaling frequencies. The symbol rate is 1 GBd/s. (b) shows a small
time sample from the variations of the carrier density within the laser cavity in the
MFSK modulation.
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5.6 Comparisons

In Section 5.1 the results given by the implemented TDTW program and the so-
lutions of the reference results [112] were presented. It has been observed that the
threshold currents slightly differ from each other. In the PMM, that is implemented
in [112], the excitation of the numerical model is slightly different from the TDTW
implementation and therefore it is expected that this is the main reason for the
difference. However, it has been observed that at high injection currents the output
powers of the TDTW method and the PMM approach to each other. The transient
simulations show that the rise and settling time, and the damping rate of ROs are
similar, but the RO frequencies have a clearly observable difference.

For the SSG laser structure, the measured and the simulated mode spacing have
a good correspondence. However, increasing bias current red shifts the longitudinal
modes in the measured spectrum contrary to the simulations where the increasing
bias current blue shifts the spectrum. This difference is mainly related to the temper-
ature induced refractive index change. A better analysis requires that the thermal
problem is coupled to the TDTW model. Despite this difference, the behavior of the
MMW frequency is very similar. It is observed in the measurements and simulations
that a significant frequency difference tuning occurs when the mode balance changes
simultaneously. Only a small change in the frequency difference is observed when
the mode balance is kept constant and the tuning currents are increased or decreased
simultaneously. Furthermore, a balanced dual-wavelength emission is achieved with
different bias currents which can follow from the uncertainties of the model param-
eters (for example, differences in the injection efficiency, gain or losses with respect
to the actual device) or effects that are completely neglected in the model such as
temperature induced refractive index change.

Even though the narrowest measured MMW linewidth is 15.6 MHz, it has been
observed to experience significant fluctuations. Similar kind of behavior is also
noted in time-domain measurements when the MMW signal is directly captured by
a fast oscilloscope. The linewidth and time-domain experiments suggest that the
MMW signal suffers from stability problems. In the simulation studies the laser
structure does not have similar kind of variations in the linewidth or in the MMW
frequency. Cross saturation effects and spectral hole burning are considered to be,
at least partially, the cause of these fluctuations and both of these phenomena are
neglected in the simulations. Moreover, transient analysis shows that it is possible
to tune the MMW frequency and use it to transmit FSK or MFSK modulated
signals. Simulations also indicate that the MMW frequency can suffer from large
ROs without paying attention to the damping of these oscillations.
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CONCLUSIONS AND FUTURE RESEARCH

The main focus of this work has been on the optical generation of MMWs, exploit-
ing RHD links and the modelling of novel dual-wavelength lasers with a tunable
frequency difference. It has been observed that the RHD links have many advan-
tages over conventional approaches in the optical MMW generation and they have a
superior performance over IMDD links in applications where MMWs are generated
remotely since the periodic fading of the signal is completely avoided. RHD links
can also exploit efficiently advanced modulation methods, signal processing tools,
and electronic dispersion compensation. In order to generate a high quality MMW
signal, RHD links require a laser source that emits two stable and phase-correlated
spectral lines. Dual-wavelength lasers could provide low cost laser sources with a
small footprint, low power consumption, and tunable MMW frequency for RHD
links.

In this work a relatively simple and computationally inexpensive TDTW model
is presented to take into account spontaneous emission noise, gain dispersion, and
longitudinal variations in the effective refractive index, gain, photon and carrier
densities. This model can be applied to multi-section lasers with complex grating
structures, and multiple active and passive sections which may be required to obtain
various characteristics (including a good mode balance, high tuning range of the
frequency difference and a good side mode suppression, and reduced modal overlap)
that are essential for tunable dual-wavelength lasers operating in RHD links.

It has been noted that the numerical implementation of the model provides so-
lutions that are in a reasonable agreement with the literature and experimental
results. The simulation results have shown that the novel laser structure could
provide a good solution for light sources in RHD links with a tunable frequency
difference that can be used in various applications.

Several further improvements of the model have been identified during the re-
search. It has been perceived that it is important to incorporate thermal effects,
carrier transport in the SCH region, and energetic dependence of carriers using
multi-mode carrier rate equations into the TDTW model to further examine the
behavior of SSG-DFB lasers. In the analysis thermal effects are important due
to non-uniform pumping that affects the longitudinal effective refractive index and
modal gain distributions. It is expected that thermal effects have also impact on
the frequency separation and the tuning of the spectral lines. Carrier transport in
the SCH region in turn influences the rise and fall times of the injected current
density, and lateral carrier diffusion may dampen the theoretically predicted large
ROs in SSG-DFB lasers [140]. Due to the experimentally observed instabilities in
SSG-DFB lasers, it is also essential to include the energy dependence of carriers to
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the model in order to investigate spectral hole burning, mode partition noise, and
the dual-mode operation of SSG-DFB lasers more accurately. More realistic optical
transmission simulations in RHD links also require improved models for optical fi-
bres and receivers, introducing dispersion, non-linear effects, and various phase and
intensity noise sources to the signal.
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A. APPENDIX

Value Value
Description Symbol (Fig. 2.2 a) (Fig. 2.2 b) Unit
Second-order dispersion coef. D 0 17 ps/nm·km
Operation wavelength λ 1310 1550 nm
MMW frequency fRF 60 60 Ghz
Relative intensity noise RIN -149 -149 dB/Hz
Amplifier gain (EDFA) G 0 22 dB
Gain figure (EDFA) Gn 0 3 dB
Transmitted optical power Pin 10 10 mW
Optical bandwidth Bop 1 1 nm
Linewidth ∆ν 12 12 Mhz
Resistance R 50 50 Ω
Operation temperature T 300 300 K
Attenuation constant α 0.35 0.2 dB/km
Responsivity R 0.45 0.5 W/A

Table A.1: The parameter values used for different intensity noise sources in the
calculations of Figure 2.2 are listed in this table.



103

B. APPENDIX

Value Value
Description Symbol (Fig. 2.2 a) (Fig. 2.2 b) Unit
Second-order dispersion coef. D 0 17 ps/nm·km
Operation wavelength λ 1310 1550 nm
MMW frequency fRF 60 60 Ghz
Relative intensity noise RIN -149 -149 dB/Hz
Amplifier gain (EDFA) G 0 22 dB
Gain figure (EDFA) Gn 0 3 dB
Transmitted optical power Pin 10 10 mW
Optical bandwidth Bop 1 1 nm
Linewidth ∆ν 12 12 Mhz
Resistance R 50 50 Ω
Operation temperature T 300 300 K
Attenuation constant α 0.35 0.2 dB/km
Responsivity R 0.45 0.5 W/A

Table B.1: The parameter values used for different intensity noise sources in the
calculations of Figure 2.2 are listed in this table.
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C. APPENDIX

Description Symbol Value Unit
Responsivity R 0.45 A/W
Shockley-Read-Hall recomb. coefficient ASRH 0 s−1

Bimolecular recom. coefficient Bspon 1× 10−10 cm3s−1

Auger recom. coefficient CAug 3× 10−29 cm6s−1

Gain coefficient g0 3× 1016 cm2

Transparency carrier density Ntr 1.5× 1018 cm−3

Linewidth enhancement factor αH 4.86
Internal loss factor αi 40 cm−1

Grating coupling coefficient κ 50 cm−1

Effective phase refractive index neff,0 3.27
Effective group refractive index vg 3.7
Length of the laser cavity Lcav 400 µm
Thickness of the guiding region d 0.47 µm
Width of the guiding region W 3.5 µm
Confinement factor Γ 0.35
Refrection coefficients r1, r2 0
Spontaneous emission coupling coefficient βspon 1× 10−4

Gain compression factor ε 1× 10−17

Number of subsections Ms 41
Injection efficiency η 0

Table C.1: This table includes the laser modelling parameters that have been used in
the CW and dynamic TDTW simulations of Section 5.1. The coupling coefficient is
0 cm−1, and the end facet reflection coefficients are 0.53 for the Fabry-Perot laser.
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Description Symbol Value Unit
Responsivity R 0.45 A/W
Shockley-Read-Hall recomb. coefficient ASRH 0 s−1

Bimolecular recom. coefficient Bspon 1× 10−10 cm3s−1

Auger recom. coefficient CAug 5× 10−29 cm6s−1

Gain coefficient g0 5.2× 1016 cm2

Transparency carrier density Ntr 1.5× 1018 cm−3

Linewidth enhancement factor αH 3.0
Internal loss factor αi 40 cm−1

Grating coupling coefficient κ 14 cm−1

Effective phase refractive index neff,0 3.25
Effective group refractive index vg 3.68
Length of the laser cavity Lcav 1800 µm
Thickness of the guiding region d 0.25 µm
Width of the guiding region W 2.2 µm
Confinement factor Γ 0.055
Refrection coefficients r1, r2 0
Spontaneous emission coupling coefficient βspon 3× 10−4

Gain compression factor ε 1.0× 10−17

Number of subsections Ms 32
Injection efficiency η 0.7

Table C.2: The modelling parameters of a SSG-DFB laser that have been used in
Sections 5.3 and 5.5. The table also gives the simulation parameters for the reference
QWS-DFB laser with an exception that the coupling coefficient of this structure is
11 cm−1. In Section 5.3 the reflection coefficients of the end facets are r1 = r2 =
0.53. Moreover, the length of the cavity in Section 5.5 is 1400 µm.


