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Preface

Fibre optic communication networks have become one of the foundations of modern
society and economic progress. They have revolutionised the concept of individual
communication, enabled easy and cheap access to vast sources of data, and have had
a radical impact on industrial development.

The nature of economic and social co-operation has been transformed from lo-
calised activities to global action with fibre optic communication networks as the
backbone, assuring the information flow needed for working on common projects
and tasks. Other enabling applications include ubiquitous surveillance and monitor-
ing networks, distributed sensing and remote healthcare to name just a few.

The fundamental building block for such networks is the optical fibre and the
concept for the transmission of information via such fibres as proposed by Charles
K. Kao in his seminal paper in 1966.

Only very recently (2009) has this achievement been honoured by the Nobel prize
in physics. Another key prerequisite for fibre optic communication is heterostructure
semiconductor lasers as proposed independently by Z. Alferov and H. Kroemer in
the early 1960s and also honoured by the Nobel prize in physics (2000).

However, today’s fibre optic communication networks rely on a number of other
key components, and these will be covered in more detail in this work. This text,
written by internationally renowned experts in the field, will start with the basic
physics behind a particular device, illustrate typical implementations, describe cur-
rent research topics and discuss commercially available solutions.

After the stage has been set by a chapter on the fundamentals of digital trans-
mission and on optical networks, the next chapter focuses on optical fibres. This
will be followed by three laser-related chapters devoted to different types of lasers
developed for distinctly different applications in optical networks.

Photodetectors, needed for the conversion of the optical data into the electrical
domain again, are covered in a separate chapter.

Single channel bit rates have been raised from the 100 kbit/s range by about two
orders of magnitude in the last three decades, and for corresponding systems simple
on-off laser modulation is no longer sufficient, but external modulators have to be
used. The strategy of steadily raising single channel bit rates, which has proven to
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be successful until fairly recently, no longer seems to be a viable approach for rais-
ing the channel transmission capacity, however, higher-order modulation schemes
look much more promising in this respect. The fundamentals of modulators and the
concepts for higher order modulation formats including enabling components are
treated in two corresponding chapters.

The total transmission capacity per optical fibre has experienced a tremendous,
almost step-like, increase in the 1990s by the introduction of wavelength division
multiplexing. The key ingredients for this approach have been, on the one hand and
primarily, the Erbium-doped fibre amplifier which allowed the simultaneous optical
amplification of many channels within the so-called C-band (1525-1560nm) or the
L-band (1560-1625nm) as well but additionally dedicated wavelength filters and
sufficiently wavelength-tunable lasers. As a consequence, not only widely tunable
lasers, but fibre amplifiers and wavelength filters are covered in dedicated chap-
ters as well. For particularly compact solutions, semiconductor optical amplifiers
(SOAs) are the preferred choice, which is particularly rewarding if the SOA can be
monolithically integrated with other optoelectronic devices on a single chip. On the
other hand, SOAs can also be operated beyond the linear regime and under these
conditions, they enable all-optical processing. This has been an attractive topic for
quite a while and, as outlined in the corresponding chapter, all-optical signal pro-
cessing still has a lot of promise, but it has not yet reached the status of commercial
products.

As fibre optic communication systems become more and more complex (in con-
trast to the earlier long-haul point-to-point links), the technical implementation of
complex structures gets more and more important, and the fundamentals and key
issues of passive enabling components are therefore treated in another chapter.

Finally, it has been a vision for many years to combine the potential of silicon-
based electronics with photonic functionality on a single chip, and a lot of work is
going on towards this goal. The key challenge is getting an electrically pumped op-
tical source onto a silicon chip, and the current state-of-the art in this field, including
the most promising concepts and the results achieved so far, are the topic of the final
chapter of this book.

In 2001, Springer published the book “Fibre Optic Communication Devices,” of
which we had the pleasure to act as the editors. This book sold successfully, and
was even translated into Chinese. This encouraged us to build on this success, and
as a result, we have the pleasure of presenting this new text.

It became clear when we started the editing process that this book shouldn’t
simply be a revised edition, considering the tremendous technical progress achieved
in optical communications within the past decade. Instead, the new book represents
a radical update, with a number of highly renowned new authors and exciting, novel
subject matter.

We are grateful to all contributors for sacrificing valuable time and effort in writ-
ing the text, acknowledging that they are already fully absorbed by their professional
engagements and daily duties.

Though this book was designed to cover a broad range of the most relevant de-
vice topics, nonetheless, it should be appreciated that it only covers a selection, and
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we acknowledge that many other important achievements will be omitted. This is
particularly true for the references to external sources, which should be considered
as exemplary and a good starting point for further research.

Berlin, August 2012 Herbert Venghaus
Norbert Grote
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Chapter 1
Optical Networks

David B. Payne

Abstract After a compilation of the fundamentals of optical communication net-
works the chapter continues with technical arguments in favour of optical networks.
Specific attention is given to financial barriers, which have to be overcome for the
introduction of all-optical networks, in particular in the access area. Different op-
tions for optical access networks are explained, including the pros and cons for their
implementation. Examples are point-to-point fibre solutions and various kinds of
passive optical networks (PONs). The rest of the chapter covers metro and core
networks and ends with an outlook on expected future developments.

1.1 Introduction

Using visible light for communications purposes fades into pre-history. It is known
that early systems such as fire beacons were used by the ancient Greeks and more
sophisticated systems using torches to convey letters of the alphabet are described
by Polybius in his book “The Histories” in the 2nd century BC. Smoke signals
were used by the North American Indians since ancient times and more recently
semaphore was developed by the French in the 18th century. In 1880 Alexander
Graham Bell transmitted speech via his “Photophone” which used sunlight reflected
off a mirror caused to vibrate to the incident sound pressure waves. This vibration
modulated the light intensity falling on a parabolic mirror and a selenium optical de-
tector some distance away. The electrical resistance of the selenium detector varies
with incident light and therefore was used to modulate the current flowing in an
electrical circuit containing an electro-magnetic telephone earpiece thus converting
the original vibration back to sound. All these systems were using “free space” op-
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tical communications and as such were dependent on environmental factors such as
weather conditions and local visibility.

The first practical proposal to use light, guided by glass optical fibres for long-
distance, high-capacity, communications purposes was by Kao & Hockham of Stan-
dard Telecommunications Laboratories in their now seminal 1966 paper [1]. In this
paper they proposed a fibre with a glass core 3 to 4 microns in diameter clad with
another glass of refractive index about one percent smaller than the core. At that
time optical fibre had losses of ~ 1000dB/km but Kao and his team were propos-
ing that these losses could be reduced to only tens of decibels per kilometre. Kao’s
target loss was 20 dB/km which would, at that time, enable optical transmission to
be economically competitive with co-axial cable.

It would take four years for Kao’s prediction for fibre loss to be realised but his
1966 paper did trigger considerable interest in the possibility and potential for opti-
cal fibre communications. At the British Post Office Research Laboratory at Dollis
Hill in London, EF. Roberts got support to set up an optical communications re-
search project. With Kao’s paper and the Post Office interested in the potential for
optical communications, research into optical fibre and optical fibre communica-
tions began to spring up around the world.

In 1970 Corning Glass Works using pure fused silica and a vapour phase depo-
sition process produced a fibre with the target 20 dB/km loss at 633 nm [2]; this
result was confirmed at the British Post Office Research Labs. Also in 1970 teams
working in Russia (led by Zhores I. Alferov at Ioffe Physico-Technical Institute of
the USSR Academy of Sciences) and in the USA Bell Labs (Izuo Hayashi, Morton
Panish) [3, 4] reported continuous wave operation of semiconductor lasers at room
temperature; the main ingredients for optical communications were in place!

This early work was focused on single-mode optical fibres or mono-mode as they
were then called. In these fibres the guiding region or core of the fibre has a small
diameter of a few microns. This made alignment of lasers to the fibre and splic-
ing and connectors difficult and in 1971 to 1972 the emphasis moved to larger core
fibres with multi-mode propagation characteristics. Over the next few years fibre
losses continued to decline and laser lifetimes continued to increase, in 1977 after
a number of field trials in the intervening years, live traffic was carried over fibre
systems in the USA by the General Telephone and Electronics Corporation and in
the UK by the British Post Office. These systems and the first generation of com-
mercial systems used multi-mode fibre and semiconductor lasers operating in the
850 nm region. Operating fibres in a multi-mode region causes a number of prob-
lems that limit the performance of the optical system (see Sect. 1.2) and research
continued with single-mode fibre which offered both lower potential fibre loss and
much higher bandwidths. In 1982 after successful field trials the British Post Of-
fice changed its optical fibre strategy from multi-mode fibre to single-mode fibre.
Single-mode fibre is now the dominant fibre in telecommunications networks world
wide, although multi-mode fibre is still extensively used in the shorter distance data
networks.

Loss in optical fibre is always going to be a fundamental limitation and in these
early systems the only way of overcoming the problem of attenuation was to regen-
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erate the signal by first detecting the optical signal, converting it to an electronic
signal and then regenerating this signal with electronic amplification and signal pro-
cessing. These regenerators were expensive and power consuming requiring build-
ings or other physical infrastructure to house them, often remote from switching
centres. What was needed was a device that could amplify the optical signal with-
out conversion to the electrical domain. The concept of optical amplification was
not new: the laser that was at the heart of the optical transmitter has inherent op-
tical gain with feedback to make it oscillate. The problem was making a practical
optical amplifier that could be low cost and exhibit low power consumption and
could extend the reach of optical systems such that remote regenerators would not
be needed. Any regeneration equipment required could then be located at switch-
ing centres. The answer was the erbium-doped fibre amplifier (EDFA) concept first
published and demonstrated by David N. Payne and others at Southampton Uni-
versity in 1987 [5]. These components: low-loss optical fibre, semiconductor laser
transmitters and erbium-doped fibre optical amplifiers paved the way for modern
optical communications systems and the dominant role that they now play in the
transmission networks of the world.

This chapter will give an overview of optical networking and its potential evolu-
tion. The direction in which networks might evolve is driven by a complex mix of:
demand for new services, economic viability, regulatory/political intervention and
then finally technological developments. Optical network evolution and the compo-
nents required to service them into the future could go down a number of different
paths which would put different emphasis on the type of components required, their
functionality and their performance. To understand these options it is necessary to
consider future service scenarios, network architectural options and the economics
of end-to-end network structures.

There are some major challenges facing future network architectures, and current
approaches may not be sustainable into the future. One challenge is the unprece-
dented growth in user bandwidth that could arise if fibre-to-the-home (FTTH) is
deployed on a major scale. A second problem is the energy consumption of always-
on high speed networks. Although communication devices are low power compared
to machinery in other industries, the sheer volume and always-on nature of the tech-
nology now makes the communications industry one of the largest users of electrical
energy. As broadband usage increases, as it inevitably will, reducing energy require-
ments is going to be a very important consideration for future network design.

The major issue for future communications networks is however going to be
economic viability. During the transition from networks being telephony (voice)
services dominated to becoming data services dominated, there has been a massive
shift in the revenue structure of the industry. This shift in its simplest form has been
a shift from usage charging to flat rate charging. The upshot of which is that there
is now little relationship between the revenue earned and the bandwidth consumed.
When this is coupled with the growth of bandwidth and the required price decline
per unit of network bandwidth as networks grow, it becomes apparent that current
network architectures will not scale economically to meet the potential future de-
mand; this will be discussed in more detail later. New approaches are required that
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could challenge the conventional evolutionary direction for networks and will deter-
mine the direction for optical component evolution and market sizing.

Before we examine some of these implications in more detail the next section
will give a brief background to optical communications systems and an overview of
the development of today’s network architectures.

1.2 Background to Optical Communications Networks

Communications networks that we see around the world today have evolved from
telephone networks that were originally designed to interconnect voice circuits with
channel bandwidths of ~ 4kHz. The technology used in these early networks has
left a lasting legacy on the layout of the physical infrastructure of today’s networks,
particularly the building locations and the physical routing of cables and duct.

Telephone networks used a copper pair from the customer to a local intercon-
nection point which was usually in a building owned by the network operator. The
physical limitations of the transmission characteristics of the copper pair to carry
the analogue speech signals, and also the DC current required to power the early
telephones, meant that the local switch needed to be relatively close to the end cus-
tomer’s telephone equipment and therefore the distance from exchange to customer
is typically less than 2km and rarely exceeds 7 km. These local switches, known
as local exchanges or central offices (COs), collect traffic from the customers they
service, concentrate and multiplex the traffic and send it over higher capacity links
to a hierarchy of other switches. Before digital transmission systems the multiplex-
ing technique was analogue frequency-division multiplexing (FDM) which limited
the number of channels to a few hundreds on even the highest capacity transmission
systems. Today transmission and switching is carried out digitally and modern high-
capacity transmission links can carry the equivalent of tens to hundreds of thousands
of telephony channels.

1.2.1 Optical Fibre Transmission Systems

Optical fibre is the latest in a long line of communications transmission technology
stretching back to parallel copper wires strung along wooden poles which in turn
evolved to twisted pairs of copper wires assembled into cables, higher bandwidth
systems using coaxial cables and even microwave waveguides as long-distance
transmission media. Optical fibre is currently the most advanced transmission tech-
nology we have and there is currently no better technology on the horizon.

As outlined in more detail in Chap. 2, there is a wide range of types of optical fi-
bre targeted at different applications and industries. In communication networks the
two dominant types of fibre are made from ultra pure silica pulled into a thin strand
of glass (125 um in diameter). To provide a light guiding region there is a central
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core where the pure silica is doped with very low absorption materials to raise the
refractive index. This produces a coaxial glass fibre which guides light by confining
the electromagnetic field to the doped core region. The difference between the main
two fibre types is the size of the core doped region and the level of doping. The
most common fibre in wide-area telecommunications networks is fibre with a small
core ~ 10 um and a doping level such that only the simplest electromagnetic field
pattern or mode can propagate at the wavelengths of interest. This fibre is known
as single-mode fibre and totally dominates the wide-area telecommunications net-
works around the world.

The other type of fibre, which is predominant in high-performance, short-dis-
tance, data networks, has a larger core ~ 50 pm with more dopant producing a larger
refractive index in the core region. This means the fibre can propagate a large num-
ber of modes and as such is known as multi-mode fibre. The larger core of multi-
mode fibre enables easier splicing and connectors compared with single-mode fibre,
it also enables easier coupling of light sources to the fibre including LED devices.
This easier coupling leads to simpler and cheaper production processes for the trans-
mitter and receiver devices leading to lower component costs and also simpler cable
installation practices requiring less expensive equipment. This easier coupling is
the only advantage of multi-mode fibre over single-mode fibre, in terms of shear
performance single-mode fibre massively outperforms multi-mode fibre.

The two main impairments introduced into a transmission link by the optical fi-
bre are attenuation of the propagating light and dispersion which broadens the pulses
being transmitted with the distance propagated. Both attenuation and dispersion in-
crease the probability that the signal is detected in error at the receiver and therefore
increase the error rate in the received data. To ensure adequate system performance
both attenuation and dispersion penalties need to be kept within carefully controlled
limits.

1.2.2 Fibre Attenuation

Attenuation in optical fibre arises from a number of mechanisms. The fundamental
mechanism is Rayleigh scattering whereby photons are scattered out of the guiding
region by the fine grain structure of the silica material making up the bulk of the fi-
bre. This scattering is wavelength dependent and reduces in proportion to the fourth
power of the wavelength. This loss mechanism is the same for both single-mode and
multi-mode fibre.

Pure silica, which forms the bulk of the fibre, has a window of low absorption
lying between two intrinsic absorption regions, at short wavelengths (the ultra violet
region) absorption occurs via electron transitions. At long wavelengths (the infra-red
region) absorption occurs by photon interaction with silicon—oxygen (Si—O) bonds.
The dopant materials, used to increase the refractive index of the guiding core re-
gion, produce additional attenuation and because dopant levels are greater in multi-
mode fibre, these absorption losses are higher than those in single-mode fibre. Water
introduced into the fibre during manufacture produces Si~-OH bonds which have ab-
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sorption processes operating between 2700 nm and 4200 nm and overtones that fall
into the operating region of the fibre at 1383 nm and 950 nm. Modern manufacturing
processes can virtually eliminate water and produce so-called ‘dry fibre’ that does
not exhibit the OH absorption peaks. This will be particularly valuable for open-
ing up the full fibre operating spectrum for dense wavelength-division multiplexing
(DWDM) in the future.

The third major loss mechanism in optical fibre is leakage of photons from the
guiding region due to bends in the fibre. Bends in fibre arise from the large-scale
bends introduced by the installation of the cable containing the fibre into a real
physical environment, small-scale bends arise from the structure of the cables the
fibres are put into and the surfaces of the protective coatings and sheaths etc. that go
into the make-up of the cable. The fibre will also experience different contact pres-
sures with these materials and components dependent on environmental parameters
such as temperature and pressure.

The loss produced by large-scale bends is called macro-bend loss and the loss
produced by the small-scale bends is called micro-bend loss. Bend losses arise be-
cause the propagating mode of a curved fibre is slightly different from the propagat-
ing mode of a straight fibre. As the mode enters a bend, the mode can be thought
of as being composed of two components, the larger component corresponds to the
mode of the curved fibre, the second component is the difference between this mode
and the mode of the straight fibre that entered the bend. This small component is
the loss due to the transition from straight to curved fibre propagation modes and is
sometimes called transition loss and is the main mechanism in micro-bend loss.

The propagation mode of a curved fibre is displaced from the centre of the core
and moves to a slightly larger radius of curvature. More of the mode field is out-
side the core region and the outer edge of this mode is travelling a longer distance
than the inner edge due to the curvature and therefore needs to travel faster than the
inner edge. A portion of the mode field would be required to travel faster than the
speed of light for the medium and is therefore lost. This loss is continuous around
the bend and therefore is proportional to the length of the bend. Higher order modes
with complex field patterns are less well guided than lower order modes and suffer
greater losses from bends. In multi-mode fibre the effects of bends and the subse-
quent loss is twofold: the fibre suffers greater losses for a given bend due to the
weaker guiding properties of the higher order modes but also the distribution of
power across the mode volume is changed with higher order modes effectively be-
ing stripped of power relative to the lower order modes. Macro- and micro-bend
losses increase with wavelength and become dominant at long wavelengths beyond
~ 1600 nm.

1.2.3 Fibre Dispersion

Dispersion in optical fibre produces pulse broadening which increases the overlap-
ping or interference between adjacent transmitted symbols (inter-symbol interfer-
ence, ISI). The effect of this is to increase the probability at the optical receiver that
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a ‘1’ state is received in error as a ‘0’ state and a ‘0’ state is received in error as a
‘1’ state and therefore increase the bit error rate of the system. Dispersion in optical
fibre arises through several mechanisms. For multi-mode fibre the dominant mech-
anism is inter-modal dispersion which is caused by the different group velocities of
the propagating modes of the fibre.

Single-mode fibre has one propagating mode only so inter-modal dispersion is
eliminated. In single-mode fibre there are three main dispersion mechanisms: ma-
terial dispersion, waveguide dispersion and polarisation-mode dispersion (PMD).
Material dispersion arises because the refractive index n(A) of the fibre material is
wavelength dependent and the phase velocity of light in the medium v (1) = ﬁ is
therefore also dependent on wavelength (A: vacuum wavelength of the propagating
light, ¢: vacuum speed of light). In communications systems a message has a band
or group of frequencies, and it is the velocity of this group of frequencies, known as
the group velocity, which is of interest. The variation of group velocity as a function
of wavelength produces group velocity dispersion (GVD) and produces the pulse
spreading that leads to ISI and an increase in bit error rate. The GVD due to ma-
terial dispersion is proportional to the second derivative of n(A). Silica fibre has
zero material dispersion near a wavelength of 1280 nm, below this wavelength the
material dispersion is negative and above it is positive.

In an optical fibre the field distribution across the light-guiding core region of
the fibre varies with wavelength, for standard fibre the mode field expands with
wavelength and a larger portion of the field travels through the lower index cladding
material. This has the effect of reducing the average refractive index that the mode
experiences and increases the phase velocity. This effect produces waveguide dis-
persion and the GVD produced over the wavelength range of optical fibre is always
negative. The effect of the waveguide dispersion for standard fibre is to shift the
zero dispersion point from ~ 1280 nm to ~ 1310 nm. By suitable design of the re-
fractive index profile of special fibres the waveguide dispersion can be used to offset
the material dispersion to produce zero dispersion in the 1500 nm region or even
dispersion-flattened fibre. A special dispersion-compensating fibre (DCF) can be
designed to have large negative dispersion in the 1500 nm region to compensate for
the positive dispersion of standard fibre. DCF is used in long-haul high bit rate sys-
tems to ensure the end-to-end dispersion of a fibre link is within carefully managed
limits.

The third dispersion mechanism mentioned above is polarisation-mode disper-
sion, which is a form of mode dispersion even though the fibre is designed to be
single mode. It arises because of residual birefringence in the fibre due to imperfect
geometry and the effect of stresses on the fibre produced at bends et cetera. The or-
thogonal polarisations of the fundamental mode will therefore experience different
propagation delays over a fibre link and produce pulse broadening.

Polarisation-mode dispersion is small compared to material and waveguide dis-
persion. In early systems, before the year 2000, it was generally ignored for prac-
tical transmission systems and most of the fibre installed before this year did not
have a PMD specification. However, unlike material and waveguide dispersion,
which are static properties of the fibre and can be compensated by using dispersion-
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compensation elements (such as DCF), PMD is time varying because it depends on
the physical environment the fibre is experiencing and this changes due to environ-
mental parameters such as temperature and pressure. These changes in environmen-
tal parameters affect both the degree of birefringence in the fibre link and the state of
polarisation of the propagating light, both these effects affect the differential group
delay and therefore the overall pulse broadening at the receiving end of the system.

PMD therefore has to be treated statistically and — although small — can become
the limiting dispersion parameter in very high bit rate systems from 10 Gbit/s and
upwards. After the year 2000 most fibre installed had a PMD tolerance specified and
PMD is not generally a major issue for 10 Gbit/s systems if a fibre link is installed
with all new fibre. In practice this is not always possible and sections of a link may
have to operate with pre PMD specified fibre. PMD is still a major concern for
operators today, active PMD compensation is expensive and upgrading 10 Gbit/s
systems to higher bit rates such as 40 Gbit/s or 100 Gbit/s can be problematic and
potentially expensive. To help overcome this problem complex modulation schemes
(see Chap. 8) and line coding that limit the optical bandwidth of 40 to 100 Gbit/s
systems to the order of a 10 Gbit/s binary channel are receiving much attention.
These schemes are all effectively trading channel bandwidth for signal-to-noise ratio
but the benefit from the reduction in channel bandwidth required for the higher bit
rates can mean that the dispersion management for 10 Gbit/s systems can be used
with little or no modification for 40 Gbit/s and possibly even for 100 Gbit/s. This
approach provides an upgrade path for operators without needing to change the
location of repeaters and regenerators and can enable mixed use of wavelengths in
WDM systems.

1.2.4 Non-linear Effects in Optical Fibre

When light propagates through a physical medium such as the silica of optical fibre,
the electric field of the propagating light can locally modify the physical properties
of the medium. These effects give rise to non-linear interactions with the propagat-
ing light producing non-linear behaviour. Silica is actually a very linear material
with very small non-linear characteristics and requires very high optical intensities
to generate noticeable non-linear phenomena. However, the very small core region
that guides the light in a single-mode fibre can produce very high optical intensi-
ties with relatively small input optical power levels. Also optical fibres provide very
long interaction lengths so that even small effects can become very significant over
the distances of optical transmission systems.

There are two fundamental mechanisms giving rise to non-linear effects in optical
fibres: one is where the light intensity in the fibre locally affects the refractive index.
This effect is known as the Kerr effect and gives rise to three processes that can affect
the communications channel, these are self-phase modulation (SPM), cross-phase
modulation (XPM) and four-wave mixing (FWM). The other process is inelastic
scattering which produces two major phenomena: stimulated Brillouin scattering
(SBS) and stimulated Raman scattering (SRS).
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In this section we will briefly describe these effects and the implications for opti-
cal communications systems. It should be noted upfront that ideally the transmission
media would be perfectly linear and non-linear effects generally reduce the perfor-
mance of optical transmission systems. However, given that fibre is also a dispersive
transmission medium well-controlled non-linear effects can also be used to enhance
transmission capability in certain circumstances. Non-linear effects can also be ex-
ploited in devices for functions such as fast optical switching and optical signal pro-
cessing, for example in 2R and 3R optical signal regenerators. For a more thorough
grounding in non-linearities in optical fibre see [6].

1.2.4.1 Stimulated Brillouin Scattering (SBS)

When an incident light wave reaches sufficient intensity, electrostriction effects can
be sufficiently large to generate acoustic waves in the material. The incident light
and the scattered light (Stokes light) interfere to produce a travelling acoustic wave
which produces a periodic refractive index variation that acts as a Bragg grating.
This travelling acoustic wave Bragg grating Doppler shifts the scattered light so
that, when it interferes with the incident light, the frequency difference reinforces
the initial travelling acoustic wave producing a positive feed-back effect. In SBS
the dominant scattered light is back scatter from a forward travelling acoustic wave.
The greater the incident light intensity the greater the magnitude of the acoustic
wave generated and the greater the backscattered light wave. This effectively limits
the amount of optical power that can be transmitted through an optical fibre. SBS
becomes a problem at quite low optical power (a few mW) in standard fibre and is
therefore a major problem for optical communications transmission systems.

Mitigation of SBS to increase the threshold power is therefore very important in
communication systems if higher power laser sources for long-distance transmission
systems are to be used.

The optical power threshold for SBS in optical fibre is approximately [7]:

21bA A
th ~ : [1 + ﬁ } )
gaLe Afg

where: 1 < b < 2 is dependent on the polarisation state [8], A.: effective area of
the fibre core (~ 50 um?) for standard single-mode fibre, gg: SBS gain coefficient
which for silica fibre is 4.5 x 10711 m/W, L.: effective fibre length, A f;: line width
of the incident light (Hz), A f5: SBS interaction bandwidth (~ 20 MHz at 1.55 um).

For standard single-mode fibre systems the only parameter available to increase
the SBS threshold is the source line width. The system length is predetermined by
the physical system topology and adding regenerators to reduce system lengths is
not usually an economic option. High bit rate systems have inherently greater line
width than lower bit rate systems and will therefore have higher thresholds but there
can still be a significant component of the narrow line width optical carrier present,
depending on the modulation scheme used. Some modulation schemes such as phase

(1.1)
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modulation can be used to increase the line width of the transmission system, how-
ever with pressure to increase fibre utilisation and spectral efficiency, advanced mod-
ulation techniques are more often used to reduce the modulation bandwidth not in-
crease it (see Chap. 8), as increasing line width also increases dispersion penalties.
A technique to increase the SBS threshold often used in direct detection systems is
to dither the laser source wavelength at a dither frequency below the low frequency
cut-off of the system receiver (the low frequency bound of the transmitted signal
can be increased by use of suitable line codes). In this way relatively large laser
output frequency deviations can be achieved, to suppress SBS, without increasing
the dispersion penalty of the system (the deviation frequency is much greater than
the dither frequency).

1.2.4.2 Stimulated Raman Scattering (SRS)

Raman scattering is an inelastic scattering process produced when the input source
photons interact with the molecules of the transmission media and are either re-
emitted with higher energy (anti-Stokes wave) or, more usually in a silica fibre, with
lower energy (Stokes wave) and therefore longer wavelength than the incident wave-
length. The wavelength shift of the Stokes wave in SBS is around 11 GHz whereas
for SRS the wavelength shiftis —15.6 THz (~ +120 nm). The other main difference
is that SBS produces back-scattered light whereas SRS produces co-propagating
light. However, the optical intensity threshold for SRS is much higher (~ 1 W for
standard single-mode fibre) than for SBS (assuming SBS mitigation techniques have
not been employed).

SRS can be a problem for a widely spaced WDM system because the short wave-
length channels can act as pump sources for longer wavelength channels; this has
two detrimental effects. Power is lost from the short wavelength channels, effec-
tively increasing the attenuation of these channels and also light coupled from these
channels into longer wavelength channels can produce crosstalk which can increase
the error rate of the system.

However, SRS can also be used to amplify optical signals by coupling power
from non-modulated pump wavelengths into longer information carrying wave-
lengths. This can produce optical amplification at wavelengths outside the rela-
tively narrow wavelength range of erbium-doped fibre amplifiers (see Chap. 11,
Sect. 11.2).

1.2.4.3 Self-Phase Modulation (SPM)

Self-phase modulation is caused by the Kerr effect and produces chirp across the
optical pulse with lower frequencies at the leading edge of the pulse and higher
frequencies at the trailing edge. This induced chirp increases the spectral width of
the pulse and the normal positive dispersion of the fibre will act on this chirp to
broaden the pulse as it propagates down the fibre. This causes increased ISI at the
receiver which increases the system error rate. However, if the fibre exhibits nega-
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tive (anomalous) dispersion, then the pulse can be compressed by SPM. Standard
single-mode fibre exhibits positive dispersion over most of the operating wavelength
range and SPM is therefore undesirable and needs to be taken into account in the
dispersion management of the fibre link.

However, in specially designed dispersion-managed fibre links, for long-haul,
high bit rate systems, the pulse compression possibilities of SPM can be utilised
to generate very short intense pulses that can propagate as solitons along the fibre
where the normal dispersion is exactly cancelled by the SPM pulse compression in
anomalous dispersion components or DCF thus maintaining the pulse width over
very long distances. These techniques can be used in ultra-long-haul transmission
systems.

1.2.4.4 Cross-Phase Modulation (XPM)

Cross-phase modulation is generated by the same physical mechanism as self-phase
modulation but is produced by a second wave which co-propagates with the first
wave. If the pulses in each optical wave overlap, the two waves each locally modify
the refractive index for the other wave and introduce phase changes in the pulses of
the other wave. Although in direct detection systems phase distortion in pulses is not
important, when the pulses are propagated through a dispersive fibre then phase-to-
amplitude conversion occurs and amplitude crosstalk can be produced which causes
an increase in system error rate. XPM-induced crosstalk can be significant in high-
bit rate WDM systems with close channel spacing.

1.2.4.5 Four-Wave Mixing (FWM)

Four-wave mixing is a non-linear phenomenon also produced by the Kerr effect. In
this case the interaction of two or more incident light waves produces additional
wavelengths which in turn can mix with the incident wavelengths to create more
waves. The general relationship for the FWM products is given by

fijk = fi + i — Sk (1.2)

where f;, f;,and fi are the frequencies of incident light waves (which in turn can
be FWM generated waves) while f;jx is the frequency of the light wave resulting
from the non-linear interaction. The four waves involved in the process give FWM
its name.

The total number of frequency products M produced by FWM for a DWDM
system with N wavelength channels is given by:

M =1 (N*-N?). (1.3)

If these products fall onto the DWDM system wavelength channels, then there is
potential for significant levels of crosstalk-induced noise that will increase the error
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rate in the optical channels. If the frequency spacing of the channels is uniform,
then the products that fall inside the spectral range of the DWDM band will fall
onto wavelength channels with the majority falling on the centre channels of the
DWDM band. Assuming that all WDM systems will utilise the wavelengths defined
by the ITU G694.1 standard grids for DWDM systems (which have equal frequency
spacing of 100, 50, 25, and 12.5 GHz with a reference channel at 1552.52 nm), then
the FWM products will fall on the DWDM channel wavelengths. However the effi-
ciency of the FWM product generation process is crucially dependent on the phase
matching of the frequency components in the FWM mixing process and also the
interaction length. It is also much greater for closely spaced wavelength channels.

The dispersion of the fibre has a major effect on this phase-matching constraint
and fibres with higher dispersion such as standard G652 single-mode fibre do not
have a significant problem with FWM even with 12.5 GHz spacing [9]. However, op-
erators that have installed dispersion-shifted fibre (DSF) for long-haul transmission
networks have a major problem as they operate in a low dispersion region around the
dispersion zero position. Advanced modulation techniques exploiting phase modu-
lation can help to reduce FWM susceptibility but ideally DSF would be used with
non-uniform frequency grids, unfortunately there are no standards for such grids.

Outside of the requirements for transmission systems four-wave mixing can be
a useful process for other functions such as optical wavelength conversion, para-
metric amplification and optical time-division multiplexing for very high bit rate
systems (see also Chap. 13, Sects. 13.3.2 and 13.5.2.2). For a review of four-wave
mixing see [10].

1.2.5 A Simple Point-to-point Fibre Link

A point-to-point single-mode fibre transmission link will be power budget limited;
the penalty due to dispersion will be designed to be small compared to losses in the
transmission path. The power budget available for the link will be the difference be-
tween the optical transmitter power and the receiver sensitivity. This power budget
has to be spread over all the losses in the transmission path, fibre loss, splice loss,
connector loss etc., and also allow for a system margin that is provided as a contin-
gency against changes to the power budget and link losses over the lifetime of the
system. The receiver sensitivity will take into account the bit rate and modulation
scheme used over the transmission link. A simple point-to-point optical transmis-
sion link is shown in Fig. 1.1.

The ratio (transmitter power)/(minimum required receiver power) is normally
designated as the optical power budget expressed in decibels or given by the differ-
ence Ty (dBm) — Ry (dBm):

L
Tx_Rx:Llf‘i‘(E‘i‘ZNs) ls+21c+M7 (14‘)

where Tx: transmitter power (dBm), Ry: receiver sensitivity (dBm), L: fibre length,
[t: cabled fibre loss per unit length, d : mean splice spacing, Ns: the number of splices
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Fig. 1.1 Simple point-to-point optical system

in the exchange building (depends on working practices), note the factor 2 is to
account for the two terminating exchange buildings, /s: splice loss, [.: connector
loss, and M : system margin.

The system margin includes: Transmitter power and receiver sensitivity varia-
tions — environmental and ageing; cabled fibre loss variations — environmental and
ageing; maintenance splices, imperfect equalisation, dispersion penalty and PMD
margin (for high bit rate systems), and jitter and timing errors.

The power budget is a simple addition of all the loss parameters in the system
plus the system margin, the loss parameters are in practice random variables and
statistical methods can be employed to give a probability distribution of total system
loss. Operators could use such a distribution as part of the calculation of the margin
required against a probability of the margin being used up and excessive error rates
being produced. However, many operators and designers of optical transmission
systems use worst-case design rules which result in conservative designs with large
system margins for the majority of links.

1.2.6 Receiver Sensitivity

A key parameter in system power budget calculations and hence system design is
the receiver sensitivity which is the minimum optical power needed at the receiver
to achieve a desired bit error rate. The optical power at the receiver is

Py = Nhf, (1.5)

where N is the photon arrival rate, i f the photon energy, & is Planck’s constant,
and f is the optical frequency. The receiver photodiode current produced by P; is
I, = nNe = n12¢ (1.6)
s = e = -, .
s =1 n hf
where 7 is the quantum efficiency and e the electron charge. The photon arrival
rate at the receiver will have fluctuations which are described by Poisson statistics
and appear as noise on the received photo-current. The mean square value of the
noise current is proportional to the signal current /5 and the receiver post-detection
bandwidth B and is given by

i2 = 2elB. (1.7)
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The resulting signal-to-noise ratio (SNR) is

2 2
SNR = I: - L _ L (1.8)
i2 2elB 2eB

S

and combining (1.6) and (1.8) yields

nN

SNR = ———.
2hfB

(1.9)
Equation (1.9) is the ‘quantum-limited’ signal-to-noise ratio.

For an ideal receiver the quantum efficiency n = 1, also the receiver would
be noiseless, therefore there would be no noise when zeros are received and the
decision threshold can be set at ‘0’. The only noise present is in the ‘1’ state when
light is present at the receiver. The number of photons per ‘1’ bit exhibits a Poisson
distribution.

For any bit containing a ‘1’ symbol the probability of the number of photons
arriving P [n] is given by the Poisson distribution

_ Wrexp(=p)

P [n] |

) (1.10)
where @ = mean number of photons per bit. Because the decision threshold is set
at zero, the probability of an error is the probability of a ‘1’ being received with
zero photons. For equal ‘1’s and ‘0’s the probability of a ‘1’ equals 1/2 and the
probability of that ‘1’ being an error is P[n = 0], therefore
1plexp(=p) 1

Pe—P[n—O]—ET—EeXp(—,M) (111)
From this equation we can derive the average number of photons per ‘1’ bit for
a given target error rate Pe:

1
W(Pe) =1In (F) photons per bit (1.12)

and an average received power

:“hfzthrm( 1 )

P
s T 2 2P,

(1.13)

where 7 is the bit period, B, = 1/t is the bit rate, and P is the quantum-limited
receiver sensitivity.

The quantum-limited error probability is shown against photons per bit in Fig. 1.2
and the corresponding quantum-limited sensitivity for a 1550 nm receiver operating
at a range of system bit rates is shown in Fig. 1.3.

Nearly all optical receivers used in communications systems are square law de-
tectors that produce an output signal proportional to the received optical power or
field intensity squared. A square law detector acts as a low pass filter and the detec-
tion process removes any information associated with the optical carrier frequency
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or phase. A practical receiver has additional noise processes, the dominant one be-
ing thermal noise, which results in the receiver sensitivity, even for “good” receivers,
being 30 dB and more from the quantum limit. Photodetectors are covered in more
detail in Chap. 7 and will therefore not be treated in more detail here.

1.2.7 Coherent Optical Systems

The vast majority of commercially deployed optical systems use direct detection
receivers where the power of the received optical signal is converted directly to an
electrical current. In these systems a message signal m(¢) directly modulates the
intensity (£ 52) of the electric field (E) of the optical carrier. The photodiode at the
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receiver is a square law detector the output of which is proportional to the electric
field amplitude squared (E2) and therefore directly recovers the intensity-modulated
message signal. Consider the optical carrier

es = Egcos (wst) . (1.14)
The average power in the optical carrier P; is

2

(1.15)

1 r E2 ; E
P = T/eszdt = TS/cosz(a)st)dt = 75
0 0

The modulated optical carrier intensity is

[1+m()]e? = (1+m(t)) E?cos®(wst) = (1 + m(t)) %Esz (cos Qwst) + 1)
(1.16)

and

E? E? E? E?
1+ m(t))e? = 7‘ cos Qwst) + T‘m(t) cos Qwst) + 7‘ + T‘m(t) (1.17)
The high-frequency terms containing cos(2wst) are removed by the optical receiver
so that we get for the detector output Pyec

Ey + %m(t) =P, (1+m()), (1.18)

Pyeer = )

where P; is the average received power of the unmodulated optical carrier, and
(1.18) is simply the power in the optical carrier (not the field), amplitude modu-
lated by the message signal m(¢).

It should be noted that the output direct detection signal is not dependent on the
optical frequency or the optical source line width.

In coherent systems the optical frequency and phase of the signal are used in the
detection process which enables modulation schemes used in traditional electrical
communications systems to be used in optical systems. The main advantages of co-
herent detection systems are more efficient use of the optical spectrum and greater
receiver sensitivities. The latter advantage was the main driver of the coherent op-
tical research carried out during the 1980s, the advent of the erbium fibre optical
amplifiers in the late 1980s offset this advantage and the technological difficulties
associated with coherent optical systems led to an almost complete decline in op-
tical coherent systems research. In recent years the growing pressure to increase
fibre utilisation and the advancement of optical component technologies has seen
a resurgence of interest in coherent systems and they could become very important
in future optical networks.

To compare coherent transmission systems with direct detection we will consider
amplitude modulation systems although advanced modulation techniques are now
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being considered that use phase-, frequency- and amplitude-modulation schemes
(see Chap. 8 of this book for more details).

In a simple coherent detection system the modulated optical signal is compared
with a reference source or local oscillator. Both the local oscillator source and the
modulated optical source require narrow optical line width or “coherent” sources.
The arrangement is shown schematically in Fig. 1.4.

The optical input signal is mixed with the local oscillator signal before entering
the square law detector photodiode.

The electric field of the input optical signal and local oscillator are given by:

es(t) = Es(1 +m(t))cos(wst) and ep(t) = Epcos(wrt +¢), (1.19)

where E; is the field amplitude of the optical signal carrier angular frequency wy,
and Ey is the field amplitude of the optical local oscillator angular frequency ..
Note the message signal m(¢) is now modulating the amplitude of the optical field,
not the intensity as in the direct detection system.

The field on the photodiode of the receiver is the sum of these two fields

es(t) + e (t) = Es (1 +m(t)) cos (wst) + Ep cos(wLt + ¢). (1.20)
The photodiode responds to the square of this incident field:
(es(t) + eL(1))? = €2(1) + 2e()eL(t) + 7 (1) = €. (1.21)
where
2 E2
e? = 73 [(1 + m(t))? (cos Qwt) + 1)] , el = 71‘ [cos (2 (wrt + ¢)) + 1]
(1.22)
and

2eser = 2Es (1 4+ m(t)) cos (wst) EL cos (wLt + ¢)
=2EEL (1 +m()) (% (cos (wst + wrt + @) + cos (wst — wrt — ¢>)))

= EsEL (1 + m(2)) [cos (wst + wrt + @) + cos (wst — wrt — P)].
(1.23)
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All the terms at optical frequencies or higher are lost in the square law receiver and
the resulting photo current is

E? > EP
Iyp = - (L 4+m(@))* + EsEL (1 + m(t)) cos (w5t — wpt — @) + = (1.24)

Let us next consider the components of the photo current. The currents from the
optical signal carrier and the local oscillator are

2

E E2
I, = 7 and I = 7L (1.25)

respectively, and therefore

E,=v2I,, EL=+2IL and EEL =2, (1.26)

so that the photo current becomes

Ion = I (1 + m(0))?® + 2/ I (1 + m(2)) cos (st — wpt — ) + I (1.27)

The local oscillator power can be arranged to be very large compared to the received
signal power i.e. I, > I, and the photo current then approximates to

Ioh & 24/ LI (1 + m(2)) cos (wist — ¢) + 11, (1.28)

where wif = ws — wp, represents an intermediate frequency with a phase ¢ modu-
lated by the message signal. The local oscillator term does not contain message
information but does contribute to the quantum noise.

We now have two options: a Heterodyne system where w;s is non zero, i.e. the
local oscillator frequency is deliberately tuned away from the message signal optical
carrier frequency. This allows the modulated intermediate frequency to be processed
by conventional radio frequency electronic techniques. The intermediate frequency
must be high enough to accommodate the modulated signal bandwidth which for
amplitude modulation is twice the message signal bandwidth, i.e. wif > 2B, where
B is the message bandwidth.

The other option is a Homodyne system where the local oscillator is locked to the
message signal optical carrier frequency and wis = 0, in this case the message signal
photo current is produced directly from the photo detector but is now dependent on
the phase ¢:

Ion = 24/ LIy (1 4+ m(2)) cos ¢. (1.29)

This requires the local oscillator to be optically frequency and phase locked to the
incoming optical signal which is a difficult process and generally heterodyne sys-
tems have been preferred because of the electronic processing enabled by the use of
an intermediate frequency and also because the frequency stability of the local oscil-
lator is easier to achieve than phase locking. An additional advantage of heterodyne
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systems is that the optical local oscillator can also be used to tune closely spaced
frequency/wavelength-multiplexed optical channels.

As previously mentioned one of the advantages of coherent detection is the po-
tential for much improved receiver sensitivities compared to direct detection sys-
tems: The mean square signal photo current is proportional to the signal power Pj:

o _ Al Ium?(0)

> = 20 I m2(7) (1.30)

while the noise power Py is given by

Px =2e(2B)(Is + I + 2/ I, Iy + 1) + 87 CkT(2B)>. (1.31)

Note that 2B is the minimum receiver bandwidth to accommodate both sidebands
of the modulated message signal. The first term in the noise equation is the quan-
tum noise from the photo current components, the second term is the thermal noise
assuming a simple receiver as discussed in Sect. 1.2.6.

The signal-to-noise ratio SNR is

21,1 m2(1)
R = > (1.32)
2¢ 2B) (Is + I + 2/ LI + 1) + 87 CkT (2B)
and when Iy, > [ this simplifies to
I;m?2(¢)
SNR = . 1.33
2eB ( )

This is equivalent to the quantum-limit receiver sensitivity for the direct detection
case discussed in Sect. 1.2.6.

Coherent detection opens the way for optical systems to exploit the advanced
modulation techniques used in electrical and radio communications systems. These
modulation schemes have relative advantages and disadvantages that can help in
the design of optical transmission systems for different environments and system
characteristics; for example, enabling higher bit rate systems at say 40 Gbit/s or
100 Gbit/s to operate over channels originally designed for 10 Gbit/s transmission
rates. For more details of these advanced modulation systems see Chap. 8.

1.3 Why Optical Networks?

1.3.1 Physical Limits

During the history of the development of communications systems there has always
been an increasing demand for more capacity or bandwidth. To satisfy this demand
communications technology has developed to exploit higher and higher “carrier”
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frequencies enabling higher bandwidth modulation of the communication channels.
The current generation of optical communications technology uses optical fibre op-
erating in the ~ 1600 nm to 1260 nm wavelength range, and a “carrier” frequency
range from 187 THz to 238 THz. It might be supposed that as technology progresses
we could continue to exploit higher and higher “carrier” frequencies indefinitely.
However, the photonic nature of electromagnetic radiation means that the photon
energy is also increasing in proportion to the carrier frequency. Higher photon ener-
gies coupled with the uncertainty in the arrival time at a detector produces quantum
noise and this fundamental noise becomes the limiting factor to the information-
carrying capacity of a channel at very high carrier frequencies.

At low frequencies thermal noise dominates communication systems and is the
fundamental limit to channel capacity. As frequencies approach optical frequencies
quantum noise becomes more significant and at ultra violet and beyond, quantum
noise begins to severely limit channel capacity. The effect of quantum noise on
channel capacity is illustrated in Fig. 1.5.

The channel capacity curve was derived by assuming that a constant percentage
of the carrier frequency can be used for the information bandwidth modulated onto
the carrier. Using this assumption it can be seen that the channel capacity peaks
around 5 x 10'® Hz (~ 3 nm wavelength). The roll-off in information capacity be-
yond 3 nm wavelength is due to the dominance of quantum noise and is sufficient to
produce a ceiling to the total information capacity as illustrated by the cumulative
capacity curve.
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It is interesting to note that today’s optical fibre technology is only ~ two orders
of magnitude from this ceiling, so in the future we can not expect the enormous
capacity gains achieved when technology moved from radio frequency communi-
cations to optical frequency communications. Although it is possible that higher
frequency technologies beyond today’s optical technology may emerge, there is
currently no sign of these technologies and optical technology exploits the high-
est frequencies used for communications purposes.

There is a subtle consequence of this that does affect the design and choice of fu-
ture network architectures: as fibre penetrates into all parts of the network (access,
metro and core or backbone networks), the same intrinsic technology is being used
and the same fundamental capacity is available in the access network as in the core
network. This is the first time in the history of communications networks that this
has happened. In the past there has always been a higher capacity transmission tech-
nology for use in the core network that traffic from the access transmission media
could be multiplexed into.

Multiplexing of traffic from the access network into core transmission systems
will have to continue if optical communications networks are to remain practicable
and economically viable. Therefore, if the core technology is optical fibre and the
access technology is also optical fibre, it is implicit that the end users connected to
the access network via fibre cannot have all the capacity of the optical fibre dedicated
to them. They must be sharing the total capacity of the fibre with other users at least
in the core of the network, and because the fibre capacity must be shared, it makes
eminent economic sense to enable that sharing at the earliest possible point in the
network architecture, that is, the access network.

Multiplexing at the optical layer in the access network also means that capacity
can be shared on a statistical basis. This gives users capacity when they need it
without locking that capacity up and therefore allowing it to be available for other
users as required.

1.3.2 Commercial Considerations

The major growth of national communications networks during the last century
was carried out either via large monopolistic companies or state-owned utilities. In
the latter part of the 20th century governments around the world encouraged much
greater competition in the provision of telecommunications services by selling off
state-owned utilities and breaking up very large monopolies. The access technology
in place during this era was mainly copper twisted pair and one of the mechanisms
introduced to encourage competitive service provision was copper pair unbundling
or local loop unbundling (LLU) as it became known. Local loop unbundling en-
ables new competitive operators to have physical access to the copper pairs that
connect customers to the local exchange. This was done either by placing competi-
tor’s equipment directly into the local exchange or diverting pairs to a short cable
that connected to nearby competitor’s equipment.
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Copper pair technology is very limited in bandwidth and even with very sophis-
ticated modulation schemes as utilised in digital subscriber line (DSL) technology,
bandwidths to customers are limited to a few megabits per second. To increase band-
widths further, network providers need to reduce the length of the copper access pair.
This has led to technologies such as very high speed DSL (VDSL) with optical fibre
extended from local exchanges to the street cabinet, in this scheme the copper pair
only exists between the cabinet and the customer, and copper transmission lengths
are reduced from a few kilometres to a kilometre or less. This technology enables
bandwidths to be increased to a few tens of megabits per second under favourable
conditions.

The next obvious extension is to move fibre all the way to the customer premises
and completely eliminate the copper pair. When a fibre to the premises network
(FTTP) is installed and optical networking is also available in the higher layers of
the network, then, as discussed above, there is no competing network technology
that can outperform it in terms of technical capability. There may be performance
differences, due to the choice of equipment and architecture, in terms of service
quality and economic viability but the physical fibre infrastructure cannot be bet-
tered by any currently known technology.

This begs the question whether competition at the physical infrastructure layer
has any real meaning or advantage in an all fibre network future, the economic pay-
back is difficult with only one network to finance, more than one physical network
is probably just not viable. There may therefore be a need to shift from competition
at the physical layer to competition at higher layers (see Table 1.3, below), maybe
just the service and application layers, with competitors sharing the capacity of the
underlying physical infrastructure.

Sharing capacity on a statistical basis rather than being rigidly divided between
service providers can improve the user experience by enabling users to gain flexible
access to very high peak bandwidths when required and releasing it when it is not.
Statistical assignment of user bandwidth can also enable network capacity assign-
ment to service providers to be determined by end user demand on a dynamic basis
rather than pre-allocation via SLAs (service level agreements) with the network
provider. This would ensure much greater levels of competition at the service layers
with service quality and customer care becoming much more important and lock-in
via fixed term contracts could be eliminated. Customers could simply purchase ser-
vices on demand from service providers and indeed be using multiple services from
different service providers simultaneously.

This service provision model is perfectly possible with optical access and all-
optical networking because the access capacity and network throughput is more than
sufficient to enable such capability. With copper access it is more difficult because
of the bandwidth constrictions of the copper feed into the customer premises which
limits the number of simultaneous services and the statistical multiplexing capability
for both customers and service providers.

As new high bandwidth requirements emerge, particularly high definition video
and high-resolution imaging, customers will demand much faster access speeds and
will become increasingly impatient and dissatisfied with slow networks. This in
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turn will put pressure on operators and administrations to put high bandwidth FTTP
networks in place. This may be especially so if there are neighbouring and compet-
ing regions offering FTTP and by doing so having an inward investment advantage
boosting local economies, employment, house prices et cetera. This certainly ap-
pears to be one of the drivers for municipalities who are willing to invest in basic
fibre infrastructure for the benefit of their local communities, and indeed there does
seem to be some evidence that higher bandwidth access networks can provide these
local economic advantages, see [11].

The concept of staying internationally competitive through deployment of the
best telecommunications infrastructure is a major driver for Japan and Korea and
there is growing concern in the US that America is falling behind and is not the
technology leader it once was [12]. Communications is seen as one of the key areas
where America has fallen well behind the Far East and even Europe in terms of
mobile and broadband penetration and capability. When it comes to FTTP Europe
may well fall behind both the Far Eastern economies and the US if it fails to grasp
the opportunities over the next few years.

Operational cost associated with the day to day running of communications net-
works are generally increasing for operators with large copper access networks.
One of the reasons is that the higher bandwidth required by DSL technologies
stresses the copper network and reveals additional faults that would not signifi-
cantly impair basic telephony services. As bandwidths increase further and if equip-
ment is placed in the field with technologies such as FTTCab — fibre to the cab-
inet — using VDSL, then there are further operational cost increases due to the
amount of electrical equipment being placed in a relatively harsh physical envi-
ronment and the cost of providing and maintaining power, including battery backup
of street-based equipment. The increasing incidence of flash flooding is also a prob-
lem which will only grow in the future if street-based electronics systems become
widespread. This suggests that operators and network providers with copper tech-
nology and/or remote electronic nodes are likely to see increasing operational costs
in the future.

There is however good evidence that fibre networks are intrinsically more reliable
than copper pair networks leading to much lower fault rates and reduced network
visits (one of the major operational costs for operators) which in turn leads to fewer
intervention induced faults. Also because fibre can support all services, service pro-
vision and service churn can be automated processes only rarely requiring an end
user or network visit. With properly engineered end user and service management
systems the vast majority of service changes and provisions could be configured re-
motely. It has been argued that operational savings alone could justify FTTP being
installed [13].

One driver for FTTP is of course the promise of new revenues from all the new
services that could be provided, however new revenue generation is an area of ma-
jor uncertainty. Although FTTP will certainly enable new high-capacity services it is
unclear whether there will be any significant net revenue growth over and above tra-
ditional trends. The problem is that revenue generation derived directly from new IT
and bit transport services are often substitutional that is, new service revenue simply
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displaces legacy service revenue and net revenue growth remains relatively static.
To exacerbate this problem the advent of flat rate charging, which has displaced us-
age charging, has removed the linkage between bandwidth usage and revenue. This
has caused a fundamental problem for operators as investment in core network ca-
pacity can be seen as capital investment without any clear path to a return on that
investment. In a commercial market this makes little financial sense and there is little
incentive for network investment to increase capacity for future bandwidth hungry
services [14].

Historical analyses of revenue growth and bandwidth price decline suggest that
there may not be sufficient revenue growth to sustain traditional network builds
and that radically new architectures will be necessary to change the end-to-end cost
structure of networks to massively reduce the cost of bandwidth provision [15], this
will be considered in Sect. 1.4.

1.3.3 Service and Bandwidth Growth

Bandwidth growth driven by new services is obviously the ultimate driver for end-
to-end optical networking and some idea of how bandwidth might grow in the fu-
ture is extremely useful as an aid to strategic network design and investment plan-
ning. The approach outlined in this section is based on user service scenarios cou-
pled with usage behaviour. Take-up and actual usage of new services are random
processes and should be treated statistically, often however access bandwidths are
simply calculated from basic assumptions of simultaneous usage of services and
average bandwidth for the services. This approach can grossly overestimate the av-
erage bandwidth required but at the same time grossly underestimate the instan-
taneous peak bandwidth required for good user experience. To illustrate potential
future bandwidth demand and usage this section will give some service scenarios
and examine the implications for bandwidth growth for the end-to-end network.

Table 1.1 shows an example service scenario for an FTTP termination serving
a small number of users, for example a family home, probabilities of service take
up and usage in a hypothetical busy hour are indicated.

The multiple entries in the table represent simultaneous use of a particular ser-
vice by more than one user at a customer premises site. Using such an example
a simple statistical Monte Carlo analysis can be used to generate user bandwidth in
a hypothetical busy period.

Results for such an analysis are shown in Figs. 1.6, 1.7, 1.8 and 1.9.

The distribution of mean downstream bandwidths for FTTP premises for the first
year in the model (nominally 2010) is shown in Fig. 1.6. It shows an ensemble
mean bandwidth of 3.4 Mbit/s with some premises requiring average bandwidths
beyond 7.0 Mbit/s. It also shows a significant number of premises that required no
services in this particular busy period. Figure 1.7 shows the results (for the same run
of the model) of the distribution of the sum of the bandwidths for all the services
the customers had signed up for. This is the simplistic sum of service bandwidth
that sometimes gets used to determine access pipe bandwidth. The mean of this
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Table 1.1 Example service scenario

Streaming Services Probability of take-up  Probability of using
service in busy hour
2010 2020 2010 2020
Internet Surfing 69 % 99 % 46 % 69 %
IP HDTV HR (High Resolution, 1080 p) 44 % 99 % 75 % 80 %
IP HDTV HR 19 % 69 % 53 % 60 %
IP HDTV LR (Low Resolution, 720 p) 15 % 30 % 33% 40 %
IP HDTV LR 10 % 12% 11% 20 %
IP SDTV (Standard-Definition Television) 75 % 2% 72 % 80 %
IP SDTV 67 % 1% 52 % 60 %
IP SDTV 35% 1% 31 % 40 %
IP SDTV 18 % 0% 11 % 20 %
Video comms Cam-corder 8 % 49 % 21 % 30 %
Web Cam comms 12 % 25 % 21 % 30 %
Voice 100% 100 % 20 % 20 %
Voice 81% 100 % 15 % 15 %
Voice 50 % 50 % 10 % 10 %
Thin-client computing 8 % 59 % 15 % 49 %
Thin-client computing 3% 29 % 15% 49 %
File Transfers:
e-mail 8% 100 % 11 % 20 %
e-mail 8 % 59 % 10 % 15 %
Photos 37 % 69 % 5% 10 %
Photos 21 % 30 % 5% 10 %
Video clips 26 % 59 % 16 % 25 %
Video clips 23 % 40 % 16 % 25 %
Music 31% 40 % 6 % 15 %
Music 21 % 30 % 6% 15 %
Documents 14 % 39% 5 % 10 %
Documents 6% 20 % 5% 10 %
Software 5 % 10 % 3% 8%
Software 2% 5% 2% 5%
Web site uploads 4% 10 % 1% 5%
Web site uploads 0% 2 % 1% 5%
Peer-to-peer file sharing 9 % 39 % 42 % 50 %
Peer-to-peer file sharing 5% 20 % 31% 40 %
Storage services 13 % 59 % 1% 5%
Storage services 7 % 39 % 1% 2 %

distribution is 42.3 Mbit/s which is ~ 12 times the bandwidth determined by busy
period usage statistics.

As services evolve and usage increases, average bandwidths will increase over
time, the ~ 2020 results for the example scenario are shown in Figs. 1.8 and 1.9.

The average of the distribution of site bandwidths with statistical multiplexing
increases to ~ 13 Mbit/s from 3.4 Mbit/s. The probability of sites taking no services
in the busy period is very much reduced but is still significant enough to be the point
of greatest probability within the distribution. The distribution of the maximum site
bandwidth based on simultaneous use of all services taken is shown in Fig. 1.9
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and has a mean of ~ 120Mbit/s, still ~ 10 times the required mean bandwidth if
statistical multiplexing is used. By using mean values for busy hour bandwidth,
models can be built to estimate the ingress bandwidth into the core network. In such
a model it is also necessary to take into account technology evolution and adoption
as service take up and usage will be affected by the access technology available to
the end users.

By extrapolating broadband take up and usage and making assumptions about
VDSL and FTTP penetration, estimates for the evolution of technology penetra-
tion can be made for a range of scenarios. Combining this with service scenarios
similar to those described above but also linked to the technology take up, enables
bandwidth growth estimates to be made for a country-wide network. Applying the
models to other countries, taking into account relative adoption rates of technology,
population growth etc., country and world bandwidth growth can be estimated. Such
country and world bandwidth growth scenarios can then be used for such things as
network architecture strategy and market sizing analyses for communications sys-
tems and component volumes.
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1.4 Financial Barriers to All-optical Networking

1.4.1 Network Bandwidth Growth

The major problem arising from an FTTP future will be the huge level of bandwidth
growth that can be delivered into the metro and core networks. By using service
scenarios and traffic scenario models as discussed in Sect. 1.3.3 it is possible to get
a feel for the level of bandwidth growth that may arise in the future.

Bandwidth growth is dependent on technology adoption as well as new high-
bandwidth services becoming available. The adoption of FTTP will have the greatest
impact on bandwidth growth and the consequential deployment of optical network-
ing equipment within the network infrastructure. The main effect of FTTP deploy-
ment is substitution of other broadband technologies with only a modest impact on
overall broadband Internet connections. This is illustrated in Fig. 1.10 which shows
estimates of world communications technology volumes, for an optimistic FTTP
deployment scenario [16] to the year 2020.
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In this optimistic scenario DSL technology deployment peaks around 2012 and
then declines due to substitution from FTTP. It is also assumed that if FTTP is
deployed at a reasonable rate the greater performance and lower operational cost of

FTTP will curtail VDSL deployment.

Figure 1.11 illustrates the range of estimates for world total traffic growth using

different rates for FTTP deployment.

The results for Fig. 1.11 are produced by using data for the OECD countries
plus China and Russia, and extrapolating to the rest of the world. Network band-
width growth is calculated from service adoption and usage scenarios tailored to
the different technologies and technology adoption rates of the individual countries.
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Bandwidth can then be accumulated on an area basis for each country to yield coun-
try bandwidth growth results. These country results can then be summed and scaled
to produce the world bandwidth growth results as shown in Fig. 1.11.

1.4.2 Bandwidth Growth vs. Revenue Growth

A barrier to mass deployment of fibre in the access network is the high capital in-
vestment required. In a commercial and competitive environment network providers
need to get a return on capital expenditure in line with market rates. Indeed regula-
tors will insist on sensible returns on capital expenditure to avoid cross subsidising
of products and services which could distort the competitive environment.

Early FTTP systems targeted specific or niche markets, for example many of the
first generation of commercially available APON (ATM passive optical network,
see [17] for an overview of ATM) and BPON (broadband passive optical network)
systems were aimed at data services for the medium and small enterprises market
and did not support POTS (plain old telephony services). The problem with this ap-
proach is that they cause a fragmentation of revenue streams with revenues from dif-
ferent service portfolios being required to support different network platforms. For
mass-market deployment this is not viable and all revenue streams will be needed
to support the deployment and operation of a single platform. An FTTP solution
needs to deliver all services: voice (including the regulated PSTN (public switched
telephone network) — unless regulation changes), video and data to have any chance
of being financially viable.

The other issue for broadband access is that historically overall revenues from the
customer base grow relatively slowly. Although revenues from a particular service
can grow much faster than the overall rate, it is usually via revenue substitution from
other services within the totality of the telecommunications business.

From a macro-economic perspective this is perfectly reasonable and a large sec-
tor of the economy such as telecommunications can be expected to grow in line with
GDP (gross domestic product) of the country (typically ~ 1-3 %). To have telecom-
munications growing at rates much faster than GDP growth, particularly over an
extended period of time, would imply significant underlying economic change with
spending in telecommunications substituting spending in other parts of the economy
resulting in a down turn in those economic sectors. Growth in telecommunications
spend has indeed exceeded growth in GDP for several years implying underlying
changes in spending patterns have been occurring, however expecting significantly
greater and sustainable increases in telecommunications spend in the future is unre-
alistic.

It can be seen from the results in Fig. 1.11 that there could be big differences
in the bandwidth demands that future network architectures may need to deliver.
A higher bandwidth growth rate implies greater levels of investment but from the
discussion above it is unlikely that revenues will grow fast enough to fund the in-
vestment required. If costs grow faster than revenues, margins are shrinking and this
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is not a good business to be in, and such an economic situation would not encourage
investment in the network infrastructure required to provide the capacity for the new
broadband services and there is a danger that growth could stagnate.

1.4.3 Implications for Bandwidth Price Decline

Ideally the telecommunications industry would like to maintain the return on capital
expenditure (ROCE) during a sustained period of growth, otherwise there is a risk
of profitability suffering or even companies going out of business. A question that
arises as a result of the bandwidth growth in Fig. 1.11 is: what price decline or
learning curve for bandwidth is going to be required to enable the business to remain
viable and maintain ROCE?

If growths are expressed as a compound annual growth rate (CAGR), a macro-
economic analysis produces an analytic relationship which relates revenue growth,
bandwidth growth and the learning curve for the price decline per unit of bandwidth
required to maintain ROCE:

1+ Gr = (14Gp)'*t, (134)
where Gr: CAGR for revenues, Gg: CAGR for bandwidth,
L =log(L%/100)/log(2),

and L% is the learning curve (expressed traditionally as a percentage)'.

This is the macro-economic condition that needs to be met for a sustainable busi-
ness as bandwidth grows in the broadband future. This relationship is plotted in
Fig. 1.12 with contours of constant revenue growth. It is reasonable to expect time-
averaged revenue growths to be within a few percent of GDP growth around 2 %
to 6 % CAGR. The price decline of communications systems transmission equip-
ment has typically followed an 80 % learning curve, in recent years. This is in line
with the general electronics industry which follows an 80 % learning curve although
Ethernet-based equipment has followed a faster learning curve at ~ 70 %. Using
this range of values with Fig. 1.12 would suggest that overall network bandwidth
growths of ~ 10 % would be economically sustainable. Before the advent of broad-
band, bandwidth growth of networks were of this order or less, and the whole eco-
nomic system for communications networks was internally consistent with price
declines, revenue growth and bandwidth growth.

An approximate CAGR can be fitted to the regions in Fig. 1.11 where bandwidth
from broadband begins to become significant. Using these fitted bandwidth growth
rates and assuming an optimistic 5 % per annum revenue growth, the relationships

! A learning curve is defined as the percentage decline in price of a product as the product volume
doubles, an 80 % learning curve will mean that the price of a product at a volume V' will decline
to 80 % of that price at volume 2V . In this case the product is bandwidth.
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Fig. 1.12 Relationship between bandwidth growth, revenue growth, and bandwidth price decline
for economic stability, the curves are contours of constant revenue growth

Table 1.2 Learning curves required for given network bandwidth growths

Scenario  Bandwidth CAGR fit Bandwidth learning curve

Pessimistic ~20 % ~ 60 %
Middle ~34% ~56%
Optimistic ~55% ~54%

shown in Fig. 1.12 produce estimates of the required learning curves for bandwidth
price decline as shown in Table 1.2.

Even the pessimistic scenario has 20 % growth and is unlikely to remain economi-
cally viable with the electronic centric network architectures of today even if some
additional new revenues can be obtained from new service offerings. This would
suggest that the current strategies of operators predominantly deploying asymmet-
ric DSL (ADSL) or Cable Modem for Internet surfing, e-mail etc. and assuming
little take up and provisioning of high-quality video services, will still struggle to
remain viable as usage and bandwidth continue to grow leading to increasing use of
bandwidth capping policies and degradation of service performance.

The middle and optimistic scenarios require even faster bandwidth price declines
which are much faster than the typical 80 % learning curves found in the electron-
ics industry. A bandwidth learning curve of ~ 55 % is so fast that it can be safely
assumed it will not be met via electronic equipment price decline. Therefore, fu-
ture network architectures that continue to use traditional electronic solutions will
not produce sufficient bandwidth price decline when FTTP is deployed on a large
scale.

Operators and network providers can control bandwidth growth to some extent by
allowing contention for backhaul and core bandwidth to increase. From a user per-
spective this will appear as increased delay for upload and download as the network
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gets congested in busy periods, effectively reducing the average session bandwidth
per user. Operators can also use bandwidth capping to limit usage by imposing fi-
nancial disincentives if users exceed predetermined bandwidth limits. This strategy
can limit average bandwidth demand but will still often lead to poor network per-
formance in peak periods and of course does not satisfy the latent demand for new
services. The other approach is to consider alternative network architectures that
require significantly less electronic equipment.

1.5 Impact on Network Architecture

The price decline of bandwidth in current networks is in line with the price de-
cline of electronics. Once this observation was noted, it was fairly obvious that this
should be the case. Today’s networks are heavily dependent on the electronics em-
bedded throughout the infrastructure. Although optical transmission is the dominant
technology for transport within the networks, they are mainly used as point-to-point
links terminating in electronic equipment and interconnected by electronic nodes.
The cost of this electronic equipment dominates network costs (once the trench-
ing for cables has been absorbed as a sunk cost — which is the case for established
networks in the developed world). As network capacity increases, the amount of
electronics and the speed of the electronic terminations also increases often super
linearly. It is the price decline of the electronic technology that limits the price de-
cline of bandwidth provision.

To break this relationship and provide much larger price decline per unit of band-
width provision it is necessary to reduce the relative amount of electronics in the
network. To do this it will become necessary to reduce the number of port cards
and electronic nodes. This means using optical technology for far more than just
point-to-point transmission and to move to greater use of all-optical networking to-
gether with a massive reduction in the number of interconnecting routing/switching
centres.

For this chapter “all-optical networking” means that optical technology is used
for routing as well as transmission purposes. This does not necessarily mean that the
routing function is optical packet routing or switching (although this is not excluded)
but it does at least include circuit switching of optical channels using optical space
switches and also optical wavelength-selective switches if appropriate. Whether or
not optical packet switching is required is a further debate. The author’s view is
that optical packet switching is not required over the time scales covered by the
analyses in this chapter, i.e. up to the year 2020. The bandwidth growths, although
unprecedented in the higher bandwidth growth scenarios, can be accommodated
by architectural changes that use optical circuit switching coupled with electronic
packet switching. What is required is the reduction of opto-electronic ports, equip-
ment and nodes. This will need optical circuit bypass of the nodes in the electronic
centric architectures of today’s networks.
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Before we examine possible new architectures that could bring this about,
Sect. 1.5.1 will briefly review the network options available today. This is impor-
tant because any future network must evolve from today’s architectures and will
largely still exploit much of the technology available today.

1.5.1 Options for Optical Networks

Networks are conveniently thought of in terms of layers, the standard model is the
seven layer ISO (International Standards Organisation) model shown in Table 1.3.
It was developed for data communications networks in the late 1970s and is an
abstraction of the processes necessary for reliable and secure communications, the
layering is only a model and is to a large extent arbitrary. This is illustrated by the
third column in Table 1.3 which shows the layering used by the Internet Engineering
Task Force (IETF) for TCP/IP.

The functionality in real networks does not get conveniently assigned to the lay-
ers but will often straddle multiple layers of the ISO model, for example ATM [17]
straddles layers 1 and 2 and even goes into layer 3.

The model also lumps the bulk of the network into layer 1, the physical layer,
and in this chapter we are concerned predominantly with this layer. Most of the
capital investment in a communications network goes into the physical layer and it
is also the layer where the operation, capability and functionality are determined by
physical processes. The upper layers are arbitrary in comparison and are in the form
they are because of agreements in standards bodies and adoption by the community
at large.

The physical layer can also be subdivided into layers and a hierarchy. The basic
cables, duct, manholes, footway boxes and buildings for switching and transmission
equipment is often called layer 0, to fit into the ISO model structure. It is the most
expensive part of a network build, or conversely the most valuable asset of an exist-
ing network, easily representing 80 % or more of the capital expenditure on network
infrastructure. Much of the layer 0 investment is in the access network and the huge
level of investment required has been the major barrier to wide-scale deployment of
FTTP. It is also what has shaped regulatory policy in many parts of the world where
governments have introduced competition into communications services provision.

These local loop unbundling policies were aimed at introducing competition
into the incumbent operators’ copper pair access network. LLU has been the key
to stimulating effective competition with incumbent operators, the investment re-
quired by start-up service providers to install access network infrastructure would
have been prohibitive and the businesses would not have been viable. LLU pro-
vided a means of enabling new service providers access to their customers without
the need to invest in an access network. It did this by forcing incumbent operators
to provide access to the local copper pairs terminated in the local exchange. The
competitive operators could install their own equipment in the local exchange to
terminate the lines of the customers they had recruited for new broadband services
or indeed for both broadband and telephony services.
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Table 1.3 The ISO seven layer network model

ISO Layer Function TCP/IP Model

7 Application Supports actual applications such as e-mail and allows access ~ Application
to the network services that support the applications
6 Presentation Formats the data for transmission over the network, handles
data encryption, compression, protocol conversion etc.
5 Session This layer sets up the actual session between two terminals
(usually computers) e.g. login and file transfer processes. It
manages and maintains the session for the required time

4 Transport Provides the processes and protocols for actual transfer of  Transport
data for example Transmission Control Protocol (TCP), User
Datagram Protocol (UDP)

3 Network Provides routing through the network, addressing and address ~ Network
translation, congestion control etc.

2 DataLink  Responsible for the processes that transfer data between net-  Link
work elements. It has two sub layers Media Access Control
(MAC) for controlling access on multi-point networks and
Logical Link Control (LLC) which controls framing, syn-
chronisation and data bit error checking

1 Physical This layer conveys the physical signals over the hardware
platform of the network, i.e. cables line/port cards, switches,
routers etc. It also contains the transmission protocols such as
SDH, ATM that convey the data bits through the network

This enabled customers to choose to keep their telephony service with the incum-
bent operator and have a broadband service with a competing operator or move all
their services to a competing operator or keep them all with the incumbent operator.
The regulator controls the price at which the incumbent operator can lease the line
to the LLU operator, usually at a fixed annual rental.

Unfortunately LLU is now becoming a barrier to FTTP as incumbent operators
are required to keep copper cables maintained in a fit state for LLU operators. While
the incumbent operators and the LLU operators are both using the copper network,
the operational costs are manageable (although they are increasing as DSL tech-
nologies keep stressing the copper technology). However, if the incumbent starts to
move customers onto FTTP, the average operational cost per working copper pair
increases almost in proportion to the ratio of total connections to remaining copper
connections, so that if half the customers moved onto fibre, the operational cost per
pair of the working copper pairs will almost double. If these costs are not passed
on to the operators using the copper network, the incumbent operator faces a severe
financial penalty which itself is a major barrier to FTTP investment. Of course the
problem for the regulator is that passing the increased cost on to the LLU operator
could drive them out of business which defeats the original objective of LLU!

There is a further problem with LLU policy which is a consequence of the band-
width growth issue discussed earlier. As we will see in discussions later in this sec-



1 Optical Networks 35

tion, one of the ways of changing the network architecture to significantly reduce
network costs will be to bypass local exchanges and reduce the number of network
nodes dramatically. Most of the nodes that will be bypassed are local exchanges
that terminate the copper pairs. However, current LLU policies can place a require-
ment on operators to maintain local exchanges indefinitely because that is where
the copper access network terminates and handover to LLU operators occurs. This
may mean that a future FTTP network that depends on node bypass for economic
viability will have additional barriers to overcome arising from regulatory policy. At
present regulators have not found a suitable evolutionary policy that gets around the
LLU legacy problem, lack of a policy could therefore inadvertently delay large-scale
deployment of FTTP.

1.5.1.1 Access Network Options

If operators and service providers want to meet the customer requirements aris-
ing from the service scenarios discussed in Sect. 1.3.3, they will need to deploy
FTTP solutions to the mass market. In the following Sects. 1.5.1.2—1.5.1.7 the main
options for optical access are discussed. Not all the options are available as stan-
dardised, commercial products today but all are being worked on in some form or
another in R&D laboratories around the world and can be options for consideration
as part of future optical network architectures. The options which are targeted at the
problem of the cost of equipment required for bandwidth growth (driven by FTTP),
exceeding growth in revenues, are discussed in Sect. 1.5.2, including a description
of an intermediate option based on GPON that could be a bridge between the longer
term vision and the commercial solutions available today.

1.5.1.2 Point-to-point Fibre Solutions

A point-to-point fibre solution is the “obvious” architecture for FTTP, it has a dedi-
cated fibre (or fibre pair) from the local exchange or central office to each FTTP
customer and is therefore a direct analogue of the copper pair telephony network
that is ubiquitous today (see Fig. 1.13).

This is conceptually a very simple architecture that has a number of advantages:
in principle each optical path between exchange and customer is independent of the
other paths and therefore customers can be upgraded as required, each customer
has access to all the fibre bandwidth, the system is relatively secure as no traffic
is available to all customers, the point-to-point nature and short distance does not
demand high-performance opto-electronic devices, simple protocols can be used,
and an access line termination equipment fault at the exchange should only affect
one customer.

Unfortunately many of these advantages also lead to disadvantages: The point-
to-point nature leads to high fibre-count cable, several thousand fibres per cable
will be required as the cables converge onto the local exchange and fibre cost is
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Fig. 1.13 Point-to-point fibre from local exchange site

a significant proportion of the installation cost. Also large cables can lead to greater
duct congestion and significantly increased cost if this leads to additional trenching
and duct build. In the event of cable damage high fibre-count cables are expensive to
maintain in both time and materials. The huge fibre bandwidth cannot be shared or
flexibly assigned as it is nailed up to each customer and upgrades require a change
to be made at both the exchange and the customer simultaneously. Also upgrades to
one customer may affect customers connected to the same common interface cards
in the exchange. Routine testing requires access to each individual fibre at the optical
level and is complex and potentially expensive (because of the high fibre count) and
may need to be built into every fibre termination at the exchange. There needs to
be two optical transceivers and optical line terminations per customer (one at the
exchange and one at the customer).

Point-to-point systems that are point-to-point all the way to the local exchange
have to remain short range because of the very high cost of high fibre-count cable in-
stalled over any significant distance. At the local exchange there must be electronic
multiplexing equipment that aggregates the traffic from the access fibre systems
onto a separate transport network for transmission to the first core node. This keeps
the basic architecture and cost structure the same as today’s copper network and the
opportunity for cost reduction is limited to equipment price declines which, as dis-
cussed above in Sect. 1.4.3, is not sufficient to support the high bandwidth growths
that could be generated by FTTP.

Fibre installed from the customer to the exchange is only one of the options for
point-to-point fibre architectures. Another alternative is to use point-to-point fibre
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to a street node which is much closer to the customer. A convenient place for this
node would be the primary cross-connect point (PCP) or cabinet location, which
typically serves a few hundred customers and is usually less than 1km from the
premises.

At the cabinet multiplexing equipment aggregates traffic onto a feeder fibre (or
fibre pair) which backhauls the traffic to the local exchange site. Because the feeder
fibre count is much smaller, the cables sizes to the local exchange are correspond-
ingly smaller and it should be possible to economically take them deeper into the
network before further multiplexing or switching is required. This could enable by-
pass and eventual closure of many of the local exchange sites, therefore reducing
costs.

The major disadvantage of this solution is of course the large number of powered
and equipped cabinets, which could push the number of active nodes for a mode-
rately sized network with ~ 6000 local exchanges to about ~ 80 000 active cabinets.
These active cabinets are in a relatively harsh physical environment and of course
require mains electrical power and battery backup in case of failure of the mains
power source. The use of active cabinets will increase operational costs, although
it is unclear by how much, but of course it is no worse than fibre-to-the-cabinet
(FTTCab) proposals which have active street cabinets to house VDSL equipment
or street MSANSs (multi-service access nodes), with reuse of the existing copper
connections from the cabinet to the customer premises.

1.5.1.3 Passive Optical Networks

Passive optical networks (PONs) were developed as a lower cost solution for fi-
bre to the premises by tackling the problem of high fibre-count cable (particularly
the point-to-point fibre to the exchange solution) and the large number of opto-
electronic devices required for the point-to-point solutions. It does this by using
passive optical splitters placed in the fibre distribution network connecting the cus-
tomer to the exchange. These are mounted in fibre splice housings in footway boxes
or manholes.

The passive splitters enable a feeder fibre from the exchange to be shared over
a number of customers; it also shares the exchange termination and the associated
opto-electronic devices (see Fig. 1.14).

The advantages of the PON solution are the smaller cable sizes required and
the reduced number of opto-electronic components. The protocol, that is used to
direct and marshal the customer traffic and avoid collisions, also assigns the capa-
city of the PON across the customers connected. This bandwidth assignment can
be done dynamically and on demand with a process called dynamic bandwidth
assignment (DBA) and enables high utilisation of the PON capacity. The opti-
cal splitters also enable broadcast services to be provided very simply with only
one copy of the broadcast channels needed on each PON; the appropriate service
being selected at the customer equipment (the ONT — optical network termina-
tion).
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Fig. 1.14 Passive Optical Network (PON) — GPON bit rates illustrated

1.5.1.4 BPON (Broadband PON)

BPON was the first fully standardised solution for a PON system although propri-
etary solutions had previously been available for many years. The disadvantage of
the BPON solution is the relatively low bandwidth, typically 622 Mbit/s upstream
and downstream (although early systems where only 155 Mbit/s upstream). Also
the limited power budget provided by standard optical components limit the split
to about 32 ways and the distance or reach to a few kilometres. This limited reach
means that the physical topology of BPON networks doesn’t fundamentally change,
for example there is little opportunity for exchange bypass and therefore termina-
tion equipment is placed in existing local exchange buildings together with routing,
switching and traffic aggregation (multiplexing) equipment. The exchange therefore
still needs traffic aggregation and grooming equipment with a separate transmission
system for backhaul of the aggregated traffic to the core nodes and, as with the
point-to-point architectures, the cost structure of the network is largely unchanged
with little scope for the radical cost reductions needed.

1.5.1.5 GPON (Gigabit PON)

The limited bandwidth of BPON and some protocol limitations on range and split
were improved considerably with the later GPON standard from the FSAN (Full
Service Access Network) forum and the ITU (G984). Although GPON specifi-
cations cover a wide range of bandwidth possibilities, the version of interest to
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most operators is 2.4 Gbit/s downstream and 1.2 Gbit/s or 2.4 Gbit/s upstream. The
GPON protocol is also very versatile and efficient, capable of native TDM services,
ATM transport and efficient packet transport, including Ethernet, using the GPON
encapsulation method (GEM) which is based on the SDH generic framing proto-
col (GFP). The latest versions of the GPON standards have deprecated the native
ATM mode so this will no longer be supported in future versions of GPON. GPON
also has DBA and a comprehensive operations, administration, and maintenance
(OA&M) capability including network protection mechanisms.

The protocol extends the split up to 128 ways with 60 km total range and 20 km
differential range. However, as with BPON the standard optical components speci-
fied do not allow the full range and split offered by the protocol to be achieved
simultaneously, and generally the combined range and split capability is in practice
no better than BPON, although the higher bandwidths are available.

1.5.1.6 EPON (Ethernet PON)

EPON (Ethernet PON) also called GEPON is the Ethernet only version of PON
systems. This is an important option because it has been widely deployed in Japan
as a broadband overlay solution offering high-speed data services. The widely de-
ployed standard is a 1 Gbit/s system (a Gigabit Ethernet (GE) payload). It has simi-
lar performance to BPON and GPON with standard optical components, although
GPON has a greater payload with current generation equipment. The more impor-
tant limitation of EPON is the limited standardised OA&M capability, the fact that
it is Ethernet only, and it is still unclear how well legacy services can be transported
over such a system, particularly POTS and TDM services (particularly those that
extract timing from the network clock).

In Japan EPON has been used as an overlay network delivering new broad-
band services so the legacy issues have initially been avoided. However, it is more
likely in Europe that an FTTP solution must deliver all services in order to dis-
place legacy networks and reduce operational costs where deployed. Therefore, at
present the GPON solution is favoured over the EPON solution. However, develop-
ments are still occurring to both systems (a 10 Gbit/s IEEE standard version is be-
coming available) and the two solutions need to be continuously monitored and
compared.

1.5.1.7 WDM PON

WDM PON is a relatively new development for PON systems, which tries to exploit
the fibre-sharing advantage of the PON system while logically being a point-to-point
solution (see Fig. 1.15).

As the name suggests it does this by exploiting the wavelength domain by setting
up a dedicated wavelength channel over a common feeder fibre to a wavelength
demultiplexing device at a location near to the customers being served (the same
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Fig. 1.15 WDM PON, logically a point-to-point system with one wavelength to each terminal

device can act as a multiplexing device for the upstream direction). From this device
individual fibres are fed to the optical terminations such that the fibre architecture
is similar to BPON or GPON but the splitting device is a WDM device rather than
a power splitter.

The use of a WDM device relaxes the power budget by avoiding the inherent
101og(N) dB loss of the passive power splitter used in BPON, EPON or GPON.
However the broadcast capability has now been lost, as has the DBA capability
that can share unused bandwidth across customers on demand. The WDM device
also locks the network spectrally and means that upgrades can only be achieved by
changing the exchange and customer terminal equipment simultaneously (the same
as point-to-point systems) and the ability to have wavelength agility in the future has
been lost. WDM PON also requires a pair of opto-electronic devices per customer
and to simplify the logistics of stores holding, installation practice and repair pro-
cesses the ONT needs to be “colourless”. That is any ONT connected to the WDM
PON must be able to work on any of the wavelengths operating on the system. One
way of doing this is to lock the ONT optical transmitter to a seed wavelength trans-
mitted from the exchange. To keep these devices low cost and simple is a technical
challenge for device manufacturers and the solution chosen could have a major im-
pact on system performance and is still a topic being researched. Currently there are
no standards and the economics of such a system are very unclear.

The lower power budget requirements could mean that longer reaches would be
technically possible, however the WDM splitter has a similar total split to a 32-
way split BPON which means there will only be of the order of 32 customers per
feeder fibre. This is a useful level of fibre sharing to reduce the size of the very high
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fibre-count cables that are required for point-to-point solutions but the economics
of long lengths of the moderately high fibre-count cables required with WDM PON
will limit the scope for major exchange bypass. Generally WDM PON systems will
be terminated on to local exchanges and, as with BPON, separate backhaul and
aggregation equipment will be required at the local exchange. Therefore as for all
the systems described above there is little fundamental change to the structure of the
end-to-end network economics and little potential for any radical cost reduction.

1.5.2 Long-reach Access

The common issue with all the above systems is the economic viability of FTTP for
mass market deployment. All the architectures above rely on equipment price de-
cline to reduce the cost of bandwidth in order to remain economically viable. None
of the above architectures produce any fundamental change to network economics,
in particular they keep the backhaul and access networks separate and require mul-
tiplexing and aggregation electronics at the local exchange site. The cost of the
local exchange and the corresponding backhaul networks can be as large as the ac-
cess network, particularly when the high bandwidth and low contention required for
high-quality personalised video services is to be provided. To solve this problem full
end-to-end network economics must be taken into account as consideration and de-
sign of access, metro/backhaul and core networks separately is generally not going
to lead to economically viable solutions.

The need to reduce electronic nodes in the end-to-end network led to the long-
reach access solution as a means to eliminate the separate backhaul/metro network
and also the electronic aggregation node at the local exchange or central office.
The basic architecture (shown in Fig. 1.16) is a single wavelength amplified PON
system with 100 km reach, a line speed of 10 Gbit/s and up to 1000 way split (to
share the backhaul fibre as much as possible and also to get maximum statistical gain
from traffic carried). The 10 Gbit/s line rate provides a sustained or average rate of
10 Mbit/s per customer (if the full 1000 way split is deployed) but more importantly
enables customers to burst for short durations up to Gbit/s speeds, depending on
the ONT capability and customer interface port speeds. This allows large files to
be transferred very quickly and even high-definition feature length films could be
transferred in a few 10s of seconds. In Fig. 1.17 a further stage of evolution is
shown where WDM has been added to increase the capacity and provide flexibility
in the wavelength domain for customer and bandwidth management. Also shown
for completeness is the optically switched inner core, which together with the long-
reach access could reduce a UK-sized network from currently ~ 5600 exchange
locations to only ~ 100 large nodes.

Work at BT Martlesham and the Tyndall Institute in Cork, Ireland, has experi-
mentally verified that from an optical power budget and transmission perspective
such a long-reach access system is technically viable [18] and WDM options have
been investigated in the EU collaborative project PIEMAN [19-21] with initial sys-
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Fig. 1.16 Basic long-reach access network bypasses local exchange and metro network. All ONUs
have fixed band-pass “blocking filters” which only select the initial operating wavelength and block
all others. When WDM is added at a later stage, the “new” ONUs will have a band pass filter at
one of the additional wavelengths. EDFA technology constrains operation to C-band wavelength
range

tems and protocol issues investigated within the EU MUSE project [22]. An early
LR-PON solution has also been demonstrated by Siemens [23].

1.5.2.1 Extended-Reach GPON

There are a number of technical and design issues still to be resolved for a viable
long-reach access solution to be developed into a standard product ready for de-
ployment. However, an interim solution that paves the way for this architectural ap-
proach is “Extended-Reach GPON” [24]. As mentioned in Sect. 1.5.1.5 the GPON
protocol can support up to 128 way split and 60 km range but the standard opti-
cal components cannot realise this capability in a practical system. By adopting
the ideas from the long-reach access vision, an amplifier module can be added to
GPON to enable the full protocol capability while still keeping the standard GPON
optical component specification. This means that a standards-compliant GPON sys-
tem can be easily upgraded to a longer reach version simply by incorporating the
in-line amplifier module. The architecture is schematically shown in Fig. 1.18 and
uses commercially available semiconductor optical amplifiers (SOAs) capable of
operating at the wavelengths of standard GPON.

A 4 x 4 optical star coupler is added at the local exchange site where the OLT
for standard GPON would be placed. The 4 x 4 coupler increases the split of stan-
dard GPON from 32 ways to 128 ways by combining together four, 32-way GPON
access networks. The four ports on the metro-node side of the star coupler have the
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Fig. 1.18 Extended-reach GPON - an interim solution to long-reach PON

semiconductor amplifiers attached, the use of four ports enables two fibres working
over two fibre paths to two separate metro-nodes enabling dual parenting protection
switching. One of the metro-nodes is the protection site and the other is the primary
site. The protection metro-node sites will house a standby OLT (OLT S in Fig. 1.18)
which can be switched to an operational state in the event of a fault in the equipment
or connection to the primary metro-node.

Amplified extended-reach GPON (ER-GPON) can offer a short-term expedient
to long-reach access, enabling bypass of a large proportion of the local exchanges
and elimination of the backhaul transport network where it is deployed. The fibre
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architecture is compatible with long-reach access and could be upgraded at a later
date when the long-reach access system becomes available for deployment and the
service demands and business environment make it viable. Recently a new XGPON
standard G987 has been published which is an interim between a full long-reach
PON and extended-reach GPON. It provides for greater split and higher bit rates
compared to GPON and will probably be the standard that will evolve to a full wave-
length-flexible 10 Gbit/s symmetrical bandwidth long-reach PON in the future.

1.5.3 Metro Network

The metro network provides the interconnectivity between the access network and
the core network and is sometimes also known as the backhaul network. In countries
with relatively small geographical coverage this interconnectivity largely consists
of transmission systems that collect the aggregated traffic from the access nodes
or exchanges and transports that traffic to the nodes of the outer core network also
called metro nodes. In countries with large geographical coverage the metro network
is sometimes subdivided into a metro access network and a metro core network.

1.5.3.1 Metro Network Architectures

Architecturally, small country and large country networks are not too dissimilar, the
main differences being of scale/geographical range and nomenclature. The metro
access region is similar to the network connecting access nodes to outer core nodes
in small country networks and can also be called the backhaul network. The metro
core network is then similar to the outer core network which connects the outer
core nodes sitting on the edge of the core network to the inner core nodes that
are interconnected via the long-distance transmission links. There are a wide range
of technologies used for the transmission systems for metro networks which are
usually implemented in either point-to-point or ring topologies.

When networks carried predominantly telephony traffic, the backhaul or metro
access networks were often implemented using point-to-point transmission sys-
tems based on PDH technology (plesiochronous digital hierarchy) at rates between
1.5 Mbit/s and 565 Mbit/s, although the higher rates were usually found in the core
network rather than the backhaul network (prior to the digital era this transmis-
sion was analogue and used FDM over copper transmission technology, e.g. coaxial
cable). PDH was not a synchronous system and required a complex multiplexing
procedure to multiplex data streams from multiple sources having slightly differ-
ent clock rates. This meant that adding and dropping traffic at intermediate nodes
along a transmission path was complex and costly requiring full demultiplexing
and re-multiplexing of the data stream. When SDH technology emerged in the late
1980s, it was designed as a synchronous system and had a frame structure that
was very flexible both for mapping all types of digital traffic into it and also for
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adding and dropping traffic efficiently at intermediate points along the transmis-
sion path. The add-drop multiplexers (ADMs) used to remove or insert traffic at
the intermediate node could also be connected in closed rings which gave a pro-
tection mechanism whereby traffic could be switched at an ADM to go round the
ring in the other direction enabling circumvention of a fault or cable cut in a sec-
tion of the ring. In the metro network SDH is used in both point-to-point and ring
configurations.

Ring networks are particularly useful at low to moderate traffic levels where the
traffic inserted and dropped at each node in the ring is a small fraction of the ring
capacity. Rings become more problematic at high traffic levels where the total traffic
exceeds the capacity of the ring. In these cases rings need to be stacked and a cross-
connect is required to move traffic from one ring to another which increases the cost
associated with the transmission systems.

To increase the capacity of the fibre links, WDM can be used, and in these
systems capacity can be added incrementally by additional wavelengths as traf-
fic growth demands. The basic optical WDM devices need to be installed at day
one but the additional transponders/line cards needed for each wavelength are only
added when required. At each node interconnected via the WDM system an opti-
cal add-drop multiplexer (OADM) is installed. In simple systems the wavelengths
added and dropped at the OADM are configured manually often as part of the ini-
tial system design and installation. Subsequent changes to the configuration require
manual intervention which is perfectly viable if changes are relatively infrequent.
However, if network operators need more dynamic and frequent reconfigurability,
then reconfigurable OADMs (ROADM:s) can be used. These are more complex and
consequently more expensive than simple OADMs but have the advantage that they
can be remotely configured and therefore save operational costs in a more dynamic
traffic environment. The number of fibre routes connecting an ROADM to other
nodes is called the degree of the node; a ring has two routes at each ROADM and
therefore has degree 2. However, in recent years ROADMs with degree greater than
2 have emerged. These ROADMs can be used for ring interconnections enabling
wavelengths to traverse from one ring to another. They also enable metro networks
to migrate from ring topologies to mesh topologies as bandwidths grow in the future
making ring topologies less viable. With these higher degree ROADMs the distinc-
tion between a full optical cross-connect (that would more usually be considered for
mesh networking) and an ROADM is blurring.

1.5.3.2 Elimination of Metro Networks

In Sect. 1.5.2 the concept of long-reach access (namely LR-PON) was discussed,
long-reach access takes the access network deep into the network to the outer core
switches/routers or metro nodes which effectively eliminates the separate metro ac-
cess transmission network. The LR-PON performs the aggregation, multiplexing
and routing function normally performed by the local exchange equipment, the PON
protocol can also assign bandwidth as required to customers using a DBA protocol.
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It can therefore also perform the functions of the access aggregation switches/routers
at the local exchanges and therefore eliminate this equipment and the buildings re-
quired to house it, which in time could be closed down and sold off to be re-used for
other purposes. The additional cost for the long-reach access network is the ampli-
fier module at the old local exchange site, this is required to extend the PON reach,
split and capacity. The cost of this optical amplifier equipment and infrastructure is
significantly less than the cost of the local exchange equipment, buildings and the
metro transmission systems the LR-PON replaces. Furthermore, it also consumes
significantly less power and therefore paves the way for a much “greener” network
solution.

The large split of the long-reach PON enables a very fibre-lean network with
a high degree of fibre sharing and utilisation of the long-distance “metro fibre” be-
tween the old local exchange site and the outer core or metro nodes.

When the economics of these networks are compared via a cash flow analysis,
the long-reach PON solution produces the shortest time to positive cash flow and
also the lowest investment of risk capital.

1.5.4 Core Networks

In the previous sections the options for the access and metro networks have been
discussed and from the perspective of bandwidth growth and economic considera-
tions the most favourable solution for a future generation FTTP network will be
long-reach access networks connecting directly into the core network nodes. This
solution enables bypass of the local exchange sites and the elimination of the metro
access transmission systems which reduces the combined access and metro network
costs significantly and gives the lowest risk and shortest time to positive cash flow.
The high bandwidths enabled by FTTP will also drive significant bandwidth growth
into the core network and will also put pressure on the economic viability of the
core network architecture and technology.

From the simple service scenario discussed earlier it can be expected that FTTP
customers could easily drive sustained bandwidths to ~ 10 Mbit/s or more. This
level of bandwidth growth is unprecedented and is a real paradigm shift in the levels
of traffic networks will be required to cope with. To get some feel for the impact of
such growth consider some very simple order of magnitude calculations for a net-
work with ~ 20 million premises. Assuming 50 % of end user premises will take up
and use an FTTP offering then it would mean:

* 10 million end users at 10 Mbit/s per end user

* 100 Tbit/s total sustained busy period traffic

* ~ 100 core nodes (assuming an LR-PON access network architecture with
100 km reach)

» 1Tbit/s average traffic per node

* ~ 10Gbit/s average traffic between each node pair (assuming little turn-around
traffic at the traffic ingress node).
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Fig. 1.19 Number of nodes traversed by an optical path through a 100-node network

It should be noted that statistically the probability of all users using a sustained
rate of 10 Mbit/s simultaneously would be vanishingly small and that practical net-
work bandwidths even for this scenario would be significantly lower. If traffic levels
are of the order of 10 Gbit/s between all node pairs, then this is equivalent to assign-
ing one optical wavelength between all node pairs. With direct optical wavelength
connections between all node pairs there is no need for grooming or add-drop elec-
tronics at intermediate nodes. If there is no intermediate grooming, then the network
could be a flat, single layer all-optical network, and such an architecture reduces
a network of UK size from one with ~ 5600 exchange locations containing elec-
tronic equipment to ~ 100 electronic switching/routing nodes.

The use of an all-optical core network will considerably reduce the amount of
electronics required in each of the core nodes. The reduction in traffic that needs
to pass through the core node router can be seen by considering the traffic paths
required across a 100-node core network.

All nodes will need at least one wavelength to all other nodes. These optical paths
will traverse the network and in doing so will pass through intermediate nodes.

The distribution in Fig. 1.19 shows the number of nodes traversed by these optical
paths for a 100-node network. In today’s electronics centric networks each optical
path would be terminated at each node it passes through, requiring opto-electronic
conversion on the ingress and egress ports for every wavelength. The traffic carried
on each wavelength would then be switched/routed through each intermediate node
from the ingress port to the egress port; this requires the switch/router capacity to
cope with all the through traffic as well as the traffic destined for that particular node.
Studies of the UK network show that as much as 70-80 % of the traffic entering
anode can be through traffic. If this traffic can be made to bypass the node router by
remaining in the optical domain, then there are enormous savings in opto-electronic
interfaces and significant reduction in switch/router capacity required. To provide
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optical bypass in the wavelength domain will require cost-effective optical switches
to be added as an optical layer at each metro/core node in the network.

This optical layer effectively creates a flat rather than hierarchical core network.
The flat architecture avoids the need for the opto-electronic conversions at layer
boundaries as transmission paths traverse the network, and as mentioned above
it also reduces the size of the routers required by not electronically handling the
through traffic. The hierarchical architecture however allows for sub-wavelength
grooming whereby traffic from several nodes could be multiplexed on to a shared
wavelength for onward transmission to a destination node and also allows traffic to
be added and dropped at any of the intermediate nodes on the route.

From this simple qualitative discussion, it can be seen that for low traffic lev-
els a hierarchical core would use optical transmission capacity more efficiently but
requires greater router capacity, while for higher traffic levels the flat architecture
makes more efficient use of core node resources but could under utilise wavelengths
if the traffic levels are too low. It can be expected therefore that as traffic levels rise
a transition will occur whereby, to minimise cost, networks will need to evolve from
a hierarchical architecture to a flat all-optical architecture.

The flat architecture is expensive for low traffic levels because the flat core re-
quires large numbers of wavelengths at each node to simply provide the wavelength
mesh connectivity required and therefore has high up-front expenditure. At low traf-
fic levels the wavelengths are inefficiently filled but traffic can grow to high levels
without further expenditure. The hierarchical network however can efficiently fill
the wavelengths by use of sub-wavelength grooming and therefore requires signifi-
cantly fewer optical wavelengths in the core to provide the required connectivity.
However, as traffic grows the equipment required grows and eventually crosses the
flat optical core curve at some traffic level in the future. Estimates suggest that this
could occur by 2015 but planning and early implementation of the optical layer
to enable the transition would need to start much earlier than this date. It should
be noted at this point that the size of the all-optical flat core will need to be lim-
ited as the number of wavelengths required for full interconnectivity grows as N 2.
Networks for very large countries will therefore probably need optical islands with
a limited number of nodes which in turn will be interconnected by another very long-
haul flat optical layer. At the boundary of this layer and the interconnecting nodes
of the optical islands there would be optical-electrical-optical (OEO) conversions
and regeneration of the optical signals as well as routing capacity to groom traffic
onto the inter-island transmission paths. The optimum size of the optical islands
will be a trade-off between optical and electrical switching costs and transmission
costs.

The simple analysis used at the beginning of Sect. 1.5.4 assumed that all the
metro/core nodes are equal in size, in practice there will be a considerable range of
core node sizes. The larger core nodes will have several 10s of fibre links connected
to them even with 80-channel DWDM systems. Many of these fibres will have all
the wavelengths carried as through wavelengths to other nodes. The architecture of
the metro/core node may therefore need two layers of optical switching — a low-
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loss fibre space switch switching at the fibre level and a wavelength-selective switch
(WSS) switching at the wavelength level. The architecture of the node would then
look something like that shown in Fig. 1.20 [25].

The optimisation of such an architecture, getting the right balance between fi-
bre switching, wavelength switching/multiplexing and electronic switching/routing/
multiplexing functions is still an area of research as are methods and technologies
that can enable graceful growth at any of the layers to meet the conditions at any
particular node.

Of particular relevance to this all-optical architecture is the balance between
wavelength multiplexing versus higher transmission speeds. High transmission
speeds can mean lower wavelength counts and fewer transponders at terminating
nodes. However, getting efficient fill on higher granularity wavelengths may require
sub-wavelength grooming which gets away from the advantages of the flat optical
core network. More wavelengths give more optical switching flexibility with pos-
sibly more graceful growth and simpler transmission systems but at the expense of
more line equipment. However, an additional advantage may be greater resilience
and therefore networks with greater overall availability. It may be that higher speed
systems (40 Gbit/s or 100 Gbit/s) are used selectively on the highest capacity links
where there is sufficient traffic between nodes that sub-wavelength grooming will
not be required while 10 Gbit/s may be used more ubiquitously on the larger num-
ber of lower capacity routes. The actual choice will depend as much on economic
and resilience analyses as technical capability of the transmission equipment and is
a continuing research topic.
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1.6 Summary — Future Evolution of Optical Networking

The aim of this chapter was to give an overview of the principles of optical net-
working and the issues to be addressed as the true broadband network of the future
evolves. Section 1.1 was a very brief historical introduction. Section 1.2 was a brief
overview of optical networking. The reasons and drivers for moving to optical net-
working including fibre to the premises (FTTP) was discussed in Sect. 1.3, Sect. 1.4
examined the economic challenges introduced by FTTP and Sect. 1.5 reviewed the
network architectural issues and options.

Optical networking with fibre to customer premises will provide a network with
the best capability possible with known technology but it is going to bring some
major economic and operational challenges for operators and network providers.
All-optical networking in the access, metro, and core networks means that the same
basic transmission technology and capability is present in all layers of the network
hierarchy. That being the case and given the economic necessity to share the capacity
of metro and core fibre across many customers, it is apparent that customers cannot
have all the capacity of the access fibres connected to them. This implies sharing of
the access fibre capacity and that multiplexing, traffic grooming and consolidation
must either occur at the access-metro network boundary or preferably, from an eco-
nomic perspective, in the access network itself. When reviewing the possible access
network options it was shown that the lowest cost FTTP solution is based on the pas-
sive optical network architecture with passive splitting close to the customer. This
enables maximum fibre and network resource sharing by the customers connected
to the network.

In Sect. 1.4 the economic challenges arising from the bandwidth growth enabled
by FTTP were discussed. It was shown that there is a fundamental problem with cur-
rent electronic centric architectures because the price decline of the network equip-
ment required to service the potential bandwidth growth is insufficient to enable the
network provisioning cost to grow at rates less or equal to the revenue growth that
can realistically be anticipated. It was concluded that the only way of resolving this
challenge would be to reduce the amount of the expensive electronic equipment in
the network by eliminating access nodes (central office/local exchanges) and also
elimination of the metro access transmission systems. The architecture proposed to
achieve this was based on a long-reach PON with enhanced capacity, reach and split
enabled by using optical amplifiers at the site of the old COs/local exchanges.

The huge growth in bandwidth also has major implications for the core network
where minimisation of electronics for OEO conversions, transponders, routers etc.,
is also very important if an economically viable network is to be achieved. The so-
lution discussed was migration of the core network to include an all-optical, circuit-
switched layer, above the electronic router layer. In this way traffic paths travers-
ing the core network from ingress nodes to egress nodes can bypass the electronic
routers in the traversed core nodes and stay in the optical domain. For high-capacity
networks this results in a large reduction in OEO conversions required for transpon-
ders and router I/O cards (router blades). This also reduces the required capacity,
size and power consumption of the core node routers leading to much lower costs
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and a much “greener” solution for the future network. However, it was also pointed
out that for the traffic levels in today’s network the electronic centric core is emi-
nently sensible because there is generally insufficient traffic to efficiently fill the
majority of the optical circuit-switched channels that would be required to fully in-
terconnect all the core nodes of a country-wide (or large region) network. However,
at some point in the future as network bandwidth grows the all-optical core network
layer will be necessary to keep core network costs under control. There is therefore
the outstanding problem of how best to transition from the electronic centric core
networks of today to the all-optical network required for the future.

Although not discussed in this chapter there is also much work to be done on
core bandwidth mitigation techniques where the architecture and operation of the
network minimises the amount of traffic that needs to enter and transit the core
network and could instead be kept or turned round in the access network (this is
particularly relevant to the long-reach access network architecture).

In conclusion the most significant features of future networks compared with
today’s networks will be the growth in bandwidth they will need to cope with and
that optical networking will be required in all parts of the hierarchy. This has an
impact on the requirements for future optical components and technology.

The greatest challenge for the photonics industry is to move much of the high-
performance technology used in core networks into high volume and low price
components for the access network. The access network will require stable high-
performance components at consumer electronic prices (10Gbit/s and possibly
even coherent technology in the future). Customer premises transmitter and receiver
modules will need to become wavelength-tuneable devices to be both “colourless”
and provide the ultimate flexibility in bandwidth management in the network. Low-
cost, optical amplifiers with low noise figure (and ideally wide spectral width cov-
ering much if not all of the optical fibre windows) will be needed and they ide-
ally should be capable of multi-wavelength operation without introducing crosstalk
(quantum dot amplifier technology may be a solution for this). Low-loss optical
circuit switching including wavelength-selective switches will be required for the
core network and long-distance high-capacity transmission systems including co-
herent solutions will also be required for the higher capacity routes across the
core.

Whether or not optical signal processing and also optical packet switching will
be required is a further debate not discussed in this chapter. If it is required, it is
probably a long time in the future. Optical circuit switching enabling optical layer
bypass of through traffic in the core network significantly reduces the capacity re-
quirements of the core nodes enabling electronic routers a much longer life. Also
there has been negligible work on core bandwidth mitigation techniques which may
further reduce the growth in core network bandwidth and enable electronic routers
to cope with traffic demands for many years to come.

Whatever the final evolution and direction of network technology development
and deployment the selection process is ultimately going to become one of lowest
cost and, end-to-end network, economic viability for all the players in the commu-
nications business.
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Chapter 2
Optical Fibers

Pascale Nouchi, Pierre Sillard, and Denis Molin

Abstract The chapter starts with the fundamentals of light propagation in optical
fibers, followed by the essentials of fiber fabrication. Subsequent sections focus on
typical loss and dispersion characteristics of single- and multimode fibers includ-
ing relevant information on standardization. The basic elements of fiber cables for
various applications constitute another topic followed by new developments such as
microstructured and Bragg fibers, hybrid devices combining glass fibers and semi-
conductors, and multicore and multimode fibers as well.

2.1 Introduction

Within the past 40 years, optical fibers have evolved from a not-so-transparent glass
tube to an extraordinarily efficient transmission medium, now acknowledged as
a central element of modern telecommunication networks. Who could have imag-
ined then, that by now several hundred million kilometers of fibers would have
been installed worldwide, allowing today’s highly sophisticated World Wide Web
(WWW) to link the whole planet in real time? Since the first proposition of using
glass fibers as a data transmission medium in 1966 [1], optical fibers have had an
extremely dynamic development, always sustaining the evolution of transmission
systems and the growing needs for bandwidth.

It is the purpose of this chapter to give the reader some basic knowledge about
optical fibers: How are they fabricated? What are the key characteristics and what
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are the different optical fibers? What are the latest innovations? This chapter is thus
organized as follows: The first section includes some fiber basics to give the reader
a very first insight into fiber propagation and to introduce the two main categories of
optical fibers, that is, single-mode and multimode. The following two sections are
dedicated specifically to multimode and single-mode telecom fibers, respectively. In
each of those two sections, we describe in detail key fiber characteristics, the dif-
ferent types of fibers that have been developed over the past few years, and some
standardization basics. The subsequent section will shortly present fiber cables for
telecom applications, and we will finish with the latest developments on novel opti-
cal fibers.

2.2 Fiber Basics

2.2.1 Principle of Light Propagation in Optical Fibers

An optical fiber is a thin cylindrical strand of silica glass, consisting of a central
core surrounded by a cladding: the core has higher refractive index n, than the sur-
rounding cladding ny (n., > 1), thus allowing light to be guided through internal
reflection. Typical dimensions are from 10 to a few 10s of um for the core diameter,
depending on fiber type, and 125 pm for the cladding. The index difference between
the core and the cladding is very small, ranging from ~ 5 x 1073 to ~ 30 x 1073,
again depending on fiber type.

Geometrical optics is often used to get a first physical insight into light propa-
gation. Indeed, light guidance can be simply described by a succession of total in-
ternal reflections (TIR) at the core—cladding interface, with each optical path within
the fiber corresponding to one “mode” of propagation. This is illustrated in Fig. 2.1.
Fibers allowing several modes to propagate are called multimode fibers (MMF),
while fibers allowing only one mode to propagate are called single-mode (SMF).

Snell-Descartes law can be used in a straightforward way to derive the angle
of acceptance, or critical angle 6y, which defines how much light is captured and
guided through a multimode fiber. Any light coming into the fiber at an incident
angle larger than 6y will not experience TIR and will thus not be guided through the
fiber. The following relation relates 6y to the fiber characteristics:

sinfp = \/n2, —n?% = NA, (2.1

where NA is the numerical aperture. The larger the NA, the larger the number of
modes. Classical silica-based multimode fibers have NA ranging from 0.2 to 0.3.
Again, geometrical optics cannot replace a full description based on electromagnetic
theory and Maxwell’s equation. Basic principles will be given in the next section. It
should also be emphasized that TIR is not the only mechanism that allows light to be
guided. Over the past 10 years, much research has been devoted to new fiber types



2 Optical Fibers 57

. cladding
index n
00 "0" ol

core
index n,

Fig. 2.1 Schematic of light propagation, based on geometrical optics

a o n(r) b . n(r)

I radius r

Fig. 2.2 Step index profile (a) and parabolic index profile (b)

that rely on different physical mechanisms to guide light. This will be described in
the last Sect. 2.6 of this chapter.

We conclude this section with a few words about the refractive index profile n(r)
that describes the change of index over the fiber cross-section. The index profile
fully defines the properties of light propagating through the fiber. The most simple
index profile consists of a step, i.e., a core with a constant index of refraction, but
we will see in Sect. 2.4 that profile shapes have become increasingly complicated as
fiber requirements have become more stringent. Figure 2.2 illustrates the two most
common index profiles, that is the step and parabolic profiles. The parabolic shape,
also called graded-index, is essentially used for multimode fibers, while a large va-
riety of shapes can be used for single-mode fibers (SMF), ranging from the simple
step to more complex segmented structures.

2.2.2 Modal Theory of Light Propagation in Optical Fibers

Light propagation in optical fibers is governed by Maxwell’s equations, like all
electromagnetic phenomena. For a detailed theory, the reader can refer to well-
established textbooks about optical fibers [2, 3]. In this section, we intend to give
a short overview of the most important equations and to introduce the concept of
modes from an electromagnetic perspective.



58 P. Nouchi et al.

Recall that for an isotropic, nonconducting, nonmagnetic medium, Maxwell’s
equations can be written as:

VxE =—-0B/ot, (2.2)
VxH=09dD/ot, (2.3)
V-D =0, (2.4)
V-B =0, (2.5)

where E and H are the electric and magnetic vectors, respectively, and D and B
the corresponding flux densities. In a dielectric medium, they are related to field
vectors by:

D =¢E, (2.6)
B = joH, 2.7

where ¢ is the dielectric permittivity and ¢ is the vacuum permeability.

The wave equation is obtained by combining the above equations to isolate the
electric vector E. Assuming that loss is low enough so that permittivity ¢ is real and
replacing ¢ by egn? — where n is the refractive index profile — leads to the following
wave equation:

2 52
V2E — ’Z—Z%Tf =V(V-E)=-V (V(n(n?)) E). 2.8)
We saw in the preceding section, that in optical fibers the index difference between
the core and the cladding is small, of the order of ~ 10~2. This feature allows one to
fully neglect the term on the right side of (2.8). This is called the “weakly guiding
approximation” [4], which allows for a simpler description of guided wave propa-
gation.

Cylindrical symmetry of the guiding structure is another important feature that

allows writing any of the field components in cylindrical coordinates (r, 8) as:

E = F(r)G(0)e'@—F2, (2.9)

where w is the angular frequency and § the propagation constant of the field propa-
gating along the z-axis.

Inserting (2.9) into the wave equation (2.8) within the weakly guiding approxi-
mation yields the following important equations:

FELNE (o )
dl’2 rdr r (210)

Here, k is the wavenumber, equal to w/c or 27/, and v is the azimuthal number,
that can only take integer values due to the 27 field periodicity.
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Fig. 2.3 Schematic of radial distribution of LPg; mode (a) showing a 3D computed plot, and LPgs
mode (b) showing a computed cross-section of the intensity

In the case of a simple step-index profile, with constant index values in the core
with radius a and in the cladding, the solution of (2.10) is well known and takes
the form of Bessel functions. In the case of more complicated index-profile shapes
within the core, even though many strategies have been developed in the past to
solve this scalar wave equation, numerical methods are applied.

There are many solutions to (2.10), each solution being called a mode and being
defined by its propagation constant and field distribution. However, we are only
interested in the guided modes, whose radial distributions should be finite at r = 0
and decay to O at infinity. It is then possible to show that all the guided modes have
a propagation constant that follows:

neg < é < o, (2.11)
k
where /k is the effective refractive index neg, 1o is the maximum index within
the core, and n; is the cladding index.

Whatever the index profile is, it is necessary to apply the boundary conditions,
that is the electric field and its derivative are continuous at the core—cladding in-
terface, leading to the well-known eigenvalue equation which only depends on the
index profile, the wavelength, and the azimuthal number and whose solution is the
propagation constant . Depending on the profile parameters and wavelength, this
equation will have one or more solutions for each integer value v. Each solution
is labeled B,,, (where 4 = 1,2,...) and corresponds to a mode of propagation
labeled LP,,;, whose optical field distribution is obtained from (2.10), knowing B,,.
LP stands for linearly polarized. Indeed, it is possible to show that modes are nearly
transverse. Figure 2.3 shows examples of radial distributions of different modes.

In an SMF profile parameters are chosen so that the only mode that propagates
is the LPp; mode. As can be seen on Fig. 2.3, this mode is nearly Gaussian.
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2.2.3 Fiber Fabrication

Over the past 40 years, silica glass has proven to be the material of choice for opti-
cal fibers, combining both low loss and good reliability and being easy to process.
Research is still going on to find alternative materials, but current interest is directed
toward very specific applications in the field of nonlinear optics. In the case of silica
glass, the index profile can be tailored by the addition of a small quantity of dopants:
Ge (P in some cases) to increase the index of refraction, and F (B in some cases) to
lower it. For example, changing the index of refraction by 1 x 10~ with respect to
silica requires about 1 wt% of Ge only.

Fiber manufacturing has become an extremely well-mastered process. Geometry
is controlled to the micron level, while material purity is controlled to well below
parts per billion levels.

Fiber manufacturing is a two-step process. The first step is the fabrication of
a high-purity rod called preform. This rod has exactly the same composition and
cross-sectional profile as the fiber but its diameter is a few centimeters. Because
of its larger size, it is possible to achieve a very good control of the index profile.
Different techniques are currently used by fiber manufacturers to make preforms [5]:
modified chemical vapor deposition (MCVD), plasma chemical vapor deposition
(PCVD), vapor axial deposition (VAD), and outside vapor deposition (OVD). For
all these methods, glass is created from a high-temperature reaction between gases.
In the case of MCVD, glass is formed layer after layer on the inner surface of a tube
through the oxidation of SiCly gas (1400 °C to 1600 °C):

SiCly + Oy — SiO; + 2Cl,.

The high temperature is usually obtained by a burner or a furnace. PCVD, as
MCVD, is an inside deposition process but reactions occur within a microwave-
generated plasma. For OVD and VAD, as opposed to MCVD and PCVD, soot is
formed through hydrolysis:

SiCly + Oz + 2H, — SiO, + 4HCL

Thus, both methods require an extra step consisting of dehydration and vitrification
in a heating furnace (~ 1500 °C) to eventually obtain glass. OVD is an external-
deposition process, where soot layers are deposited one after another onto a starting
rod. In the case of VAD, the rod is built vertically with core and cladding made at
the same time.

The second step consists in drawing the preform rod into the 125 pm fiber, which
becomes an exact smaller size replica of the rod. This is usually done in a drawing
tower, over 10m high that includes a high-temperature furnace at the top to melt
down the preform and a spooling device at the bottom to wind the fiber. The end of
the preform rod is thus heated in the furnace (~ 2000 °C) above the melting point
to allow the fiber to be drawn by the winding device with a controlled bare-fiber
tension. Fiber is also coated with polymer during the drawing process to ensure
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mechanical protection. Two polymer coatings are generally applied onto the glass
fiber: a first soft material to protect the fiber from lateral pressure when cabled and
a more rigid layer to provide mechanical protection. Coating is usually transparent,
but color components can be directly added to the secondary layer, thus eliminating
the need for an extra inking-process step before cabling. The final diameter of coated
fiber is typically 250 um.

2.2.4 Fiber Loss

Fiber loss is a fundamental limiting factor, as it reduces signal power propagating
through the fiber. It is described by an attenuation coefficient & in dB/km. As for
any material, loss is linked to either absorption or scattering mechanisms.

Pure silica absorbs in the ultraviolet (electronic transitions) and in the far-infrared
region (molecular vibrations of SiO,). Metallic impurities could give rise to addi-
tional absorption peaks [6], but fiber fabrication process has improved to a point
where impurities are no longer a significant concern, with much less than ppb levels
and no impact on loss. Hydrogen is also one of the well-known impurities, which
has to be avoided during fiber fabrication and once the fiber is installed. Hydrogen
diffuses easily and can undergo chemical reactions with the network of silica glass,
leading to the formation of numerous defects, the most detrimental one being SiOH.
The SiOH vibration has a fundamental absorption peak at 2.73 um and overtones at
1.38 um and 0.95 um, and a concentration of 1 ppm,, only leads to a few tens of
dB/km attenuation at 1.38 um [7]. From the early days of fiber fabrication, much
work has been devoted to the reduction of the so-called OH peak. Latest advances
at the end of the 1990s have allowed manufacturers to produce virtually OH-free
fibers with additional loss of less than 0.1 dB/km at 1.38 um. These fiber types are
now very well described by standardization bodies and referred to as G.652.D for
SMFs.

Rayleigh scattering is the dominant scattering mechanism in silica fibers. It varies
as A and is also dependent on fiber composition. In most cases, the higher the
dopant concentration, the higher the corresponding scattering. In pure silica, the
Rayleigh scattering coefficient is of the order of 0.6-0.8 dB um*/km and depends
on fabrication process and thermal history of the glass measured through its fictive
temperature [8]. The influence of Ge doping on Rayleigh scattering has been exten-
sively studied in the past and it can be considered to grow linearly with composition:
Rayleigh scattering is doubled compared to pure silica at a germanium incorporation
equivalent to a refractive index increase of about 25x 10~ [8]. Additional scattering
can also be generated by any defects or small fluctuations at the core—cladding inter-
face, also referred to as “waveguide imperfection” [9]. This component is negligible
for standard SMFs, but can be significant for higher dopant contents [10].

When summing up all these contributions, minimum loss is found around 1.55 pm
where most of today’s telecommunication systems operate. Figure 2.4 shows a typi-
cal loss spectrum for commercially available SMFs with typical values of 0.2dB/km
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at 1.55um. In this wavelength range, Rayleigh scattering is the main contribution.
Even though these values are very close to the fundamental limit for silica, there is
still some research to further reduce fiber loss, with a record loss of 0.152dB/km
recently reported and achieved through careful profile design and fiber fabrica-
tion [11].

One important feature of optical fibers is that they can be bent. However, light
is not guided as well in a bent fiber as it is in a straight fiber, it scatters away
and loss occurs. The smaller the bending radius, the higher is the loss. In addi-
tion, when fibers are in cable form, they are pressed against a surface that is never
perfectly smooth, thus generating random axial oscillations for the fibers, referred
to as microbending. Both, bending and microbending loss, will be further discussed
in Sect. 2.4, as their control is important when designing fibers.

2.2.5 Fiber Dispersion

Dispersion is the other important limiting factor when considering data transmis-
sion. It causes a light pulse to broaden as it propagates through the fiber and limits
transmission capacity, whether the system is digital or analog. Dispersion is very
different in multimode and SMFs.

In a multimode fiber, it can be very well understood using geometrical optics.
Injected light is coupled to the different modes that the fiber can sustain (or part
of them, depending on how injection is made). Modes have different paths, thus
leading to different time-of-flight at the output of the fiber. This is called intermodal
dispersion. Very simple geometrical-optics computations show that, in a multimode
step-index fiber, it is of the order of tens of ns/km. This is exactly why graded-
index profiles have been developed: to decrease the intermodal dispersion and allow
higher data rates to be transmitted. This will be further discussed in the next section
dedicated to multimode fibers.
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In an SMF, intermodal dispersion does not occur because all the light is car-
ried within one mode. However, pulse broadening is still present because any given
source emits over a certain wavelength band, even single-mode lasers, and differ-
ent wavelengths travel at a different speed. This is called intramodal dispersion or
chromatic dispersion. The chromatic dispersion coefficient is given in ps/(nmkm).
Chromatic dispersion exists in all dielectric materials and is intrinsically related
to the wavelength dependence of the refractive index. In fibers, dispersion can be
computed easily, when knowing the wavelength dependence of effective index n.g,
through:

_ dl’g . A dzneff
TdA ¢ daz’

(2.12)

where 7, is the group delay. It can be shown that dispersion can be very well ap-
proximated by the sum of two contributions: that of silica itself, called “material
dispersion” and that of the guiding structure, called “waveguide dispersion.”

In the telecom wavelength range, silica dispersion increases with wavelength.
It zeroes near 1.28 um and is ~ 20 ps/(nmkm) at 1.55 um [12]. Conversely, wave-
guide dispersion is negative over a broad spectral range. Waveguide dispersion de-
pends on profile shape and can thus strongly modify material dispersion. Chromatic
dispersion is a very important characteristic, and many fiber types have been devel-
oped with different dispersion properties. This will be further discussed in Sect. 2.4
devoted to SMFs.

2.3 Multimode Fibers

MMF were the first fibers to be commercialized in the 1970s, being used for
both short- and long-distance telecommunications, operating mainly at 850 nm with
Light-Emitting Diode (LED) sources. SMFs were of course recognized for their
higher bandwidth, but there were no sources to couple light efficiently into the nar-
rower core of SMFs. At the beginning of the 1980s, research on sources resulted in
reliable semiconductor lasers suited for smaller core SMFs, which narrowed down
the application of multimode fibers to short-distance systems.

Multimode fiber development has continued from the 1980s up to now, mainly in
the framework of Ethernet dedicated to data communications, that successively pro-
moted bit rates from 10 Mbit/s at the beginning up to 10 Gbit/s since 2002 and
100 Gbit/s expected to come soon. Multimode fibers could follow this increase
in bit rate, thanks to process improvements and technological breakthroughs in
sources that provided low-cost 10 Gbit/s sources at the end of the 1990s, in par-
ticular the vertical cavity surface-emitting laser (VCSEL) operating at 850 nm (see
also Chap. 3).

Compared to SMFs, multimode fibers offer much more relaxed tolerances in the
connectorization between fibers and to sources.
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2.3.1 Key Characteristics

2.3.1.1 Modal Bandwidth

Bandwidth is one of the main characteristics of multimode fibers: it quantifies the
light-carrying capacity, the higher, the better. It is generally normalized by the fiber
length and thus expressed in MHz km, referring to the analog world, but a relation
between maximum bit rate and modal bandwidth can be derived.

A fiber can be seen as a passive low-pass filter. Its bandwidth is then defined as
the modulation frequency that is reduced by 3 dB as compared to the zero frequency
(DC) response. This is illustrated in Fig. 2.5. Bandwidth can be measured either in
the time or the frequency domain [13]. In the time domain, it consists in measuring
the temporal response of the fiber by injecting a short pulse. The transfer function
TF( f) can then be computed from the recorded input s;,(¢) and output sou(7) sig-
nals as the ratio of their respective fast Fourier transform s, ( /) and Sou( f):

§0ut(f )

TF(f) = 10-log,, (fin(f) ) .
One of the main features of multimode fibers is that many of their characteristics
depend on the way light is coupled, more commonly called the launching condi-
tions. The launching condition defines which modes are excited or not, and what the
corresponding power distribution is. However, the launching conditions provided by
LEDs and VCSELSs are very different, and very different even within the VCSELs
family. LEDs usually excite all the guided modes, while VCSELs excite a smaller
number of modes, which varies widely from one VCSEL to another.

Therefore, in order to ensure consistent bandwidth measurements and enable
a comparison of fibers on the same basis, bandwidth is measured under what is
called the over-filled launch condition (OFL), which corresponds to a uniform ex-
citation of all guided modes in the fiber. In practice, a mode scrambler is inserted
between the laser and the fiber to provide a spatially, angularly, and uniformly over-
filled launch. Typical values for OFL modal bandwidth are several hundreds of
MHz km, with the best modern fibers exhibiting values over 10 GHzkm at 850 nm.
The OFL modal bandwidth renders fiber properties very well when a fiber is coupled
to an LED.

Modal bandwidth under VCSEL launch is called effective modal bandwidth
(EMB). Because of the plurality of VCSEL patterns, no standardized launching
conditions have been defined, but dedicated measurement strategies have been de-
veloped to best characterize fiber performance. It mainly relies on differential mode
delay (DMD) measurements, as explained in the next paragraph.

(2.13)

2.3.1.2 Differential Mode Delay

DMD measurement is another way of characterizing the modal properties of mul-
timode fibers. It is now widely used by fiber manufacturers to assess performance



2 Optical Fibers 65

transfer function (dB)

g ST T TN YT Y O T S N A O N Y OO 1 O T Y T N Y IO T O A O 0 |

0 10000 f, 20000
frequency (MHz km)

Fig. 2.5 Computed transfer function of a multimode fiber ( f.: modal bandwidth)

of fibers dedicated to high-speed networks operating at 10 Gbit/s and using VCSEL
sources. Because VCSELSs excite only a limited number of modes, OFL bandwidth
is thus less relevant for such applications.

Examples of DMD measurements at 850 nm are shown in Fig. 2.6 for two dif-
ferent multimode fibers with a core radius of 50 um. DMD provides a cartography
of the modal dispersion across the fiber radius. Indeed, each line of this plot corre-
sponds to the power evolution as a function of time when a short laser pulse (20 ps to
1 ns) is launched — through an SMF — at one specific position across the multimode
fiber radius, called the “offset launch” on the graph. The mode field diameter of the
SMF is of the order of several microns — below the diameter of typical multimode
fibers — so that it can only excite a subset of modes. A centered launch (offset launch
equal to 0 um) excites mainly the lowest order modes, while large offset launches
excite the highest order modes. Here, the fiber is scanned from its center to the edge
of its core with 1 um steps. The DMD plot depends on several settings such as the
spot size used at the launching stage, the pulse duration, the fiber length, and so on.
In order to ensure consistent measurements, DMD measurements were standardized
in 2003 [14] for 50 pym-core multimode fibers.

The DMD plot shown in Fig. 2.6a reveals that the highest order modes, those
excited by the largest offset launches, travel faster than the lower order modes, ex-
cited by the lowest offset launches. This fiber thus exhibits a large modal dispersion,
especially when compared to the fiber whose plot is shown in Fig. 2.6b. For this last
fiber group delays are well equalized.

In addition, the standards provide a set of tools dedicated to the analysis of the
DMD plot: the DMD values, expressed in ps/m [14]. They roughly correspond to
the delay between the fastest and the slowest pulses within a given subgroup of offset
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Fig. 2.6 a, b Measured DMD plot for two different multimode fibers

launches, also called templates. The standards define three DMD values with their
respective templates and named inner, outer, and an unofficially called “sliding”
value. For instance, the inner DMD value corresponds to offset launches between
5 um and 18 um only. The fibers of Fig. 2.6 have an inner DMD value of 0.141 ps/m
(a) and 0.025 ps/m (b). As further developed in Sect. 2.3.3 (Standardization), spec-
ifications have been defined for those DMD values, to allow for a minimum EMB
value.

The same standards also propose an alternative to the DMD values: the EMBc
(effective modal bandwidth, where “c” stands for computed), which has been de-
fined to evaluate the worst EMB the fiber may exhibit when coupled to VCSELs
[14]. Indeed, DMD plots also allow to simulate fiber response — that is the output
pulse shape — from a linear combination of each individual trace. Standards define
ten different sets of weights to compute this linear combination and to render the va-
riety of VCSEL launches. EMB can then be computed from those ten output pulses,
and the worst value is called EMBc. The fibers of Fig. 2.6 have EMBc values of
4140 MHz km (a) and greater than 15000 MHz km (b), with respective OFL modal
bandwidth of 3300 MHz km and greater than 14 000 MHz km.

2.3.1.3 Loss

Loss in a multimode fiber may be more complex than in an SMF because each
mode may experience different attenuation levels. This effect is called differential
mode attenuation (DMA). In practice, DMA is negligible in modern silica mul-
timode fibers, and loss does not depend on the launching condition and linearly
increases with fiber length. As for SMFs, it is expressed in dB/km. Typical loss
values of a 50 ym multimode fiber are about 2.2 dB/km at 850 nm and 0.5 dB/km
at 1300 nm.



2 Optical Fibers 67

2.0
R=15mm, 9 turns
1.5
= NA =0.185
E. 1.0 -
17
o .
0.5 :
NA = 0.205
0 I 1 | |
800 1000 1200 1400 1600

wavelength (nm)

Fig. 2.7 Bending loss as a function of wavelength for two 50 um-core multimode fibers with re-
spective NA of 0.205 and 0.185 after nine turns around a 15 mm radius mandrel

2.3.1.4 Bending Loss

Multimode fibers generally do not behave like SMFs under bending. Each mode
exhibits significantly different bend sensitivities: the highest order modes are weakly
guided compared to the lowest order modes and thus far more sensitive to bending
than the lowest order ones. As a consequence, bending loss level strongly depends
on launching conditions: a launching condition that mainly excites the highest order
modes yields higher bend loss, whereas injection that confines the light in the lowest
order mode may exhibit a very good bend resistance. Another consequence is that
bend loss of a multimode fiber cannot be expressed in dB/turn or dB/m, as in SMFs.
It is recommended to express them in dB for a given number of turns and a given
launching condition [15].

Another very different feature of bending loss of multimode fibers compared to
SMFs is their spectral dependence. Indeed, bend loss does not exponentially in-
crease with wavelength as is the case with SMFs, but, under the OFL condition,
it oscillates around a fairly constant value over the whole spectrum, as shown in
Fig. 2.7. The oscillations come from the cutoff of the highest order modes [16].

2.3.2 Different Types of Multimode Fibers

2.3.2.1 Silica Step-index Multimode Fiber

Step-index multimode fibers were the first ones to be developed in the early days of
optical communication. As briefly explained in Sect. 2.2.4, the difference of arrival
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times between the slowest mode and the fastest one can be written as:

L x NA?
Ar="—""

2.14
2¢cng ( )

where 1 is the refractive index of the cladding, NA is the numerical aperture, L the
fiber length, and ¢ the speed of light. Modal dispersion in such fibers depends on
the square of the numerical aperture. OFL bandwidth of step-index multimode fibers
usually does not exceed a few tens of MHz km, making these fibers definitively not
suited for high-speed transmissions.

2.3.2.2 Silica Graded-index Multimode Fiber

Graded-index multimode fibers were soon introduced to improve and reduce modal
dispersion of step-index fibers [17]. The idea consists in equalizing the various op-
tical paths followed by all rays of light by lowering the refractive index experienced
by the longest paths. The core profile follows a power law parameterized by the «

parameter:
_ ry®
n(r) = %"“’Vl 240G r=a (2.15)

nclv r 2 a,

where n, is the core maximum refractive index, n; is the cladding index, and A is
defined as

Ao Mo (2.16)
T o2 '

With such an o-parameterized profile and by a proper choice of the o parameter, it
is possible to maximize the OFL bandwidth at a given wavelength [18, 19]. Indeed,
multimode fibers can be used either around 850 nm (LEDs or VCSELSs) or around
1300nm (LEDs). The « values typically used for maximizing the OFL bandwidth
at wavelengths of 850 and 1300 nm are ~ 2.07 and ~ 1.98, respectively, as shown
in Fig. 2.8.

One can see from Fig. 2.8 that, in practice, it is not easy to achieve very high
bandwidths in a reproducible way because bandwidth strongly depends on the «
value: a slight variation of less than 0.01 for « shifts the optimal wavelength by tens
of nanometers. In addition, any defects in the index profile will lower the bandwidth.
This indicates that the achievement of very high bandwidth requires an extremely
precise process control, while a slight error on the refractive index profile leads to
a dramatic decrease of fiber performance.

Nowadays, two classes of graded-index multimode fibers dominate: the 50 um
and the 62.5 um multimode fibers that exhibit a 50 um and 62.5 pym core diame-
ter, respectively, and a numerical aperture of 0.200 and 0.275. The 50 um multi-
mode fiber is historically the first fiber that was developed, followed very rapidly
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Fig. 2.8 Computed OFL modal bandwidth vs. wavelength for @ = 2.07 and ¢ = 1.98 for a 50 um-
core multimode fiber

by the 62.5um one that is still the most widely installed multimode fiber all over
the world. This trend is about to reverse due to the advent of the VCSEL sources at
the end of the 1990s, which are able to sustain the high modulation speeds required
for multigigabit-per-second transmission. This breakthrough pushed the fiber man-
ufacturers to improve their process control in order to allow today’s mass produc-
tion of the new class of 50 um multimode fibers (also known as OM3 fibers and
further explained in Sect. 2.3.3), which exhibits the high bandwidths required for
10 Gbit/s transmission. Their OFL modal bandwidth at 850 nm is typically greater
than 1500 MHz km for OM3 and greater than 3500 MHz km for OM4.

Another aspect that has recently been in the focus of attention is the bending
sensitivity of MMFs. The important rise of traffic in data centers, subject to harsh
environments (massive cabling, plurality of connectors, and reduced footprint), has
spurred the development of a new type of MMFs: bend-resistant OM3 and OM4
fibers. These fibers typically exhibit macrobending sensitivities that are 10 times
lower than those of legacy OM3 and OM4 fibers, with macrobend losses below
0.2dB for two turns at 7.5 mm bend radius. They all have a depressed-index area
in the cladding, i.e., a trench near the graded-index core that allows for better light
confinement. These new trench-assisted graded-index MMFs are paving the way to
more reliable cable management in data centers and to innovative and more compact
cable designs [20, 21].

2.3.2.3 Plastic Optical Fibers

Plastic optical fibers (POF) are multimode fibers whose core and cladding are made
of plastic material. They usually have a larger core than silica fibers, up to the mil-
limeter range, and can be operated down to the visible. POF are easy to connectorize
and easy to bend. They offer a cheap alternative to silica multimode fibers, but are
limited to very short transmission distances due to their inherent higher loss and
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lower bandwidth. POFs were first used in automation, mainly in the visible, but the
past few years have witnessed a shift to the Ethernet world with operating wave-
length of 850 and 1300 nm.

The original POF design consists of a step-index profile (SI-POF), also known
as the standard POF, with a large core of 980 um made of poly-methylmetacrylate
(PMMA) surrounded by a thin 10 um cladding of fluorinated polymer. The typical
numerical aperture is about 0.5. This material exhibits high absorption of about
100 dB/km at 520 nm, 560 nm, and 650 nm.

A graded-index profile is mandatory for higher transmission speed and/or dis-
tance. The early trials did not yield satisfactory loss results, but in the early 1990s,
thanks to the use of perfluorinated polymer, feasibility of low-loss graded-index
plastic optical fibers (GI-POFs) was demonstrated [22] and first fibers were com-
mercialized in 2000. Nowadays, losses of GI-POF are kept below 20 dB/km over
the 800—-1300nm range [23], and fibers with core sizes as small as 50 um are avail-
able. They show good transmission capabilities and can provide OFL-bandwidth
larger than 400 MHz km [24, 25].

2.3.3 Standardization

The concern for standardization has started at an early stage of fiber development.
Several bodies are active: the Telecommunication Standardization Sector of the In-
ternational Telecommunication Union (ITU-T), the International Electrotechnical
Commission (IEC), the ISO/IEC jointly operated by the International Organization
for Standardization and the IEC, and the Telecommunications Industry Association
(TTA). The first ITU-T recommendation on multimode fibers was published in 1984
(G.651).

One of the most common classifications is that of ISO/IEC, which defines four
main multimode fiber classes known as OM1, OM2, OM3 and OM4 [26]. OM1 and
OM2 define specifications for both 50 pm and 62.5 um multimode fibers, while OM3
and OM4 deal with 50 um multimode fibers only, as shown in Table 2.1. OM3 was
published in 2002 and is closely linked to the IEEE 802.3 10GbE Ethernet Standard
released in 2002. An OM3-type fiber, when operated at 850 nm in combination with
VCSEL sources, is able to bridge 300 m at 10 Gbit/s.

In the early 2000s, in the framework of the IEEE 802.3 standards, it was shown
through extensive modeling that an error-free 10GbE transmission over 300 m re-
quires an EMB larger than 2000 MHz km. The OM3 standards translate this system
requirement into specifications on the DMD values computed from the DMD plots,
whose definition has been explained in Sect. 2.3.1 [27]. These specifications are
summarized in Table 2.2, which includes six different sets of DMD values. To be
compliant, a fiber needs to fulfill one of the six sets only.

Since the introduction of the OM3-type fiber, fiber manufacturers have developed
a higher grade of Laser Optimized MMF (LO-MMF), with tighter DMD specifica-
tions intended to ensure EMB greater than 4700 MHz km. In November 2009, such
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Table 2.1 OFL modal bandwidth specifications for OM1, 2, 3 and 4 fibers

Fiber class Core diameter OFL-BW at 850 nm OFL-BW at 1300 nm
(um) (MHz km) (MHz km)

OM1 50 and 62.5 > 200 > 500

OM2 50 and 62.5 > 500 > 500

OM3 50 only > 1500 > 500

OM4 50 only > 3500 > 500

Table 2.2 DMD specifications ensuring an EMB greater than 2000 MHz km

Specifications Outer DMD Inner DMD Sliding DMD
(ps/m) (ps/m) (ps/m)

1 <0.33 <0.33 <0.25

2 <0.27 <0.35 <0.25

3 <0.26 <0.40 <0.25

4 <0.25 <0.50 <0.25

5 <024 <0.60 <025

6 <0.23 <0.70 <0.25

fibers, labeled OM4, were added to the TIA 492AAAD. They provide point-to-
point 40 & 100 Gbit/s Ethernet links over 4 or 10 pairs of fibers, up to 150 m (cf.
IEEE 802.3ba-2010 standard). Discussions are still ongoing to standardize 400 m-
long 10 GbE links implementing OM4 fibers, to extend the 300 m reach provided
by OM3.

2.4 Single-mode Fibers

SMFs have replaced MMFs for long-distance transmission in the early 1980s, when
semiconductor laser sources became available. Since then, steady progress in trans-
mission capacity has been made, with bit rates as high as several Tbit/s being
now transmitted over several thousands of kilometers [28]. SMFs have continu-
ally evolved to meet the permanently increasing system and capacity requirements,
yielding several fiber types, as we will see in this section.

2.4.1 Key Characteristics

We discuss here the main characteristics of SMFs, that are of importance to assess
fiber performance with respect to given applications, that is, loss, dispersion, cutoff
wavelength, mode field diameter, and effective area. Loss and dispersion were de-
scribed above in the fiber basics Sects. 2.2.4 and 2.2.5. Recall that loss is in the range
of 0.20dB/km at 1550 nm for straight fibers. When a fiber is bent on a macroscale
or subject to microdeformations causing microbends, light scatters away, and loss
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occurs. Macrobending loss mainly depends on the optical properties of the fiber,
and proper profile design allows making it negligible for bend radii around 15 mm
or down to 7.5 mm for some applications (see sections below). Microbending loss
depends on both optical and material properties of the fiber, and careful choice of
both profile and coating renders it negligible when fiber is put into a cable or under
compression or lateral stress. Extensive literature exists on both topics, starting from
the early days of fiber optics history. The reader is referred to [2, 3] for a theoretical
treatment.

Chromatic dispersion is especially important in SMFs, because of its double im-
pact on light-pulse broadening and pulse distortions due to nonlinear effects. We saw
in Sect. 2.2.5 that fiber chromatic dispersion can be made very different from that of
silica, thanks to profile design. Indeed, all along fiber history, much research work
has been done to tailor fiber dispersion through proper design to best fit telecommu-
nication systems requirements. Usually, dispersion characteristics are given in terms
of zero-chromatic dispersion wavelength Ao, chromatic dispersion, and dispersion
slope (first derivative of chromatic dispersion with respect to wavelength) at the op-
erating wavelength. Fibers with dispersion values ranging from 17 ps/(nmkm) to
well below —100 ps/(nm km) at 1550 nm are now commercially available.

Another source of dispersion arises in SMF when circular symmetry is broken,
yielding a slight birefringence and different group velocity for orthogonal modes of
polarization. It is referred to as polarization-mode dispersion (PMD) [29]. Because
fiber birefringence is small and varies in a random fashion along the fiber, PMD
is not linear with length, but is given in ps/~/km. PMD of recent SMFs is well
mastered and below 0.10 ps/~/km.

The cutoff wavelength characterizes the wavelength range over which a fiber is
single-moded and carries only the LPy; mode, as seen in Sect. 2.2.2. In theory, each
higher order mode is allowed to propagate for wavelengths below its cutoff wave-
length, so that the term “cutoff wavelength” refers to the largest cutoff wavelength of
all higher order modes, being in most cases that of the LP;; mode. In practice, one
speaks of fiber and cable cutoff wavelengths (A¢¢ and A, respectively), which are
measured by standardized methods (FOTP-80 EIA-TIA-455-80) and correspond to
the wavelength above which higher order modes can be neglected due to their high
losses. Most transmission fibers are specified with A.. < 1260 nm, or < 1450 nm,
or even < 1530 nm.

Two quantities are used to characterize the mode spatial extension: the mode field
diameter (MFD) in units of um and the effective area A in pm2:

24/ Jo° F(r)?rdr

MFD = ’ 2.17)
fooo%ir) rdr
2 ([0 |F(r)2rdr)?

At = 7o IF(r)Prdr) (2.18)

fooo |F(r)|*rdr

where F is the electric field as seen in Sect. 2.2.2.
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The MFD definition was first proposed in 1983 [30] and is related to the r.m.s.
width of the far-field intensity. It is commonly used to evaluate splice losses. On the
other hand, the effective area is used as a measure of nonlinear effects that might
occur in fibers. The larger the effective area, the more effectively can nonlinear
effects be avoided, since they are proportional to the signal intensity through the
nonlinear index n, [31, 32]. Transmission fibers have Ay ranging from ~ 50 to
~ 100 um? and n, ranging from 2.5 to 2.7 x 1072 m? /W.

2.4.2 Standardization

As is the case with MMFs, standardization bodies have always been very active
in following closely or even anticipating fiber developments. The most common
classification is that of the Telecommunication Standardization Sector of the ITU-T,
defining a range of fiber values for each recommendation or fiber type. They are
named G.652, G.653, and so on.

2.4.2.1 ITU-T Recommendation for Standard Single-mode Fibers (G.652)

This recommendation describes what is also called the “standard” single-mode fiber
(SSMF), whose main feature is a zero chromatic dispersion wavelength around
1310 nm. This recommendation was released in 1984, and at that time, fiber was
optimized for 1310 nm operation. The recommendation has been updated several
times, again to follow the latest advances in fiber development, essentially regard-
ing loss and PMD.

By now, this fiber is mostly operated at 1550 nm and it is the most widely in-
stalled fiber in the world. Overall, these fibers have chromatic dispersion curves
very close to that of silica, with values around 17 ps/(nmkm) at 1550 nm. There is
no need for complicated fiber design in that case, and a simple step-index profile is
used, with typical core—cladding index difference of ~ 5 x 10~ and core diameter
of ~ 9pum.

2.4.2.2 ITU-T Recommendations for Dispersion-tailored Fibers
(G.653, G.655, and G.656)

Recommendation G.652 was soon followed by G.653 in 1988, describing dis-
persion-shifted fibers (DSFs) with the zero-dispersion wavelength Ao shifted to
1550 nm instead of the previous 1310 nm, intended to be used for single-channel
operation at 1550nm and thus to the benefit of the lowest-loss window of silica
fibers.

At the same time, however, the discovery of erbium-doped fiber amplifiers
(EDFA) made possible the amplification of signals within a whole band around
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1550nm (the C-band from 1530 to 1565nm) and paved the way for multiple
wavelength channel transmission, well known as wavelength-division multiplex-
ing (WDM) systems. It was soon recognized that DSFs favored deleterious inter-
channel nonlinear effects and were thus not suited for WDM transmission. As a con-
sequence, nonzero-dispersion-shifted fibers (NZDSFs) have been developed featur-
ing a zero-dispersion wavelength Ay between ~ 1400 and ~ 1600 nm and a small
but nonzero chromatic dispersion value at 1550 nm.

The ITU-T recommendation G.655 was first released in 1996 to cover NZDSFs.
G.655 fibers have an absolute value of chromatic dispersion between 0.1 and
6 ps/(nmkm) over the C-band. Over the past few years it was amended twice, and
now includes five different subtypes: G.655.A (the original description); G.655.B
and G.655.C to allow the maximum absolute value of dispersion to reach 10 ps/
(nm km) over the C-band, further handling parasitic interchannel nonlinear effects
for dense WDM (DWDM); and G.655.D and G.655.E to better account for the wave-
length dependence of dispersion over the S-, C-, and L-bands, ranging from 1460 to
1625 nm, as depicted in Fig. 2.9.

The last recommendation, G.656, was introduced in 2004 and covers NZDSFs
optimized for wideband operation in the S-, C-, and L-band. The zero-chromatic
dispersion wavelength A¢ is below 1460nm, thus reducing interchannel nonlin-
ear effects compared to G.655-only compliant NZDSFs and allowing for efficient
multiple-wavelength Raman pumping. This recommendation was also updated in
2006 by expressing the chromatic dispersion requirements as a pair of bounding
curves versus wavelength from 1460nm to 1625 nm. Note that G.655.E fibers are
also G.656 compliant, which is not the case for G.655.D fibers (see Fig. 2.9).

All these categories allow for longer A (up to 1450 nm) than those specified in
G.652. This can offer higher margins in profile designs (see Sect. 2.4.3) but at the
expense of losing 1310 nm applicability.

2.4.2.3 ITU-T Recommendation for Bend-Optimized Fibers (G.657)

Over the past few years, fiber penetration deeper into the network — that is for Fiber-
to-the-x (FTTx, x = curb, building, home, ...) applications — has spurred the de-
velopment of fibers with reduced bending sensitivity compared to that of G.652
fibers. Increased resistance against bending is needed for such applications because
of a greater risk of encountering incidental bends, sharp bends when installed in
corners, or when stapling the cable along a wall.

These bend-insensitive fibers are described in recommendation G.657, released
in 2006. The first version included two classes: G.657.A, which is G.652 compliant
and exhibits a reduced bending sensitivity; G.657.B, which shows further reduced
bending sensitivity, but it is not G.652 compliant because it contains a wider range
of characteristics, especially concerning MFD and chromatic dispersion parame-
ters (see Table 2.3). For both categories, the cable cutoff wavelength is specified
to be below 1260 nm to ensure single-mode operation in the O-band, ranging from
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1260nm to 1360nm. In 2009, this recommendation was updated to include two
new subclasses G.657.A1 (former G.657.A) and G.657.A2, and G.657.B2 (former
G.657.B) and G.657.B3 with bend-loss specifications at bend radii down to 5 mm

(see Table 2.3).
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2.4.3 Fiber Types

2.4.3.1 Dispersion-tailored Transmission Fibers

As outlined earlier, the shift to the 1550 nm transmission wavelength region in order
to benefit from the lowest-loss window of silica fibers and the subsequent advent of
WDM systems have both triggered much research to design dispersion-optimized
fibers. However, other parameters such as the MFD or effective area (the larger
the better) and the dispersion slope (the smaller the better) are also important, and
depending on system constraints, an optimum compromise has to be found.

For those fiber types, step-index profiles offer limited possibilities only: a higher
index difference (from ~6 x 1073 to ~ 10 x 1073) and a smaller diameter (from
~8um to ~ 5 pm) are required to lower chromatic dispersion, yielding small Aeg
(<50 um? at 1550nm) for standard dispersion slopes (~0.055ps/(nm?km) at
1550 nm), as illustrated in Fig. 2.10a.

To overcome such a problem, multilayered core index structures were proposed
quite early in the history of optical fibers [33]. Larger A are then obtained at
the expense of more complicated profile structures and, sometimes, longer A... For
a given profile family, A.g is unfortunately proportional to the dispersion slope,
thus leading to trade-offs: a large A.s with a relatively high dispersion slope or
a small dispersion slope with a small Ag [34, 35]. Two profile families are of par-
ticular interest: the coaxial family, which includes a depressed center (negative in-
dex difference with respect to cladding) surrounded by one or several rings; and the
multiple-clad family, which includes a central step surrounded by rings with alter-
nate negative and positive index differences, as illustrated in Fig. 2.10b, c, respec-
tively. Figure 2.10c shows a quadruple-clad design. Coaxial profiles offer very large
Aegr for acceptable dispersion slopes (> 95 um? for ~ 0.060—0.070 ps/(nm? km) at
1550 nm [36, 37]) but exhibit relatively large loss (> 0.21 dB km) because of their
unusual shape. Multiple-clad profiles offer low dispersion slopes for acceptable A
(~45-55 pm2 (< 0.030ps/ (nm? km) for ~ 45-55 prn2 at 1550nm [38-40]) and
loss around 0.20 dB/km.

2.4.3.2 Ultra-long-haul Transmission Fibers

For ultra-long-haul WDM terrestrial or submarine networks, the picture is somewhat
different. Research has focused on the two factors that directly limit optical trans-
mission: loss with the early demonstration of record loss values [41], and, more
recently in the early 2000s, nonlinear effects. In this context, fibers with low loss
(from 0.17 to 0.18 dB/km at 1550 nm) and large A (> 100 pm2 at 1550 nm) have
been developed [42—49], and dispersion is dealt with using newly developed and
high-performance dispersion-compensating fibers, either in modules or in cables
(see Sect. 2.4.3.4), or using advanced coherent detection and digital signal process-
ing techniques.
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Complicated index profiles are not needed and simple step-index profiles with
small index difference (around 4 x 1073) and a large diameter (around 12 um) can
be used, contrary to NZDSFs. The drawback of this option, however, is that smaller
fractions of the modes propagate in the cladding, yielding larger chromatic disper-
sion (~20ps/(nmkm) at 1550nm) and longer A.. compared to those of standard
G.652 step-index fibers. These fibers are called cutoff-shifted and are described in
the ITU-T recommendation G.654 that specifies A, < 1530 nm.

To limit this A.. increase without jeopardizing the bending and microbending
performances, a slightly depressed cladding can be added next to the step core. In
this way, Aegr around 105um? at 1550 nm was demonstrated in the beginning of
the previous decade [42—44] and more recently A¢s of 134 pmz [47]. An alternative
to these depressed-cladding structures has been presented [45]. It consists in using
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a trench in the cladding. As will be seen in the next section, the trench can be used
to reduce the bending sensitivity of fibers while keeping the same MFD (or Acf)
and the same A.. as those of G.652 step-index fibers. Here, the trench is used to
enlarge A and to control A.. while slightly improving bending and microbending
performance compared to those of G.652 step-index fibers. With such a profile, A
of around 155 um? at 1550 nm has recently been demonstrated [49].

2.4.3.3 Bend-optimized Fibers

As mentioned in Sect. 2.4.2.3, the reduction of bending losses is mandatory for
FTTx networks. For a given bend radius, bending losses are proportional to the
power fraction of the mode propagating after the radiation caustic. As explained
in [50], the radiation caustic is the radius for which the effective index of the mode
(see Sect. 2.2.2) intersects the index of the cladding of a tilted index profile repre-
senting the bent fiber.

One way to reduce the bending sensitivity is to decrease this power fraction with-
out changing the shape of the power profile. For step-index profiles, this means to
use a higher index difference and/or a larger diameter than those of G.652 fibers.
This results in smaller MFDs and/or larger A.., which might be a problem when
splicing to G.652 fibers. This is illustrated in Fig. 2.11a, which shows a step-index
G.657.B2 fiber exhibiting a small MFD of 8.0 um at 1310 nm, compared to typi-
cal 9.1 um for SSMFs. Also, the bend loss levels remain significantly high when
applying incidental kinks with radii of the order of 1 mm to 10 mm.

The alternative and much more efficient way to reduce the bending sensitivity is
to change the shape of the power profile for a given set of MFD and A.. For this
purpose, new index profile types have to be used. The common feature of these pro-
files is a trench (either made with solid down-doped silica or with random voids or
holes) that is added in the cladding close to the core [51-55]. The trench confines the
tail of the mode without modifying its intrinsic nature, as illustrated in Fig. 2.11b.
MEFD, A, and chromatic dispersion characteristics are kept unchanged. As a con-
sequence, bend loss can be significantly reduced by a factor of ~ 100 compared to
SSMFs, while ensuring full compliance with G.652 attributes.

2.4.3.4 Dispersion-compensating Fibers

The demonstration that fibers can exhibit very negative dispersion at 1550 nm was
soon recognized in the development of optical fibers [56]. Its application to com-
pensate the dispersion accumulated over already installed SSMFs started in the
early 1990s [57, 58] and allowed upgrades of existing infrastructure to 10 Gbit/s.
Currently, there are two different kinds of dispersion-compensating fibers (DCFs),
whether the fiber is put inside a module at the amplifier location or into a cable as
part of the transmission link. Because of the increase in data rates, compensating
dispersion for all fiber types (SSMF of NZDSF) has become mandatory.
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DCEF design is similar to NZDSF design (a triple-clad index profile is most com-
monly used) only more extreme: the fraction of the mode that propagates in the
cladding becomes so large in order to get very large waveguide dispersion and neg-
ative chromatic dispersion, that the mode is only weakly guided. This is achieved
with cores with very high index differences (> 15 x 1073) and small diameters
(< 5um). As a result, DCFs suffer from small Ae (<30pum? at 1550 nm), high
loss (> 0.25dB/km at 1550 nm), and high bending sensitivities. The characteristics
of DCFs are also more sensitive to small core index variations and to core ovalities
than SSMFs or NZDSFs. Fiber manufacturing has to be done extremely carefully
to tightly control longitudinal and radial core homogeneities and thus chromatic
dispersion and PMD of the DCF [59].

When used in modules that are not part of the transmission distance, the extra
loss introduced by DCFs depends on fiber loss and also on length. A commonly
used figure of merit (FOM) for such DCFs is the ratio of the absolute value of
chromatic dispersion to fiber loss, measured in ps/(nm dB). Considerable work has
been performed to improve this parameter, and DCFs with values ranging from
200 ps/(nmdB) to more than 300 ps/(nmdB) for chromatic dispersions between
—100 ps/(nmkm) and —200 ps/(nm km) at 1550 nm are now available [45, 60-62].
Acft ~ 20 um? and PMD ~ 0.10 ps/+/km at 1550 nm are generally associated with
such features. When used in cables that are part of the transmission distance, the
situation is different [63]. Loss of spans consisting of transmission fibers and DCFs
should be minimized and high FOM DCFs are no longer the optimum. Chromatic
dispersion around —40 ps/(nm km) with loss around 0.25 dB/km at 1550 nm proves
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Fig. 2.12 a G.652: chromatic dispersion spectra of DCFs for different dispersion values at 1550 nm
detailed on each curve; b residual dispersion of the compensated links; indicated dispersion values
given in ps/(nm km)

to be better suited for such applications [42—44]. In addition, larger A.g (~ 30 pmz)
and smaller PMD (~ 0.06 ps/+/km) can be obtained.

To achieve optimum WDM performance, DCFs must not only compensate for
chromatic dispersion at a given wavelength but also over the whole range of wave-
lengths used. This implies that both chromatic dispersion and dispersion slope
should be negative. Simple step-index profiles are again insufficient for such a pur-
pose. Adding a depressed cladding next to the core provides a better control of the
wavelength dependence of the waveguide dispersion, and negative dispersion slope
can be obtained [58]. A ring surrounding the depressed region can also be included
to improve bending sensitivities. In the past few years, DCFs with negative chro-
matic dispersions and negative dispersion slopes that match those of all types of
transmission fibers have been introduced [35, 60, 61].

Chromatic dispersion, however, does not vary linearly as a function of wave-
length, and chromatic dispersion and dispersion slope are insufficient to describe
how well a DCF matches a transmission fiber within a wide bandwidth (> 30 nm).
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Fig. 2.13 Large-Acr G.655.D: a chromatic dispersion spectra of DCFs for different dispersion
values at 1550 nm detailed on each curve; b residual dispersion of the compensated link; indicated
dispersion values given in ps/(nm km)

Variations of the dispersion slope have to be considered. These variations are re-
sponsible for the chromatic dispersion excursion, or residual dispersion, that re-
mains in the waveband after the compensation. This residual dispersion has a direct
impact on WDM performance and depends on the transmission fiber type that is
used [64].

Figures 2.12 and 2.13 show the two extreme cases of DCFs adapted to com-
pensate for G.652 fibers and for large- Aesr G.655.D fibers (with chromatic disper-
sion of 4 ps/(nmkm): dispersion slope of 0.080 ps/(nm?km) and Aeg ~ 70 um?
at 1550 nm) [65]. The typical chromatic dispersion spectrum of a DCF can be de-
scribed as follows [60]: first, the chromatic dispersion starts to decrease with wave-
length and passes through an inflection point where the dispersion slope can be
made approximately constant over a certain waveband; then it reaches its minimum
(where the dispersion slope is null), and finally, it increases. What is noticeable is
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that the inflection point of G.652 DCFs is inside, or below, the C-band and that it
moves away from this band when the chromatic dispersion value at 1550 nm de-
creases (see Fig. 2.12a). On the contrary, the inflection point of large- Acs G.655.D
DCFs is always above the C-band, which imposes high variations of the dispersion
slope in this band, whatever the chromatic dispersion value might be at 1550 nm
(see Fig. 2.13a). As a consequence, for G.652 DCFs the residual dispersion in the
C-band is relatively small and it increases when the chromatic dispersion value at
1550 nm decreases (see Fig. 2.12b), whereas for large- Acsr G.655.D DCFs the resid-
ual dispersion is intrinsically high and almost independent of the chromatic disper-
sion value at 1550 nm (see Fig. 2.13b). For G.655.E and G.656 DCFs, the situation
is in-between these two cases: the residual dispersion is slightly larger than that of
G.652 DCFs but the impact of the chromatic dispersion value at 1550 nm is smaller.

These considerations help to choose the appropriate DCF for a dedicated appli-
cation. Note that within a given residual dispersion limit, DCFs with high nega-
tive chromatic dispersion are often preferable because they limit the impact of loss
and nonlinearity [60, 62, 65], thereby improving the performance of optical net-
works [65, 66].

2.5 Optical Fiber Cables

We have discussed in the previous sections the different kinds of optical fibers for
telecommunication. For this application, fibers will eventually be installed and op-
erated in many different environments: they can be buried underground or undersea,
strung aerially between poles, or run through intricate paths within buildings, and
so on. Cabling is then the packaging of optical fibers that will protect them from
anything that may damage them. The list is long and diverse: rodent attacks, light-
ning, more gradual degradation mechanisms like long-term exposure to moisture,
heat and extreme temperatures, crush, and of course tensile strength when cables
are installed. Cables also allow for easier handling and grouping of optical fibers.
There is a large variety of cables due to the differing environments and require-
ments they must fulfill. The simplest cable includes one fiber at its center and has
a diameter of a few millimeters, while the most complex cables can include up to
several hundreds of fibers, and their diameter can be as large as several centimeters.
In this section, we will briefly review some cable basics, that is, the key elements
of an optical cable and the different types of environments and associated cables.
Interested readers can refer to some textbooks dedicated to cables [5, 67].

2.5.1 Basic Elements of a Cable

As stated above, cables can be very different to fit the diverse environments they en-
counter. However, their design always comes down to the same few basic elements.
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There are four basic cable constructions: loose tube, micromodule, tight-buffered,
and ribbon. Cables that include a large number of fibers are built up in a modular
structure, starting from those basic elements. For example, a 96-fiber cable can be
made from eight loose tube modules containing 12 fibers each.

A loose tube simply consists of a larger tube, containing several ~ 250 ym coated
optical fibers. Fiber length is slightly longer than that of the tube, so that the fiber
can adjust itself within the tube, thus nearly eliminating microbending losses. The
loose-tube construction is widely used for outdoor applications, but can also be
found for indoor applications. Figure 2.14a shows an example of a cable based on
a loose-tube construction.

The micromodule structure consists of several fibers, typically 12, which are put
together and covered by a thin and flexible plastic layer. This structure allows one
to build high-count fiber cables in a very compact and flexible way. They are also
easy to handle within splice boxes.

Tight-buffered cables, as the name implies, only contain tight-buffered fibers, and
are mainly used for indoor applications. A tight-buffered fiber consists of a 250 um
fiber with an additional layer of plastic extruded on top of it. The resulting ele-
ment is typically 900 um in diameter and can be easily terminated with connectors.
This forms also the basic element of patchcords, which only include one or two
additional protective layers. Figure 2.14b depicts a tight-buffered cable.

At last, ribbon is manufactured by aligning several fibers (from 4 to 24) side by
side and binding them together using a UV-curable matrix. This structure is quite
popular in the USA. Ribbons ensure that fibers are precisely located so that splicing
can be automated easily with dedicated splicers. Mass splicing is seen as one of the
key advantages of ribbons.

A key role of cables is to protect fibers from longitudinal stress, for example,
when the cable is pulled during installation. A strength member, made out of metal
or hard plastic like fiber glass reinforced plastic (FRP) and located at the center of
the cable, is then used to isolate the fibers from stress and cable is built by stranding
the fiber-containing tubes around the strength member. For further protection, one
or more layers can be added. For smaller count and smaller size cables, glass-yarns
or aramid-yarns protective layers insure a good tensile strength. Finally, crush resis-
tance is accomplished by adding protective layers of metal or hard plastic material.
Metal is also a good protection against rodents that can chew away cables.

Water protection is another key feature for cables. Water causes microcracking in
the glass that can weaken the fiber significantly and eventually break it. Water pro-
tection is especially relevant for outdoor cables. The moisture can enter the cable
in two ways: radially if the sheath is damaged during installation or longitudinally
when moisture can enter through the unprotected ends of the cables. Several strate-
gies have been deployed all along, mainly including hydrophobic gel-filling of tubes
or using water-swelling tape.

Layers of metal conductors can also be included in fiber-optic cables when elec-
trical power is needed. This is especially true for submarine applications, in order
to supply power to the repeaters.
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Fig. 2.14 Schematic of cables: a shows a loose-tube construction consisting of 6 X 12-fiber tubes
stranded around the central strength member, b shows a tight-buffered construction including 12
tight-buffered optical fibers

As described above, cables can include one or more of the basic structures con-
taining the fibers, which, for large-count cables, are stranded around a strength mem-
ber or loosely stranded in a bigger tube. Then, one or more layers are added to
ensure protection against crush, water, rodents, etc., until the last outer jacket or
sheath. Several materials can be used for outer jacketing: polyethylene, which is
most widely used and which offers a good durability, and also Poly Vinyl Chloride
(PVC), polypropylene, and others. For some applications, essentially indoor, special
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fire-code requirements have to be fulfilled and specific classes of materials have to
be used: low smoke zero halogen (LSZH) or halogen-free fire retardant (HFFR) that
retard fire and avoid toxic fumes to be released.

2.5.2 Cable Environment and Cable Types

Cables are specially designed to withstand particular conditions in each environ-
ment. As is the case with fibers, cable specifications and characterization are stan-
dardized (CENELEC EN 187000 and IEC 60794). The range of cable characteristics
is very broad and diverse, including tensile performance, kinking, cable crush, and
also temperature cycling, water penetration, flame propagation, and so on.

It is customary to classify the cables between outdoor and indoor applications.
For outdoor cables, there is a further subclassification mainly depending on their
final implementation: outdoor direct-burial cables, outdoor ducted cables, outdoor
aerial, and undersea cables.

Outdoor direct-burial cables usually contain a large number of SMFs. They are
designed with very extensive waterproofing, strength members, and often armoring
to protect against gnawing by all kinds of rodents. This is illustrated schematically
in Fig. 2.14a.

Outdoor ducted cables are installed in plastic ducts buried underground. Very of-
ten, it is a large main duct that includes smaller subducts (called microducts) for
progressive installation. Those cables are installed by pulling or blowing. Corre-
sponding cables are usually lighter and smaller and they need to combine good
flexibility, high tensile strength, and a good friction factor.

Outdoor aerial cables have been developed to benefit from the existing pole in-
frastructure, thus avoiding the need to dig roads to bury cables in new ducts. They
can be either directly suspended between the poles or lashed to a messenger wire that
runs between poles and takes the stress outside the fiber cable. Aerial cables have
to sustain environmental extremes (ice and wind loadings, solar radiation, lightning,
...) and need heavy strength membering, both central and radial. When lightning
is a hazard, they do not include any metal. There is a special subset of aerial ca-
bles, called optical ground wire (OPGW), which is included in the earth wire of
a high-voltage electrical system.

The most sophisticated cables are the transoceanic undersea ones that run thou-
sands of kilometers between continents. Long-distance cables have to protect fibers
from strain during cable laying and repair, from pressure in the ocean depth, and
from water. They do not include such a large number of fibers, from 12 to 24 gen-
erally, but include a large number of protective layers of all kinds and as mentioned
earlier, a conductor to carry power for repeaters that lie undersea. Cables that are
intended to operate over short distances are essentially rugged and waterproof ver-
sions of direct burial cables. Those cables can either be buried in the sea floor or just
laid, but with extra armoring to account for any damages due to shipping or fishing
activities.
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There is a large variety of indoor cables as well, and with the advent of FTTH,
much activity has been devoted to develop optimized cable structures over the past
few years. One of the main requirements for indoor cables is flexibility and compact-
ness. Indoor cables usually include a smaller number of fibers and there is less need
for waterproofing and armoring, but some protection from rats is still needed. In ad-
dition, cable materials have to be chosen following fire-code requirements. A typical
indoor cable structure would then consist of a number of 900 um tight-buffered ele-
ments wrapped either around a central strength member or within a yarn-based layer
surrounded by an outer jacket made out of HFFR or LSZH material, as depicted in
Fig. 2.14b.

2.6 New Developments

Research in the area of silica-based optical fiber is very active. In this section, we
give a brief overview of innovative research works on microstructured optical fibers
(MOF) (Sect. 2.6.1), Bragg fibers (Sect. 2.6.2), fibers mixing glass and semiconduc-
tors (Sect. 2.6.3) and multicore and slightly multimode fibers (Sect. 2.6.4).

2.6.1 Microstructured Optical Fibers

A MOF contains an arrangement of air holes that run along its length. Light is
guided using modified TIR or the photonic-band-gap (PBG) effect. In TIR-MOFs,
holes act to lower the index in the cladding so that light is confined in the solid core
that has a higher index, similarly to conventional solid fibers [68]. In PBG-MOFs,
the holes that define the cladding are arranged on a periodic lattice and a hole that
breaks the periodicity of the cladding acts as the core. As a result, certain ranges
of propagation constants are forbidden in the cladding and allowed in the core [69].
These fibers are usually made by stacking an array of hollow silica rods to form the
preform, which is then drawn into a fiber. Figure 2.15 shows a schematic of both
fiber types.

TIR-MOFs exhibit novel optical properties. Broadband single-mode guidance
was the first one to be experimentally demonstrated in 1997 [70]. At long wave-
lengths, TIR-MOFs act as solid fibers, i.e., higher order modes are cut off because
they are less confined in the solid core and their propagation constants decrease and
become equal to that of the cladding (see Sect. 2.4.1). At short wavelengths, unlike
solid fibers, higher order modes are cut off because they are more confined in the
silica regions and avoid the holes, thus raising the effective propagation constant
of the cladding that becomes equal to theirs. Eventually, the single-mode range is
extended. These “endlessly single-mode” TIR-MOFs have been used to transmit
WDM signals in the 1000 nm region [71]. Such transmissions have also been possi-
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Fig. 2.15 Schematic of microstructured optical fiber, a: TIR-MOF, b: PGF-MOF

ble thanks to impressive work on loss reduction [72, 73]: from a few 100 dB/km in
the late 1990s down to 0.18 dB/km in 2007 [73].

TIR-MOFs are also attractive because of the high index difference between silica
and air that cannot be achieved with solid fibers. This specific feature can be used
to design bend-optimized fibers (also called hole-assisted fibers) for which air holes
in the cladding act as a trench that confines light at bends (see Sect. 2.4.3.3). It also
offers more degrees of freedom when tailoring the waveguide dispersion that can be-
come very negative (similarly to solid DCFs but in a more extreme way) with values
below —1000 ps/(nmkm) at 1550 nm [74] or very positive, thus shifting 1o below
1000 nm [75]. Unlike solid fibers, anomalous dispersion arises because a large frac-
tion of the mode propagates in the holes. This latter feature is used to extend gen-
erations of supercontinua or soliton techniques to shorter wavelengths [76, 77]. Tai-
loring the mode area to reach extremely small or large A (ranging from a few um?
to more than 500 um?) is also possible. This leads to highly nonlinear fibers [78, 79]
used for all-optical signal processing, Raman amplification and broadband sources,
or to large mode area fibers [80, 81] used for high-power applications (delivery,
amplifier, or laser).

PBG-MOFs offer even more unusual features because light propagates in a “hol-
low core.” This opens the door to ultra low nonlinearity and thus to high-power
deliveries [82], and also to new spectral regions both in terms of dispersion and loss
characteristics [83]. Concerning loss, some mechanisms are common to solid fibers
(see Sect. 2.2.4), but roughness of the hole surfaces also causes scattering loss. This
can be of importance for some TIR-MOFs for which modes overlap with the holes;
however, it is a fundamental limit for PBG-MOFs for which 1.2 dB/km obtained
at 1620 nm [84] might be close to the ultimate lower limit [85]. Finally, filling the
core with gas leads to sustainable light interactions with gas over long lengths and
enables applications such as gas sensing [86].

All these new features make possible a wide array of applications. Practical re-
alizations, however, remain critical. Issues such as loss, bending sensitivities, polar-
ization effects, splices, and mechanical strength are still subject to intense research.
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2.6.2 Bragg Fibers

There are three types of PBG fibers: hollow-core PBG-MOFs, described in the
previous section, where the cladding is composed of two-dimensional arrays of
holes; solid versions of these structures, where the core is made of doped or non-
doped silica and the cladding holes are replaced with high-index rods [87—-89]; and
one-dimensional PBG fibers, where a low-index core is surrounded by a cladding
made of cylindrical layers with alternating high and low indices, also called Bragg
fibers [90]. Bragg fibers were first demonstrated using all-dielectric structures (for
CO, laser transmission) in 1999 [91], closely followed by all-silica [92] and air—
silica [93] realizations.

All-silica Bragg fibers are of particular interest because they offer the unique
properties of PBG fibers with the advantage of solid cores that can be used to
write Bragg gratings or can be doped to realize fiber amplifiers or lasers. In ad-
dition, Bragg fibers have one-dimensional structures that allow for low index differ-
ences [89] that can easily be made with standard CVD techniques [92, 94, 95] (see
Sect. 2.2.3), thus avoiding the inherent drawbacks of holey structures.

Such Bragg fibers can be designed to exhibit large mode areas together with good
bending sensitivities, making them suitable for high-power applications [95].

Many theoretical studies have also investigated the potential of Bragg fibers for
chromatic dispersion tailoring, but most examples concern air-core structures that
are difficult to realize [96, 97]. Few examples of all-silica structures have been re-
ported [98—100], among which was one experimental demonstration of a large- Ae
Bragg fiber with chromatic dispersion below —1000 ps/(nmkm) at 1480 nm, ob-
tained at the expense of high loss (> 100 dB/km) [100].

Bragg fibers were first proposed in the 1970s [90], but it is only recently that they
have received more attention. Experimental demonstrations and applications are in
their early stages and a lot of research work needs to be conducted yet to exploit the
full potential of such fibers.

2.6.3 Fibers Mixing Glass and Semiconductors

Modern telecommunications do not only use 100s of millions of optical fiber km
to transmit light but also 100s of millions of semiconductor devices to generate,
control, and detect the light. Nowadays, these two technologies are heterogeneously
interfaced using costly and complex optical—electronic conversion techniques.
Recently, efforts have been made to combine these two technologies [101-104],
the ultimate goal being the realization of fiber-integrated optical—electronic devices
that bring together capabilities to manipulate photons and electrons. Silica glass and
crystalline semiconductors, however, have different properties at high temperature
and cannot be drawn together into a fiber. To overcome this difficulty, research has
focused on MOFs (see Sect. 2.6.1) that offer the possibility to embed semiconduc-
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tors into their capillary holes. Traditional chemical vapor deposition methods for the
formation of semiconductors cannot efficiently be applied to such a confined space;
as a consequence, new techniques such as high-pressure microfluidic chemical de-
position have been developed [103].

With these processes, realizations of hybrid devices have been reported. In-fiber
silicon wires have proved to function as field-effect transistors and light wave-
guides [103], and all-optical modulation of light has been demonstrated in amor-
phous silicon-filled MOFs [104].

This new field of research exploits the design capabilities of both technolo-
gies but fundamental materials science has still to be developed to fully realize its
promises.

2.6.4 Multicore and Multimode Fibers

The concept of space division multiplexing, introduced more than three decades ago,
is currently the subject of intense research in order to increase by more than tenfold
the present 10 Tbit/s capacity of single-core, single-mode transmission systems and
thus avoid the anticipated capacity crunch [105, 106]. Recent studies have exploited
multiple-core or multiple-mode techniques that can be used on top of conventional
wavelength- and polarization-division multiplexing operations.

Studies on multicore fibers [107, 108] have recently focused on a 7-core configu-
ration [109-115]. One important issue in such structures is the crosstalk experienced
by the different cores [109]. Heterogeneous or quasi-homogeneous core structures
are well-known techniques to reduce the crosstalk [110]. Another promising tech-
nique consists of reducing the expansion of the fundamental modes of the different
cores in the cladding. The use of trench assistance, which allows for better light con-
finement, has very recently been reported. This has enabled us to go from ~ —20 dB
to ~—35dB crosstalk values after ~ 100 km at 1550 nm for Ag of ~ 80 pulrn2 and
standard cutoff and bending behavior (135-150 um glass diameters) [111, 112]. An-
other important issue is how to enlarge A.g above 100 um? at 1550 nm without de-
grading the crosstalk and the attenuation levels, especially those of the outer cores
that suffer from high microbending sensitivities and for which standard values be-
low 0.19 dB/km are difficult to achieve. One straightforward way to solve this issue
is to increase the glass diameter to values larger than the standard 125 um [113]. De-
spite these challenges, 97 channels/core at 160 Gbit/s over 16.8 km of a 7-core fiber
(150 um glass diameter) [114] and 80 channels/core at 100 Gbit/s over 76.8 km of
a 7-core fiber (186.5 um glass diameter) [115] have recently been transmitted.

Mode division multiplexing [116] has recently been reformulated to increase
the bandwidths of standard multimode fibers using multiple-input multiple-output
(MIMO) processing [117]: different modes or groups of modes carrying indepen-
dent signals are excited and detected after transmission [118-120]. This way, trans-
mission of two signals at 4 Gbit/s over Skm of a standard 50 um graded-index
multimode fiber [121] and of three modes at 25 Gbit/s over 10 km of a few-mode
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fiber [122] has recently been demonstrated. One important issue in such transmis-
sions is the mode-coupling phenomenon. Elaborate MIMO techniques do help to
mitigate this deleterious effect. Another approach consists of reducing it by design,
i.e., by reducing the number of modes in the fiber and by ensuring that their propa-
gation constants are as different as possible [116]. A theoretical study of the trans-
mission performance of such few-mode fiber has recently been presented [123], and
first experimental demonstrations proving the concept (two modes at 10 Gbit/s at
1080 nm over 10km [124], two modes at 50 Gbit/s at 1550 nm over 4.5 km [125],
and two modes at 100 Gbit/s at 1550 nm over 40 km [126]) have been reported.

As a final note, although this field of research is currently very active, im-
portant challenges are still ahead before space division multiplexing can be used
in long-haul transmissions, namely connectivity (multiplexing/demultiplexing de-
vices, splices, and connectors) and amplification.
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Chapter 3
Laser Components

Martin Moehrle, Werner Hofmann, and Norbert Grote

Abstract The chapter covers InP-based laser diodes (1300-1650nm wavelength
range) deployed as transmitter devices in today’s optical communication systems.
Only discrete directly modulated devices are considered in this chapter which is
followed by two other laser-related articles dealing specifically with ultra-fast and
wavelength-tunable devices. In the first part, a description of basic laser structures
and technology, of relevant gain materials and their impact on lasing properties, and
of fundamental characteristics of Fabry—Pérot devices will be presented. The second
part is devoted to single-wavelength lasers focusing on design rules and various im-
plementations. Essentially, distributed feedback (DFB) devices are treated but other
options such as the so-called “discrete mode” laser diodes will also be outlined. In
the third part, surface-emitting laser diodes are addressed including vertical cavity
surface-emitting lasers (VCSEL) and horizontal cavity DFB structures designed for
surface emission.

3.1 Introduction

Semiconductor laser diodes used as optical transmitters represent one of the prin-
cipal components in any fiber-based communication system. Laser diodes are used
because these devices can be directly current modulated with modulation rates of
up to several tens of Gbit/s being achievable today, they are extremely small in size
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and power efficient, and can be made at very low cost due to the use of semicon-
ductor wafer batch fabrication. Nowadays, market prices of state-of-the-art single-
wavelength laser chips have reached even the lower single-digit US$ range, depend-
ing on performance demands and volumes.

The first functioning semiconductor laser devices came into existence as early as
1962 [1, 2], and a major breakthrough was achieved in 1969 [3, 4] by demonstrat-
ing a heterojunction design which was honored recently with the year 2000 Nobel
prize. Those laser diodes were based on Ga(Al)As generating laser emission in the
wavelength window around 850 nm. This spectral range is still prevailing for short-
reach (< 300 m) data communications (data centers, local area and storage area net-
works, office communication, etc.) using multimode fibers (MMF) and GaAs-based
laser diodes in the form of vertical cavity surface-emitting lasers (VCSELSs). In the
telecommunications arena and for longer datacom transmission distances, however,
the 1.3—1.6 um infrared wavelength range is dominating due to optimal transmission
properties (attenuation, dispersion) of the optical fiber, as outlined in the previous
chapter. Laser diodes covering this spectral range are made on InP, rather than on
GaAs, using the compounds InGaAsP and InGaAlAs. Development of InGaAsP/InP
lasers had already commenced in the mid-1970s, for example [5, 6]. Although more
than 30 years have passed since then, development efforts are continuously strong
worldwide targeting the optimization of specific laser parameters to meet enhanced
and new systems requirements without compromising the wide range of other rel-
evant properties. Wavelength tunability, enhancement of modulation capability, un-
cooled operation up to 85 °C and above, and lower power consumption are in the
focus of current developments, not to forget the never-ending call for cost reduction.

In this article, we focus on laser diodes for the “long-wavelength” range (1.3—
1.6 um). In the first part some basics including material aspects and device structures
will be addressed. A more in-depth description of the fundamentals of laser diodes
may be found in distinct text books, for example [7]. In the second part of this chap-
ter, a review of single-mode laser diodes will be presented. Finally, we will deal with
surface-emitting lasers, mainly VCSELs but also variants building on horizontal
cavity structures. Two special topics of high relevance, namely wavelength-tunable
and very high bit-rate laser devices, will be treated in the subsequent Chaps. 4 and 5.

3.2 Materials for ‘“Long-wavelength” Laser Diodes

To create semiconductor laser diodes two basic requirements have to be fulfilled:
The semiconductor needs to possess a direct band structure to efficiently generate
laser light, and allow a band-gap energy to be adjusted that corresponds to the de-
sired emission wavelength. For the wavelength range of interest here, the materials
of choice are the III-V semiconductor InP and the related quaternary compounds
InGaAsP and InGaAlAs illustrated in the “band gap vs. lattice constant” diagram
in Fig. 3.1. The binary semiconductors, such as GaAs and InP, are characterized
by a naturally given band gap and a fixed lattice constant. By mixing binaries, i.e.,
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Fig. 3.1 Band gap vs. lattice constant diagram for “long-wavelength” III-V compound semicon-
ductors (solid line: direct band gap; broken line: indirect band gap; dotted vertical line between
InGaAs and InP/InAlAs: lattice-matched quaternary compositions)

by replacing a fraction of the group (III) and/or group (V) elements, generally any
ternary and quaternary composition can be adjusted within the area spanned be-
tween the binaries concerned. In practice, such composites are deposited as crys-
talline layers onto a binary substrate wafer utilizing well-established epitaxial tech-
niques, and to achieve layers of high crystal quality virtually perfect lattice matching
(< 0.1 % deviation) is required.

Hence, starting from InP, only layers can be stacked that have a composition
which is defined by a vertical line through the InP point. Thus restricted, only se-
lected InGaAsP materials can be used that cover the compositional range between
InP and the ternary end constituent Ing 53Gag.47As, associated with a band-gap span
from 1.35 to 0.75¢eV, or in terms of wavelengths from 920 to 1650 nm. Another
InP-related material family is InGaAlAs covering the range from Ing 52Alp.48As
(1.48 eV, 840 nm) to again Ing 53Gag.47As. The optical index of refraction, which is
a crucial parameter for optical waveguiding properties (Fig. 3.2), varies along with
the band gap.

The indicated band-gap values refer to room temperature but change with tem-
perature, roughly by — in terms of wavelengths — 0.5 nm/K. This means a variation
of the order of 60 nm over the full temperature range of practical interest for fiber
optics components, i.e., from —40 to +85 °C in the extreme case. This behavior has
substantial implications for the design and operation of laser diodes, in particular
regarding wavelength stability and adjustment.

There is one important exception to the stringent lattice-match requirement: Be-
low a certain layer thickness, which is dependent on the mismatch in lattice con-
stant and referred to as the critical thickness, the layer may be elastically strained by
purposely introducing lattice mismatch without affecting crystalline integrity. The
figure-of-merit here is the “thickness x strain” product which as a rule of thumb
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should not exceed the critical value of around 20 nm %, with the strain, ¢, repre-
sented by the percentage of relative lattice mismatch of the unstrained materials.
The lattice deformation is associated with a modification of the band structure that is
beneficially exploited in strained multiquantum well (MQW) layer structures widely
employed as the active medium in laser diodes today.

3.3 Laser Diode Structures

3.3.1 Layer Structure

To build a real laser diode, the lasing layer is embedded between layers of higher
band gap and thus lower refractive index. In this way, an optical waveguide is
formed in which the light traveling forth and back within the laser cavity is ver-
tically confined. Concurrently, the injected carriers interact with the optical wave
to generate stimulated light emission. This layer stack is designed as a so-called
double-heterostructure comprised of inner quaternary layers and n- and p-doped
InP cladding layers to create a pn-diode. The quaternary layers may also be lightly
doped. By applying an electrical forward current to the diode hole and electron car-
riers are injected from the doped InP layers into the active layer where they are
electrically confined and converted into photons by recombination. Once the carrier
densities have reached critical levels to yield population inversion in the conduc-
tion and valence band light amplification can occur by stimulated emission. A basic
layer structure is sketched in Fig. 3.3.

The highly doped InGaAs cap layer facilitates formation of ohmic p-contacts
of very-low resistivity (~ 107°Q cm?) which is essential for achieving high mod-
ulation bandwidth and for minimizing heat dissipation. Additional layers may be
inserted for performance or fabrication reasons (e.g., etch stop layer). Altogether,
advanced lasers may contain even more than 20 different layers yielding a total
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Fig. 3.3 Basic layer structure of an InP-based double-heterostructure laser diode; inserted profile
schematically indicating vertical intensity distribution of laser light propagating along the laser
cavity (MQW multiquantum well (refer to Sect. 3.4); Q quaternary composition)

thickness of about 3 to > 5 um. Mainly n-type InP substrates are used but inverted
designs building on a p-doped substrate (Zn doped) are being employed as well [10].
Substrate wafers of 2- and 3-inch diameter are common.

3.3.2 Lateral Structure

Whereas in the vertical direction the laser waveguide is defined by the layer stack,
structural measures have to be taken that define the waveguide in the lateral direction
too. Simultaneously carrier injection needs to be efficiently restricted to this active
region which is typically nearly 2 um wide to guarantee monomode waveguiding.
In actual lasers two fundamentally different designs are used (Fig. 3.4a—d): (a) ridge
waveguide (RW) and (b) buried-heterostructure (BH). In the former, a mesa ridge is
etched into the upper layers along the laser cavity resulting in a lower effective re-
fractive index outside the ridge and thus lateral optical confinement. The p-contact is
applied to the ridge area, thereby confining the current flow. Because of lateral cur-
rent spreading and unavoidable lateral diffusion of carriers inside the active layer,
current-dependent broadening of the lasing region occurs, and this outdiffusion ef-
fect causes a certain portion of carriers to no longer contribute to lasing.

In BH-type laser diodes the active region is fully surrounded by InP, thus creating
a well-defined buried waveguide. This is achieved by a special selective regrowth
process of InP layers at both sides of the previously etched active stripe. Because
these layers are n—p doped to provide a built-in reverse-biased junction, current
flow is effectively blocked such that it is completely funneled into the active stripe.
Outdiffusion of carriers is suppressed by the energetic barrier between the lower
band gap of the active material and the adjacent InP. As opposed to the RW design,
the upper InP cladding layer extends over the full structure. Therefore, the p-contact
can be made significantly wider implying lower series resistance.
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Fig. 3.4 Schematic cross sections of basic structures used with InP laser diodes: a ridge waveguide
(RW); b buried ridge stripe (BRS); ¢ buried heterostructure (BH) with pn current-blocking layers;
d REM image of real BH cross section; dotted ellipse and circle illustrate near-field profiles (not
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While BH lasers with pn current-blocking layers are the most common, there are
other variants that are being successfully used. Instead of pn blocking layers semi-
insulating InP has been employed, the high resistivity (~ 108 Q cm at room tem-
perature) of which is achieved through doping with Fe (conc. ~ 107 cm™3). Such
semi-insulating layers are advantageous regarding lower parasitic capacitance and
therefore for high-speed laser devices. However, the specific resistivity decreases
by almost three orders of magnitude between 20 °C and 85 °C, and Fe diffusion ef-
fects may raise reliability concerns. Another version is the so-called buried ridge
stripe laser (BRS) which may be considered a hybrid of the RW and BH struc-
ture. Here, the etched laser ridge is conformally overgrown with the p-InP cladding
layer. Whereas most of this layer is rendered electrically insulating by means of ion
implantation, parasitic current flow through the small remaining conductive InP re-
gions adjacent to the active part is suppressed due to the higher built-in voltage at
the InP pn junction.

Generally, the overall performance of BH-type lasers is superior to their RW
counterparts: lower threshold current, better high-temperature output power and
high-frequency characteristics, and almost circular rather than elliptical beam pro-
file. Conversely, fabrication of RW lasers is less complex and hence more cost-
efficient, thanks to fewer epitaxial steps. Nonetheless, due to performance require-
ments, a great deal of the long-wavelength lasers marketed today are BH devices.
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The RW design is, however, the structure of choice when any Al-containing
layers are involved. This is especially true for 1300 nm uncooled 10 Gbit/s lasers
widely used for datacom applications as well as for externally modulated lasers
(EML, see Chap. 4), the latter benefiting from the better electroabsorption behav-
ior of InGaAlAs structures. The issue encountered with BH lasers is that InGaAlAs
materials are prone to surface oxidation when exposed to air. This effect is dif-
ficult to avoid during processing. There have been several reports on BH laser
diodes containing InGaAlAs layers; however, a real breakthrough of this technol-
ogy is still missing. Any residual oxide remaining on the regrown BH interface
may introduce nonradiative recombination centers and may be regarded as a poten-
tial source for lifetime issues with these lasers. Removing the oxidized surface by
etching with a suitable cleaning gas inside the epitaxy reactor has been primarily in-
vestigated to tackle this issue, and achievement of highly reliable 1300 nm devices
was claimed [11]. Exploiting narrow stripe selective area growth has been another
approach in which case the InGaAlAs MQW layers are covered in situ with an InP
layer [12].

3.4 Active Medium

In its simplest form the active medium of the laser diode consists of a bulk layer
made of InGaAsP. Basically, the lasing transitions occur between the conduction and
the valence band edges to yield laser wavelengths corresponding to the composition-
dependent band gap, E,. However, such “bulk” lasers exhibit comparably high
threshold currents because of lower material gain, resulting in low output power
and poor high-temperature performance.

3.4.1 Quantum-well Layers

More advantageous are the so-called quantum-well (QW) structures. In such a struc-
ture a thin well layer is sandwiched between two barrier layers of higher band gap.
If the thickness of the embedded well layer is smaller than the De Broglie wave-
length of the electrons and holes in this material, quantization of the electron and
hole energy levels occurs. The optical transitions then take place between the quan-
tized electron and hole levels in the QW rather than between the virtual conduction
and valence band (Fig. 3.5). The well/barrier (QW) layer stack is made of either
InGaAsP or InGaAlAs but mixed InGaAsP/InGaAlAs QWs have also been em-
ployed and have shown distinct benefits for enhancing the modulation bandwidth
(30 GHz [13]). Typical thicknesses range from 4 to 8 nm and from 7 to 15 nm for the
well and barrier layer, respectively. The former thickness has a substantial effect on
the emission wavelength which increases with decreasing well width. Commonly,
a series of QW layers is vertically stacked to result in MQW structures.
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Physically, the advantage of QWs originates from the density of states. As a con-
sequence of the quantized electron and hole states, the respective energy dependence
of the density of states in the conduction (CB) and valence band (VB) changes from
parabolic curves in the case of a bulk layer to step-like functions in the case of
QW layers. If electrically pumped, these carrier states are filled according to Boltz-
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mann’s thermal occupation statistics resulting in spectral carrier densities, dn/dE,
as depicted in Fig. 3.6a, b. Because of the fact that, as a first approximation, the
optical gain of a semiconductor material for a specific optical transition is propor-
tional to the product of the respective spectral carrier densities in the conduction and
the valence band, it is obvious that QW structures exhibit higher optical gain than
their bulk counterparts (Fig. 3.6b). MQW structures therefore show lower threshold
current densities and accordingly superior temperature behavior and high-frequency
characteristics.

3.4.2 Strained QWs

By incorporating strain into the quantum wells, the gain characteristics can be fur-
ther improved considerably. Typical strain values used here range from —1.5 % (ten-
sile strain) to 4+1.5 % (compressive strain). The main physical effect of strain in the
quantum wells is the breakup of the energy degeneration of the heavy hole (HH)
and light hole (LH) valence bands at k = 0 and corresponding significant changes
in the shape of the respective in-plane energy dependence (Fig. 3.7). By applying
compressive strain in the quantum well, the in-plane HH mass is reduced and the
density of states in the HH valence band decreased. Accordingly, band filling at the
same electrical pumping level increases to yield lower threshold current densities
and also higher differential gain values. Furthermore, the effect of optical intraband
losses due to absorption between the HH- and the split-off- (SO) valence band at
the optical transition energy is substantially reduced. The benefit of the strained
layer MQW laser had already been recognized by the end of the 1980s [14], and
nowadays commercial laser diodes are commonly designed this way using compres-
sively strained wells in the MQW structures. One percent of compressive strain was
discovered to be optimal [15]. The barrier layers may be tensile-strained for (par-
tial) strain compensation to allow for implementation of higher-period MQW struc-
tures without exceeding the critical thickness. It should be noted that unstrained and
compressively strained QWs strongly support TE-polarized laser emission, whereas
tensile strain results in TM polarization. This behavior is exploited, for example
in semiconductor optical amplifiers (SOA, see also Chap. 12) to balance TE/TM
gain [16].

For many applications, the high-temperature performance of laser diodes is of
crucial importance. Optical datacom links and fiber-to-the-home (FTTH) networks
demand uncooled operation up to ambient temperatures of 485 °C. At higher tem-
peratures, the optical gain reduces due to thermal broadening of the energetic band
filling distribution of the carriers resulting in smaller dn/dE values at a specific
energy. Material inherent optical losses such as Auger absorption also increase
with increasing temperature. Both effects lead to an increase of laser threshold
current and a decrease of external power vs. current efficiency (slope efficiency)
with increasing temperature. This is also true for the electrical pumping efficiency
of an MQW structure which tends to get lower at higher temperatures. This is
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because carriers may be thermally released from the well into the adjacent bar-
rier and waveguide layers (referred to as carrier leakage). Because of their lower
mass, this mechanism mainly affects electron injection and is largely dependent
on the conduction band discontinuity between well and barrier layer (Fig. 3.8).
In InGaAsP/InGaAsP structures, the conduction band discontinuity makes up only
some 40 % of the band-gap difference, A E,, of the layers involved. More advanta-
geous with respect to this carrier overflow issue are InGaAlAs/InGaAlAs structures
and also the combination InGaAsP/InGaAlAs. Here, the conduction band discon-
tinuity amounts to 72 % and 80 % of A E,, respectively. To further avoid electron
leakage into the surrounding optical waveguide regions, an additional very thin
InAlAs layer is often inserted into the laser layer stack to serve as an electron stop-
per.

Another advantage of the Al-containing QW option is related to the modu-
lation capability. The lower valence band discontinuity, in accordance with the
higher conduction band discontinuity, of InGaAlAs/InGaAlAs MQW structures fa-
vors the hole transport in and out of the quantum wells, allowing for significantly
faster high-frequency response and thus larger modulation bandwidth compared to
InGaAsP/InGaAsP. In accordance with this, a higher number of QWs can be uni-
formly pumped with holes. Uncooled 1300nm lasers with 10 Gbit/s modulation
capability which have been receiving great attention recently for 10 Gbit/s datacom
links commonly rely on InGaAlAs technology (refer to Chap. 4).
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3.4.3 Quantum Dots

Quantum-dot (QD) materials have attracted a great deal of attention in recent years
as a novel active laser medium. QDs are tiny pyramidal nanocrystals of about
1020 nm footprint that are embedded in host layers. The formation of such QD
structures is accomplished using highly lattice-mismatched material (e.g., InAs)
deposited under dedicated epitaxial growth conditions. QDs feature §-function-
like density-of-state functions and thus much higher maximum gain values than
QW structures. Theoretically, they offer unique lasing properties, such as ultra-low
threshold current density, high-temperature stability, zero chirping, low noise, and
ultrahigh-frequency capability. In reality, however, the hitherto unavoidable size dis-
persion of the QD particles and their low total active volume inhibit the exploitation
of these properties.

The bulk of QD research has been devoted to GaAs-based lasers and has yielded
a range of impressive laser results, for instance, threshold densities of < 10 A cm?
and very high and even negative Ty values [17]. However, it appears that such un-
precedented values are difficult to accomplish without compromising other spec-
ifications that need to be simultaneously met for practical applications. With InP,
quantum-dot structures appear to be more challenging to grow, and quantum dashes
rather than dots may be generated depending on growth conditions. The basic laser
properties achieved to date generally do not outperform those of QW lasers. Among
the apparent advantages of QD lasers is their improved noise behavior, which is
beneficially exploited in superior mode-locked lasers and all-optical clock recov-
ery devices [18]. The QD size distribution resulting in an excessively broad gain
spectrum has been exploited to create so-called comb lasers [19]. Superior perfor-
mance of QD-based optical amplifiers (SOA, see Chap. 12) has been well recog-
nized. A unique future application may be as an active medium for single photon
sources for quantum cryptography applications. Despite these achievements, one
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can state that although QD technology is useful for enhancing specific laser param-
eters, it has to date not led to a revolution in semiconductor laser technology.

3.5 Fabry-Pérot Lasers

The simplest form of a laser diode is the Fabry—Pérot (FP) type. The laser cavity
length is defined by cleaving, and the resonator mirrors are simply provided by the
resulting crystal facets. Assuming an effective refraction index of the laser material
of n; = 3.5, the resulting mirror reflectivity against air (n = 1) amounts to some
30 %. By applying optical reflection coatings to the facets, other values can be easily
adjusted. In particular, using a high-reflectivity (HR) coating at the back facet and
a low-reflectivity (LR) one at the front facet, the optical output power from either
facet can be made highly asymmetric. In this way, compared to symmetrical mir-
ror conditions, the optical power from the front side may be almost doubled at the
expense of the power from the backside. The latter is commonly exploited for op-
tical power control by means of a monitor photodiode for which an only moderate
intensity is sufficient.

For the reflection coating, the wafer needs to be cleaved into bars several tens
of which can be simultaneously coated by evaporation or (ion beam) sputtering,
one run for either facet. Because of the large handling effort involved, this process
is rather costly. The coating films consist of periodic pairs of quarter-wavelength
dielectric layers of different refractive index, for example SiO, and TiO,. Care has
to be taken to minimize undesirable spillage on the surface and backside of the laser
chips. Besides their optical function, the coatings also serve to protect the facets
against detrimental environmental effects. Following the coating process, individual
laser chips are singulated by a scribe-and-break process. To ease this process and
the previous bar cleaving, the full processed wafer is thinned to a thickness of only
some 100 um. The dimensions of a representative laser chip used for optical data
transmission are given by a cavity length of 200—400 um and a width of 250-400 um,
to some extent depending on the targeted application.

A typical emission spectrum of an InP-based FP laser diode is represented in
Fig. 3.9. Since the gain spectrum of the laser material is fairly broad (2 30 nm full
width at half maximum) and the reflectivity of the facet mirrors is practically wave-
length independent, multiple emission wavelengths appear manifesting the longitu-
dinal Eigen modes of the cavity.

Taking into account the chromatic dispersion of optical fibers, the width of the
emission spectrum is crucial for the maximum achievable transmission length at
a given bit rate. A measure for the spectral width is the RMS value which is
a weighted quantity according to (3.1) considering all modes (i) with intensities
p; within the —20 dB range relative to the prevailing one:

[ (i — Ao)? i
AArms = 7= Z‘DZ(Z#; Ae = % 3.1
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Fig. 3.9 Representative P—I curves (a) and emission spectrum (b) of an InGaAsP/InP MQW
BH-FP laser. These characteristics are basically similar for any other emission wavelengths in the
accessible wavelength range (Ry, R, = reflectivity at front and back facet, resp.)

Typical RMS values are in the 1-2nm range, with 3 nm representing a specified
upper limit for, e.g., 10 Gbit/s 1300 nm FP lasers at any operational condition.

Also shown in Fig. 3.9 are optical power vs. current characteristics of a BH-FP
transmitter laser diode at various temperatures. Threshold currents in the < 5-10mA
region and optical output power well exceeding 40 mW are representative for those
lasers at room temperature. Because of the physical effects outlined in the previous
section, the output power tends to significantly decrease with increasing temperature
(T'), whereas the threshold current (/) increases exponentially according to the
empirical equation (3.2) (7; = reference temperature, e.g., 20 °C):

In(T) = In(Ty) exp[(T — T1)/ T)]. (3.2)

Here, T, denotes the so-called characteristic temperature which for InP laser diodes
comprising an active InGaAsP MQW region ranges from ~ 40 to ~ 60 K, depend-
ing on active volume, cavity length, and facet reflectivity. Using InGaAlAs instead
higher values up to some 80 K are achievable. These values hold for operation up
to some 60 °C but tend to be lower beyond that point. Altogether, compared to their
Ga(Al)As counterparts the temperature behavior of InP-based laser diodes proves
to be substantially worse which largely impacts practical applications and has de-
manded large R&D efforts in recent years to accomplish uncooled laser operation.
As opposed to other laser systems, the output beam of semiconductor lasers is
highly divergent due to optical diffraction. The far-field of the laser beam is essen-
tially determined by the design of the laser waveguide. RW lasers exhibit a pro-
nounced elliptical intensity profile, whereas the one of BH structures is fairly cir-
cular. The circular shape is highly desirable because it matches well to single-mode
fibers for the benefit of efficient optical coupling. The far-field pattern is often char-
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Fig. 3.10 Schematic representation of a tapered laser diode exploiting the concept of a laterally
tapered active stripe leading to mode expansion due to weaker optical guidance (a); optical far-
field pattern of a tapered BH laser in vertical and lateral direction (b); the value of 20° has to be
compared to > 30° for nontapered structures

acterized by the divergence angle, taken as the full angle at half intensity maximum
(FWHM angle). The following values (vertical x lateral) may be considered rep-
resentative for transmitter laser diodes: 45° x 20° for RW and > 30°x 30° for BH
structures.

To accomplish lower values, so-called tapered lasers have been developed. A sim-
ple yet efficient method is to gradually narrow the active stripe in the lateral direc-
tion toward the front facet, as illustrated in Fig. 3.10a. As optical guiding becomes
weaker the more the waveguide narrows, the optical mode broadens accordingly to
result in lower beam divergence. This design does not require any extra process steps
but is applicable to BH structures only. Depending on the taper design, the far-field
angle can be nearly halved to angles down to as small as 15° in this way. An exam-
ple is depicted in Fig. 3.10b, with the FWHM angle amounting to some 20° in this
case. In [20] it is shown that such a reduction leads to an improvement in coupling
efficiency by 6 dB when directly butt-coupled to a flat SMF, comparing tapered and
nontapered laser diodes of otherwise the same design. Other taper techniques that
provide even smaller far-fields have been published but these involve a much higher
fabrication complexity [21], including selective area growth [22]. It should be noted
that VCSELSs (see Sect. 3.7.1) inherently provide a circular-shaped far-field of low
divergence angles, which is one of their great advantages.

For efficient laser—fiber coupling, tapered lasers are advantageous but not really
mandatory because low-cost lenses can be used. They are, however, extremely help-
ful in hybrid integration technology where such diodes are to be directly coupled to
optical waveguides without any beam-shaping optics. In addition to the enhanced
coupling efficiency, they also provide larger alignment tolerances.

The main application of FP lasers in optical communications has been for uplink
transmission (1310nm) in FTTH passive optical networks. Generally, the impor-
tance of FP lasers has been decreasing in recent years, mainly because of the spectral
bandwidth-related restrictions in transmission bit rate and distance, and also because
of the drastic price decline of their superior DFB counterparts (refer to Sect. 3.6.1).
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Fig. 3.11 Optical output power characteristic of a BH-HPLD emitting at 1480 nm (source: FhG-
HHI)

One remaining prominent application area, however, is high-power laser diodes
(HPLD), in the form of either (spatially) single-mode or broad area devices. The
design of such laser diodes, which are normally operated in CW (continuous wave)
or pulsed mode, is substantially different from transmitter lasers. Key to achiev-
ing high output power is to minimize series resistance and internal optical losses.
The former issue mainly requires optimizing doping profiles and layer transitions,
whereas the latter aspect relates to the waveguide design. One has to bestow great
care on keeping the portion of the optical intensity profile penetrating into the lossy
p-doped waveguide region low. This leads to an asymmetric waveguide design asso-
ciated with a relatively small confinement factor of the active region. To compensate
for this, the HPLDs are built excessively long (~ 2-3 mm). Reported optical output
power of 1480 nm HPLD lasers emitting in the fundamental mode have reached the
1 W level at room temperature [23].

Figure 3.11 shows the optical power/current curve of a BH-type HPLD delivering
about 700mW at 1480 nm of ex-facet output power which may be regarded more
state-of-the-art. Such lasers are mainly used as pump sources for Er-doped fiber
amplifiers (pump wavelength: 1480 nm) and for Raman fiber amplification (14xx nm
wavelengths) [24]. Besides that there are diverse applications outside the telecom
field, for example for LIDAR.

3.6 Single-mode Laser Diodes

To cope with the effect of optical fiber dispersion, which restricts achievable bit
rate and transmission distance, transmitter lasers are demanded that emit a single
rather than multiple wavelengths. Typically, residual side wavelengths need to be
suppressed by at least 35 dB, commonly referred to as side-mode suppression ra-



114 M. Moehrle et al.

tio (SMSR). Various types of single-mode laser diode devices are well known, in-
cluding distributed feedback (DFB) lasers, distributed Bragg reflector (DBR) lasers
(see also Chap. 5), external cavity lasers, coupled cavity lasers, discrete-mode lasers
(Sect. 3.6.2), and VCSEL (Sect. 3.7.1).

3.6.1 Distributed Feedback Lasers

DFB lasers, the concept of which was introduced more than 35 years ago [25],
have become the most established single-wavelength laser type. The key struc-
tural element of such laser diodes is the so-called DFB grating providing a pe-
riodic change of the effective optical index of refraction along the laser cavity.
Thereby partial reflection occurs at each index step (real or complex) to gener-
ate distributed optical feedback by constructive interference. This mechanism is
wavelength-selective, thus enabling longitudinal single-mode operation. The DFB
grating is realized by etching a “washboard”-like structure into the optical wave-
guide stack of the laser heterostructure (Fig. 3.12) which is subsequently overgrown
with the p-cladding/contact layers. In this way, the DFB coupling relies on the peri-
odic variation of the real part of the refractive index, which represents the commonly
used solution. Alternatives, though less often applied, are gratings that are formed
in the substrate, i.e., below the active region, and metal gratings placed beside the
ridge of RW laser structures [26].

In order to obtain longitudinal mode selection, the grating period A has to fulfill
the so-called Bragg condition:

Am

T (2new)’

where A denotes the grating period, A the emission wavelength, n.s the effective
refractive index of the laser structure, and m the grating order (m = 1,2, ...). First-
order gratings (m = 1) have the advantage that virtually all the light is reflected
back and forth only in the direction of the waveguide, thus resulting in very efficient
optical feedback. In the case of higher order gratings, part of the light is vertically
coupled out of the waveguide, causing excess optical loss for the laser. Therefore,
first-order gratings are predominantly utilized, whereas second-order gratings have
been exploited in special surface-emitting DFB laser designs (see Sect. 3.7.2.2),
and higher order gratings in high-power DFB devices because of their particularly
long cavity. Mathematically, DFB lasers can be described and simulated by the
well-proven coupled mode and transmission line models, respectively. Both theo-
retical models are thoroughly described, for example in [27].

3.3)

3.6.1.1 Basic DFB Design

In order to fully exploit the longitudinal mode selection mechanism of the DFB
grating, any back-reflections from the facets have to be avoided. This is commonly
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Fig. 3.12 Schematic views of DFB gratings: a uniform real-index coupling, b index-coupled grat-
ing with integrated A /4 phase shift, and ¢ complex coupling. Not shown are the upper cladding
layers which are grown on top to complete the laser structure. In d an SEM image of a real A /4
phase-shifted DFB grating is depicted made by electron beam lithography and subsequent reactive
ion etching. The grating period (1st order) for a 1550 nm DFB laser amounts to some 220 nm only

achieved by applying antireflection (AR) coating layers to either end facet. Index-
coupled DFB lasers (Fig. 3.12a) with AR-coated facets, however, show a two-
mode spectrum corresponding to the Bragg grating stop band modes, as depicted
in Fig. 3.13a. To achieve single-mode operation, an additional A/4 phase shift in
the center part of the grating can be implemented (Fig. 3.12b). In that case, single-
mode operation at the Bragg wavelength (3.3) is obtained (Fig. 3.13b). Alternatively,
also multiple phase shifts distributed along the DFB grating can be used here [28].
Another means to obtain single-mode operation is to use the so-called complex cou-
pling, in which case an additional imaginary index (gain or absorption) coupling
component adds to the real-index coupling. As a result, single-wavelength emis-
sion is obtained that corresponds to the “red” (gain) or “blue” (absorption) side stop
band mode (Fig. 3.13c). In reality, as one approach, such complex coupling is ac-
complished by etching the DFB grating further into the active layer (Fig. 3.12c).
Although there have been concerns about the reliability of such DFB structures, it
could be demonstrated that appreciably good lifetime behavior is achievable if the
fabrication is done properly. Because of the oxidation issue (see Sect. 3.3) this “ac-
tive layer etching” approach is not readily applicable to Al-containing layer struc-
tures.
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A key parameter in the design of DFB lasers is the coupling strength of the DFB
grating, denoted by the coupling coefficient k and defined as the fraction of light in-
tensity reflected back at each periodical index step. k depends on the amount of light
confined in the grating layer, i.e., on the grating depth and on the effective refrac-
tive index difference between the materials that compose the grating. The value of «
largely impacts, among others, the threshold current of a DFB laser. Figure 3.14 ex-
emplarily shows the dependency of the threshold gain, gw, on the coupling strength
Kk for a A /4 phase-shifted DFB laser.

Another effect governed by the «-coefficient is the intensity distribution inside
the DFB laser structure. This is illustrated in Fig. 3.15 where the resulting optical
intensity profile along the cavity is drawn for different k-values in case of a 300 um-
long phase-shifted DFB device. Strong coupling leads to pronounced intensity peak-
ing at the phase-shift position causing local depletion of the optical gain in that re-
gion of the cavity, also known as spatial hole burning [29]. As a consequence, the
side mode suppression is reduced and the lasers tend to become spectrally multi-
mode. For this reason, such a strong index coupling is generally avoided, and «L
product values between 1 and 2 are mostly used.

DFB laser devices with AR-coated facets generate equal optical output power
from both cavity sides (Fig. 3.15). In most practical applications, however, asym-
metrical output power distribution is desired to increase the usable power from the
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Fig. 3.15 Normalized inten-
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front facet at the expense of the light emission from the rear facet, with the latter
commonly utilized to feed a monitor photodiode. This can be accomplished in two
alternative ways. The first one is to implement gratings with an off-center phase
shift (Fig. 3.16). By this means the optical intensity can be lifted such as to yield
higher values at the front facet, and accordingly increased output power. However,
as a trade-off, side-mode suppression tends to decrease with increasing phase-shift
displacement from the center position of the DFB grating. Typically, a front/back
optical power ratio up to 2-3 can be achieved using this method.

The second solution is to employ a cleaved (R = 30 %) or high reflection (HR,
R ~ 60-90 %) coated back facet. Depending on the chosen HR value, the optical
output, or in other terms the external slope efficiency (SLE = AP/AI), at the
front facet can almost be doubled, associated with a high front-to-back asymmetry
factor. However, this cavity design again largely affects the statistical single-mode
yield which tends to drop significantly as a consequence of the random phase value
of the reflective back facet relative to the DFB grating. Laser facets are created by
a cleaving process, the positional precision of which is limited to values between
45 um and £10 pm, unless special demanding technological measures are taken. In
any case, it is impossible to perform the cleaving so as to result in a facet with a well-
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Fig. 3.17 Normalized calculated optical output spectra at laser threshold of a A/4 phase-shifted
DFB laser (L = 300 um, k = 50cm™!, AR/60 % facet coating) for different phase values at the
back facet

defined phase value relative to the DFB grating. This would require nanometer-scale
accuracy.

The strong influence of the back facet phase condition on the single-mode behav-
ior is illustrated in Fig. 3.17. Here, the optical output spectra at the laser threshold of
a A /4 phase-shifted DFB laser are depicted for different phase values. Their strong
effect on the onset of the competing DFB modes is clearly visible. At phase 0°, the
lasers behave purely single-moded, whereas at 180° they emit at the Bragg grat-
ing stop band modes (see Fig. 3.13). As a consequence, assuming an even phase
distribution such lasers typically exhibit a single-mode yield of around 50 % only,
depending on the specified SMSR limit. Along with this, a statistical fluctuation of
the output power occurs.

To conclude, with traditional DFB laser designs there is a distinct trade-off be-
tween SM yield and achievable optical output power/slope efficiency: Two-sided
AR-coated devices give high SM yields (virtually 100 %) but limited SLE values
(typically ~ 0.25mW/mA). Conversely, with AR/HR-coated DFB lasers the SM
yield is significantly reduced to the 50 % range but high SLE values are achievable
(> 0.4mW/mA). For commercial applications, actually the best of both variants,
i.e., high SM yield and high slope efficiency, is desired for obvious reasons.

DFB lasers are widely deployed in wavelength-division-multiplex (WDM) net-
works. To this end, special demands are posed on the accuracy of emission wave-
length. With dense WDM (DWDM)), a spacing of the transmission wavelength chan-
nels down to 50 GHz of optical frequency (equivalent to 0.4 nm at 1550 nm) is used,
and respective DFB devices have to be assigned by selection. Because of the tem-
perature dependence of the material refractive index, the wavelength of a DFB laser
rises with temperature at a rate of about 0.1 nm/K, i.e., by a factor of 5 smaller
than the gain spectrum (~ 0.5 nm/K). For DWDM lasers, precise temperature ad-
justment and stabilization using a Peltier cooler is therefore mandatory to match
the exactly specified DWDM wavelengths (“ITU grid”). Under such temperature-



3 Laser Components 119

a b
20 °C DFB wavelength 90 °C DFB

. l
=

< gain curve

S red-shifted

[

=

S

2

@

1400 15I00 1 éOO 1700 1400 1500 1600 1700
wavelength / pm wavelength / pm

Fig. 3.18 Schematic illustration of wavelength detuning of DFB lasers to optimize laser character-
istics at high operation temperatures. The drawn curve represents the gain profile, and the arrow
the position of the emission wavelength as defined by the DFB grating. a shows the normalized
profiles’ wavelength position at 20 °C and b at 90 °C

controlled conditions, modulation rates up to 10 Gbit/s are state of the art. Nowa-
days, there is a strong trend to deploy wavelength tunable transmitter devices (see
Chap. 5) rather than fixed wavelength devices to both avoid selection and reduce
inventory costs.

For single-channel (e.g., FTTX PON applications) and coarse WDM (CWDM)
transmission systems, uncooled operation is required to eliminate cooling power
and cooler costs. In the extreme case, the lasers need to be operated in the range
from —40 to +85°C. With CWDM applications (AA = 20 nm channel spacing),
quite a challenging fabrication tolerance of the lasing wavelength of only £2.5nm
has to be met to stay within a specified transmission window of 12.5nm over the
temperature range from 0 to 75°C. To compensate for the lower gain at higher
temperature — at least to a certain degree — the different temperature shift of the
spectral gain and the DFB wavelength is exploited to optimize DFB laser diodes for
high-temperature operation, as illustrated in Fig. 3.18.

At room temperature, the DFB wavelength is intentionally positioned on the
long-wavelength side of the optical gain spectrum by adjusting the DFB grating
accordingly. This design measure is referred to as “wavelength detuning.” With in-
creasing temperature, differently from FP lasers, the emission wavelength shifts to
the gain peak region to benefit from the higher gain and hence to assure fairly low
threshold currents even at high operation temperatures. In this case, the resulting ef-
fective Tp-value is no longer related to material properties alone but is also detuning
dependent.

In applications where cooled operation is applicable, wavelength detuning can
also be used to optimize modulation parameters. If the DFB wavelength is de-
tuned to the short-wavelength side of the gain peak, an increase in differential gain
and thus a higher modulation bandwidth can be achieved (for further reading see
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Fig. 3.19 Representative P—I curves of a 1490 nm BH-DFB laser diode designed for uncooled
operation, 10 K temperature steps (a), and current-dependent emission spectra taken at 20 °C (b)

Chap. 4). This design measure is however limited by the associated increase of the
threshold current with increasing deviation from the gain peak. To some extent this
behavior may be compensated for by adjustment of the grating coupling strength or
the use of a suitable HR back facet coating though this results in high-modulation
bandwidth [30]. Along with the increase of the differential gain the Henry (or a-)
factor tends to decrease which has a crucial effect on the static and dynamic spectral
linewidth of the emission wavelength. The former characteristic is essential with
narrow-linewidth lasers required for, e.g., local oscillator lasers in coherent detec-
tion schemes, whereas the latter one describing linewidth broadening under modu-
lation (“chirp effect”) largely affects dispersion-related transmission properties.

3.6.1.2 Performance of DFB Lasers

Representative output power characteristics are shown in Fig. 3.19 for an AR/HR-
coated BH-DFB transmitter laser based on InGaAsP/InP and designed for uncooled
operation. Room-temperature threshold currents around 5 mA and optical output
power levels even exceeding 50 mW are obtainable with elaborated designs and to-
day’s highly developed fabrication technology. Inherent to InP laser diodes is the
relatively large material-related degradation of maximum output power and slope
efficiency with increasing temperature. SMSR values > 50 dB are readily achiev-
able. It may not be taken for granted, however, that such values are maintained over
the full operational current and temperature range. Instead, the single-mode behav-
ior may get worse and even out-of-specification, which is of particular concern in
the low-temperature region.
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Fig. 3.20 Small-signal modulation curves of an InGaAsP/InP BH-DFB-laser diode at 20° C (a)
and 90° C (b); indicated bias currents including threshold currents

The frequency performance can be characterized by small-signal modulation
curves, as shown in Fig. 3.20 for a device similar to the one demonstrated in
Fig. 3.19. The characteristic —3-dB cut-off frequency is well known to increase
with increasing bias current until a saturation limit is reached. At high operation
temperature, the maximum modulation bandwidth tends to diminish rendering it dif-
ficult to modulate uncooled InGaAsP/InP DFB devices at 10 Gbit/s, at least at prac-
tical current conditions. InGaAlAs/InP-based lasers provide superior performance
in this respect, thanks to their “inverse” QW band structure (Sect. 3.4), and are
therefore prevailing for uncooled 10 Gbit/s applications to date (see also Chap. 4).

3.6.2 Advanced Single-mode Laser Structures

From the previous section it becomes apparent that ordinary DFB lasers do not
meet all the requirements that the fiber optics industry desires. Hence, much effort
has been made recently on achieving improved performance.

3.6.2.1 Complex-coupled DFB Lasers

One approach has been the introduction of complex-coupled DFB lasers [31], al-
ready introduced above (see Fig. 3.12). Using this concept in conjunction with
a reflective back facet, the single-mode yield indeed tends to substantially increase,
compared to the conventional purely real-index-coupled DFB devices. Another mo-
tivation is their reduced optical feedback sensitivity [32]. Optical feedback in fact
represents a major issue with DFB lasers: When laser light is reflected back from
any external reflection site, this light, depending on the phase conditions, may render
the laser to become multimode and even chaotic. A feedback sensitivity — described
by the threshold ratio of reflected-to-emitted intensity at which multimode behavior
starts to occur — as high as possible is desired to avoid an optical isolator. Mostly, an



122 M. Moehrle et al.

Fig. 3.21 Schematic top front back
view of a curved stripe DFB facet facet
laser indicating the basic
architecture (AC as-cleaved,
AR antireflection, HR high AC/HR
reflection, as-cleaved (30 %)
or coated)

AC/AR h .
curved tapered active stripe

with uniform DFB grating

optical isolator is needed to sufficiently eliminate this detrimental feedback effect.
In spite of these advantages, complex-coupled DFB variants to date still appear to
play only a minor role in commercial applications because of the more challenging
fabrication technology and potentially larger reliability risks, although good lifetime
results have been demonstrated [33].

3.6.2.2 Curved Stripe DFB Laser

An alternative innovative concept relying on conventional index coupling has been
introduced recently, named curved stripe DFB (CSDFB) [34]. Initially designed
to realize a tapered DFB diode by pursuing an implementation similar to the one
sketched in Fig. 3.10, it turned out that the CSDFB structure offers additional fea-
tures overcoming drawbacks of traditional DFB lasers. A schematic view of such
a device is shown in Fig. 3.21. Inherent to the design is a curved active BH stripe
tapered toward the front side. The resulting angled front facet provides an effective
AR behavior, thus enabling these lasers to emit single mode even without any an-
tireflection coating on the front facet. The purpose of the curved active stripe is as
follows: Because of the tapered design, the effective index n¢ of the laser structure
decreases in the longitudinal direction toward the front facet, and the Bragg con-
dition (3.3) varies accordingly along the cavity. Rather than using a DFB grating
with a gradually varying period, which would be quite expensive to define, the re-
quired spatial effective index variation is created by a properly designed curvature
in conjunction with a constant period grating. In this way, established techniques for
grating formation can be utilized, such as the inexpensive UV interference exposure
technique.

The combined effect of decreasing optical gain and index coupling strength to-
ward the front facet and the bending of the active stripe was consistently found to
lead to efficient suppression of the short-wavelength Bragg mode. This feature is of
special advantage if tight wavelength tolerances are required. Calculations similar
to those depicted in Fig. 3.13 clearly indicate that the adverse effect of the phase
variation at the as-cleaved (or HR) back facet on the single-mode yield is signifi-
cantly reduced in CSDFB structures. As a consequence, these lasers were found to
exhibit a single-mode yield in the higher 90 % range even in the absence of any facet
coating [34].
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Fig. 3.22 Emission spectra of a CSDFB laser diode in the temperature range from —40 to +80 °C

The apparently superior mode stability becomes manifest also when regarding
the single-mode behavior over the operating temperature range. It has been verified
that stable single-mode emission is well maintained particularly in the lower range
(< 0°C). An example is given in Fig. 3.22.

Another evidence is the fact that CSDFB lasers prove to be less sensitive to op-
tical feedback effects. Comparative measurements on index-coupled CSDFB and
straight structures of otherwise comparable design indicated enhanced immunity
against optical feedback by a factor of more than 3 dB [35]. By combining the CS-
DFB laser concept with complex coupling, further improvement by 3—4 dB could
be achieved [36], as illustrated in Fig. 3.23.
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Fig. 3.23 Comparative optical feedback measurements on a conventional (straight stripe) index-
coupled and a complex-coupled curved stripe DFB laser of otherwise comparable design but
slightly different wavelengths (measurements according to IEEE Standard 802.3a¢™-2002, 1 mW
in fiber); dashed lines indicate onset of multimode emission depicted by the lobes; note the differ-
ent scale of the feedback ratio (= reflected/launched optical power)
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3.6.2.3 Discrete-mode Laser Diode

This variant relies on a new photonic crystal laser diode technology [37]. Basi-
cally, the discrete-mode laser is an RW Fabry—Pérot device which is converted into
a single-mode laser by perturbing the effective refractive index along the cavity. This
is accomplished by partially etching features into the ridge waveguide, which have
a small overlap with the transverse field profile of the unperturbed mode. Suitable
positioning of these interfaces allows the mirror loss spectrum to enhance one FP
mode while suppressing the others resulting in single-mode operation. The detail of
the modified reflectivity spectrum will depend on the number of perturbations, their
topology, and configuration. The mechanism used to achieve the single-mode emis-
sion is clearly different from that in a DFB laser as the FP facets play a significant
role in determining the emission spectrum of a discrete-mode laser device. In fact,
the structure will not lase in the absence of feedback from the cleaved laser facets,
opposite to DFB laser structures. The basic structure of a discrete-mode laser diode
and spectral features are depicted in Figs. 3.24 and 3.25, respectively (after [37]).
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Fig. 3.25 Spectral behavior of a discrete-mode laser: resulting single-mode spectrum (bottom); FP
spectrum of the unperturbed RW structure (InGaAlAs MQW, 40 mA) (inset); and calculated mirror
loss as a function of wavelength (top)
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SMSR values of 45 dB and higher are readily achievable. Mode-hop free operation
over the full-temperature range from —40 to 495 °C was demonstrated [38]. Very
narrow spectral emission, characterized by a linewidth of as low as 200kHz, has
been demonstrated at reasonably low power levels (< 10 mW) [39]. This feature
renders discrete-mode lasers particularly useful as local oscillator lasers in coherent
detection schemes. Furthermore, these lasers also show enhanced immunity against
optical feedback. From the technological point of view, a noteworthy advantage is
the fact that only a single epitaxial growth for the base wafer, without any regrowth,
is required.

3.7 Surface-emitting Laser Diodes

3.7.1 Vertical-cavity Surface-emitting Laser

The vertical-cavity surface-emitting laser (VCSEL) is a modern laser concept which
was proposed as early as in 1977 [40]. Devices emitting continuous waves at room
temperature were reported in [41]. Since the mid-1990s, VCSELs based on GaAs
have been intensely studied, and 850nm devices are now widely used in optical
systems ranging from the laser mouse to optical Ethernet modules. In fact, some
75 % of laser diodes commercially employed today are of the VCSEL type.

Different from edge-emitting laser-diodes, the optical beam of a VCSEL is cou-
pled out perpendicularly to the wafer plane. Because of this design, the devices can
be fully processed and characterized on-wafer without prior cleaving, resulting in
a significant reduction of production costs. Owing to the very short optical cavity,
VCSELs are always longitudinal and, for sufficiently small apertures, also trans-
verse single mode. Additionally, VCSELs can be operated at very low power con-
sumption levels of only a few tens of mW, rendering these devices extremely attrac-
tive for mobile applications, and “green” IT solutions in general. To mention a pop-
ular example, laser mice for personal computers are actually VCSEL-based ones
representing an energy-efficient, coherent single-mode light source that is available
for a few dollar cents only. Another emerging application field for VCSELSs is op-
tical interconnects for computers, for instance, in the form of active optical cables
(AOCs). Low power consumption associated with low heat dissipation is a particular
requirement for those “parallel optics” applications, regarding the extremely com-
pact transceiver assemblies. The VCSEL devices employed for those applications
are based on GaAs (emission wavelength < 1000 nm) which have reached a high de-
gree of maturity. This is true to a lesser degree for long-wavelength (1300-1600nm)
VCSELs which will be addressed here only. Different sophisticated designs and al-
ternative material options have been studied to cope with their generally inferior
physical properties.
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3.7.1.1 Challenges of Long-wavelength VCSELSs

With VCSELs, there are two principal issues that are mostly material related:
(a) how to realize a low-loss laser cavity and (b) how to efficiently confine the laser
current to the active area whilst concurrently avoiding excessive heating? To reach
the lasing threshold mirror and cavity losses have to be compensated by the gain of
the active laser section as given by the well-known equation

Ign=oi+om=0i— L In(RRy) (3.4)
2L
with I' denoting the optical confinement factor, gy, the threshold gain, ¢« and oy,
the internal and mirror losses, L the effective resonator length, and R; and Ry the
top- and bottom-mirror power reflectivity, respectively.

Compared to edge-emitting lasers, VCSELs feature a much shorter gain sec-
tion given by the thickness of the active region which amounts to a few tens of
nanometers only. Whereas in the former case the optical reflectivity of around 30 %
of a cleaved FP laser facet is sufficiently high to reach laser threshold, much higher
mirror reflectivities in excess of 99.5 % are needed with VCSELs to keep mirror
losses low. This kind of reflectors is typically realized by a thick stack of quarter-
wave layers with alternating refractive index, the so-called Bragg mirrors (BM). The
peak reflectivity of a BM can be calculated using (3.5) and (3.6), with p as amplitude
and R as power reflectivity:

no 2N _np
_ r(nm + nZ) (nm nz) with r = i% (35)
(nm +nz) —r(nn —n2) (Z_f) + rrl;_z

In (3.5) we choose “+” if the Bragg starts with the substrate 7, followed by N times
two layers of a quarter-wavelength, each with refractive indexes n; and n,, finally
terminated by an infinite media ny,. In case the last layer next to the medium (of
refractive index n,) is missing, i.e., for N — 1/2 pairs, we choose “—”. For ny = ny
and allowing whole mirror pairs only, (3.5) simplifies to:
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Assuming lossless materials and neglecting beam scattering, arbitrary BM reflectiv-
ity values can be achieved increasing with the number of mirror pairs and the re-
fractive index contrast. Commonly, VCSEL mirrors have been implemented as epi-
taxially grown Bragg layer stacks utilizing lattice-matched semiconductor materials.
Infrared GaAs VCSELs largely benefit from the comparably high index contrast ob-
tainable with the naturally utilized GaAlAs compound system (A7ngaas-aias~ 0.6).
With InP, different material choices are available: InP/InGaAsP, InP/InGaAlAs,
and InAlAs/InGaAlAs. With any of these combinations, however, adjustable val-



3 Laser Components 127

ues are restricted to below nearly 0.3 (see Fig. 3.2), depending on the targeted
laser wavelength. This implies not only lower spectral reflection bandwidth but
also larger total BM thickness to achieve a given reflectivity, which again is associ-
ated with increased optical cavity loss. Another option is utilizing lattice-matched
AlAsSb/GaAlAsSb (see Fig. 3.1) which offers similar An-values as the GaAlAs
system but was nonetheless only rarely used [42], one reason being the poor thermal
properties. Heat generation and extraction are of particular concern in any VCSEL
device. In long-wavelength VCSELs (1300 nm < A < 1600 nm) made on the InP-
based material platform, the BM inevitably contains quaternary compounds, at least
for the “high-index” layer. These materials, however, are well known to exhibit very
low thermal conductivity. Regarding optical losses, it should be kept in mind that
free-carrier absorption in p-conducting materials scales with wavelength squared
which principally tends to worsen the conditions in the case of long-wavelength
VCSEL devices. Furthermore, the series resistance of p-doped BM stacks is sub-
stantially increased, causing excess heat generation. Because of these effects, long-
wavelength VCSELs with a p-doped BM never showed satisfactory performance.

To mitigate these issues, advanced mirror concepts have been introduced re-
cently, such as hybrid mirrors [43] and subwavelength high-contrast gratings
[44, 45].

The second major issue relates to the optical mode and the current flow, which
have to be confined in a vertical direction. With an out-coupling mirror on top, the
current has to be injected laterally in a suitable way and then funneled to the center
of the device via an aperture. With GaAs-based devices, this aperture is nowadays
commonly formed by incorporating an insulating layer created by wet oxidation of
a dedicated Al(Ga)As layer. This aperture formation technology is however practi-
cally not transferable to InP-related materials, even when using InGaAlAs of high
Al content, because of the extremely low achievable oxidation rate. Therefore, other
techniques such as buried tunnel junctions (BTJ) [46] or proton implants [45, 47]
have been used to confine the current flow. Figure 3.26 shows a schematic VCSEL
layout using BMs as the front and bottom mirror. The standing cavity wave is also
depicted. It should be noted that for real devices sometimes several tens of semicon-
ductor mirror pairs — each having a thickness equal to half the laser wavelength in
the material — are needed due to the unfavorably low refractive-index contrast of the
InP-based materials used.

3.7.1.2 Realization of Long-wavelength VCSELs

Because of the severe challenges originating from distinctly disadvantageous ma-
terial properties of the InP materials, until the late 1990s the scientific community
strongly doubted whether long-wavelength VCSELSs could ever show reasonable
performance allowing industrial application. In the last decade, however, strong
efforts have been made in realizing such devices to result in remarkable results.
Single-mode output powers in excess of 2mW at 85 °C [48] and modulation speed
in excess of 20 Gbit/s [49] have been demonstrated. This makes these devices strong
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Fig. 3.26 Schematic structure of a “classical” GaAs-based VCSEL with aperture formed by wet
oxidation of an Al(Ga)As layer yielding electrically insulating material; note that in real devices
the number of layer pairs constituting the Bragg mirrors may be as large as 30 each

candidates as light sources in future optical access networks addressing high band-
width, low cost, and energy efficiency.

Nowadays, three quite different design concepts have been pursued and have
reached a fairly mature development stage. Respective VCSEL devices are com-
mercially available. Besides utilizing structures that rely solely on InP materials,
alternative GaAs-based structures have been developed, essentially to make use of
the superior GaAs/Al(Ga)As mirror layers.

3.7.1.3 InP-based Buried Tunnel Junction VCSELSs

This VCSEL design comprises a semiconductor top mirror made of InP materials
(namely InGaAlAs), an MQW gain region, and an InGaAs n*/p™ tunnel junc-
tion diode buried by an overgrown n-InP layer. The resulting BTJ forms the current
aperture and thus defines the active area of the VCSEL. The purpose of the BTJ
structure is to avoid lossy p-conducting layers in the VCSEL structure (except for
the extremely thin p* BTJ layer) [50, 51]. Basically, a tunnel junction is a very
highly doped reversed biased pn junction, with the space-charge region so narrow
that carriers are tunneling. Utilizing low-band gap material such as InGaAs drasti-
cally raises the tunneling rates and enables ohmic behavior. Figure 3.27 shows the
band structure of a tunnel junction and a schematic illustrating its incorporation into
a VCSEL structure. In that case, the highly doped tunnel junction has to be placed
into an antinode of the optical standing cavity wave to avoid excessive loss. Such
a tunnel structure is concurrently used to implement the current aperture simply by
means of lithography. To this end, the epitaxial growth is stopped at the tunnel junc-
tion and the aperture defined by etching away the TJ layers where no current flow
should occur in the device. After regrowth, a reverse-biased blocking diode is cre-
ated in these outer parts of the VCSEL, whereas the current is guided through the
aperture formed by the BTJ. Using this approach, both the current and the optical
wave are confined in a self-aligned way.
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After fabricating the VCSEL wafer composed of the above-mentioned layers, it
is mounted upside down onto a gold heat sink, and the InP substrate is subsequently
removed. The Au layer simultaneously serves as back-reflector, thus eliminating
a second semiconductor BM. To achieve the very high levels of reflectivity needed,
a few layers of dielectrics are incorporated on top of the plated gold to form a hybrid
mirror. Figure 3.28 schematically depicts a complete BTJ-VCSEL chip.

BTJ-VCSELs, the fabrication of which appears to be rather sophisticated, have
been realized with emission wavelengths ranging from < 1300nm up to even
2300 nm. Figure 3.29 shows representative P—/—V characteristics in dependence
of the active area as given by the aperture. In Fig. 3.30, single-mode VCSEL out-
put power of 4mW recently achieved on 1550 nm devices (C. Neumeyr, private
communication) is demonstrated along with an output curve at 485 °C. Record-
high modulation speeds could be demonstrated with this design concept [49]. In
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Fig. 3.28 Structure of an InP-based BTJ-VCSEL (courtesy: VERTILAS GmbH)
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Fig. 3.29 Output characteristics of a BTJ-VCSEL: influence of size of active area
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Fig. 3.31 a 25Gbit/s data eye diagram measured on a 1550 nm BTJ-VCSEL and b the corre-

sponding bit-error-rate plot
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Fig. 3.32 Cross section of a wafer-fused longer-wavelength VCSEL combining undoped GaAs-
based reflectors and InP-based active material (after [52]). Two fusion steps are involved in the
fabrication

Fig. 3.31a,b an eye diagram and a corresponding bit-error-rate plot at 25 Gbit/s data
rate are presented. The transmission experiment was carried out at room temperature
in back-to-back configuration.

3.7.1.4 Wafer-fused Long-wavelength VCSELSs

Another approach relies on growing GaAs/Al(Ga)As Bragg mirrors on GaAs sub-
strate, and the active region on InP to combine specific advantages of these different
material systems: high “long-wavelength” optical gain and reliable InP-based quan-
tum wells, and the superior optical and thermal properties of the GaAs/Al(Ga)As
reflectors. Starting from three different wafers, the final layer stack is created by
applying two wafer-bonding steps. A respective structure is shown in Fig. 3.32 (af-
ter [52]). Again, a BTJ current aperture is incorporated. Undoped and thus low-
loss BMs are employed requiring lateral intracavity contacts to be applied. This
contacting scheme also avoids the situation where the VCSEL current flows across
the bonded interfaces, which may exhibit rather poor electrical properties. Record-
high single-mode optical powers (CW) of 6 mW at 20 °C and 2.5 mW at 80 °C were
achieved at 1320nm, and of 4mW and 1.5 mW, respectively in the 1550 nm band
[53], using this wafer-fusion-based technology. A value of 0.5 mW was reached at
2000 nm [52], a wavelength range of interest for spectroscopical applications. In the
former cases, 10 Gbit/s modulation was demonstrated at 70 °C [53, 54]. The elec-
trical parasitics associated with the intracavity contacts, however, tend to limit mod-
ulation speed and may severely impede the achievement of bit rates > 10 Gbit/s.
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3.7.1.5 Extending the Active Region on GaAs

A third route to accomplishing high-performance long-wavelength VCSELSs uti-
lizes fully GaAs-based structures. This allows using the well-established and ma-
ture GaAs-based VCSEL technology, employing common GaAs/Al(Ga)As mirrors
and oxidized apertures (refer to Fig. 3.26). As the gain medium, different material
options have been investigated, including GaInNAs material [55] where the addi-
tion of small amounts of nitrogen to strained InGaAs on GaAs (“diluted nitrides”)
shifts the emission wavelength toward longer wavelengths (see also Sect. 4.2.4);
In(Ga)As quantum-dot material [56]; and GaAsSb MQW layers [57]. All of these
approaches were focused on VCSELSs emitting in the 1300 nm range for data links.
To extend the wavelength range significantly further proves to be more and more
complicated, however. Active InGaSb-based QD gain medium was tried to achieve
1550 nm VCSEL emission [58].

Nitrogen-containing materials are not fully understood yet. They tend to decom-
pose under certain conditions such as extreme temperatures or high current densi-
ties. These parameters appear to be particularly critical with VCSELs, which are
typically driven at rather high current densities and whose active region suffers
from self-heating. Indeed, lifetime issues have been encountered with GalnAsN-
based VCSELs when operated at higher temperatures (2 60 °C). When aiming at
high modulation speeds, high carrier and photon densities are needed to boost the
relaxation oscillation frequency, i.e., the intrinsic bandwidth of the laser. There-
fore, top performance and reliability are somehow contradictory in this approach
but the success will depend on the quality of the nitrogen-containing layers. Nev-
ertheless, reliable devices could be demonstrated using molecular beam epitaxial
(MBE) growth [59], but wider commercialization is missing to date, despite the
apparent advantages regarding device fabrication cost.

As an alternative to diluted nitrides, QD active material has also been investi-
gated. Generally, however, QD-based VCSEL devices suffer from the small active
volume limiting the total achievable gain. Because of this restriction, very high mod-
ulation speeds requiring high gain conditions could not be demonstrated yet [60]. It
remains rather questionable whether QD technology may eventually represent the
technology of choice for the realization of long-wavelength VCSEL devices.

3.7.2 Horizontal Cavity Surface-emitting Laser Concepts

There have been several approaches recently to combine surface emission with “nor-
mal” laser structures, that is, lasers with horizontal cavities. The aim of these de-
velopments is to benefit from the laser performance of those lasers while simul-
taneously retaining the economical advantages (e.g., on-wafer testing) of VCSEL
devices. Like VCSELSs, horizontal cavity surface-emitting lasers are also attractive
light sources for hybrid integration technology as surface-mount devices on optical
waveguide boards.
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Fig. 3.33 Schematic structure of a single-mode (DFB) HCSEL integrated with a monitor photodi-
ode (MPD, a) and optical output characteristics (b)

3.7.2.1 Surface-emitting Lasers with Turning Mirrors

This laser type, known under the acronym HCSEL, is basically an edge-emitting
laser comprising a 45° mirror facet for vertical out-coupling of the laser beam, as
represented in Fig. 3.33. Both FP and DFB embodiments are feasible. The char-
acteristics of HCSELSs, including output power, beam shape, polarization stability,
and wavelength precision, are basically the same as with their edge-emitting coun-
terparts, whereas full on-wafer processing and on-wafer testability, packaging cost,
and monolithic 2D-array fabrication are advantages that are shared with VCSELs.
Further, epitaxial growth and manufacturing processes are identical to those utilized
in the mature edge-emitter technology, apart from the additional etching process
needed to form the 45° turning mirror. HCSELSs can outperform VCSELSs regarding
specific advantages of edge emitters, such as higher output power and the possibility
of monolithically integrating further devices in the horizontal plane, namely a mon-
itor photodiode as indicated in Fig. 3.33. Conversely, HCSELs exhibit higher power
consumption and larger beam divergence than VCSELs. Nonetheless, recent HC-
SEL developments have led to achieving appreciably low laser currents [61] which
eventually have enabled employing low-power laser driver integrated circuits devel-
oped for VCSELs [62].

Recently, a concept similar to HCSELs was realized but with the 45° turning
mirror formed so as to direct the output beam through the substrate. At the backside
of the substrate, a collimating lens was monolithically integrated that yields a very
low beam divergence of 2.5° only [63]. Using a 1.3 pm InGaAlAs/InP RW laser
structure, 25 Gbit/s direct modulation up to 100 °C was demonstrated on such lasers
[64], called LISEL (lens integrated surface-emitting laser). Thanks to the substrate-
side emission, they could be flip-chip mounted directly on high-frequency coplanar
lines.
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3.7.2.2 Surface-emitting Lasers with Second-order Grating

Another approach for surface-emitting lasers relies on exploiting second-order DFB
gratings to direct the laser beam to vertical emission. In contrast to first-order grat-
ings providing optical feedback in the longitudinal direction only, with second-order
designs a substantial portion of the light is reflected into a vertical direction. Both
second-order DBR [65, 66] and DFB structures [67] have been demonstrated. In
the former case, one laser facet is replaced by a DBR grating, enabling longitudinal
mode selection, optical feedback into the laser resonator as well as vertical deflec-
tion of the out-coupled optical light. In SE-DFB lasers the second-order grating can
provide surface emission in the center of the DFB resonator [67] and can be de-
signed to shape the optical output beam of the laser. It is, for instance, possible to
focus the output beam into one or more spots or to optimize the beam quality [66].
Compared to HCSELSs the challenge in manufacturing is shifted from the formation
of a smooth 45° plane to lithographically defining complex high-precision gratings
with nanoscale accuracy. Despite the existent advantages, to our knowledge such
second-order grating deflection devices have not been commercialized so far.

3.8 Concluding Remarks

In this chapter we have covered the basics of InP-based long-wavelength semicon-
ductor laser diodes, including material options, laser structures and related tech-
nologies, multi- and single-mode emitting lasers, and different variants of surface-
emitting laser devices. Many of these components are commercially available today;
nonetheless, continuous efforts are made to improve on their overall performance
and on specific parameters, and to reduce fabrication costs. Reliability issues have
been largely overcome but need to be revalidated whenever structural and technol-
ogy changes are introduced. The different laser diodes addressed essentially exhibit
modulation capability of up to 10 Gbit/s, at least at room-temperature conditions.
However, there is a strong trend these days to push this limit to much higher values,
namely —25 Gbit/s and 40 Gbit/s and even more. Those developments are dealt
with in the next chapter. A second major focus is on wavelength tunability which
will be the subject of a third laser-related article, Chap. 5.

References

1. R.N. Hall, G.E. Fenner, J.D. Kingsley, T.J. Soltys, R.O. Carlson, Coherent light emission from
GaAs p—n junctions. Phys. Rev. Lett. 9, 366-368 (1962)

2. M.IL. Nathan, W.P. Dumke, G. Burns, EH. Dill, G.J. Lasher, Stimulated emission of radiation
from GaAs p—n junction. Appl. Phys. Lett. 1, 62-64 (1962)

3. Z.1. Alferov, V.M. Andreev, V.I. Korolkov, E.L. Portnoi, D.N. Tretyakov, Injection properties
of n-Al,Gaj—, As p-GaAs heterojunctions. Sov. Phys. Semicond. 2, 843 (1969)



3 Laser Components 135

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

1. Hayashi, M.B. Panish, P.W. Foy, A low threshold room temperature injection laser. IEEE
J. Quantum Electron. QE-5, 210-211 (1969)

J.J Hsieh, Room temperature operation of GalnAsP/InP double heterostructure diode lasers
emitting at 1.1 um. Appl. Phys. Lett. 28, 283-285 (1976)

T. Yamamoto, K. Sakai, S. Akiba, Y. Suematsu, In; —xGax AsyP1_,,/InP DH lasers fabricated
on InP(100) substrates. IEEE J. Quantum Electron. QE-14, 95-98 (1978)

G.H.B. Thompson, Physics of Semiconductor Laser Devices (Wiley, New York, 1980). ISBN:
0-471-27685-5

N. Grote, The III-V materials for Infra-red devices, in Materials for Optoelectronics, ed. by
M. Quillec (Kluwer Academic, Amsterdam, 1996), pp. 153-183

K. Utaka, K. Kobayashi, Y. Suematsu, Lasing characteristics of 1.5-1.6 um GalnAsP/InP in-
tegrated twin-guide lasers with first-order distributed Bragg reflectors. IEEE J. Quantum Elec-
tron. QE-17, 651-658 (1981)

K. Kadoiwa, K. Ono, H. Nishiguchi, K. Matsumoto, Y. Ohkura, T. Yagi, p-substrate partially
inverted buried heterostructure distributed feedback laser diode performance improvement by
inserting Zn diffusion-stopping layer. Jpn. J. Appl. Phys. 45, 7704-7708 (2006)

H. Sato, T. Tsuchuya, T. Kitatani, N. Takahashi, K. Oouchi, K. Nakahara, M. Aoki, Highly
reliable 1.3 um InGaAlAs buried heterostructure laser diode for 10GbE, Proc. 16th Internat.
Conf. Indium Phosphide Relat. Mater. IPRM 2004) Kagashima, Japan, 2004, pp. 731-733.
W. Feng, J.Q. Pan, L.F. Wang, J. Bian, B.J. Wang, F. Zhou, X. An, L.J. Zhao, H.L. Zhu,
W. Wang, Fabrication of InGaAlAs MQW buried heterostructure lasers by narrow stripe se-
lective MOVPE. J. Phys. D Appl. Phys. 40, 361-365 (2007)

Y. Matsui, H. Murai, S. Arahira, Y. Ogawa, A. Suzuki, Enhanced modulation bandwidth for
strain-compensated InGaAlAs-InGaAsP MQW lasers. IEEE J. Quantum Electron. 34, 1970—
1978 (1998)

PJ.A. Thijs, E.A. Montie, T. van Dongen, Structures for improved 1.5 um wavelength lasers
grown by LP-OMVPE; InGaAs-InP strained-layer quantum wells a good candidate. J. Cryst.
Growth 107, 731-740 (1991)

PJ.A. Thijs, J.J.M. Binsma, L.F. Tiemeijer, T. van Dongen, Improved performance 1.5 um
wavelength tensile and compressively strained InGaAs-InGaAsP quantum well lasers, Proc.
17th Europ. Conf. Opt. Commun. (ECOC’91), Paris, France (1991), pp. 31-38

M.A. Newkirk, B.I. Miller, U. Koren, M.G. Young, M. Chien, R.M. Jopson, C.A. Burrus,
1.5 um multi quantum-well semiconductor optical amplifier with tensile and compressively
strained wells for polarization-independent gain. IEEE Photon. Technol. Lett. 5, 406408
(1993)

T.J. Badcock, H.Y. Liu, K.M. Groom, C.Y. Jin, M. Gutierrez, M. Hopkinson, D.J. Mow-
bray, M.S. Skolnick, 1.3 um InAs/GaAs quantum-dot laser with low-threshold current density
and negative characteristic temperature above room temperature. Electron. Lett. 42, 922-923
(2006)

G.H. Duan, A. Shen, A. Akrout, F. van Dijk, F. Lelarge, F. Pommereau, O. Le-Gouezigou,
J.G. Provost, H. Gariah, High performance InP-based quantum dash semiconductor mode-
locked lasers for optical communications. Bell Labs Tech. J. 14, 63-84 (2009)

C.S. Lee, W. Guo, D. Basu, P. Bhattacharya, High performance tunnel injection quantum dot
comb laser. Appl. Phys. Lett. 96, 101107 (2010)

M. Moehrle, H. Roehle, A. Sigmund, A. Suna, F. Reier, High-performance all-active tapered
1550 nm InGaAsP BH-FP lasers, Proc. 14th Internat. Conf. Indium Phosphide Relat. Mater.
(IPRM 2002), Stockholm, 2002, pp. 27-30

S.W. Park, J.H. Han, Y.T. Han, S.S. Park, B.Y. Yoon, B.K. Kim, H.K. Sung, J.I. Song, Two-
step laterally tapered spot-size convertor 1.55 um laser diode having a high slope efficiency.
IEEE Photon. Technol. Lett. 18, 2138-2140 (2006)

H. Kobayashi, M. Ekawa, N. Okazaki, O. Aoki, S. Ogita, H. Soda, Tapered thickness MQW
waveguide BH MQW lasers. IEEE Photon. Technol. Lett. 6, 1080-1081 (1994)

A. Guermache, V. Voiriot, N. Bouche, F. Lelarge, D. Locatelli, R.M. Capella, J. Jacquet, 1 W
fiber coupled power InGaAsP/InP 14xx pump laser for Raman amplification. Electron. Lett.
40, 1535-1536 (2004)



136

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

M. Moehrle et al.

M. Haverkamp, G. Kochem, K. Boucke, E. Schulze, H. Roehle, 1.1 W four-wavelength Ra-
man pump using BH lasers, Opt. Fiber Commun. Conf. and Nat. Fiber Opt. Eng. Conf.
(OFC/NFOEC’07), Techn. Digest (Anaheim, CA, USA, 2007), paper OMK7

H. Kogelnik, C.V. Shank, Coupled-wave theory of distributed feedback lasers. J. Appl. Phys.
43, 2327-2335 (1972)

M. Kamp, J. Hofmann, F. Schaefer, M. Reinhard, M. Fischer, T. Bleuel, J.P. Reithmaier,
A. Forchel, Lateral coupling — a material independent way to complex coupled DFB lasers.
Opt. Mater. 17, 19-25 (2001)

H. Burkhard, S. Hansmann, Transmitters, in Fiber Optic Communication Devices, ed. by
N. Grote, H. Venghaus (Springer, Berlin, 2001), pp. 71-116

G.P. Agrawal, A.H. Bobeck, Modeling of distributed-feedback semiconductor lasers with
axially-varying parameters. IEEE J. Quantum Electron. 24, 24072414 (1988)

A.J. Lowery, A. Keating, C.N. Murtonen, Modeling the static and dynamic behavior of
quarter-wave-shifted DFB lasers. IEEE J. Quantum Electron. 28, 1874—-1883 (1992)

A.K. Verma, M. Steib, Y.L. Ha, T. Sudo, 25 Gbps 1.3 um DFB laser for 10-25km trans-
mission in 100 GbE systems, Opt. Fiber Commun. Conf. and Nat. Fiber Opt. Eng. Conf.
(OFC/NFOEC’09), Techn. Digest (San Diego, CA, USA, 2009), paper OThT2

G.P. Li, T. Makino, R. Moore, N. Puetz, K.-W. Leong, H. Lu, Partly gain-coupled 1.55um
strained-layer multiquantum-well DFB laser. IEEE J. Quantum Electron. 29, 1736-1742
(1993)

J. Kreissl, W. Brinker, E. Lenz, T. Gaertner, W. Rehbein, S. Bauer, B. Sartorius, Isolator-
free directly modulated complex-coupled DFB lasers for low cost applications, Opt. Fiber
Commun. Conf. (OFC’05), Techn. Digest (Anaheim, CA, USA, 2005), vol. 4, pp. 3-4

J. Kreissl, U. Troppenz, W. Rehbein, T. Gaertner, P. Harde, M. Radziunas, 40 Gbit/s directly
modulated passive feedback laser with complex-coupled DFB section, Proc. 33rd Europ.
Conf. Opt. Commun. (ECOC’07), Berlin, Germany (2007), paper We.8.1.4

M. Moehrle, A. Sigmund, A. Suna, L. Moerl, W. Fuerst, A. Dounia, W.D. Molzow, High
single-mode yield, tapered 1.55 um DFB lasers for CWDM applications, Proc. 31st Europ.
Conf. Opt. Commun. (ECOC’05), Glasgow, UK (2005), paper Tu 4.5.4

L. Moerl, M. Moehrle, W. Brinker, A. Sigmund, N. Grote, Tapered 1550 nm DFB lasers with
low feedback sensitivity, Proc. 32th Europ. Conf. Opt. Commun. (ECOC’06), Cannes, France
(2006), paper M03.4.3

M. Moehrle, W. Brinker, C. Wagner, G. Przyrembel, A. Sigmund, W.D. Molzow, First complex
coupled 1490 nm CSDFB lasers: High yield, low feedback sensitivity, and uncooled 10 Gbit/s
modulation, Proc. 35th Europ. Conf. Opt. Commun. (ECOC’09), Vienna, Austria (2009), pa-
per We 8.1.2

C. Herbert, D. Jones, A. Kaszubowska, B. Kelly, M. Rensing, J. O’Carroll, P.M. Anandarajah,
P. Perry, L.P. Barry, J. O’Gorman, Discrete mode lasers for communication applications. IET
J. Optoelectron. 3, 1-17 (2009)

R. Phelan, B. Kelly, J. O’Carroll, C. Herbert, A. Duke, J. O’Gorman, —40°C < T <95°C
mode-hop-free operation of uncooled AlGalnAs-MQW discrete-mode laser diode with emis-
sion at A = 1.3 pm. Electron. Lett. 45, 43-45 (2009)

B. Kelly, R. Phelan, D. Jones, C. Herbert, J. O’Carroll, M. Rensing, J. Wendelboe, C.B. Watts,
A. Kaszubowska-Anandarajah, P. Perry, C. Guignard, L.P. Barry, J. O’ Gorman, Discrete mode
laser diodes with very narrow linewidth emission. Electron. Lett. 43, 1282—-1283 (2007)

K. Iga, Surface-emitting laser — its birth and generation of new optoelectronics field. IEEE
J. Sel. Top. Quantum Electron. 6, 1201-1215 (2000)

F. Koyama, S. Kinoshita, K. Iga, Room-temperature continuous wave lasing characteristics of
GaAs vertical cavity surface-emitting laser. Appl. Phys. Lett. 55, 221-222 (1989)

S. Nakagawa, E. Hall, G. Almuneau, J.K. Kim, D.A. Buell, H. Kroemer, L.A. Coldren,
1.55 um InP-lattice-matched VCSELSs with AlIGaAsSb-AlAsSb DBR. IEEE J. Sel. Top. Quan-
tum Electron. 7, 224-230 (2001)

M. Miiller, W. Hofmann, G. Bohm, M.-C. Amann, Short-cavity long-wavelength VCSELs
with modulation-bandwidth in excess of 15 GHz. IEEE Photon. Technol. Lett. 21, 1615—
1617 (2009)



3 Laser Components 137

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

W. Hofmann, C. Chase, M. Miiller, Y. Rao, C. Grasse, G. Bchm, M.-C. Amann, C. Chang-
Hasnain, Long-wavelength high-contrast grating vertical-cavity surface-emitting laser. IEEE
Photon. Technol. Lett. 22, 415-422 (2010)

C. Chase, Y. Rao, W. Hofmann, C. Chang-Hasnain, 1550-nm high contrast grating VCSEL.
Opt. Express 18, 9358-9365 (2010)

M. Ortsiefer, R. Shau, G. Bohm, E. Kohler, G. Abstreiter, M.-C. Amann, Low-resistance
InGa(Al)As tunnel junctions for long-wavelength vertical-cavity surface-emitting lasers. Jpn.
J. Appl. Phys. 39, 1727-1729 (2000)

K. Yashiki, N. Suzuki, K. Fukatsu, T. Anan, H. Hatakeyama, M. Tsuji, 1.1 um-range high-
speed tunnel junction vertical-cavity surface-emitting lasers. IEEE Photon. Technol. Lett. 19,
1883-1885 (2007)

E. Kapon, A. Sirbu, Long-wavelength VCSELs: Power — efficient answer. Nat. Photon. 3,
27-29 (2009)

W. Hofmann, M. Miiller, A. Nadtochiy, C. Meltzer, A. Mutig, G. Bohm, J. Rosskopf, D. Bim-
berg, M.-C. Amann, C. Chang-Hasnain, 22-Gbit/s long wavelength VCSELs. Opt. Express
17, 17547-17554 (2009)

M. Ortsiefer, R. Shau, G. Bohm, F. Kohler, M.-C. Amann, Room-temperature operation of
index-guided 1.55 um InP-based vertical-cavity surface-emitting laser. Electron. Lett. 36, 437—
438 (2000)

N. Nishiyama, C. Caneau, B. Hall, G. Guryanov, M.H Hu, X.S. Liu, M.J. Li, R. Bhat,
C.E. Zah, Long-wavelength vertical-cavity surface-emitting lasers on InP with lattice matched
AlGalnAs-InP DBR grown by MOCVD. IEEE J. Sel. Top. Quantum Electron. 11, 990-998
(2005)

A. Mereuta, V. Iakovlev, A. Caliman, A. Syrbu, P. Royo, A. Rudra, E. Kapon, InAlGaAs —
AlGaAs wafer fused VCSELs emitting at 2 um wavelength. IEEE Photon. Technol. Lett. 20,
24-26 (2008)

A. Syrbu, A. Mereuta, V. Iakovlev, A. Caliman, P. Royo, E. Kapon, 10 Gbps VCSELs with
high single mode output in 1310 nm and 1550 nm wavelength bands, Conf. Opt. Fiber Com-
mun. Conf. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’08), Techn. Digest (San Diego, CA,
USA, 2008), paper OThS2

A. Mircea, A. Caliman, V. lakovlev, A. Mereuta, G. Suruceanu, C.A. Berseth, P. Royo,
A. Syrbu, E. Kapon, Cavity mode — gain peak tradeoff for 1320 nm wafer-fused VCSELs
with 3-mW single-mode emission power and 10 Gbit/s modulation speed up to 70 °C. IEEE
Photon. Technol. Lett. 19, 1221-123 (2007)

H. Riechert, A. Ramakrishnan, G. Steinle, Development of InGaAsN-based 1.3 um VCSELs.
Semicond. Sci. Technol. 17, 892-897 (2002)

J.A. Lott, N.N. Ledentsov, V.M. Ustinov, N.A. Maleev, A.E. Shukov, A.R. Kovsh, M.V. Max-
imov, B.V. Volovik, Z.1. Alferov, D. Bimberg, InAs-InGaAs quantum dot VCSEL'’s. Electron.
Lett. 36, 1384—1385 (2000)

P. Dowd, S.R. Johnson, S.A. Field, M. Adamcyk, S.A. Chaparro, J. Joseph, K. Hilgers,
M.P. Horning, K. Shiralagi, Y.H. Zhang, Long wavelength GaAsP/GaAs/GaAsSb VCSELs
on GaAs substrates for communication applications. Electron. Lett. 39, 978-988 (2003)

N. Yamamoto, K. Akahane, S. Gozu, A. Ueta, N. Ohtani, 1.55 um-waveband emissions from
Sb-based quantum-dot vertical-cavity surface-emitting laser structures fabricated on GaAs
substrate. Jpn. J. Appl. Phys. 45, 3423-3426 (2006)

J. Jewell, L. Graham, M. Crom, K. Maranowski, J. Smith, T. Fanning, M. Schnoes, Commer-
cial GaInNAs VCSELs grown by MBE. phys. stat. sol. (c) 5, 2951-2956 (2008)

M. Laemmlin, G. Fiol, M. Kuntz, F. Hopfer, A. Mutig, N.N. Ledentsov, A.R. Kovsh, C. Schu-
bert, A. Jacob, A. Umbach, D. Bimberg, Quantum dot based photonic devices at 1.3 um: Direct
modulation, mode-locking, SOAs and VCSELs. phys. stat. sol. (¢) 3, 391-394 (2006)

M. Moehrle, J. Kreissl, W.D. Molzow, G. Przyrembel, C. Wagner, A. Sigmund, L. Moerl,
N. Grote, Ultra-low 1490 nm surface-emitting BH-DFB laser diode with integrated monitor
photodiode, Proc. 22th Internat. Conf. Indium Phosphide Relat. Mater. (IPRM 2010), Taka-
matsu, Japan, 2010, pp. 55-58



138 M. Moehrle et al.

62. M. Moehrle, J. Kreissl, A. Sigmund, G. Przyrembel, N. Grote, V. Plickert, I. Schlosser,
K. Droegemiiller, T. Neuner, 1490 nm surface emitting DFB laser diodes operated by VC-
SEL driver ICs, Proc. 17th OptoElectron. Commun. Conf. (OECC 2012), Busan, Korea, 2012
(in press)

63. K. Adachi, K. Shinoda, T. Fukamachi, T. Shiota, T. Kitatani, K. Hosomi, Y. Matsuoka, T. Sug-
awara, M. Aoki, A 1.3 um lens-integrated horizontal-cavity surface-emitting laser with direct
and highly efficient coupling to optical fibers, Opt. Fiber Commun. Conf. and Nat. Fiber Opt.
Eng. Conf. (OFC/NFOEC’09), Techn. Digest (San Diego, CA, USA, 2009), paper JThA31

64. K. Adachi, K. Shinoda, T. Shiota, T. Fukamachi, T. Kitatani, K. Hosomi, Y. Matsuoka, T. Sug-
awara, M. Aoki, 100 °C, 25 Gbit/s direct modulation of 1.3 um surface emitting laser, Conf.
Lasers Electro-Opt. (CLEO/QELS 2010), Techn. Digest (San Jose, USA, 2010), paper CME4

65. L. Vaissie, O.V. Smolski, A. Mehta, E.G. Johnson, High efficiency surface-emission laser with
subwavelength antireflection structure. IEEE Photon. Technol. Lett. 17, 732-734 (2005)

66. P. Modh, J. Backlund, J. Bengtsson, A. Larsson, N. Shimada, T. Suharal, Multifunctional
gratings for surface-emitting lasers: Design and implementation. Appl. Opt. 42, 4847-4854
(2003)

67. G. Witjaksono, S. Li, J.L. Lee, D. Botez, W.K. Chan, Single-lobe, surface-normal beam sur-
face emission from second-order distributed feedback lasers with half-wave grating phase.
Appl. Phys. Lett. 83, 5365-5367 (2003)



Chapter 4
Ultrafast Semiconductor Laser Sources

Masahiro Aoki

Abstract This chapter reviews recent technological progress in the development
of ultrafast light sources for achieving small footprint and low-power consumption
optical transceivers. The focus is on various important light sources, for example, di-
rectly modulated diode lasers with high optical-gain materials, low-chirp externally
modulated diode lasers, and ultrafast diode lasers with new structure and modula-
tion scheme. The coverage of the topics starts with an in-depth theoretical treatment
of key characteristics and dependences, illustrates typical realizations of ultrafast
diode lasers and integrated laser-modulators, and includes relevant operation and
performance characteristics as well.

4.1 Introduction

Since the recovery from the “dot-com bubble” (or “information technology bub-
ble”) that occurred at the beginning of this century, the demand for highly efficient
transmission of large amounts of data has soared with the explosive growth of broad-
band/broadgather data networks. Core/edge routers, switches, and data servers are
now essential for information and communications technology (ICT), providing the
infrastructure for our daily lives and our business activities in today’s ICT-based
society. High-end ICT equipment depends heavily on fast optical data transmis-
sion technologies. Such technologies are essential not only in communication net-
works (for both telecommunications and mobile backhaul communication), but also
in storage networks (so-called fiber channels) as well as in local area networks.
Common technological keys enable high data throughput, high port densities,
and, at the same time, cost effectiveness. The total system performance depends
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heavily both on the data throughput of each channel port and on the integration
density determined by the assembly size and power consumption of the components.
This is why gigabit-per-second (Gbit/s) class optical transceivers with low power
consumption and small footprints are so important. An example of the technology
trend of optical transponders used for 10 Gbit/s systems is shown in Fig. 4.1, which
plots the relationship between module footprint and total power consumption for
several types of standard transceiver modules.

The standard 10Gbit/s optical transceivers started with 300 pins in 2000 [1],
with a large footprint (ca. 100 cm?) and high-power consumption (ca. 15-20 W).
To meet the demands for reduced size and power consumption, several types of de
facto standard 10 Gbit/s transceiver packages — XENPAK [2], XPAK [3], X2 [4],
XFP [5], and SFP+ [6] — have been developed and, as a result, the footprint and
power consumption have been reduced in rapid succession. Moreover, the optical
connector has changed from a pigtail to a receptacle, thus simplifying the assem-
blies. Currently, multiprotocol data rates are feasible and the cost of the compo-
nents has decreased. Nowadays, the system requirements for the components ex-
ceed 10Gbit/s, and 40-100Gbit/s optical transceivers are under development. In
fact, in mid 2010, a new standard (IEEE 802.3ba [7]) for 40 G- and 100 G-Ethernet
was approved, relying on wavelength-multiplexed 4 x 10 Gbit/s, 10 x 10 Gbit/s, and
4 x 25 Gbit/s transmission schemes. For the latter scheme, laser sources with spec-
ified emission wavelengths around 1.3 ym (four wavelengths with 800 GHz spac-
ing, referred to as LAN-CWDM (Local Area Network Coarse Wavelength Division
Multiplexing)) are required that are capable of generating 25 Gbit/s bit streams. To
achieve 40 Gbit/s transmission, the current 4-lane 10 Gbit/s approach is likely to be
replaced by a serial 1 x 40 Gbit/s solution as the next generation, and developments
for 400 G-Ethernet are already on the horizon. For implementing respective multi-
lane transmitter modules, 40 Gbit/s lasers will be needed as key building blocks.
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In order to reduce the size and power consumption of optical modules, lower-
current/voltage drivability is crucial, and the elimination of thermoelectric coolers
is highly desired. The keys to meeting these requirements are high-speed, uncooled
semiconductor laser sources with small drive current/voltage. This chapter reviews
the recent technological progress in ultrafast light sources for achieving small foot-
prints and low-power consumption optical transceivers. We address several impor-
tant light source devices, for example, directly modulated diode lasers with high-
optical gain materials, externally modulated diode lasers, and ultrafast diode lasers
exploiting new structures and modulation schemes.

4.2 Ultrafast Directly Modulated Laser Sources

4.2.1 High-speed Characteristics of Directly Modulated Lasers

The small-signal frequency response R( /) of a diode laser is derived from the rate
equations that describe the interaction between the carrier density N and the photon
density S in the active medium of a laser [8]. Above the threshold condition, these
are expressed as

v _ I dg,_ _ _N

B =y Vg TS = NS — (4.1)
ds S

- ngs(N Nr)(1—e8)S = = + Eﬂ— 4.2)

where [ is the current injected into the active region of total volume V, e is the
electron charge, v, is the group velocity of light in the laser medium, dg/dN is the
differential gain, ¢ is the gain saturation coefficient, Nt is the transparency carrier
density, 7y is the carrier lifetime, 7p is the photon lifetime, £ is the optical confine-
ment factor, and B is the spontaneous emission fraction for lasing. Assuming small
signal current modulation (i.e., I(t) = I + 81;6/®?), R(f) is expressed as
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where f; is the relaxation oscillation frequency, I" is the damping constant, and
CigRyq is the laser parasitic constant (the index “ld” denotes laser diode). f; and I"
are expressed as
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where 7; is the internal quantum efficiency. K is called the nonlinear K-factor and
is expressed as

k=t (e 1 (4.6)
v \dg/dN  am +2ap /)’ ’

with oy, and oy, being the mirror loss and lasing threshold gain, respectively.

It is apparent from (4.3), that in order to achieve high-speed lasers, it is impor-
tant to enhance the relaxation oscillation frequency f; or to reduce the laser parasitic
constant Cjq Ry and the damping constant I". The quantitative effects of these fac-
tors on the high-speed performance are discussed below.

Reduction of laser parasitic constant CjqgR)g From (4.3), the CR (capacitance—
resistance)-limited frequency bandwidth 3Cdl}3, where f34p is the 3 dB-down band-
width, is expressed as

1
CR
= 4.7
3dB 2 Cld Rld ( )

With today’s device/process techniques in III-V semiconductor-based optoelectron-
ics, laser capacitances Cyy can be designed to be less than a few hundred femtofarads
(fF). Moreover, the laser series resistance, R, is in the range from several ohms to
several tens of ohms (Q2). If we assume Cy = 400fF and Ry = 10 2, then the
calculated value of 3Cdl}3 is 40 GHz. This simply means that 40 Gbit/s direct modu-
lation is theoretically feasible in terms of laser parasitics.

Enhancement of relaxation oscillation frequency f, By solving R(f{ ;) = 1/2
for the condition CigR)q = 0, I' = 0, we get

Ts =V 1+ V2f = 1551, (4.8)

The relaxation oscillation frequency f; is governed by the resonant oscillation be-
havior between carriers and photons that occurs in a laser resonator, and the laser
light output can never respond to a rapidly changing electrical input signal any faster
than f;. In other words, f; is the essential parameter that determines the dynamic
limit of semiconductor diode lasers.

Reduction of damping constant I Damping is known to originate from nonlinear
gain saturation, and it adversely affects the laser dynamics. It not only lowers the
resonant peak in R( f'), but also reduces the frequency bandwidth, especially in the
high-frequency range above 20 GHz.

Again, by solving R(f,X;) = 1/2 for ClaRia = 0, f; = oo, we get

fEy =2v2n/K. (4.9)

In fact, the nonlinear K-factor is typically 0.3 ns for InGaAsP/InP-based quantum
well lasers, and the corresponding f3I§B is calculated to be about 30 GHz. This es-
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Fig. 4.2 a Example of small-signal frequency responses R(f') measured on a 1.3 um wavelength
range diode laser [9] compared with b fitted responses calculated using (4.3)
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Fig. 4.3 Temperature dependence of f; and nonlinear K -factor

sentially implies that the effect of damping can never be neglected in ultrafast diode
lasers modulated in the range of a few tens of GHz.

An example of small-signal frequency responses (R( f)) measured on a 1.3 um
wavelength range diode laser [9] is shown in Fig. 4.2a. The laser has an active
region composed of InGaAlAs (see Sect. 4.2.4 and also Chap. 3) formed on an
InP substrate. It is designed with a 300 um long cavity and a ridge waveguide (RW)
as the striped structure. Data for R( f) measured at various temperatures ranging
from 25 to 85 °C are plotted in Fig. 4.2a. By fitting the measured R( f') using (4.3),
the temperature dependence of f; and the nonlinear K-factor were both extracted;
they are plotted in Fig. 4.3.

Fitted responses calculated using these data as parameters are drawn in Fig. 4.2b.
The results clearly reveal the good agreement between measured and fitted curves,
evidencing the correctness and accuracy of the laser dynamics modeling provided
by (4.3).

Lastly, it is important to note here that there could be significant contributions of
carrier injection and carrier transport that occur inside or in the vicinity of the active
region other than the above limiting factors of the laser dynamics, i.e., the para-
sitic constant, the relaxation oscillation frequency, and the damping factor. Slow
carrier transport or poor carrier injection efficiency into quantum wells easily de-
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Fig. 4.4 Electrical circuit
model of laser parasitics. Cyg:
laser parasitic capacitance
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teriorate the high-speed modulation performance, leading to low-frequency roll-off
and excess increase of damping. These negative effects can be diminished, and by
employing a proper active region design, the inherent high-speed capability can be
retained [10, 11].

4.2.2 Large-signal Dynamic Analysis of Rate Equations

Regarding digital modulation of laser sources, large-signal analysis has been per-
formed to understand the dynamic behavior of a laser, which is closely related
to fiber transmission performance [12—-15]. The large-signal modulation was sim-
ulated to obtain the temporal variations in optical intensity S(¢) and carrier den-
sity N(t). The rate equations (4.1) and (4.2) were solved numerically using the
time-developed Runge—Kutta method. A drive-waveform with a maximum 32-bit
nonreturn-to-zero (NRZ) pseudorandom pattern was used in this calculation. A bit
sequence of “01010111” was used to simulate dynamic changes in S(z) and N(z).
The electrical circuit model of the parasitics is shown in Fig. 4.4.

The laser drive current waveform with a trapezoidal pattern (meaning finite rise
and fall times) was filtered to account for the parasitics of the laser and assemblies.
The model includes laser capacitance Cyq, internal resistance Ry, wiring inductance
L, and a termination resistor to match the impedance of the radio frequency (RF)
signal lines with a standard characteristic impedance of 50 €2. In the computation,
a signal rate of 10 Gbit/s was used to investigate the feasibility of 10 Gbit/s direct
intensity modulation. Most of the parameters used in the computation were extracted
from experimental data [9]. As mentioned earlier, the active material was assumed to
be comprised of InGaAlAs/InP-based multiple quantum wells (MQW). Calculated
eye diagrams for 10 Gbit/s modulation with various values of relaxation oscillation
frequency f;, CR parasitic, and gain saturation coefficient ¢ are shown in Figs. 4.5
and 4.6.

The results directly indicate the importance of a higher f; and a smaller CR
constant for obtaining better eye opening. Moreover, a too small value of ¢ results
in large peaking in the leading edge of the optical waveform. This implies that the
nonlinear gain in high-speed lasers acts to reshape the waveforms through damping
effects.
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Fig. 4.5 Calculated eye diagrams for 10 Gbit/s modulation with various values of relaxation os-
cillation frequency f; and CR parasitic constant
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4.2.3 Chirp Characteristics of Directly Modulated Lasers

In optical fiber transmission systems, the transmission distance and the transmis-
sion capacity of a single-channel data stream are mainly limited by the optical loss
as well as by the chromatic dispersion of the fiber medium. The latter limiting fac-
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tor is linked to the spectral purity of the modulated light source, which is known as
dynamic spectrum linewidth or chirp. This chirp is closely related to the broadening
that an optical pulse suffers as it propagates over long-distance dispersive fibers.
In long-haul transmission systems, fiber-inline amplifiers, such as erbium-doped
fiber amplifiers (EDFAs), are commonly used to compensate for the accumulated
propagation loss. This makes the chirp-induced pulse broadening severely limit the
bit rate and maximum transmission distance [15]. The chirp observed in directly
intensity-modulated diode lasers is characterized by the spectral linewidth enhance-
ment factor, also simply known as the o parameter (@p1q), Which is described by

dn
4 aN

Opld = T e (4.10)
dN

where dn/dN is the differential index in the laser medium, and A is the wavelength
of the laser light. The numerator in (4.10) denotes the changes in the refractive index
in the laser cavity, i.e., the wavelength/frequency fluctuation. On the other hand, the
denominator dg/dN, the differential gain, expresses the degree of intensity modu-
lation. Thus, apq (e-parameter of a laser diode) can be regarded as the ratio of
frequency modulation depth to amplitude modulation depth.

Calculation results showing how the maximum fiber transmission distance (L ax)
is limited by apq are presented in Fig. 4.7a, b. We assumed a Gaussian-shaped opti-
cal signal pulse propagating through a normal single-mode fiber line. Two different
signal wavelengths in the 1.3 and 1.55 pym range were used, referring to Fig. 4.7a, b,
respectively. We found, as appears reasonable, that L, strongly depends on oq.
Note that the opq of typical directly modulated lasers operated in a single longitudi-
nal mode is within a range between two and eight, mainly depending on the active
material. This limits the maximum transmission distance at 10 Gbit/s, for example,
to 10km in Fig. 4.7b. The figure also shows that the distance is severely restricted
by the transmission data rate. These results directly indicate the importance of ultra-
fast, low-chirp light sources for longer-reach transmission. For achieving maximum
transmission distances, it is apparent that reduction of «q is crucial. In general,
the use of a laser direct modulation scheme is limited to shorter-reach applications,
while external modulation is used to enhance the link distance. Chirp suppression is
very important for this purpose, and the use of external modulators is discussed in
Sect. 4.3.

4.2.4 High-gain Active Materials for Ultrafast Uncooled Lasers

In present long-reach optical fiber communication systems, different types of light
sources are used in the 1.3 um and 1.55um wavelength windows, where the op-
tical loss or effect of fiber chromatic dispersion is minimum. If we focus on the
[II-V compound materials used for these laser sources, we see that InGaAsP grown
on a standard InP substrate has been the most widely used material. This is be-
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cause it can provide 1.3/1.55um-range operation along with superior long-term
stability (more than a decade) required for communication infrastructure. Initially,
bulk InGaAsP-based laser sources were used, and these were assembled on thermo-
electric coolers to compensate for their poor temperature stability. Recently, wide-
temperature range or so-called uncooled operation has been demonstrated with this
material system through the use of MQWs, which are a new artificial form of mate-
rial (also refer to Chap. 3). In particular, strained-layer MQW:s have been successful
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Fig. 4.8 Band diagrams of the quantum well structures for three types of material systems. a
InGaAsP/InP, b InGaAlAs/InP, and ¢ GaInNAs/GaAs. AE., AE, are the typical band-offsets for
the respective material

in producing uncooled InGaAsP diode lasers [16-24]. However, with the wide and
rapid spread of optical fiber links, operation at 10 Gbit/s or beyond has become
essential. Besides, cost effectiveness is naturally important from the commercial
perspective. That is why new high-speed, and hopefully uncooled, diode lasers are
key devices and have been in the focus of current component developments.

It is apparent from (4.4) that higher differential gain dg/dN is very effective
for faster direct modulation. In general, the optical gain g of an optically active
material is determined by the electric dipole moment | My|?, the reduced density of
states pred, and the Fermi—Dirac functions of carriers in the conduction and valence
bands f; and f,, respectively. It is written as

2

h
2(E) = —= = | My Ppea( E)(E) — £ (E)], @.11)
nmgeocE

where n is the refractive index of the laser medium, mg is the electron mass, &g is
the permittivity of free space, c is the velocity of light in vacuum, # is Planck’s con-
stant, and E is the energy of the light signal. It is important to note that the band
structure in active materials has a strong impact on the laser gain g. The three fac-
tors, i.e., |[Mp|?, prea> and [fe — fv], in (4.11), are dominated by the quantum size
effect in the active materials we use. By introducing the quantum size effect using
low-dimensional nanoscale structures, for example, quantum wells, we can greatly
enhance pq due to the step-like density of states. Furthermore, the transition prob-
ability between electrons and heavy holes is enhanced since degenerate heavy holes
and light holes are split in the quantum wells. This directly increases the dipole mo-
ment | My|?, leading to greater optical gain. Quantitatively, the quantum size effect
can be described by the energy depth of the wells in both the conduction and valence
bands, which corresponds to the confinement of electrons and holes, respectively.
Band diagrams of the quantum well structures for three types of material systems
are schematically illustrated in Fig. 4.8 for InGaAsP/InP (a), InGaAlAs/InP (b), and
GalnNAs/GaAs (c), all designed for 1.3 pm-range light emission. Note that in the
latter one, GaAs is used as substrate material.
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Fig. 4.9 Calculated characteristic temperature as a function of conduction band offset [25]

The important band offset numbers between quantum wells and barriers are pre-
sented for each of the cases in the figures. The conventional InGaAsP/InP system (a)
has a small conduction band offset, A E,, for electrons of about 100 meV and a large
valence band offset, A E,, for heavy holes of about 250 meV, meaning an incon-
venient band structure. Since electrons are much lighter than holes, AE. should
be greater than A E, in order to achieve strong quantum confinement of electrons.
A small AE, is desired for simultaneously achieving smooth heavy hole injection.

On the other hand, InGaAlAs/InP (b) and GalnNAs/GaAs (c) both possess dis-
tinctly superior band diagrams in these respects. In particular, GaInNAs/GaAs is
characterized by AE. of as large as 300-500 meV, which should efficiently sup-
press electron leakage/overflow from the quantum wells. The calculated temperature
stability of diode lasers made from these materials is shown in Fig. 4.9 [25].

The diagram indicates how the characteristic temperature 7y depends on AE..
Here, Ty is employed as a figure-of-merit for high-temperature stability of the
threshold current of diode lasers. Using Ty, the temperature dependence of the
threshold current /(7' is expressed as Iy (T) = I(0)exp(T/Ty), with T be-
ing the absolute temperature. The calculation is based on the thermionic emission
model developed by Suemune [26]. Quasi-Fermi levels for electrons were assumed
to be 50 meV and 70 meV at 300 K and 360 K, respectively. For deep quantum wells
(AE. > 400 meV), the calculated Ty has a very high value of 180K, meaning that
electron leakage from the wells can be largely neglected.

To illustrate the effectiveness of using a high-gain active material, high-tempera-
ture/high-speed characteristics of a GaInNAs diode laser operated at 1.3 pm are pre-
sented in Fig. 4.10. This GalnNAs laser [25, 27] was grown on a (100)-oriented
n-type GaAs substrate by molecular beam epitaxy (MBE) with the nitrogen atoms
supplied in the form of radicals. The nitrogen flux was produced by an RF dis-
charge in an appropriate nitrogen radical cell. The laser comprises three GalnNAs
quantum wells separated by GaAs barriers. The important quantities AE; and AE,
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Fig. 4.10 Light output power versus current characteristics of a GaInNAs RW laser (a) and
10 Gbit/s directly modulated waveform at 100 °C (b)

amount to 400meV and 150 meV, respectively. To characterize its high tempera-
ture stability due to the superior band structure, a high Ty of over 100 K, uncooled
10 Gbit/s direct modulation at 100 °C, and even 40 Gbit/s direct modulation were
obtained [27]. However, with GalnNAs lasers, it proves very difficult to extend the
emission wavelength significantly above 1.3 um while retaining good lasing proper-
ties, and lifetime issues still exist.

As discussed earlier, the InGaAlAs MQW structure also possesses fairly large
AE.and small AE, (AE. : AE, = 7 : 3). Accordingly, sufficient electron confine-
ment in the conduction band and uniform hole injection are expected with this class
of material too, again leading to high differential gain and good high-temperature
performance.

After the initial demonstration of narrow linewidth InGaAs/InAlAs MQW lasers
operating in the 1.55 um range [28], superior uncooled operation of 1.3 pm-range In-
GaAlAs MQW RW lasers was demonstrated by Zah et al. [29]. Experimental studies
have evidenced that the differential gain of InGaAlAs lasers was distinctly higher
than that for InGaAsP lasers. With the explosive growth of Internet traffic, 10 Gbit/s
InGaAlAs MQW RW distributed feedback (DFB) lasers have been actively devel-
oped and demonstrated by various groups [9, 29-35]. With 10 Gbit/s DFB lasers
comprising InGaAlAs active medium, the maximum operating temperature and bit
rate have reached 115 °C at 12.5 Gbit/s [24, 32] and 120 °C at 10 Gbit/s [33], while
those for InGaAsP appear to be limited to near 100 °C at 10 Gbit/s [22]. These re-
sults provide direct evidence that InGaAlAs offers pronounced advantages with re-
spect to high-temperature and high-speed operation. On the basis of these superior
material characteristics, 1.3 pm DFB lasers have been successfully demonstrated for
use in de facto standard 10 Gbit/s small form factor transceiver modules like SFP+
or XFP. A photograph of an XFP module (10 Gbit/s form factor module pluggable)
incorporating a 1.3 um InGaAlAs-based DFB laser is shown in Fig. 4.11. As a re-
sult of the high-gain properties of InGaAlAs, a clear opened eye diagram was ob-
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Fig. 4.12 Device structure (a) and light-current curves (b) of a 1.3 um InGaAlAs DFB laser [32, 33]

tained at 10 Gbit/s modulation. The structure of the InGaAlAs-based laser chip and
light-current characteristics measured at elevated temperatures of up to 115 °C are
depicted in Fig. 4.12 [32].

4.2.5 Short-cavity Ultrafast Lasers

This section discusses how the downsizing of the laser cavity has a positive effect
on laser dynamics. At first glance, (4.4) would suggest that the relaxation oscillation
frequency, f;, can be raised by minimizing the total volume V' of the active laser
region. In reality, however, the gain saturation and strong damping in a small active
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region severely limit the high-speed performance. To explore the optimum design
of the laser cavity for high-speed characteristics, analytical expressions for optical
gain and carrier lifetime are used.

The optical gain generated in an active quantum well laser region can be empiri-
cally written using the injection current density J as [36]

J
g=Goln(N Jo)’ 4.12)

where Gg, Ny, and Jy denote the gain coefficient, the number of MQWs, and the
transparency current density. Here, J = I/ W,L., where W, and L. are the lateral
width and the length of the laser active region, respectively, and I the applied cur-
rent. The first term of the rate equation for the carriers, (4.1), denotes the number of
injected carriers, and it can be rewritten using the carrier density N as

I JW,L
=272 _ AN + BN? + CN?3, (4.13)
eV eV

where A, B, and C are coefficients that describe nonradiative and radiative recombi-
nation, and the Auger process. Using (4.12) and (4.13), the differential gain dg/dN
is then calculated as

dg dgdJ  A+2BN+3CN?
dN ~ dJdN  °AN + BN2 + CN3’

(4.14)

Using (4.14) and (4.4), we can derive the current efficiency of f;, indicated by 7y,
as

fe dg o +ay 1
SR, SN -2 —. 4.15
M= =1 VAN am L. (4.15)

Here, Iy, is the threshold current for lasing, oy, is the mirror loss at the laser facets,
and o; is the internal loss of the laser cavity. In the case of Fabry—Pérot-type lasers,
O 1s a function of R¢ and R,, which describe the mirror power reflectivities at the
end facets, and it is given by

1 1
m = In{f — ). 4.16
“m = oL, “(Rer) *10

By solving the lasing condition

I'Nyg = o + o, “4.17)

we can calculate dg/dN at the threshold to determine f;.



4 Ultrafast Semiconductor Laser Sources 153

5
VCSEL
R = 0.990, R, = 0.995
= 4
I Edge-emitter
= R; = 0.700, R, = 0.950
< 3 =
.- / \
= 1l \ Edge-emitter
° / \ R, = 0.300, R, = 0.300
© o \
N ! RO
5 ] SN
£ !
o I
Zz 1 T
1
o ! £ RN = ) @Le: 200 pm = 1
0.01 0.1 1 10 100 1000

Cavity length L, (pm)

Fig. 4.13 Calculated 74, as a function of laser cavity length L. Parameters are Gop = 850 cm ™!,
Jo = 1254A/em?, o = 20em™ !, ' = 0.1,d = 0.1pm, A = 95x 10’s~!, B = 7.7 x
1077 m3/sand C = 1.1 x 10749 m®/s

The calculated 7y, is shown in Fig. 4.13 as a function of laser cavity length, L.
The parameters used in this simulation, which are indicated in the figure caption, are
typical for InGaAlAs-based 1.3 um diode lasers used in recent 10 Gbit/s systems.
1y, for a200 um-long InGaAlAs laser is calculated and used as a reference. The ratio
£ (Le)/ny,(200 um) (for L. < 200 um) illustrates the positive effect of the short-
cavity design. The calculation was performed for several sets of Rf and R; to fairly
well compare short-cavity edge-emitting lasers (SCEELs) and vertical cavity sur-
face emitting lasers (VCSELSs) versus “normal-length” cavity edge-emitting lasers.
The results show that 7y, is definitely enhanced by shortening L.. We also find that
the optimum L. strongly depends on facet reflectivity, i.e., stronger facet reflection
is essential for shorter L. in order to compensate for the increased mirror loss factor
of 1/2L.In(1/R¢R;). For example, for Ry = 70 % and R, = 95 %, the optimum
L. was calculated to be 5 um with a resultant 1z, (L.)/7y,(200 um) enhancement ra-
tio of about three. It is noteworthy that in the case of a VCSEL (Rf = 99.0 % and
R; = 99.5 %), the optimum L. lies naturally within the submicrometer range, and
the ny.(Lc)/ 15 (200 um) enhancement turns out to be close to four.

The above findings indicate the potential of achieving faster diode lasers by em-
ploying short-cavity designs. However, since thermal effects were neglected in the
above model, we then simulated light-current curves of these short-cavity diode
lasers, taking into account the electrical resistance Rjq and thermal resistance @yg.
When a short-cavity laser is used, both resistances adversely affect the static laser
performance. Typical /—L curves for a range of short-cavity devices are drawn in
Fig. 4.14a, b, which have linear and logarithmic vertical scales (light power), re-
spectively.
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It is obvious that severe power saturation is encountered with short-cavity de-
vices. This suggests that the maximum f; should saturate due to this thermal satu-
ration as well. Taking this effect into account, we have calculated the maximum f;
as a function of L.. The results are shown in Fig. 4.15.

It is apparent from this figure that there is an optimum L. to suit the drivable
laser current swings. For example, if we assume a drive current swing of 20 mA, the
best f; of 13 GHz would be achieved with a short L. of about 40 pm. It is interesting
to note that this maximum f; for the SCEEL is much higher than those for VCSELs
(L: < 1pm). This simply underlines the promising future potential for very high-
speed operation of SCEELSs.
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Results calculated using (4.3), (4.4), and (4.5) are shown in Fig. 4.16. They show
the requirements for the parameters f; and K essentially governing laser dynamics.
The combination of the two parameters was computed using the three equations so
that they achieved certain levels of f34p, as indicated in the figure. To highlight
the capability of 40 Gbit/s direct modulation, the bold line indicates the criterion
for reaching f3485 = 40 GHz. Moreover, 40 Gbit/s eye diagrams were simulated
for several sets of L. and dg/dN using the method described in Sect. 4.2.2. The
results directly indicate that a high f; value of at least close to 40 GHz is neces-
sary to accomplish 40 Gbit/s opened eyes with a small amount of jitter caused by
intersymbol interference. Also evidenced is the effectiveness of a shorter laser cav-
ity via f; enhancement. The results of successful 40 Gbit/s direct modulation of an
SCEEL [37], designed in accordance with the above rules, are shown in Fig. 4.17.

The respective 1.3 um-range InGaAlAs laser exhibited a 100 um-long short cavi-
ty realized by using a conventional cleaving technique. The short-cavity length of
100 um only led f; to increase to 28 GHz, and this enhancement successfully re-
sulted in room temperature 40 Gbit/s modulation capability, as demonstrated by
the eye-opened optical waveforms represented in Fig. 4.17. Since then, apprecia-
ble progress has been achieved with those directly modulated short-cavity laser
diodes. The practical fabrication difficulties associated with cleaving and handling
such devices were essentially overcome by incorporating passive waveguide sec-
tions by butt-joint growth to extend the physical device length. A recently reported
DFB laser designed in such a way featured a 3 dB bandwidth of 28 GHz at 60 °C
at a bias current of 45 mA only, enabling 40 Gbit/s operation at that temperature
with well opened eyes [38]. In another structure, a waveguide-based Bragg mirror
has been formed at either side of the short-cavity DFB laser section to increase
feedback to the active region and thus to reduce the threshold gain [39]. A buried
heterostructure- (BH-) design using semi-insulating blocking layers was success-
fully adopted despite the Al-containing active medium. A relaxation oscillation fre-
quency f; well beyond 25 GHz was obtained at 25 °C, and still some 20 GHz even
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at 70 °C. Threshold currents were as low as 4 mA at 25°C, and below 10 mA at
70°C. These values enabled error-free 40 Gbit/s transmission over 5 km of SMF
even at the higher temperature. The industry’s first 4 x 25 Gbit/s transmitter module
employing discrete directly modulated and wavelength-multiplexed DFB lasers to
deliver an aggregated 100 Gbit/s bit stream over 20km of single-mode fiber was
recently announced and showcased [40]. These recent developments appear to be
quite promising; nonetheless, it needs to be seen how competitive such directly mod-
ulated ultrahigh-speed lasers will be with respect to alternative transmitter devices
to be discussed in the following.
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4.3 Ultrafast, Low-chirp Externally Modulated Laser Sources

With the development of high-performance Er-doped fiber amplifiers (EDFA), the
loss-limited transmission distance in multigigabit optical-fiber communication sys-
tems could be increased dramatically [41]. In high-speed long-haul transmission
systems employing such inline fiber amplifiers, the transmission distance is no
longer limited by the optical loss in the fiber, but by the chirp of the light source.
With chirp-limited transmission, the key components include high-modulation-
speed, spectrum-stabilized transmitter light sources operating at a wavelength of
1.55 um. Therefore, to overcome the problem of chirp-induced pulse broadening,
intensive efforts have been made to produce various types of external optical modu-
lators (see Chap. 6). Using these modulators substantially helps to avoid the large
wavelength chirping that occurs with conventional laser diodes under direct current
modulation. The impact of chirp (ap) reduction on the extended fiber transmission
distance was discussed earlier with reference to Fig. 4.7.

Among the various kinds of optical modulators, MQW optical modulators con-
sisting of III/V compound semiconductors are promising candidates. MQW modu-
lators can operate at high frequencies with low chirp and low drive voltage [42-49].
These favorable properties arise from the large field-induced variation in the ab-
sorption coefficient (or refractive index), resulting from the quantum-confined Stark
effect (QCSE) [50, 51]. In particular, QCSE-based electroabsorption (EA) modu-
lators have a high potential for practical use because of the simplicity of their de-
vice physics as well as the good structural feasibility of monolithically integrating
them with laser diodes [52—62]. Monolithic laser integration not only reduces size
and cost, but also improves performance. The light output, for example, increases
substantially because the insertion loss is very low compared with that of discrete
modulators, and the long-term reliability is also improved because the packaging is
more robust.

Most of the 1.55 um-band EA modulators developed so far use MQW structures
with InGaAsP or InGaAlAs quaternary wells and barriers. Note that in these MQW
modulators, barrier materials with optimized well/barrier band discontinuities are
chosen to achieve sufficient quantum confinement for enhancing the QCSE as well
as for better high-power handling. The latter requirement is related to the sweep-
out of photogenerated carriers outside the quantum wells, which is very important,
especially when the light source is monolithically integrated with the modulator.

One major difficulty in fabricating photonic integrated circuits has been to re-
producibly produce good optical waveguide coupling between functional elements.
Although modulators and lasers are fabricated in the same way, it has still been dif-
ficult to create a nanometer-sized, smooth, high-quality crystal interface between
the components. Nowadays, several monolithic integration methods are available to
solve this issue. In-plane bandgap energy control integration techniques based on
selective area growth [54, 55, 60, 61] and butt-joint integration [52, 53, 56-58, 62],
in which each functional element is implemented separately by selective etching
followed by epitaxial regrowth, are now widely used. These methods enable the in-
tegration of different MQW structures, and, as a result, the performance of both the
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modulator and the laser has been dramatically improved through the exploitation of
the quantum size effect in MQW structures.

4.3.1 High-speed Characteristics of Externally Modulated Lasers

This section mainly focuses on modulators integrated with a light source rather than
on the solitary modulator itself. After describing the basics of EA modulators, the
important technical issues associated with laser integration, such as modulator/laser
interactions, are discussed. A more general description of external modulators is
given in Chap. 6.

The small-signal frequency response R(f) of an external modulator can be
expressed in a much simpler way than that of directly modulated diode lasers.
Basically, it is determined by its parasitics and the transport/sweep-out time of
photogenerated carriers. Here, we assume a lumped element model in which the
modulator is regarded as being much smaller in size than the wavelength of the
microwave signal driving the modulator. We also assume that the photogenerated
carriers are swept out of the quantum wells so fast that they do not influence the
modulator dynamics. A device structure model and an electrical circuit model of an
EA modulator integrated with a DFB laser (EA/DFB laser) are depicted in Fig. 4.18.

The EA/DFB device structure is composed of an EA modulator and a DFB laser
with an automatically aligned optical axis. The optical coupling efficiency between
them is defined as C,y. As with the standard DFB laser, several crucial optical
parameters such as facet reflectivity, along with the optical phase with respect to
the DFB grating, have to be considered. The electrical circuit model starts with
standard modulator parameters, namely, capacitance Cp,oq, internal resistance Rpoq,
wiring inductances L; and L,, and a 50 2 termination resistor Ry, for matching
the impedance of RF signal lines with the characteristic impedance of 50 2. Newly
added in this model are the laser capacitance, Cyy, connected via an isolation re-
sistor, Rjs, and a constant current source. During operation of the EA/DFB laser,
a photogenerated current I, always flows in the modulator section. Iy, is treated as
a constant current source, as indicated in the figure, because it seriously degrades
the electric reflection properties. This effect of /, on the modulation characteristics
is discussed in the next section.

If we neglect the effects of I, and wiring inductances, R( f') is simply expressed

as
R(f) = 1 = 1
1 + {”Cmod(Rmod + Rterm/z)f}2 1 + {ncmod(Rmod + 25 Q)f}2
(4.18)
By solving R( f3q45) = 1/2, we get
1
faam = (4.19)

”Cmod(Rmod +25 Q)
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wiring inductance 2, Ij,: photogenerated current

The light extinction ratio (on/off ratio), ER, of the EA modulator is proportional to
the modulator length L,,q and the field-induced change in the absorption coefficient
Aayps, and is given by

ER(dB) = 4-34§MQWAaabsLmods (420)

where &vow is the optical confinement factor of the MQW absorption layer.

It is apparent from (4.19) that in order to achieve high-speed externally modu-
lated lasers, it is important to reduce the capacitance, Cyod, and the internal resis-
tance, Ryod, of the modulator. As with high-speed diode lasers, shorter modulator
lengths are effective in lowering Cyoq for this purpose. However, since shortening
Lmoq has a direct adverse impact on R4 and the amount of light absorption (and
hence light extinction), there is a trade-off between high-speed characteristics and
the operating voltage needed to achieve a given extinction ratio. Thus, a simple fig-
ure of merit (FOM) of the modulator can be formulated as f345/ Vi (or inversely
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Vin/ f348), where V;, is the modulation voltage swing. A more accurate FOM is de-
fined in [63]; it considers the amount of modulation drive power P = VH% / Rerm. It
should be emphasized that a clear trade-off exists between f34p and V;, for all kinds
of modulators reported so far [63].

Regarding high-speed limitation associated with the mobility of photogenerated
carriers, related effects can be expected to be strongly dependent on their density
and on the band discontinuities in the quantum wells. Similar to the case of di-
rectly modulated lasers, a small valence band offset A E is important for achieving
smooth sweep-out of heavy holes under higher light power operation [64—66]. This
will be of particular concern when a light-source laser is monolithically integrated.

4.3.2 Chirp Characteristics of Externally Modulated Lasers

External modulation techniques can provide high-speed, low-chirp optical signals
that are suitable for high-bit-rate long-haul communication. These techniques can
avoid the large chirp generated by carrier fluctuation in directly modulated lasers.
As in the case of the latter devices, the chirp observed in external intensity modu-
lators is characterized by an «-parameter for modulators, which is expressed as

4 o
®pmod = T dilis s 4.21)
dE

where the numerator dn /d E represents the electric-field-induced variation of the re-
fractive index in the modulator medium, which is associated with a phase change in
the light signals. The denominator da,ys /d E expresses the degree of intensity modu-
lation by light absorption. Like the a-parameter for diode lasers given in (4.10),
Cpmod corresponds to the ratio of two modulation depths, but in this case to the ratio
of phase modulation depth to amplitude modulation depth. More importantly, ctpmod
for EA modulators is typically within the range between —0.5 and +1.0, which is
much smaller than the «-parameter of directly modulated lasers of typically 28 (as
noted in Sect. 4.2.3). The simple reason for the smaller EA modulator chirp is that
the field-induced change in refractive index ((dn/d E)A E) is much smaller than the
carrier-induced refractive index change ((dn/dN)AN) in (4.10). This is the pri-
mary advantage of EA modulators over directly modulated diode lasers. In the case
of laser-integrated EA modulators, however, careful attention must be paid to any
interactions (or signal crosstalk) between the modulator and the laser which may in-
duce additional chirp. In general, the possible physical origins of those interactions
may be electrical, optical, and thermal crosstalk effects. Among these, electrical
interaction can be efficiently eliminated by state-of-the-art electrical isolation tech-
niques. For example, isolation (separation) resistance (Rjs,) between the two device
elements can be increased to more than 20 k€2 by forming a shallow isolation trench
in the cladding layer. If the modulator voltage swing V), is assumed to be 2-3V, this
value of R;, corresponds to a leakage modulation current /I, to the laser section of
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less than 150 pA, which is sufficiently small compared to the laser driving current
of several tens of milliamperes. Thermal interaction may also be neglected because
of the slow response of thermal effects in the order of milliseconds. A normally ap-
plied NRZ pseudorandom modulation with a 23! — [ bit sequence corresponds to
a lowest modulation frequency of several hundreds of kilohertz.

The remaining interaction effect, optical crosstalk, represents a serious factor in
achieving reproducible low-chirp operation. This is why the reduction of modulator
facet reflection has been an issue. Any optical reflection at the modulator facet could
produce an undesirable fluctuation in the lasing mode, leading to considerable opti-
cal feedback-induced excess chirp produced in the laser section. Although, qualita-
tively, this phenomenon is quite well understood, only few attempts have been made
to quantitatively clarify the influence of optical feedback-induced chirp on the per-
formance of high-bit-rate transmission over long-distance dispersive fibers [67—69].
In this section, an outline is given of how fiber transmission can numerically be
simulated by taking into account the optical feedback-induced excess chirp. The
simulation results allow for designing robust low-chirp EA/DFB lasers. Eye distor-
tion and the resulting transmission penalties are derived as a function of the residual
modulator facet reflectivity, and these characteristics are shown to be consistent with
experimental results. In getting the required system performance, it is found that not
only the modulator facet reflection but also the chirping parameters («-parameters)
in both the laser (op4) and the modulator section (ctpmod), as well as the optical
coupling coefficient in the DFB cavity are critical parameters that need to be well
controlled.

Another possible interference is associated with the impact of laser power-
induced photogenerated current on modulator performance. Although this effect has
been neglected and studied very little, it appears to be of great importance in practi-
cal applications. In particular, if the modulator driver circuit and the EA modulator
are DC-coupled, a photogenerated current might flow in the driver circuit, which
would directly deteriorate the drivability. This type of interference will therefore be
quantitatively analyzed and discussed in Sect. 4.3.5.

4.3.3 Facet-reflection Induced Chirp in Externally Modulated
Lasers

The model that accounts for the facet-reflection induced chirp is shown in
Fig. 4.18a. It shows an EA/DFB structure with the corrugated Bragg grating and
a phase shifter in the middle of the laser cavity. The laser parameters are the cavity
length, L4, coupling coefficient of the corrugation, k, facet reflectivity, R, at the
laser rear end, relative phase, 6, (with respect to the corrugation phase) at the laser
rear end, and the period of the corrugation, A. The main parameters of the modu-
lator part are the modulator length, L4, the relative corrugation phase, ¢, and the
facet reflectivity (R¢) at the modulator front end.
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Fig. 4.19 Comparison of the static chirp yield between bulk- and MQW-based devices. a A/4-
shifted DFB structure with an MQW active region (0tpig = 3, KLig = 2, Aty Lig > 0.3) and b
A /4-shifted DFB structure with a bulk active region (pia = 8, kLig = 2, Ay Lig > 0.3)

The calculation of the facet-reflection induced chirp is based on coupled-mode
and rate equations, respectively. Under DC conditions (static chirp), it is calculated
by solving the coupled-mode equations of a modified DFB cavity with a variable
front facet [67—69]. The EA modulator section is modeled simply as a piece of
waveguide that has variable loss and a propagation constant according to digital
modulation. Since the waveguide is directly attached to the front end of the DFB-
laser section, it can be regarded as a reflector with variable reflectivity and phase.

The static chirp A A, cpnirp Was calculated as follows: The static chirp corresponds
to the amount of wavelength variation that occurs between the on- and off-states
when the EA modulator is driven by DC signals. To obtain the static chirp, we solve
the time-independent rate equation (d/d¢z = 0). The 16 x 16 combinations of phase
at the front (6¢) and rear (6;) facet are varied in 77/8 steps with respect to the grating.
The dependence of the calculated AAgchirp yield on Ry when kLyg is 2.0 is shown in
Fig. 4.19.

Here, kL4 expresses the amount of distributed Bragg reflection occurring in the
DFB-laser cavity, and it corresponds to the Q-factor in the laser resonator. The cal-
culation was performed for two oy values: apq = 3 (Fig. 4.19a), the case for an
MQW active region, and apqg = 8 (Fig. 4.19b), the case for a bulk active region. The
figures clearly indicate that for both apq cases, any increase in Ry leads to a poorer
yield in obtaining a certain level of AAgchip. This is reasonably understood from
the enhanced perturbation in the lasing mode induced by the fraction of modulated
light that is reflected at the modulator front facet back into the laser cavity. The fig-
ures also show that the AApirp yield depends strongly on a4, which is another
important parameter that governs the chirp behavior in EA/DFB lasers. It can be
clearly seen from the figures that the AAgchirp yield for apig = 3 is much higher than
that for a;;¢ = 8. This tendency can be understood more naturally if we consider
the fact that facet-reflection induced chirp is produced in the laser medium, and not
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in the modulator. The above results directly indicate that not only reduction of the
modulator chirp opmed, but also reduction of the laser chirp apq is essential for ob-
taining low-chirp EA/DFB lasers. The reduction of a,q can be achieved in several
ways, for instance, by introducing strained MQW:s [70-72] combined with negative
wavelength detuning [73] of the DFB-laser structure. Indeed, MQW active regions
offer a superior robust design for achieving low AAcpip operation of an EA/DFB
laser. Furthermore, it can be concluded from the obtained results that a small apyg
value is essential for suppressing the facet-reflection induced chirp, even though the
device is based on an external modulation scheme.

4.3.4 Transmission Simulation of Externally Modulated Lasers
Considering Facet-reflection Induced Chirp

The dynamic chirp of EA/DFB lasers was analyzed by combining the coupled-mode
and the rate equations [69]. Again, as with directly modulated diode lasers, large-
signal analysis was performed using the time-developed Runge—Kutta method to
obtain the temporal variations in the optical intensity and phase. A trapezoidal drive
waveform with a 32-bit 2.5 Gbit/s NRZ pseudorandom pattern was filtered to ac-
count for the parasitics of the modulator and assembly. Most of the parameters for
devices and fiber transmission (Table 4.1) were extracted from experimental data.

Assuming InGaAsP/InP-based MQW material, the important chirp parameters
for the modulator and laser, apmoq and apg, were taken to be 0.4 and 3.0, respec-
tively. The 8 x 8 phase combinations at the front and rear facet with respect to the
grating were varied in 77 /4 steps. The transmission behavior over normal-dispersion
(17 ps/(nm km)) single-mode fibers was analyzed using the model given in [74, 75],
with receiver parameters adjusted to those used in the experiments. The calculation
was done for different front facet-reflectivity values (Ry) ranging from 0 % to 2 %,
while the rear facet-reflectivity (R;) was kept constant at 90 %.

Simulated modulation waveforms and dynamic wavelength shifts (total chirp)
occurring in an antireflection—high reflection (AR-HR) coated device are shown in
Fig. 4.20. The optical feedback was calculated for (a) Rf = 0 %, (b) Ry = 0.001 %,
(¢) Ry = 0.01%, and (d) Ry = 0.1 %. The rise and fall times used in the com-
putation were 80 ps, and the facet phase combination (6, 6;) was (0, ). This facet
phase combination yielded the largest chirp, i.e., corresponds to the worst-case chirp
calculation. As is clearly seen in Fig. 4.20d, for Ry = 0.1 % the time-resolved chirp
represents a relaxation oscillation which arises from the dynamic nature of the laser.

It was also found that a reduction in Ry leads to lower oscillation peaking. Here,
the peak-to-peak height of the dynamic chirp is defined as AAqchirp. The residual
Agchirp that exists even at Ry = 0 % (Fig. 4.20a) is due to the phase chirp caused
by the refractive index modulation in the modulator medium. This modulation is
determined by the modulator chirp parameter apmog. It is interesting to note that
when Ry is less than about 0.01%, AAgchirp is dominated by ctpmoa rather than Ry.
This might indicate that with this chirp combination of atpiq and pmod, Ry of 0.01 %
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Table 4.1 List of device and transmission parameters used to simulate the effect of facet-reflection
induced chirp on fiber transmission performance

Parameter Symbol Unit Value

Laser parameters

Wavelength A pm 1.557

Optical confinement factor & - 0.027

Carrier lifetime ™ ns 0.22

Photon lifetime T ns variable

Differential gain dg/dN m2 5x 10712

Laser o parameter o - 3.0

Gain saturation coefficient e m> 5x 10723

Cavity length Ly um 400

Active region width Waer um 1.5

Well number N, - 7

Coupling coefficient KL - 1.5

Rear facet reflectivity R, % 90

Rear facet phase 0, - variable
Modulator parameters

Modulator & parameter Omod - 0.4

Front facet reflectivity R¢ % variable

Rear facet phase ©; - variable

Modulator length Lo um 200

Extinction ratio ER dB 16

Parasitic capacitance Chnod pF 1.0

Driver impedance R, Q 50
Transmission parameters

Bit rate B Gbit/s 2.5

Fiber dispersion D ps/(nm km) 17

Fiber loss L dB/km 0.2

Nonlinear coefficient ns m2/W 2.6 x 10720

Fiber input power Py, dBm 10

is low enough to eliminate the effect of facet reflection on the hybrid chirp behav-
ior. Simulation results showing how the eye diagrams before and after transmission
through 125km, 250km, 375km, and 500 km long fibers depend on Ry are pre-
sented in Fig. 4.21.

Facet phase combinations (6, 6;) of (a) (O, Orr) and (b) (7r/2, 7w/ 2) were chosen
as examples. The results clearly indicate serious eye distortion caused by the optical
feedback chirp when Ry is larger than 0.5 %. To determine the criterion for Ry, the
simulated transmission power penalty (Py) was plotted against Ry for all 64 facet
phase combinations. The calculation was performed for transmission over normal
fibers of 125 km, 250km, and 500 km length. The results are plotted in Fig. 4.22,
which illustrates the Ry criteria for achieving 2.5 Gbit/s transmission with repro-
ducibly low Py values.

From the figure, the Ry values that reproducibly allow Py of less than 1 dB are
roughly 0.3 %, 0.1 %, and 0.04 % for the 125 km, 250 km, and 500 km transmission
distance, respectively. A linear dispersion limit of apjg of 0.4 is also indicated to be
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Fig. 4.20 Calculated modulation waveforms and corresponding dynamic chirp under 2.5 Gbit/s
digital modulation with various values of modulator facet reflectivity

effective at about 500 km. This means that the maximum transmission distance is no
longer limited by Ry, but by otpmoeq itself when Ry is less than 0.04 %. This finding
is in qualitative agreement with the Ry dependence of the dynamic chirp shown in
Fig. 4.20.
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Fig. 4.21 Calculated transmitted eye diagrams for a signal rate of 2.5 Gbit/s for various values of
modulator facet reflectivity: a 6 = Ox, 6, = Om; b 6y = 7 /2, 6, = 7/2. 6; and 6, denote the
relative corrugation phases at the front and rear facet

Next, the measured eye patterns before and after transmission over 120 km and
240 km long fibers are compared with the simulated ones, using the facet phases as
fitting parameters. This comparison is shown in Fig. 4.23a for a device with a large
R; of about 2 %. By roughly choosing facet phases with an accuracy of 7 /4, close
correspondences were obtained. This provides a reasonable explanation of the inter-
symbol interference shown in Fig. 4.23a, where faster propagation of the energy at
the leading edge caused by the blue chirp can be seen to occur. This behavior is very
similar to directly modulated lasers [75, 76]. It is important to note, however, that
the sign of the excess chirp is determined randomly by the facet phase combination,
which is difficult to control deliberately. This means that reduction of Ry is essential
to reproducibly attain low-chirp operation independently of the facet phases. Fig-
ure 4.23b shows the same results for a device with a lower Ry of less than 0.02 %
achieved through the combination of a window structure and/or multilayer antire-
flection coating techniques. In this case, good agreement was obtained between ex-
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periment and simulation for all 16 combinations of the facet phases, suggesting that
Ry of 0.02 % is small enough for 240 km transmission, in agreement with the above

theoretical prediction.
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Fig. 4.24 Electrical circuit model of EA/DFB laser combined with a DC-coupled (a) and an AC-
coupled (b) driver IC. Cy,0q: modulator capacitance, Riem,: termination resistance

4.3.5 Effect of Photogenerated Current on Modulation
Characteristics

When the EA/DFB laser is under operation, photogenerated current Iy, is pro-
duced due to light absorption in the EA modulator section. This continuous current
may flow in the assembly circuits, which adversely affects the modulator perfor-
mance. Circuit models of high-speed EA/DFB lasers considering /I, are shown in
Fig. 4.24.

The DC-coupled scheme corresponds to the normal EA/DFB assembly method.
Ion can flow in a 50  impedance-matching resistor along with the bias current of
Vea/50 because the driver circuit of the modulator is usually designed to have high
impedance. This extra I, flow into the resistor can severely affect RF reflection.
The scattering parameters S;; and S»; of the EA/DFB laser, taking into account the
existence of I, flow, are modeled in Fig. 4.24 and given by the following equa-
tions [76]:

2

H@) " gy, (4.22)

S21(w) = 101log,, H©O)
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Fig. 4.25 Calculated frequency responses of S11 (a) and S»; (b) parameters for several photocur-
rents

where
{kRmod + (1 + k)(Rlcrm +_]0)L2)}
joC,
H(a)) — J®Cinod
(Rc +JLUL1){( mod + = Cl, d) + (Rlerm +JwL2)} + (Rlerm +JLUL2)|: mod T (i)_CF kd)]
(4.23)
with & = Rierm Iph/ Vinoa, and
G(w)|?
Sl 1 (CL)) =10 loglo m [dB], (424)
with
(Riem + joo L) | Kot L) |
G(w) = joL, + (4.25)

(M ) + (R + joL2)

o Cinod
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Here, the parameter k as defined before is a constant that represents /p;,. Calculated
frequency responses of the Si; and S»; parameters for several values of Iy, are
shown in Fig. 4.25.

The calculated Sy; parameter largely decreases with increasing /p,. The mea-
sured frequency dependence of Sy for various values of I,y is shown in Fig. 4.26,
where the response curves can be seen to be similar to those of the theoretical results
illustrated in Fig. 4.25a.

It is meaningful to qualitatively explain the S;; dependence. In the circuit model
in Fig. 4.24a, any current I, that flows into the 50 2 matching resistor reduces
the voltage at the input port. This voltage reduction leads to a deviation of the ac-
tual terminal resistance R, from the ideal value of 50 2. Under DC conditions
(f = OHz), R is given by

50
501ph ’
1+ Vinod

Rierm [Q] = (4.26)

where Vg is the bias voltage applied to the modulator. Equation (4.26) indicates
that Rierm becomes smaller than 50 2 once a photocurrent is generated and that this
reduction of Ry, can directly deteriorate Sp;. Fortunately, as shown in Fig. 4.26,
the measured | S| at 5 GHz under the worst condition (i.e., I;n > 10mA) is at
least 10dB. Such an S;; value does not cause a critical problem at a data rate of
2.5 Gbit/s. However, it must be improved if higher bit rate transmission, as used
in 10 to 40Gbit/s systems, is envisaged. The curves in Fig. 4.24b reveal the Iy,
sensitivity of S21. When I, amounts to 15 mA, the 3 dB-down bandwidth is reduced
by about 20 %. This reduction should also be taken into account in the design of
high-speed EA/DFB lasers.

Another vital issue is the /p,-induced reduction of the effective modulation volt-
age swing of EA-driver ICs. A non-negligible amount of I, can flow in the driver
circuit when this circuit is directly connected to the modulator (DC-coupled scheme,



4 Ultrafast Semiconductor Laser Sources 171

p-electrode
DFB-LD

(400 mm)

1E-7

EA modulator 1E-8 L i

(120 pm)
° P \e
Rl R © N VR R
o A N
S 1E-10|- k- AN
i e
Optical light O fEAq |- sboce -k
""" 1E-12 .
® 1E-13 |- .
DAGS2457
LETBEOCMSS -
1E-14

-13-12-11-10 9 -8 -7 -6 -5
Received Power [dBm]

Fig. 4.27 Example of a 43 Gbit/s low-chirp EA/DFB laser in the 1.55um range [77]. Chip
schematic and photograph of module (a), and 43 Gbit/s 2 km normal fiber transmission perfor-
mance (b)

Fig. 4.24a). This leakage current easily produces a voltage drop in the output sig-
nal swing of the driver, and this tends to reduce the dynamic extinction ratio. This
indicates that careful attention should be paid to this voltage drop when designing
RF-signal connections between EA/DFB lasers and driver circuits. One simple so-
lution for this could be to introduce a bypass line for Iy, as shown in Fig. 4.24b. If
this bypass circuit is integrated into the driver IC, most of the I, flow will take this
path to effectively suppress the adverse effects of I, on modulator performance.

4.3.6 Packaged High-speed Externally Modulated Lasers

An example of a real high-speed low-chirp EA/DFB laser that operates in the
1.55 um wavelength range [77, 78] is shown in Fig. 4.27a. 43 Gbit/s operation and
2 km transmission over a standard single-mode fiber has been demonstrated em-
ploying those devices. Note that an extended data rate of up to 43 Gbit/s is needed
to meet the system demands for forward error correction (FEC). The reported de-
vice consists of a short InGaAsP MQW-based EA modulator monolithically inte-
grated with a DFB-laser light source made of the same material. It was bonded onto
a chip carrier with a 50 €2 termination resistor and then packaged in a high-speed
module involving lenses, a thermoelectric cooler, a thermistor, and a high-speed
standard electrical connector. The module was hermetically sealed for reliability
reasons. Evidencing the small parasitics in the EA/DFB chip and the assembly,
a 3 dB-down bandwidth of over 40 GHz was measured on this device, and 43 Gbit/s
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Fig. 4.28 World’s first serial 100 Gbit/s EA/DFB laser [80]. EA/DFB laser assembled on a high-
speed carrier (a) and 100 Gbit/s optical waveform (b)

operation was successfully demonstrated at a modulator voltage swing V},, of 2.5V
(Fig. 4.27b). Currently, 40 Gbit/s EA/DFB lasers are mainly deployed in communi-
cations in so-called very-short-reach router-to-router interconnections and/or client
interfaces.

Devices capable of even 50 Gbit/s modulation have been developed recently
which may be used as building blocks in future >100 Gbit/s multilane transmit-
ters, e.g., for 400 G-Ethernet applications [79], and 50 Gbit/s does by far not yet
represent an upper speed limit of EA/DFB devices. In fact, the world’s first se-
rial 100 Gbit/s lumped-element EA/DFB laser, shown in Fig. 4.28, was introduced
about three years ago [80]. This particular component contained an InGaAlAs-based
10-quantum-well absorption layer structure that was buried by a low-capacitance
semi-insulating buried heterostructure. Using a 50 um short modulator coassembled
with a high-speed driver IC, 100 Gbit/s open eye diagrams could be successfully
accomplished at such an ultrahigh bit rate for the first time.

4.3.7 Uncooled, High-speed, Low-chirp Externally Modulated
Lasers

EA/DFB lasers have been playing an important role in telecommunication networks
due to their distinctly advantageous features, namely, ultrahigh speed capability,
low chirp, low power consumption, and compactness. With the explosive spread
of broadband services, power consumption is becoming more and more critical,
and one of the key issues of related photonics/electronics is to find ways to reduce
it. Focusing on the environmental temperature of these components, most directly
modulated diode lasers have been evolving from temperature-stabilized (cooled) de-
vices to temperature-robust (uncooled) ones. Uncooled operation of directly modu-
lated diode lasers in short-link applications has successfully eliminated the electric
power consumed by thermoelectric coolers. Accordingly, cooler-free operation has
been strongly desired also for EA/DFB lasers deployed in modules for long-distance
transmission. However, this goal proves to be highly challenging, the main reason
being that EA/DFB lasers behave very sensitive to changes in operating temperature.



4 Ultrafast Semiconductor Laser Sources 173

Light output

Fig. 4.29 Schematic chip structure of the first 1.55 um uncooled EA/DFB laser [84]

This fact essentially arises from the large mismatch in the temperature coefficients
of the electroabsorption peak wavelength (typically 0.7 nm/K) and the DFB-lasing
wavelength (typically 0.1 nm/K). The phenomenon is widely known, and the mis-
match has often been compensated for by controlling the DC bias voltage applied
to EA modulators [81, 82]. In most cases, the DC bias has been adapted to the
operating temperature set for tuning the DFB wavelength to a targeted wavelength-
division-multiplexing (WDM) grid channel [82]. This technique has also been ap-
plied to extending the operating temperature range of the device [81]. An uncooled
EA/DFB laser for short-reach (10km) applications has been proposed using this
voltage-offset method [83]. When the offset DC-bias applied to the EA modulator
was adjusted to suit the temperature variation, the device was able to handle the mis-
match in wavelength shift over a wide temperature range. One key issue involved is
how to keep the detuning parameter (i.e., the difference between the DFB lasing and
the electroabsorption peak wavelength) nearly constant. In addition to this, careful
attention must be paid to the increase in optical loss and the change in chirp when
applying an offset bias. As to the optical loss, any increment of the applied bias
voltage as well as of the temperature is certain to lead to increasing light absorption.
Whereas this would be unlikely to occur in case of an ideal step-function-shaped
absorption spectrum, in reality it will occur because of the existing tail-shaped ab-
sorption spectrum. For these reasons, a properly designed detuning parameter is
very important from a practical viewpoint to keep the optical loss within an tolera-
ble range. It should be noted here that the device reported in [83] was designed for
short-reach transmission in the 1.3 um wavelength range, where chirping virtually
does not matter so much. For 1.55 pm range long-reach applications, however, there
have been serious difficulties in managing the severe trade-off between the extinc-
tion ratio and optical loss plus chirp. This renders achieving uncooled operation of
1.55 um EA/DFB lasers much more difficult, compared to their 1.3 pm counterparts.

The first successfully accomplished uncooled high-speed, low-chirp EA/DFB
laser operating in the 1.55 um range is schematically illustrated in Fig. 4.29 [84].
The device comprised a temperature-robust InGaAlAs EA modulator, an InGaAsP
DFB laser, and an InGaAsP bridge waveguide in between, monolithically integrated
on an InP substrate. As with directly modulated diode lasers, the InGaAlAs material
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Fig. 4.30 10 Gbit/s 80 km (1600 ps/nm) single-mode fiber transmission characteristics. a 15 °C:
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effectively enhances the temperature tolerance of the EA modulator, owing to its fa-
vorable band structure. The large A E.. associated with InGaAlAs is beneficial for
the extinction ratio at low temperatures by effectively maintaining the QCSE under
the high electric field applied to quantum wells. On the other hand, a small valence
band offset A E, supports prompt sweep-out of photogenerated holes over shallow
valence band barrier walls, implying high optical power robustness.

Measured eye diagrams obtained under 10 Gbit/s, 23! — 1 PRBS modulation are
shown in Fig. 4.30 for 15 °C and 95 °C. Clearly opened eye diagrams were obtained
at both operating temperatures even after transmission through an 80 km long nor-
mal dispersion fiber. The measured error-free bit error rate (BER) performance after
80km transmission with power penalty (Pg) of less than 2 dB and dynamic extinc-
tion ratio (DER) of greater than 9 dB are sufficient for practical use in 10 Gbit/s
intermediate-reach (40 km) and long-reach (80 km) applications [85-87].

Another emerging application of high-speed EA/DFB lasers is 100-Gigabit
Ethernet (100GE) [88]. As briefly outlined in the beginning of this chapter,
100 GE is becoming the next-generation high-speed network standard to meet
the explosive increase in network traffic [7]. The world’s first standard-compliant
100 GE transceiver module using EA/DFB light sources operating in the 1.3 um
range is shown in Fig. 4.31.

Four sets of 25 Gbit/s-driven EA/DFB lasers are assembled inside a 100 GE com-
pact form-factor pluggable (CFP) module (144 x 78 x 13.6mm?) [89] to form
4 x A-channels yielding an aggregate data rate of 100Gbit/s in a wavelength-
division-multiplex-manner. Moreover, 25.8 Gbit/s 12 km single-mode-fiber trans-
mission was achieved over a wide temperature range from O to 85 °C which is at-
tractive in view of energy efficiency. This module is therefore considered a promis-
ing candidate for cost-effective 100 GE client-side technology. A 40 Gbit/s un-
cooled EA/DFB laser using similar technologies has also been successfully demon-
strated [87]. Ideally, the four laser devices and the wavelength multiplexer needed in
the above four-lane transmitter configuration would be monolithically integrated on
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Fig. 4.31 First parallel 100 Gbit/s transceiver using 25 Gbit/s 4A-WDM EA/DFB light sources.
a Schematic structure of 100 GE transponder, b 100 Gbit/s CFP transceiver, and ¢ 25 Gbit/s opti-
cal waveform for uncooled operation

one chip to reduce packaging expenditures and to enable the use of small-size pack-
ages. Such a transmitter chip incorporating four monolithic EA/DFB devices, emit-
ting at four different wavelengths ranging from 1.297 to 1.309 ym (LAN-CWDM
grid), and a multimode interference (MMI) coupler to form the multiplexer was
realized very recently [90] and successfully tested for 100 GE applications at semi-
cooled conditions.

4.4 New Challenges for Ultrafast Semiconductor Light Sources

4.4.1 High-speed Active/Passive Feedback Diode Lasers

The physical limit of the modulation speed of semiconductor diode lasers can be
artificially controlled by the modulation scheme employed. In 1985, K. Iga made
a clear theoretical prediction for improving laser dynamics [91]. He showed that
instead of modulating the injection current into a diode laser, one could alternatively
modulate the optical gain, loss, or photon lifetime. He pointed out that the maximum
frequency for gain and photon lifetime (cavity Q-factor) modulation can exceed the
relaxation oscillation frequency f;. The degree to which the small-signal response
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R(f) may be improved, for example, by Q-factor modulation (i.e., photon lifetime
modulation) or by gain modulation is illustrated in Fig. 4.32 [91]. This figure clearly
points out the possibility of achieving faster response in diode lasers by a factor of
more than ten using such modulation schemes.

Based on this suggestion, there have been several practical approaches for ap-
plying alternative modulation schemes to high-speed diode lasers. These include
optical injection locking [92-97], gain switching [98—100], and multisection wave-
guide lasers, including an active/passive feedback mechanism [101-107].

Here, we focus on active/passive feedback lasers. The high-speed characteris-
tics of diode lasers can be improved by optical feedback to the laser cavity or, in
other terms, by modulating the mirror reflectivity [105]. The high-speed operability
relies on an enhanced frequency bandwidth achieved by photon lifetime modula-
tion. The relatively slow response associated with carrier—photon interaction that
governs relaxation oscillation in diode lasers is replaced by photon—photon interac-
tion. This effect leads to an additional photon—photon resonance peak at frequencies
that potentially exceed the usual carrier—photon resonant frequency several times.
Using the passive-feedback DFB laser depicted in Fig. 4.33, 40 Gbit/s direct cur-
rent modulation at an emission wavelength of 1.55 ym could be demonstrated for
the first time [107]. The basic laser structure is an active/passive monolithic two-
section laser with a standard section length of a few hundred micrometers. AR and
HR (>90 %) coatings were applied to the DFB and integrated feedback (IFB) facet,
respectively.

When the optical modulation response was recorded under different IFB biasing,
a strong change in the modulation bandwidth was observed. The feedback effect
is shown in more detail in Fig. 4.33. Without any support from the feedback sec-
tion (absorbing IFB section, dashed line), the behavior was found to be similar to
that of a single-section DFB laser, the modulation bandwidth of which is limited by
the carrier-photon resonance frequency of typically 8—12 GHz. On the other hand,
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a drastically enhanced modulation bandwidth of about 30 GHz was measured un-
der optimum feedback conditions, thus exceeding the normal relaxation oscillation
frequency limit by a factor of 3. Figure 4.34 shows successful large-signal modu-
lation at 40 Gbit/s achieved with no bit errors when measured for 27 — 1 PRBS
NRZ data streams [107]. It should be emphasized that the 40 Gbit/s operation was
accomplished with low-gain active material, InGaAsP, at a moderate current level
of 40 mA.

4.4.2 EA/DFB Laser Devices with Traveling-wave Modulator

As discussed in the previous sections, the EA-modulated laser is currently one of
the most promising candidates for high-speed compact light sources for use in long-
distance communications. The present EA modulators are based on lumped element
designs and models (see Fig. 4.18b), and their high-speed capability is limited by
the CR time constant Cpoq(Rmod + Rierm/2), as expressed in (4.20). Here again,
Cinods Rmod»> and Ry denote modulator capacitance, modulator internal resistance,
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and a 50-Q2 termination resistor, respectively. With this conventional technology,
EA/DFB lasers operating at 40 Gbit/s driven by signals with a voltage swing of
2-3 V,, have been deployed in real subsystems. These values result in a figure of
merit (FOM) of roughly 17-20 GHz/V. It will be difficult to further improve this
figure significantly in a practical way by simply exploiting conventional schemes
because the reduction of Cpoq by using even shorter modulator structures leads to
poor extinction ratio and, hence, high driving voltage. It should also be mentioned
that even if a higher-speed EA modulator, for example, a 100 Gbit/s EA modulator,
is realized, we will still face the inherent fiber dispersion limitation. According to
the data discussed in Sect. 4.3.2, the maximum transmission distance of 100 Gbit/s,
1.3 um-range signals produced by the EA modulator will be nearly 1 km. To extend
the high-speed limitation of lumped EA modulators, structures featuring “traveling-
wave” designs have been demonstrated to overcome the RC-limitation [108—111].
The aim of the traveling wave is to reach very-high-speed intensity modulation by
exploiting the electrical/optical velocity matching effect. With traveling-wave EA
modulators, the lumped short electrode is replaced by a relatively long transmission-
line electrode. This approach was initially developed for Mach—Zehnder interferom-
eter modulators formed on lithium niobate (LiNbO3) (see Chap. 6), and on III-V
compounds (GaAs [112, 113] as well as InP [114-116]). In the traveling wave de-
sign, the electrical drive signal propagates in the same direction as the optical mod-
ulated signal. Ideally, both signals run at the same speed, permitting the light mod-
ulation to accumulate monotonically as they propagate together, which could, in
principle, lead to non-RC-limited operation, irrespective of the operating frequency.
In reality, however, it is not very easy to perfectly match the velocities of the two
waves. This causes a walk-off between the electrical and optical signal waves, which
tend to severely degrade the high-speed capability. It can be readily shown that the
frequency response R(f) of an idealized traveling-wave modulator is expressed
as [112]

sin( )

nf |n0pl_nele | Lmod
c

ﬂflnopl_nele‘Lmod) 2
] : 4.27)

R(f)=[

where 14 and 1. denote the optical and electrical effective refractive indices, and
Lnoq the modulator length (being equal to the length of the traveling-wave elec-
trodes). From (4.27), the 3 dB-bandwidth can be derived:

™ _ 1.39¢
3dB =
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Because of the negative dependence on L4, the bandwidth and drive voltage
can be traded for in the same way as with lumped element modulators; thus, the
bandwidth-voltage FOM is equally applicable [112]. In the case of traveling-wave
EA modulators, however, there is a large mismatch between nqy and n¢je, which
inevitably makes their characteristic impedance small, ~25 €2, about half of the
standard 50 2 RF connections. This difference is likely to seriously degrade the
optical waveforms owing to large electrical reflection. In response, several veloc-
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ity/impedance matching techniques have been developed for improving conven-
tional low-impedance traveling-wave EA modulators.

Such a refined traveling-wave EA-integrated laser [108] is shown in Fig. 4.35a.
To compensate for the inherently low characteristic impedance of EA modulators,
a high-impedance transmission line is integrated with a low-impedance traveling-
wave EA modulator. This simple method is quite successful in achieving quasi-
impedance matching between the modulator and driver circuit, which greatly en-
hances the high-frequency performance (Fig. 4.35b), and this kind of artificial
impedance control electrode (ICE) was found to be very effective in achieving
a compact low-power-consumption 40 Gbit/s EA/DFB laser. A packaged device
with an InP/InGaAs hetero-bipolar-transistor (HBT) based IC driver was able
to provide 40 Gbit/s, 2km single-mode-fiber transmission with a 0.3 dB penalty
only [108].
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Another important advanced traveling-wave EA modulator [111] is shown in
Fig. 4.36a. Here, a segmented transmission-line electrode was used. This solu-
tion enables the design of a traveling-wave EA modulator with a characteristic
impedance close to 50 2. The device exhibits low electrical reflection (return loss:
<15 dB) and excellent frequency response up to 50 GHz. A maximum 3 dB electri-
cal bandwidth of 90 GHz was extrapolated by modeling (Fig. 4.36b).

4.4.3 Directly IC-driven High-speed Modulators

To further improve the speed and power consumption, a novel approach for driv-
ing the EA modulator, referred to as emitter-follower driving technique, has been
proposed [117, 118]. This technique is characterized by the fact that the EA mod-
ulator is driven by an emitter-follower rather than by a standard collector-follower.
The circuit model for this emitter-follower driving scheme is compared with the
conventional driving methods discussed earlier in Fig. 4.37.

The EA modulator is connected directly to the driver output signal port of a low-
impedance emitter-follower and does not possess a 50 2 termination. Mathemati-
cally, this means that the term Cpog Rierm/2 in (4.20) is eliminated, which causes
a significant improvement in the high-speed performance as the intrinsic time con-
stant Cod Rmod 1s reduced to about 1/2 to 1/3 of the previous Cpoq Rierm/2 value.
Physically, this means that the modulator dynamics is determined solely by the
charging/discharging time of the modulator capacitance Cy,q via the internal re-
sistor Ryogd. It should be noted that this simple driving method is applicable only to
EA modulators whose physical dimensions are much smaller than the wavelength
of the millimeter-wave signals.
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Fig. 4.38 a World’s smallest 40 Gbit/s EA/DFB laser based transmitter achieved using the emitter-
follower driving technique [117] and b the equivalent circuit model

The principle has been experimentally proven using the EA/DFB-on-driver-1C
assembly depicted in Fig. 4.38a [117]. As InGaAsP-based MQW EA/DFB laser
operating at 1.55 um was mounted on an InP-based HBT driver IC with the input
electrode of the modulator connected directly to the emitter electrode, the output
end of the HBT. As shown in Fig. 4.38a, 40 Gbit/s optical eye opening at a low
HBT driving voltage of 0.7 V,,, was reached, which corresponds to a very high FOM
of 57 GHz/V. Due to this low voltage drive along with elimination of the terminal
resistor, the transmitter’s power consumption amounts to only 0.8 W. Furthermore,
its footprint is in the range of a few square millimeters only because the core of the
transmitter is determined by the driver IC. This technique will be crucial for low-
power consumption dense interconnections in which the signal rate is too high for
electrical connections of a few meters encountered on the back planes of terabit-per-
second-class high-end servers and routers.
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Chapter 5
Widely Tunable Laser Diodes

Hélene Debrégeas-Sillard

Abstract The chapter provides a comprehensive overview over widely tunable laser
diodes and includes a description of the different tuning mechanisms and relevant
implementations: sampled grating- and superstructure grating-DBR lasers, Y-lasers,
multiple peak gratings and widely tunable filter lasers. The treatment covers funda-
mentals of the various solutions, typical performance characteristics, and control
issues as well. The focus is primarily on edge-emitting semiconductor lasers; how-
ever, vertical cavity surface emitting lasers (VCSELs) and external cavity tunable
lasers, integrated tunable laser modulators, and tunable laser subsystems are also
contained.

Widespread deployment of dense wavelength division multiplex (DWDM) systems
calls for transmitter lasers that can emit with extreme accuracy at any WDM-specific
wavelength, as defined by the ITU (International Telecommunication Union) stan-
dardization body. Predominantly, these wavelengths cover the whole C-band (1525-
1565 nm), but will eventually extend over the L-band (1570-1610nm) as well. A ba-
sic approach consists of using standard DFB lasers, the emission wavelength of
which is determined by the Bragg grating pitch, fixed by fabrication. Any DFB laser
can be slightly thermally tuned over a small range of typically 4 nm with 0.1 nm/°C
tuning efficiency, thus covering a limited number of WDM transmission channels
only. A largely superior and preferred solution is to employ widely tunable lasers,
which allow adjusting the laser wavelength to any ITU channel within the transmis-
sion bands. Such tunable laser devices are mandatory for a large range of applica-
tions today.

In long-distance networks, tunable lasers are used either as a spare source to
replace any failing DFB laser or as a universal source, dramatically reducing main-
tenance and inventory management costs. Today, 50 % of newly deployed long-
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distance transmitters comprise tunable lasers, and deployment is expected to reach
90 % within the next 10 years.

Tunable lasers provide both flexibility and adaptability in long-distance and
metropolitan networks. They represent a key element of reconfigurable optical add
and drop multiplexers (ROADMs) — components that can extract or insert any wave-
length to dynamically reconfigure wavelength allocation according to traffic evolu-
tion. They are used for all-optical routing without the need for optic—electronic—
optic conversion, ensuring independence from protocols and bit rates. In packet-
switching transmission schemes, they would allow for real-time network reconfigu-
ration with packet granularity, demanding extremely fast wavelength tuning within
the guard time of the optical packets (~ 100 ns).

In future WDM-based access networks, each end user may be equipped with
a receiver configured for a specific wavelength. This wavelength can be used as an
address to route traffic to the desired user. Tunable lasers are foreseen at the optical
line terminal in order to rapidly tune the data for routing to the final users.

For all these applications, performance data similar to standard DFB lasers are
required such as 13 dBm coupled output power, more than 40 dB side-mode sup-
pression ratio (SMSR), low noise, linewidths below 5 MHz, wavelength accuracy
compliant with the ITU standard, and others. In addition, however, they must be
capable of wavelength tuning over the whole 40 nm C-band (48 channels, 100 GHz
spaced), and in coming years over the full C+L band (1525-1610nm). For real
mass deployment in DWDM systems, the cost premium compared to fixed wave-
length lasers has to remain below 20%, which imposes the following general design
requirements:

* To reach high industrial production yield, the tuning mechanism must be based
on robust, fabrication-tolerant processes.

» Power, wavelength, and SMSR feedback loops must be simple enough to ensure
fast characterization and reliable servo-control algorithms.

Monolithic integration can be advantageous for avoiding costly alignment proce-
dures and multiple bulky mechanical elements. In particular, for metro and access
applications, the laser must fit into a TOSA type module (Transmitter Optical Sub-
Assembly), that is, compatible with low-cost extended extra flat packaging (e-XFP)
modules. Last but not least, the possibility to integrate additional functionalities like
external modulation, variable optical attenuation, optical gating, and fast tuning ca-
pability are important assets too. They enable compatibility with different networks
configurations and reductions in system costs.

Tunable lasers have been studied for several decades, leading to a wide variety
of technology solutions based on thermal, mechanical, and current injection tuning
mechanisms [1]. Several types of devices are commercially available now while re-
search strongly continues to further improve performance, increase functionalities,
and reduce costs.

Tunable lasers based on current injection tuning allow for monolithic integra-
tion with additional functionalities, including fast tuning. Derived from distributed
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Bragg reflector (DBR) lasers, solutions incorporating several gratings with multi-
ple reflection peaks can provide more than 40 nm wavelength tuning and are widely
used in today’s networks. Yet, control complexity remains the main drawback, and
many studies have been dedicated to propose simpler tuning methods and robust
feedback algorithms. Recently, photonic integration has even led to the demonstra-
tion of complete subsystems monolithically integrated on InP that comprise tunable
lasers, modulators, photodiodes, and optical amplifiers (see Sect. 5.5).

Other approaches rely on the selection of a laser from an array of thermally tuned
lasers or use an external cavity with a movable Bragg grating. These device struc-
tures are, however, not fully integrable in semiconductor technology, and they are
not suited for fast tuning or integrated modulation. Nonetheless, as they are based on
robust technologies and use simple control mechanisms, they may be commercially
competitive with applications requiring less sophisticated laser functions.

5.1 Basics of Current Injection Tuning, DBR Lasers

5.1.1 Current Injection Tuning Mechanisms

All tunable laser structures relying on current injection integrate a section with
a p-i-n junction containing an intrinsic layer made of quaternary passive material
(typically, InGaAsP with 1450 nm photoluminescence wavelength, in the following
referred to as Q1.45). Under carrier injection, the nonequilibrium excess carrier con-
centration creates variations of the index of refraction in this quaternary material via
three main mechanisms: free-carrier absorption, bandfilling, and bandgap shrink-
age [2]. Physically, these effects are the consequence of a modification of material
absorption «(E) over the whole spectrum which can be linked via the Kramers—
Kronig relation to the index variation at the operating energy Ey:

o0
hc . Aa(E)
An(Ey) = —Prlnc/ ————dE, 5.1
T ) E2—E?

where ‘Princ’ means principal value of the integral. The effects are represented
schematically in Fig. 5.1 and detailed below.

5.1.1.1 Free Carrier Absorption

This intra-band mechanism illustrated in Fig. 5.1a corresponds to the absorption of
a photon by a free carrier (electron or hole), raising its energy within the conduction
(or valence) band. Conservation of the wavevector k is ensured by the interaction
with a phonon or an impurity. This absorption at very low energies implies a free-
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Fig. 5.1 Schematic representation of the different types of absorption relevant under current tun-
ing. Intra-band free-carrier absorption (a), inter-band absorption (b). E = carrier energy, indices ¢
and v refer to the conduction and valence band, respectively, and Erc and Egy represent the Fermi
energy levels of the conduction and valence bands, respectively

carrier-related decrease of the refractive index given by [2]

292
e“A N P
Amp=——ot 24y T (5.2)
¢ 8m2c2gon | me  mdP4+mi/?
1/2 1/2
My, ~+my

with n denoting the refractive index, me, mpp, and my,, the effective masses of elec-
trons, heavy and light holes, respectively, P the hole density, N the electron density,
and g¢ the permittivity of free space. As m. < minnn, the effect is dominated by
electron absorption in the conduction band.

5.1.1.2 Bandfilling

Assuming a parabolic approximation for the band diagram and using the notations
of Fig. 5.1b, absorption without carrier injection o(E) at an energy E close to the
bandgap, E,, is given by [2]

C
a(E) = E‘/E —E,if E> E;, and «a(E) = 0 otherwise, (5.3)

where C is a material-dependent constant (given in cm™! eV'/2),
Under current injection, electrons and holes fill conduction and valence band
states at low energy levels (Fig. 5.2a). Now, photon absorption at energy E, with
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Fig. 5.2 Illustration of bandfilling: band diagram under current injection (a) and impact on absorp-
tion spectrum (b). N ~0and N > 0 correspond to the case without and with current injection,
respectively

electron transfer occurring from the valence band energy Ev to the conduction band
energy Ec, is possible only if, firstly, E = Evy + Ec, and secondly, if level Evy is
occupied and level E¢ is vacant. Then, (5.3) must be expanded to take into account
the occupation probability of either energy state:

C .
a(E) = E,/E — Eg[fv(Ev) — fc(EQ)] ifE > E,g,
a(E) =0 otherwise. 54
Here, fv(Ev) and fc(Ec) indicate the probability that valence band level Evy and

conduction band level E¢, respectively, are occupied by an electron. They are ex-
pressed by Fermi—Dirac distributions:

1 1
Je(Ec) = 1+ eEB—Er)/kT F(Ey) = 1 + e(Ev—Em)/kT"

(5.5)

where Epc and Epy represent the Fermi levels in the conduction and valence band,
respectively. Under carrier injection, the energy values of the Fermi quasilevels tend
to increase. For energies E slightly larger than E,, fc(Ec) becomes nonzero and
fv(Ey) becomes lower than unity. Absorption is no longer possible, and injected
carriers can even create gain by stimulated emission as shown in Fig. 5.2b (negative
absorption).

5.1.1.3 Bandgap Shrinkage

Injected carriers occupy bands of lower energy levels, and their wavefunctions over-
lap. They repel each other (electrons—electrons, and holes—holes) due to Coulomb
forces and for statistical reasons when their spins are identical. These repulsions
screen the electric field built-in in the semiconductor crystal network and, as a con-
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Fig. 5.3 Index variation calculated as a function of wavelength for Gag 35Ing.65As0.74P0.26
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sequence, the bandgap energy E, is reduced. An approximate model gives [2]

3N 1/3
AE, = ——2 (—) , (5.6)
2mepe \ 1

where ¢ represents the dielectric constant of the semiconductor material.

5.1.1.4 Cumulative Impact on Refractive Index Variation

The index variation due to carrier injection corresponds to the sum of the three ef-
fects. Simulations of index variation as a function of wavelength are presented in
Fig. 5.3 for a bulk layer of Q1.45 composition. For the data shown in Fig. 5.3, the
factor C in (5.3), which determines the absorption coefficient, has been extrapolated
from experimental values [3] to be 2.82 x 10* cm™! eV!/2. Band diagrams are de-
rived from effective electron and hole masses [4] (m. = 0.065mg, mp, = 0.49m
and my, = 0.07mg, with mg = 9.1095 x 1073! kg being the free electron mass),
the refractive index 7 is 3.49, and the dielectric constant ¢ is 13.8.

Bandfilling and bandgap renormalisation result in a modification of the absorp-
tion behavior close to the bandgap energy. Due to the denominator E 2—E§ in the
Kramers—Kronig relation (see (5.1)), they generate a maximum index variation
around E,. On the contrary, the free-carrier plasma leads to an increase of absorp-
tion at energies much smaller than the bandgap energy: the impact on index vari-
ation around wavelengths corresponding to the bandgap is very weakly dependent
on energy. At a typical operation wavelength of 1550nm, free carrier absorption
accounts approximately for one-third of the overall index variation, and bandfilling
and bandgap shrinkage for two-thirds. A typical experimental value at 1550 nm is
An ~ —0.05, plotted in Fig. 5.3 for comparison.
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Fig. 5.4 Schematic cross section of a DBR laser

5.1.2 DBR Lasers: Principle of Operation

5.1.2.1 DBR Cavity and Mode Selection

Exploiting index variation under carrier injection, the first current injection tunable
laser was the DBR laser, proposed in the 1970s and subsequently optimized by
many laboratories [5-7]. A typical DBR laser, as shown in Fig. 5.4, comprises three
different monolithically integrated sections, each controlled by separate currents:
one active and two passive sections, the latter called Bragg and phase section, re-
spectively. The rear facet is antireflection coated and the front facet provides low
reflectivity (~ 3 %) to create a Fabry—Pérot (FP) cavity between the front facet and
the mirror formed by the Bragg section. The active section has a multiquantum
well (MQW) vertical structure. Injecting the current /,.ve gives rise to gain around
1550 nm and generates an FP comb.

The Bragg section is made of bulk Q1.45 material and contains a Bragg grating.
This section acts as a wavelength selective mirror with maximum reflectivity at the
Bragg wavelength App,g, given by

ABragg = 2ng A, (57)

where ns is the effective waveguide index of the Bragg section and A the grating
pitch. For ~ 1550 nm emission, n.g values are typically 3.2, which yields a pitch of
around 240 nm. The reflection bandwidth and its maximum value are closely related
to the length of the grating and to the coupling coefficient «, defined as the grating
reflectivity per unit length and expressed in cm™!. For a rectangular grating, it is
given by:

_ 2Ane

K 1 s

(5.8)
where An.g represents the effective index difference between the mark and space
regions of the grating. Figure 5.5 shows the calculated equivalent reflectivity spec-
trum for a 300 um long Bragg grating, assuming x = 40cm™! and 15 cm™! material
loss.
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Fig. 5.5 Equivalent reflectivity R.q of a Bragg grating as a function of wavelength (k = 40 em™ 1,
L = 300um, loss = 15cm™!)

We define an effective penetration length, L., into the Bragg grating corre-
sponding to the penetration distance at which the optical power is decreased by
a factor e. For high « values, L.g is equal to 1/(2«). A laser cavity of length
Leaviy = La + Lpn + L, where L, and Ly, represent the length of the active
and the phase section, respectively, generates a comb of FP modes separated by
a free spectral range (FSR) according to:

/\2

FSR = ——. 5.9
anLcavily ( )

Here, n, indicates the group index that takes into account the wavelength-dependent
dispersion of n.g:

dneg
ax |,

ng = }’leff(k) —A (510)

The Bragg filter selects the FP mode nearest to Aprge that benefits from lowest
cavity losses. As a result, monomode emission occurs at Aepission (Fig. 5.6).

5.1.2.2 DBR Coarse Tuning with Bragg Section

In a DFB laser, the Bragg grating is inside the active section. Above threshold, in-
jected carriers are almost totally consumed by stimulated photon emission so that the
carrier density is clamped. Therefore, the effective index cannot be varied through
the carrier-related effect anymore, and the only index variation occurs via heating
due to current injection, typically leading to a maximum 3 to 4 nm tuning range. The
possibility to tune Agragg is specific to DBR lasers. As the Bragg section is made of
passive material and separated from the gain section, the carrier density is no longer
clamped. When injecting a current /g, the carrier density increases and the effec-



5 Widely Tunable Laser Diodes 197

70
60 - MBragg Memission
50 A .
—_ £
2 40 1 Q
£ 30 b
o 1 )
3
a

20
10

0 T 7 T T T
1542 1543 1544 1545 1546 1547 1548

wavelength (nm)

Fig. 5.6 FP mode selection by a Bragg grating

tive index n.g is reduced via the processes presented in Sect. 5.1.1. This gives rise
to a decrease of Appg With a relationship derived from (5.7)

Arage = 2AneA. 5.11)

Maximal achievable 7.5 variation by current injection is in the range of 4 x 1072,
allowing up to 16 nm tuning. When the Bragg filter is tuned by Ipage, FP modes are
successively selected, but this selection leads to tuning characteristics which exhibit
mode hops (Fig. 5.7). Apart from those mode hops, corresponding to the case where
adjacent FP modes are situated on both sides of the Bragg reflectivity spectrum, the
SMSR remains higher than 40 dB.

5.1.2.3 DBR Fine-tuning with Phase Section

The FP modes in the DBR cavity are defined by the phase condition
2(nettala + Rettph Lph + NefipLetr) = mA, m €N, (5.12)

where nefra, Nefi ph, and negr g are the effective indices in the active, phase, and Bragg
section, respectively. When a current 7, is injected into the passive phase section,
Nefiph decreases due to the same mechanisms as in the Bragg section. By taking the
derivative of (5.12), we obtain

AL AnespnL
FP_ ff,ph Liph 5.13)
A I’lg,aLa + ng,pthh + ng,BLeff

with ng,, ngpn, and ngp denoting the group indices of the three sections. The FP
comb can be continuously shifted to lower wavelengths as illustrated in Fig. 5.7,
and the position of the mode hops in the DBR tuning curve can be finely adjusted
along the tuning curve. In this way, emission at any wavelength A in the tuning range
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Fig. 5.7 DBR tuning mechanism, where FP modes are successively selected with decreasing wave-
length by injecting current Ig,g, (a), example of experimental tuning characteristics illustrating
emission wavelength and SMSR as a function of Igr,gs (b)

can be achieved with high accuracy and high SMSR by adjusting /g, in order to
align Aprage With A, and Iy, to align an FP mode with A.

5.1.2.4 Overall DBR Performance

The design of a DBR laser requires multiple compromises in order to simultaneously
reach a wide tuning range, high output power, and high SMSR. The tuning range,
given by (5.11), can be rewritten as

d
AABragg = ZFQdLA?ANA, (514)

where I is the mode’s optical confinement factor in the undoped quaternary Q1.45
waveguide material of the Bragg section into which carriers are injected, dng/dN
is the quaternary index variation with changing carrier density (negative value), and
AN represents the increase of carrier density with current injection. In order to
maximize the tuning range, one aims at achieving:
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High I' by using a thick bulk quaternary guiding layer

Large dng/dN by using a quaternary material in the Bragg section which has
a bandgap wavelength close to the emission wavelength where the bandfilling
effect is particularly pronounced (Fig. 5.3)

High AN by reducing current leakage and by reducing the Bragg section length
to limit radiative recombination through amplified spontaneous emission.

In order to reach high output power, the following targets must be reached at the
same time:

Maintaining a high mode-overlap between active and passive sections
Using a quaternary material in the Bragg section with a bandgap wavelength
sufficiently shorter than the emission wavelength so that absorption at low /prage
or carrier consumption at high I, by stimulated emission is limited
Increasing fiber coupling efficiency via a spot-size converter in the active section
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* Maximizing k in the Bragg section to ensure high Bragg mirror reflectivity while
keeping mode selectivity sufficiently high

* Optimizing the length of the active section regarding the trade-off between a long
section ensuring low current threshold density and low thermal effects, and
a moderate section length to retain a sufficiently high FSR for efficient Bragg
mirror selectivity.

Typical optimized parameters are:

* For the passive sections: 0.42 um-thick Q1.45 material providing I'g~ 75 %, with
k~45cm™1, Lgragg~ 300 um, and Ly~ 50 um

* For the active section: six 8 nm-thick Q1.55 quantum wells with Q1.18 barri-
ers sandwiched between two 100 nm-thick Q1.18 confinement heterostructures,
providing 96 % overlap between active and passive section modes.

Such DBR lasers can emit at any ITU channel over a 16 nm tuning range with SMSR
> 40dB and 20 mW of constant coupled output power, as illustrated in Fig. 5.8 [7].
The output power decreases with increasing Iy, or Ir.ge (Fig. 5.8a) because of free
carrier absorption, but constant output power can be ensured by adjusting /,cve for
each channel.

5.2 Widely Tunable Lasers by Current Injection

DBR lasers represent basic current-injection-tunable laser devices that exploit
a rather simple operation principle relying on the selection of an FP mode with
a tunable filter and fine wavelength adjustment by means of a phase section. Their
tunability, directly correlated to the limited achievable effective index variation, is
limited to around 16 nm, that is nearly half of the C-band. To further increase the
tuning range and in particular to cover the whole 40 nm C-band with a monolithic
device involving current injection, several approaches have been proposed by dif-
ferent laboratories. Basically, these are utilizing the same principle as DBR lasers,
but the Bragg section is replaced by two independently controlled passive sections
designed with more complex Bragg gratings. The wavelength tunable selective mir-
ror is the result of the interaction between these two section gratings, thereby widely
enhancing the tuning range.

5.2.1 Sampled Gratings

The most widely used grating design for such devices is the sampled grating (SG),
illustrated in Fig. 5.9. As explained in detail in [8], it consists of a grating with
periodically sampled pitch A, leading to grating burst lengths Zg at a sampling
period Zs. The resulting reflectivity spectrum is the convolution of the reflectivity
of an equivalent Bragg grating with pitch A and the reflectivity of a periodic square
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Fig.5.9 Sampled grating scheme and calculated reflectivity spectrum (L = 580 um, Zg = 58 um,
Zg = 6um, kK = 300cm™!, losses = 15cm™ 1)

function of length Zg and period Zs. As a consequence, the reflectivity spectrum
shows several reflectivity peaks, centered at Appge = 27114 and separated by:

AL = A%/2n,Zs. (5.15)

Each reflectivity peak number n (n = 0 corresponds to the central peak) is equi-
valent to the reflectivity of an unsampled Bragg grating with SG length L, but with
a coupling coefficient k (n) given by

Zgsin(tnZg/Zs) (—innZG)
— Y exp|— .

kKn) =K
( ) OZS JTI’ZZG/ZS ZS

(5.16)
Thus, the peaks are not phase matched, and they correspond to a smaller coupling
coefficient rather than that of the central peak which is given by k(0) = ko Zg/Zs.
The envelope of the reflectivity peaks widens when the duty cycle Zg/Zs is re-
duced, and the number of peaks in the 3 dB envelope can be approximated by

N3gg ~ int(ZG/Zs). (5.17)

To obtain a large number of peaks, the duty cycle must be reduced, which neces-
sitates a higher k¢ in order to retain a sufficiently large « (n)-value for the required
reflectivities. Such SGs typically use ko as high as 300cm™!, with a 10% Zg/Zs
duty cycle.
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Fig. 5.10 SG-DBR laser structure. Schematic cross-section (a ), superimposed SG spectra provid-
ing Vernier effect (b), (c)

35.2.2 SG-DBR Lasers

The first device incorporating dual passive grating sections is the SG-DBR struc-
ture, initially developed at the University of California at Santa Barbara [8]. It is
composed of an active section and an adjacent phase section, sandwiched between
two SGs (Fig. 5.10a). The laser cavity itself is delimited by the two SGs: the reflec-
tivity for the FP modes is given by the multiplication of the two SG reflectivities.
Both SGs have the same pitch A, but their sampling periods Zg; and Zs, are slightly
different, thus generating different spacings, AA; and AA,, between the respective
reflectivity peaks. By an appropriate choice of Zs; and Zg,, one can ensure that
only two peaks are in coincidence between the two zeros of the spectrum envelope.
This coincidence leads to a higher reflectivity for the specific FP modes and selects
the lasing mode (Fig. 5.10b).

By injecting current, for example, into SG» corresponding to the smaller AA,
the associated reflectivity comb shifts to lower wavelengths by A = AAncsn/n,
according to (5.11). When §A reaches AA; — A A,, the coincidence shifts to adjacent
peaks to the left side. Tuning one SG by A = AA; — AA, thus generates a shift
of the maximum reflectivity by AA;. This behavior is called the Vernier effect and
leads to a tuning enhancement given by

AXy

F=—"1
Ay — Ay

(5.18)
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Fig. 5.11 Two-dimensional tuning map of an SG-DBR (after [9])

By applying the same current density simultaneously to both SGs, the two reflectiv-
ity spectra shift equally. Coincidence can be kept on the same peaks, simply tuned
by §A = AAnes1,2/ny, and all wavelengths within the reflections’ envelope can be
reached by an appropriate coincidence.

Sampled grating DBR lasers are hence characterized by two-dimensional tuning
curves A = f(Isg,, Isg,) as illustrated in Fig. 5.11. The diagonals correspond to
the same coincidence, with hops between FP cavity modes designated by a number.
“Super-mode hops” are observed between diagonals and correspond to a coinci-
dence change designated by a letter.

In order to precisely reach any ITU channel, currents are injected into SG; and
SG; to position the emission wavelength in the middle of a mode-hop free area of
the 2D tuning curves. Subsequently, the FP wavelength is finely tuned by current
injection into the phase section. SG-DBR type tunable lasers demand a precise de-
sign in order to simultaneously guarantee stable modal behavior, high SMSR, and
a 40nm tuning range required for covering the whole C-band. To ensure full cov-
erage, the reflection peak spacings AA;» are typically chosen to be around 5nm,
leading to SG periods Zg; > of some 60 um. The overall tuning range is limited by
the wavelength spacing between two coincidences, which is given by the enhance-
ment factor F multiplied by the spacing difference AX; — AA, between the SG
reflectivity peaks. To reach 40 nm, this difference must be kept very small, entail-
ing each reflectivity peak to be extremely narrow in order to avoid SMSR degra-
dation by adjacent channels. This design requirement leads to quite extended SG
sections with lengths of around 600 um and many grating bursts (about 10). Such
an optimized design is presented in [10]. There a front grating was applied com-
prising 10 X 6 yum bursts and a 58 um long sampling period, a rear grating with
11 x 6 um bursts and a 64 um long sampling period, and a « of 300 cm™!. Such a de-
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Fig. 5.12 Super-structure grating scheme and calculated reflectivity spectrum for optimum grating
pitch variations [12]

vice provides a tuning enhancement factor F' of 10, and 50 nm tuning range with
SMSR > 35dB.

With the laser light being emitted through the front SG, a semiconductor optical
amplifier (SOA) structure (see also Chap. 12) can be inserted between that SG sec-
tion and the front facet as a booster to enhance the output power. The emitted light is
amplified by a single pass through the SOA, while the FP cavity is kept unaffected.
Given a typical SOA gain of 15dB, an input power of 1 mW into the SOA is suf-
ficient to achieve more than 20mW of optical output power from the laser. Under
these conditions, the SOA is operated in the saturation regime: the carrier density
in the SOA is low, leading to reduced amplified spontaneous emission and high
signal-to-noise ratio. A tilted output and a high quality 10~* antireflection coating
are necessary to avoid creating any parasitic cavity between the output facet and the
Bragg section, and to ensure a low noise level [10, 11].

5.2.3 SSG-DBR Lasers

The overall envelope of the reflectivity peaks represents one of the limitations of SG-
DBRs, as it reduces reflectivity far from the central wavelength. To overcome this
restriction, it was proposed to replace one or both SGs by more complex gratings,
so-called super-structure gratings (SSGs), that consist of periodically repeated grat-
ings with varying pitch (Fig. 5.12). Numerically calculated optimal pitch variations
within one period can generate a reflection spectrum with a square envelope [12].
As an example, a device has been designed with a rear SSG to provide uniform
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common phase

reflectivity peaks, and a short front SG to minimize free carrier absorption of the
emitted light. In this way, more than 18 mW of output power and 40 dB SMSR over
a 30 nm tuning range have been achieved. Even more than 45 mW could be obtained
with an integrated booster SOA [13].

5.2.4 Y-Lasers

Another approach very close to the SG-DBR variant consists in using a Y-coupler in
order to place the two SGs parallel on the same side of the active section (Fig. 5.13)
rather than on either side. Likewise, the Vernier effect is exploited to reach 40 nm
tuning, but contrary to SG-DBR lasers, the reflectivity for the FP modes is given
by the vector sum of the SG reflectivities, instead of multiplication. With a care-
ful design of the waveguides, the differential phase between both SGs can be ad-
justed to get opposite phase conditions between competing adjacent channels, and
improve super-mode selection. Such a device can deliver an output power of more
than 10 mW with more than 40 dB SMSR over a 40 nm tuning range [14, 15], and
is now commercially available.

5.2.5 Multiple Peak Grating and Tunable Wide Filter Lasers
(GCSR, DS-DBR)

There are other sophisticated solutions that use an active and a phase section sand-
wiched between a multiple peak grating (SG or SSG) and a tunable wide filter sec-
tion. Instead of making use of the Vernier effect, the wide filter simply selects one of
the reflectivity peaks. The first example of this kind was the grating-assisted codi-
rectional coupled sampled grating reflector (GCSR) laser [16]. The filter is formed
by a vertical coupler composed of two waveguides with a long-period grating. The
tunability is given by
An 1

AL =A——0n (5.19)
Ng1 —Ng2
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Fig. 5.14 DS-DBR(-SOA) structure. Tuning mechanism (a), top view (b), photo image of
a mounted device (c) [19]

where An represents the refractive index change of the upper waveguide due to
current injection, and ng1, ng> the group indices of the upper and lower waveguide,
respectively. Using an optimized coupler design and a specially tailored reflector
grating, wavelength tuning over 32 nm was demonstrated, along with SMSR higher
than 40dB and 25 mW output power [17]. This concept has been taken further
very recently by employing a grating assisted codirectional coupler filter that is
formed by laterally rather than vertically arranged asymmetric waveguides [18]. It
was claimed that the adiabatic coupling conditions at the input and output of this
filter variant provided more stable characteristics. A very wide quasicontinuous tun-
ing range of 65 nm (1510 nm-1575nm) with SMSR > 35 dB was obtained at 50 °C
and appreciably low operating currents.

Furthermore, the digital supermode DBR (DS-DBR) has been proposed which
involves an SSG grating, and a series of eight short Bragg gratings with slightly
different pitches (Fig. 5.14) to provide the filter function. Each Bragg grating sec-
tion is controlled by an individual current. Without current injection, they generate
a sequence of reflection peaks separated by 5nm to result in a wide weak reflec-
tivity spectrum. When current is applied to Bragg section number i, its reflectivity
shifts from A; to lower wavelengths and adds to the reflectivity at A;_; of the adja-
cent Bragg section i — 1 with lower pitch. As a result, the SG peak closest to A;_1
will be preferentially selected (Fig. 5.14a). Although such a device requires many
electrodes, it may be simpler to control than SG-DBR type lasers because it is not
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Fig. 5.15 Wavelength tunable laser design employing three selectable DBR structures combined
by an MMI coupler (a), and fabricated device chip (b). Only one of the three branches is operated
at the same time

relying on the critical Vernier effect, and the currents controlling the short Bragg
sections are digitally fixed at O or ~5mA. The drawback of this structure is the
poor selectivity of the multiple Bragg peaks. The uniformity of the rear SSG peaks
has to be very carefully optimized to ensure efficient peak selectivity. Again, more
than 40 nm tuning together with SMSR better than 40 dB has been demonstrated. As
with SG-DBR designs, a booster SOA has been incorporated in front of the multiple
gratings giving 14 dBm fiber coupled powe