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Chapter 1 | Overview

Ivan P. Kaminow

Bell Laboratories (retired), Kaminow Lightwave Technology, Holmdel, New Jersev

Introduction

Modern lightwave communications had its origin in the first demonstrations
of the laser in 1960. Most of the early lightwave R&D was pursued by estab-
lished telecommunications company labs (AT&T, NTT, and the British Post
Office among them). By 1979, enough progress had been made in light-
wave technology to warrant a book, Optical Fiber Telecommunications (OFT).
edited by S. E. Miller and A. G. Chynoweth, summarizing the state of the
art. Two sequels have appeared: in 1988, OFT I/, edited by S. E. Miller and
. P. Kaminow, and in 1997, OFT /Il (A & B), edited by 1. P. Kaminow and
T. L. Koch. The rapid changes in the field now call for a fourth set of books.
OrTIV (4 & B).

This chapter briefly summarizes the previous books and chronicles the
remarkably changing climates associated with each period of their publica-
tion. The main purpose, however, is to summarize the chapters in OFT [V in
order to give the reader an overview.

History

While many excellent books on lightwave communications have been pub-
lished, this series has developed a special character, with a reputation for
comprehensiveness and authority, because of its unique history. Oprical Fiber
Telecommunications was published in 1979, at the dawn of the revolution
in hightwave telecommunications. It was a stand-alone work that aimed to
collect all available information on lightwave research. Miller was Director
of the Lightwave Systems Research Laboratory and, together with Rudi
Kompfner, the Associate Executive Director, guided the system research at
the Crawford Hill Laboratory of AT&T Bell Laboratories; Chynoweth was
an Executive Director in the Murray Hill Laboratory, leading the optical
fiber research. Many groups were active at other laboratories in the United
States, Europe, and Japan. OFT, however, was written exclusively by Bell
Laboratories authors, who nevertheless aimed to incorporate global results.

1
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2 Ivan P. Kaminow

Miller and Chynoweth had little trouble finding suitable chapter authors at
Bell Labs to cover practically all the relevant aspects of the field at that time.

Looking back at that volume, it is interesting that the topics selected
are still quite basic. Most of the chapters cover the theory, materials, mea-
surement techniques, and properties of fibers and cables (for the most part,
multimode fibers). Only one chapter covers optical sources, mainly multi-
mode AlGaAs lasers operating in the 800- to 900-nm band. The remaining
chapters cover direct and external modulation techniques, photodetectors and
receiver design, and system design and applications. Still, the basic elements
of the present day systems are discussed: low-loss vapor-phase silica fiber and
double-heterostructure lasers.

Although system trials were initiated around 1979, it required several more
years before a commercially attractive lightwave telecommunications system
was installed in the United States. The AT&T Northeast Corridor System,
operating between New York and Washington, DC, began service in January
1983, operating at a wavelength of 820 nm and a bit rate of 45 Mb/s in multi-
mode fiber. Lightwave systems were upgraded in 1984 to 1310 nm and 417 or
560 Mb/s in single-mode fiber in the United States as well as in Europe and
Japan.

The year 1984 also saw the Bell System broken up by the court-imposed
“Modified Final Judgment™ that separated the Bell operating companies into
seven regional companies and left AT&T as the long distance carrier as well as
a telephone equipment vendor. Bell Laboratories remained with AT&T, and
Bellcore was formed to serve as the R&D lab for all seven regional Bell operat-
ing companies (RBOCs). The breakup spurred a rise in diversity and competi-
tion in the communications business. The combination of technical advances
in computers and communications, growing government deregulation, and
apparent new business opportunities all served to raise expectations.

Tremendous technical progress was made during the next few years, and the
choice of lightwave over copper coaxial cable or microwave relay for most long-
haul transmission systems was assured. The goal of research was to improve
performance, such as bitrate and repeater spacing, and to find other applica-
tions beyond point-to-point long haul telephone transmission. A completely
new book, Optical Fiber Telecommunications II, was published in 1988 to sum-
marize the lightwave R&D advances at the time. To broaden the coverage, non-
Bell Laboratories authors from Bellcore (now Telcordia), Corning, Nippon
Electric Corporation, and several universities were represented among the
contributors. Although research results are described in OFT I, the emphasis
is much stronger on commercial applications than in the previous volume.

The initial chapters of OFT II cover fibers, cables, and connectors, deal-
ing with both single- and multimode fiber. Topics include vapor-phase
methods for fabricating low-loss fiber operating at 1310 and 1550 nm,
understanding chromatic dispersion and nonlinear effects, and designing
polarization-maintaining fiber. Another large group of chapters deals with
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a range of systems for loop, intercity, interoffice, and undersea applications.
A research-oriented chapter deals with coherent systems and another with
possible local area network designs, including a comparison of time-division
multiplexing (TDM) and wavelength division multiplexing (WDM) to effi-
ciently utilize the fiber bandwidth. Several chapters cover practical subsystem
components, such as receivers and transmitters and their reliability. Other
chapters cover photonic devices, such as lasers, photodiodes, modulators, and
integrated electronic and integrated optic circuits that make up the subsys-
tems. In particular, epitaxial growth methods for InGaAsP materials suitable
for 1310 and 1550 nm applications and the design of high-speed single-mode
lasers are discussed in these chapters.

By 1995, it was clear that the time had arrived to plan for a new volume
to address recent research advances and the maturing of lightwave systems.
The contrast with the research and business climates of 1979 was dramatic.
Sophisticated system experiments were being performed utilizing the commer-
cial and research components developed for a proven multibillion-dollar global
lightwave industry. For example, 10,000-km lengths of high-performance fiber
were assembled in several laboratories around the world for nonreturn-to-zero
(NRZ), soliton, and WDM transmission demonstrations. Worldwide regula-
tory relief stimulated the competition in both the service and hardware ends
of the telecommunications business. The success in the long-haul market and
the availability of relatively inexpensive components led 1o a wider quest for
other lightwave applications in cable television and local access network mar-
kets. The development of the diode-pumped, erbium-doped fiber amplifier
(EDFA) played a crucial role in enhancing the feasibility and performance of
long-distance and WDM applications. By the time of publication of OFT [/
in 1997, incumbent telephone companies no longer dominated the industry.
New companies were offering components and systems and other startups
were providing regional, exchange, and Internet services.

In 1996, AT&T voluntarily separated its long distance service and telephone
equipment businesses to better meet the competition. The former kept the
AT&T name, and the latter took on the name Lucent Technologies. Bell Labs
remained with Lucent, and AT&T Labs was formed. Bellcore was put up for
sale, as the consolidating and competing RBOCs found they did not need a
joint lab.

Because of a wealth of new information, OF T /1] was divided into two books,
A and B, covering systems and components, respectively. Many topics of the
previous volumes, such as fibers, cables, and laser sources, are updated. But a
much larger list of topics covers fields not previously included. In A4, for exam-
ple, transceiver design, EDFAs, laser sources, optical fiber components, planar
(silica on silicon) integrated circuits, lithium niobate devices, and photonic
switching are reviewed. And in B, SONET (synchronous optical network)
standards, fiber and cable design, fiber nonlinearities, polarization effects,
solitons, terrestrial and undersea systems, high bitrate transmission, analog
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cable systems, passive optical networks (PONs), and multiaccess networks are
covered.

Throughout the two books, erbium amplifiers and WDM are common
themes. It is difficult to overstate the impact these two technologies have had
in both generating and supporting the telecommunications revolution that
coincided with their commercial introduction. The EDFA was first reported in
about 1987 by researchers at Southampton University in the UK and at AT&T
Bell Labs. In 1990, driven by the prospect of vast savings offered by WDM
transmission using EDFAs, Bell Labs began to develop long-haul WDM sys-
tems. By 1996, AT&T and Alcatel had installed the first transatlantic cable
with an EDFA chain and a single 5 Gb/s optical channel. AT&T installed the
first commercial terrestrial WDM system employing EDFAs in 1995. Massive
deployment of WDM worldwide soon followed. WDM has made the expo-
nential traffic growth spurred by the coincident introduction of the Internet
browser economically feasible. If increased TDM bitrates and multiple fibers
were the only alternative, the enthusiastic users and investors in the Internet
would have been priced out of the market.

Optical Fiber Telecommunications IV

BACKGROUND

There was considerable excitement in the lightwave research community during
the 1970s and early 1980s as wonderful new ideas emerged at a rapid pace. The
monopoly telephone system providers, however, were less enthusiastic. They
were accustomed to moving at their own deliberate pace, designing equipment
to install in their own systems, which were expected to have a long economic
life. The long-range planners projected annual telephone voice traffic growth in
the United States at about 5-10%, based on population and business growth.

Recent years, on the other hand, have seen mind-numbing changes in
the communication business—especially for people brought up in the tele-
phone environment. The Internet browser spawned a tremendous growth in
data traffic, which in turn encouraged visions of tremendous revenue growth.
Meanwhile, advances in WDM technology and its wide deployment synergisti-
cally supported the Internet traffic and enthusiasm. As a result, entrepreneurs
invested billions of dollars in many companies vying for the same slice of
pie. The frenzy reached a peak in the spring of 2000 and then rapidly melted
down as investors realized that the increased network capacity had already
outstripped demand. As of October 2001, the lightwave community is waiting
for a recovery from the current industry collapse.

Nevertheless, the technical advances achieved during these last five years
will continue to impact telecommunications for years to come. Thus, we
are proud to present a comprehensive and forward-looking account of these
accomplishments.
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Survey of OFT IV A and B

Advances in optical network architectures have followed component innova-
tions. For example, the low loss fiber and double heterostructure laser enabled
the first lightwave system generation; and the EDFA has enabled the WDM
generation. Novel components (such as tunable lasers, MEMS switches, and
planar waveguide devices) are making possible more sophisticated optical net-
works. At the same time, practical network implementations uncover the need
for added device functionality and very low cost points. For example, 40 Gb/s
systems need dynamic dispersion and PM D compensation to overcome system
impairments.

We have divided OF'T IV into two books: book 4 comprises the component
chapters and book B the system and system impairment chapters.

BOOK A: COMPONENTS
Design of Optical Fibers for Communications Systems (Chapter 2)

Optical fiber has been a key clement in cach of the previous volumes of OFT.
The present chapter by DiGiovanni, Boncek, Golowich, Das, Blyler, and
White reflects a maturation of the field: fiber performance must now go beyond
simple low attenuation and must exhibit critical characteristics to support the
high speeds and long routes on terrestrial and undersea systems. At the same
time, fiber for the metropolitan and access markets must meet demanding price
points.

The chapter reviews the design criteria for a variety of fibers of current com-
mercial interest. For the traditional long-haul market, impairments such as
dispersion slope and polarization mode dispersion (PMD) that were negligible
in earlier systems are now limiting factors. If improved fiber design is unable to
overcome these limits, new components will be required to solve the problem.
These issues are addressed again from different points of view in later systems
and components chapters in OFT [V A and B.

The present chapter also reviews a variety of new low-cost fiber designs for
emerging metropolitan and access markets. Further down the network chain,
the design of multimode glass and plastic fiber for the highly cost-sensitive local
area network market are also explored. Finally, current research on hollow
core and photonic bandgap fiber structures is summarized.

New Materials for Optical Amplifiers (Chapter 3)

In addition to transport, fiber plays an important role as an amplifying
medium. Aluminum-doped silica has been the only important commercial
host and erbium the major amplifying dopant. Happily, erbium is soluble in
Al-silica and provides gain at the attenuation minimum for silica transmis-
sion fiber. Still, researchers are exploring other means for satisfying demands
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for wider bandwidth in the 1550 nm region as well as in bands that might be
supported by other rare-earth ions, which have low efficiency in silica hosts.

Ellison and Minelly review research on new fiber materials, including fluo-
rides, alumina-doped silica, antimony silicates, and tellurite. They also report
on extended band erbium-doped fiber amplifiers (EDFAs), thulium-doped
fiber amplifiers, and 980 nm ytterbium fiber lasers for pumping EDFAs.

Advances in Erbium-Doped Fiber Amplifiers (Chapter 4)

The development of practical EDFAs has ushered in a generation of dense
WDM (DWDM) optical networks. These systems go beyond single frequency
or even multifrequency point-to-point links to dynamic networks that can be
reconfigured by add/drop multiplexers or optical cross-connects to meet vary-
ing system demands. Such networks place new requirements on the EDFAs:
they must maintain flatness over many links, and they must recover from sud-
den drops or adds of channels. And economics drives designs that provide
more channels and denser spacing of channels.

Srivastava and Sun summarize recent advances in EDFA design and means
for coping with the challenges mentioned above. In particular, they treat
long wave L-band amplifiers, which have more than doubled the conven-
tional C-band to 84 nm. They also treat combinations of EDFA and Raman
amplification, and dynamic control of gain flatness.

Raman Amplification in Lightwave Communication Systems
(Chapter 5)

Raman amplification in fibers has been an intellectual curiosity for nearly
30 years; the large pump powers and long lengths required made Raman
amplifiers seem impractical. The advent of the EDFA appeared to drive a stake
into the heart of Raman amplifiers. Now, however, Raman amplifiers are rising
along with the needs of submarine and ultralong-haul systems. More powerful
practical diode pumps have become available; and the ability to provide gain
at any wavelength and with low effective noise figure is now recognized as
essential for these systems.

Rottwitt and Stentz review the advances in distributed and lumped Raman
amplifiers with emphasis on noise performance and recent system experiments.

Electrooptic Modulators (Chapter 6)

Modulators put the payload on the optical carrier and have been a focus
of attention from the beginning. Direct modulation of the laser current is
often the cheapest solution where laser linewidth and chirp are not impor-
tant. However, for high performance systems, external modulators are needed.
Modulators based on the electrooptic effect have proven most versatile
in meeting performance requirements, although cost may be a constraint.
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Titanium-diffused lithium niobate has been the natural choice of material, in
that no commercial substitutes have emerged in nearly 30 years. However, inte-
grated semiconductor electroabsorption modulators are now offering strong
competition on the cost and performance fronts.

Mahapatra and Murphy briefly compare electroabsorption-modulated
lasers (EMLs) and electrooptic modulators. They then focus on titanium-
diffused lithium niobate modulators for lightwave systems. They cover fab-
rication methods, component design, system requirements, and modulator
performance. Mach-Zehnder modulators are capable of speeds in excess of
40 Gb/s and have the ability to control chirp from positive through zero to
negative values for various system requirements. Finally, the authors survey
research on polymer electrooptic modulators, which offer the prospect of lower
cost and novel uses.

Optical Switching in Transport Networks: Applications, Requirements,
Architectures, Technologies, and Solutions (Chapter 7)

Early DWDM optical line systems provided simple point-to-point links
between electronic end terminals without allowing access to the intermedi-
ate wavelength channels. Today’s systems carry over 100 channels per fiber
and new technologies allow intermediate routing of wavelengths at add/drop
multiplexers and optical cross-connects. These new capabilities allow “optical
layer networking,” an architecture with great flexibility and intelligence.

Al-Salameh, Korotky, Levy, Murphy, Patel, Richards, and Tentarelli
explore the use of optical switching in modern networking architectures. After
reviewing principles of networking, they consider in detail various aspects
of the topic. The performance and requirements for an optical cross connect
(OXC) for opaque (with an electronic interface and/or electronic switch fabric)
and transparent (all-optical) technologies are compared. Also, the applica-
tions of the OXC in areas such as provisioning, protection, and restoration
are reviewed. Note that an OXC has all-optical ports but may have internal
electronics at the interfaces and switch fabric.

Finally, several demonstration OXCs are studied, including small opti-
cal switch fabrics, wavelength-selective OXCs, and large strictly nonblocking
cross connects employing microelectromechanical system (MEMS) technol-
ogy. These switches are expected to be needed soon at core network nodes with
1000 x 1000 ports.

Applications for Optical Switch Fabrics (Chapter 8)

Whereas the previous chapter looked at OXCs from the point of view of the
network designer, Zirngibl focuses on the physical design of OXCs with capaci-
ties greater than 1 Tb/s. He considers various design options including MEMS
switch fabrics, transparent and opaque variants, and nonwavelength-blocking
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configurations. He finds that transport in the backplane for very large capacity
(bitrate x port number) requires optics in the interconnects and switch fabric.

He goes beyond the cross-connect application, which is a slowly recon-
figurable circuit switch, to consider the possibility of a high-capacity packet
switch, which, although schematically similar to an OXC, must switch in times
short relative to a packet length. Again the backplane problem dictates an opti-
cal fabric and interconnects. He proposes tunable lasers in conjunction with a
waveguide grating router as the fast optical switch fabric.

Planar Lightwave Devices for WDM (Chapter 9)

The notion of integrated optical circuits, in analogy with integrated electronic
circuits, has been in the air for over 30 years, but the vision of large-scale
integration has never materialized. Nevertheless, the concept of small-scale
planar waveguide circuits has paid off handsomely. Optical waveguiding pro-
vides efficient interactions in lasers and modulators, and novel functionality in
waveguide grating routers and Bragg gratings. These elements are often linked
together with waveguides.

Doerr updates recent progress in the design of planar waveguides, start-
ing with waveguide propagation analysis and the design of the star coupler
and waveguide grating router (or arrayed waveguide grating). He goes on to
describe a large number of innovative planar devices such as the dynamic gain
equalizer, wavelength selective cross connect, wavelength add/drop, dynamic
dispersion compensator, and the multifrequency laser. Finally, he compares
various waveguide materials: silica, lithium niobate, semiconductor, and
polymer.

Fiber Grating Devices in High-Performance Optical
Communication Systems (Chapter 10)

The fiber Bragg grating is ideally suited to lightwave systems because of the
ease of integrating it into the fiber structure. The technology for economically
fabricating gratings has developed over a relatively short period, and these
devices have found a number of applications to which they are uniquely suited.
For example, they are used to stabilize lasers, to provide gain flattening in
EDFAs, and to separate closely spaced WDM channels in add/drops.

Strasser and Erdogan review the materials aspects of the major approaches
to fiber grating fabrication. Then they treat the properties of fiber gratings
analytically. Finally, they review the device properties and applications of fiber
gratings.

Pump Laser Diodes (Chapter 11)

Although EDFAs were known as early as 1986, it was not until a high-power
1480 nm semiconductor pump laser was demonstrated that people took notice.
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Earlier, expensive and bulky argon ion lasers provided the pump power. Later.
980 nm pump lasers were shown to be effective. Recent interest in Raman
amplifiers has also generated a new interest in 1400 nm pumps. Ironically, the
first 1480 nm pump diode that gave hife to EDFAs was developed for a Raman
amplifier application.

Schmidt, Mohrdiek, and Harder review the design and performance of
980 and 1480 nm pump lasers. They go on to compare devices at the two
wavelengths, and discuss pump reliability and diode packaging.

Telecommunication Lasers (Chapter 12)

Semiconductor diode lasers have undergone years of refinement to satisfy the
demands of a wide range of telecommunication systems. Long-haul terrestrial
and undersea systems demand reliability, speed, and low chirp; short-reach
systems demand low cost; and analog cable TV systems demand high power
and linearity.

Ackerman, Eng, Johnson, Ketelsen, Kiely, and Mason survey the design
and performance of these and other lasers. They also discuss electroabsorp-
tion modulated lasers (EMLs) at speeds up to 40 Gb/s and a wide variety of
tunable lasers.

VCSEL:s for Metro Communications (Chapter 13)

Vertical cavity surface emitting lasers (VCSELs) are employed as low-cost
sources in local area networks at 850 nm. Their cost advantage stems from
the ease of coupling to fiber and the ability to do wafer-scale testing to elimi-
nate bad devices. Recent advances have permitted the design of efficient long
wavelength diodes in the 1300-1600 nm range.

Chang-Hasnain describes the design of VCSELs in the 1310 and 1550 nm
bands for application in the metropolitan market, where cost is key. She also
describes tunable designs that promise to reduce the cost of sparing lasers.

Semiconductor Optical Amplifiers (Chapter 14)

The semiconductor gain element has been known from the beginning, but it
was fraught with difficulties as a practical transmission line amplifier: it was
difficult to reduce reflections, and its short time constant led to unacceptable
nonlinear effects. The advent of the EDFA practically wiped out interest in
the semiconductor optical amplifier (SOA) as a gain eclement. However, new
applications based on its fast response time have revived interest in SOAs.
Spiekman reviews recent work to overcome the limitations on SOAs for
amplification in single-frequency and WDM systems. The applications of
main interest, however, are in optical signal processing, where SOAs are used
in wavelength conversion, optical time division multiplexing, optical phase
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conjugation, and all-optical regeneration. The latter topic is covered in detail
in the following chapter.

All-Optical Regeneration: Principles and WDM Implementation
(Chapter 15)

A basic component in long-haul lightwave systems is the electronic regenera-
tor. It has three functions: reamplifying, reshaping, and retiming the optical
pulses. The EDFA is a IR regenerator; regenerators without retiming are 2R;
but a full-scale repeater is a 3R regenerator. A separate 3R electronic regen-
erator is required for each WDM channel after a fixed system span. As the
bitrate increases, these regenerators become more expensive and physically
more difficult to realize. The goal of ultralong-haul systems is to eliminate or
minimize the need for electronic regenerators (see Chapter S in Volume B).

Leclerc, Lavigne, Chiaroni, and Desurvire describe another approach, the
all-optical 3R regenerator. They describe a variety of techniques that have been
demonstrated for both single channel and WDM regenerators. They argue that
at some bitrates, say 40 Gb/s, the optical and electronic alternatives may be
equally difficult and expensive to realize, but at higher rates the all-optical
version may dominate.

High Bitrate Transmitters, Receivers, and Electronics (Chapter 16)

In high-speed lightwave systems, the optical components usually steal the
spotlight. However, the high bitrate electronics in the terminals are often the
limiting components.

Kasper, Mizuhara, and Chen review the design of practical high bitrate
(10 and 40 Gb/s) receivers, transmitters, and electronic circuits in three sepa-
rate sections. The first section reviews the performance of various detectors,
analyzes receiver sensitivity, and considers system impairments. The second
section covers directly and externally modulated transmitters and modu-
lation formats like return-to-zero (RZ) and chirped RZ (CRZ). The final
section covers the electronic circuit elements found in the transmitters and
receivers, including broadband amplifiers, clock and data recovery circuits,
and multiplexers.

BOOK B: SYSTEMS AND IMPAIRMENTS
Growth of the Internet (Chapter 2)

The explosion in the telecommunications marketplace is usually attributed to
the exponential growth of the Internet, which began its rise with the introduc-
tion of the Netscape browser in 1996. Voice traffic continues to grow steadily,
but data traffic is said to have already matched or overtaken it. A lot of self-
serving myth and hyperbole surround these fuzzy statistics. Certainly claims of
doubling data traffic every three months helped to sustain the market frenzy.
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On the other hand, the fact that revenues from voice traffic still far exceed
revenues from data was not widely circulated.

Coffman and Odlyzko have been studying the actual growth of Internet
traffic for several years by gathering quantitative data from service providers
and other reliable sources. The availability of data has been shrinking as the
Internet has become more commercial and fragmented. Still, they find that,
while there may have been early bursts of three-month doubling, the overall
sustained rate is an annual doubling. An annual doubling is a very powerful
growth rate; and, if it continues, it will not be long before the demand catches
up with the network capacity. Yet, with prices dropping at a comparable rate,
faster traffic growth may be required for strong revenue growth.

Optical Network Architecture Evolution (Chapter 3)

The telephone network architecture has evolved over more than a century
to provide highly reliable voice connections to a global network of hundreds
of millions of telephones served by different providers. Data networks, on
the other hand, have developed in a more ad hoc fashion with the goal of
connecting a few terminals with a range of needs at the lowest price in the
shortest time. Reliability, while important, is not the prime concern.

Strand gives a tutorial review of the Optical Transport Network employed
by telephone service providers for intercity applications. He discusses the tech-
niques used to satisfy the traditional requirements for reliability, restoration,
and interoperability. He includes a refresher on SONET (SDH). He discusses
architectural changes brought on by optical fiber in the physical layer and
the use of optical layer cross connects. Topics include all-optical domains,
protection switching, rings, the transport control plane, and business trends.

Undersea Communication Systems (Chapter 4)

The oceans provide a unique environment for long-haul communication
systems. Unlike terrestrial systems, each design starts with a clean slate;
there are no legacy cables, repeater huts, or rights-of-way in place and few
international standards to limit the design. Moreover, there are extreme
economic constraints and technological challenges. For these reasons, sub-
marine systems designers have been the first to risk adopting new and untried
technologies, leading the way for the terrestrial ultralong-haul system designers
(see Chapter 5).

Following a brief historical introduction, Bergano gives a tutorial review
of some of the technologies that promise to enable capacities of 2 Tb/s on a
single fiber over transoceanic spans. The technologies include the chirped RZ
(CRZ) modulation format, which is compared briefly with NRZ, RZ, and
dispersion-managed solitons (see Chapters 5, 6, and 7 for more on this topic).
He also discusses measures of system performance (the Q-factor), forward
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error correcting (FEC) codes (see Chapters 5and 17), long-haul system design,
and future trends.

High Capacity, Ultralong-Haul Transmission (Chapter 5)

The major hardware expense for long-haul terrestrial systems is in electronic
terminals, repeaters, and line cards. Since WDM systems permit traffic with
various destinations to be bundled on individual wavelengths, great savingscan
be realized if the unrepeatered reach can be extended to 2000-5000 km, allow-
ing traffic to pass through nodes without optical-to-electrical (O/E) conver-
sion. As noted in connection with Chapter 4, some of the technology pioneered
in undersea systems can be adapted in terrestrial systems but with the added
complexities of legacy systems and standards. On the other hand, the terres-
trial systems can add the flexibility of optical networking by employing optical
routing in add/drops and OXCs (see Chapters 7 and 8) at intermediate points.
Zyskind, Barry, Pendock, and Cabhill review the technologies needed to
design ultralong-haul (ULH) systems. The technologies include EDFAs and
distributed Raman amplification, novel modulation formats, FEC, and gain
flattening. They also treat transmission impairments (see later chapters in this
book) such as the characteristics of fibers and compensators needed to deal
with chromatic dispersion and PMD. Finally, they discuss the advantages
of optical networking in the efficient distribution of data using IP (Internet
Protocol) directly on wavelengths with meshes rather than SONET rings.

Pseudo-Linear Transmission of High-Speed TDM Signals:
40 and 160 Gb/s (Chapter 6)

A reduction in the cost and complexity of electronic and optoelectronic com-
ponents can be realized by an increase in channel bitrate, as well as by the
ULH techniques mentioned in Chapter 5. The higher bitrates, 40 and 160 Gb/s,
present their own challenges, among them the fact that the required energy
per bit leads to power levels that produce nonlinear pulse distortions. Newly
discovered techniques of pseudo-linear transmission offer a means for deal-
ing with the problem. They involve a complex optimization of modulation
format, dispersion mapping, and nonlinearity. Pseudo-linear transmission
occupies a space somewhere between dispersion-mapped linear transmission
and nonlinear soliton transmission (see Chapter 7).

Essiambre, Raybon, and Mikkelsen first present an extensive analysis of
pseudo-linear transmission and then review TDM transmission experiments
at 40 and 160 Gb/s.

Dispersion Managed Solitons and Chirped RZ:
What Is the Difference? (Chapter 7)

Menyuk, Carter, Kath, and Mu trace the evolution of soliton transmission to
its present incarnation as Dispersion Managed Soliton (DMS) transmission
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and the evolution of NRZ transmission to its present incarnation as CRZ
transmission. Both approaches depend on an optimization of modulation
format, dispersion mapping, and nonlinearity, defined as pseudo-linear trans-
mission in Chapter 6 and here as “quasi-linear” transmission. The authors
show how both DMS and CRZ exhibit aspects of linear transmission despite
their dependence on the nonlinear Kerr effect. Remarkably, they argue that,
despite widely disparate starting points and independent reasoning, the two
approaches unwittingly converge in the same place.

Still, on their way to convergence, DMS and CRZ pulses exhibit different
characteristics that suit them to different applications: For example, CRZ pro-
duces pulses that merge in transit along a wide undersea span and reform only
at the receiver ashore, while DMS produces pulses that reform periodically,
thereby permitting access at intermediate add/drops.

Metropolitan Optical Networks (Chapter 8)

For many years the long-haul domain has been the happy hunting ground for
lightwave systems, since the cost of expensive hardware can be shared among
many users. Now that component costs are moderating, the focus is on the
metropolitan domain where costs cannot be spread as widely. Metropolitan
regions generally span ranges of 10 to 100 km and provide the interface with
access networks (see Chapters 9, 10, and 11). SONET/SDH rings, installed to
serve voice traffic, dominate metropolitan networks today.

Ghani, Pan, and Chen trace the developing access users, such as Internet
service providers, local area networks, and storage area networks. They discuss
a number of WDM metropolitan applications to better serve them, based on
optical networking via optical rings, optical add/drops, and OXCs. They also
consider IP over wavelengths to replace SONET. Finally, they discuss possi-
ble economical migration paths from the present architecture to the optical
metropolitan networks.

The Evolution of Cable TV Networks (Chapter 9)

Coanxial analog cable TV networks were substantially upgraded in the 1990s
by the introduction of linear lasers and single-mode fiber. Hybrid Fiber Coax
(HFC) systems were able to deliver in excess of 80 channels of analog video
plus a wide band suitable for digital broadcast and interactive services over
a distance of 60 km. Currently high-speed Internet access and voice-over-1P
telephony have become available, making HFC part of the telecommunications
access network.

Lu and Sniezko outline past, present, and future HFC architectures. In par-
ticular, the mini fiber node (mFN) architecture provides added capacity for
two-way digital as well as analog broadcast services. They consider a number of
mEFN variants based on advances in RF, lightwave, and DSP (digital signal pro-
cessor) technologies that promise to provide better performance at lower cost.
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Optical Access Networks (Chapter 10)

The access portion of the telephone network, connecting the central office to
the residence, is called the “loop.” By 1990 half the new loops in the United
States were served by digital loop carrier (DLC), a fiber several miles long from
the central office to a remote terminal in a neighborhood that connects to about
100 homes with analog signals over twisted pairs. Despite much anticipation,
fiber hasn’t gotten much closer to residences since. The reason is that nonc of
the approaches proposed so far is competitive with existing technology for the
applications people will buy.

Harstead and van Heyningen survey numerous proposals for Fiber-in-the-
Loop (FITL) and Fiber-to-the-X (FTTX), where X = Curb, Home, Desktop,
etc. They consider the applications and costs of these systems. Considerable
creativity and thought have been devoted to fiber in the access network, but
the economics still do not work because the costs cannot be divided among a
sufficient number of users. An access technology that is successful is Digital
Subscriber Line (DSL) for providing high-speed Internet over twisted pairs in
the loop. DSL is reviewed in an Appendix.

Beyond Gigabit: Development and Application of
High-Speed Ethernet Technology (Chapter 11)

Ethernet is a simple protocol for sharing a local area network (LAN). Most
of the data on the Internet start as Ethernet packets generated by desktop
computers and system servers. Because of their ubiquity, Ethernet line cards
are cheap and easy to install. Many people now see Ethernet as the univer-
sal protocol for optical packet networks. Its speed has already increased to
1000 Mb/s, and 10 Gb/s is on the way.

Lam describes the Ethernet system in detail from protocols to hard-
ware, including 10 Gb/s Ethernet. He shows applications in LANs, campus,
metropolitan, and long distance networks.

Photonic Simulation Tools (Chapter 12)

In the old days, new devices or systems were sketched on a pad, a prototype
was put together in the lab, and its performance tested. In the present climate,
physical complexity and the expense and time required rule out this brute-
force approach, at least in the early design phase. Instead, individual groups
have developed their own computer simulators to test numerous variations in
a short time with little laboratory expense. Now, several commercial vendors
offer general-purpose simulators for optical device and system development.

Lowery relates the history of lightwave simulators and explains how they
work and what they can do. The user operates from a graphic user interface
(GUI) to select elements from a library and combine them. The simulated
device or system can then be run and measured as in the lab to determine
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attributes like the eye-diagram or bit-error-rate. In the end, a physical proto-
type is required because of limits on computation speed among other reasons.

THE PRECEDING CHAPTERS HAVE DEALT WITH SYSTEM
DESIGN; THE REMAINING CHAPTERS DEAL WITH SYSTEM
IMPAIRMENTS AND METHODS FOR MITIGATING THEM

Nonlinear Optical Effects in WDM Systems (Chapter 13)

Nonlinear effects have been mentioned in different contexts in several of the
earlier system chapters. The Kerr effect is an intrinsic property of glass that
causes a change in refractive index proportional to the optical power.

Bayvel and Killey give a comprehensive review of intensity-dependent
behavior based on the Kerr effect. They cover such topics as self-phase mod-
ulation, cross-phase modulation, four-wave mixing, and distortions in NRZ
and RZ systems.

Fixed and Tunable Management of Fiber Chrematic Dispersion
(Chapter 14)

Chromatic dispersion is a linear effect and as such can be compensated by
adding the complementary dispersion before any significant nonlinearities
intervene. Nonlinearities do intervene in many of the systems previously
discussed so that periodic dispersion mapping is required to manage them.

Willner and Hoanca present a thorough taxonomy of techniques for com-
pensating dispersion in transmission fiber. They cover fixed compensation by
fibers and gratings, as well as tunable compensation by gratings and other
novel devices. They also catalog the reasons for incorporating dynamic as well
as fixed compensation in systems.

Polarization Mode Dispersion (Chapter 15)

Polarization mode dispersion (PMD), like chromatic dispersion, is a linear
effect that can be compensated in principle. However, fluctuations in the polar-
ization mode and fiber birefringence produced by the environment lead to
4 dispersion that varies statistically with time and frequency. The statistical
nature makes PMD difficult to measure and compensate for. Nevertheless, it
is an impairment that can kill a system, particularly when the bitrate is large
(> 10Gb/s) or the fiber has poor PMD performance.

Nelson, Jopson, and Kogelnik offer an exhaustive survey of PMD cover-
ing the basic concepts, measurement techniques, PMD measurement, PMD
statistics for first- and higher orders, PMD simulation and emulation, sys-
tem impairments, and mitigation methods. Both optical and electrical PMD
compensation (see Chapter 18) are considered.
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Bandwidth Efficient Formats for Digital Fiber Transmission Systems
(Chapter 16)

Early lightwave systems employed NRZ modulation; newer long-haul systems
are using RZ and chirped RZ to obtain better performance. One goal of
system designers is to increase spectral efficiency by reducing the RF spectrum
required to transmit a given bitrate.

Conradi examines a number of modulation formats well known to radio
engineers to see if lightwave systems might benefit from their application.
He reviews the theory and DWDM experiments for such formats as M-ary
ASK, duo-binary, and optical single-sideband. He also examines RZ formats
combined with various types of phase modulation, some of which are related
to discussions of CRZ in the previous Chapters 4-7.

Error-Control Coding Techniques and Applications (Chapter 17)

Error-correcting codes are widely used in electronics, €.g., in compact disc play-
ers, to radically improve system performance at modest cost. Similar forward
error correcting codes (FEC) are used in undersea systems (see Chapter 4) and
are planned for ULH systems (Chapter 5).

Win, Georghiades, Kumar, and Lu give a tutorial introduction to coding
theory and discuss its application to lightwave systems. They conclude with a
critical survey of recent literature on FEC applications in lightwave systems,
where FEC provides substantial system gains.

Equalization Techniques for Mitigating Transmission Impairments
(Chapter 18)

Chapters 14 and 15 describe optical means for compensating the linear impair-
ments caused by chromatic dispersion and PMD. Chapters 16 and 17 describe
two electronic means for reducing errors by novel modulation formats and
by FEC. This chapter discusses a third electronic means for improving perfor-
mance using equalizer circuits in the receiving terminal, which in principle can
be added to upgrade an existing system. Equalization is widely used in tele-
phony and other electronic applications. It is now on the verge of application
in lightwave systems.

Win, Vitetta, and Winters point out the challenges encountered in lightwave
applications and survey the mathematical techniques that can be employed
to mitigate many of the impairments mentioned in previous chapters. They
also describe some of the recent experimental implementations of equalizers.
Additional discussion of PMD equalizers can be found in Chapter 15.
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Plate 2 Schematic of ultrawideband amplifier.



Plate3 Left: A DWDM fiber optic network utilizing shared optical protection. Each
node contains MUX/DEMUX equipment that supports service channel communica-
tion over a WDM channel. Each WDM service channel is reused around the ring and
has a dedicated WDM protection channel associated with it. Right: Reconfiguration
of the ring after the protection event occurs. Note that the interrupted channels (green
and blue) are re-routed to the corresponding protection channel (green and biue, dashed
lines). The other channel (pink) is not affected by the event.
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Plate 4 A picture of a 3D MEMS optical cross-connect. Light is collimated across
the switch fabric via a lens array. The use of the reflector reduces the package size and
the number of chips needed to perform the switching function.
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Plate 5 Three-dimensional simulation of a ridge waveguide laser structure incorpo-
rating an asymmetric facet coating. Together with the intensity profile along the active
region, the gain profile influenced by lateral and longitudinal spatial hole burning is
shown.
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Plate 6 Butterfly package with housing area dimensions (without pins) of
13 x 30mm?. (Courtesy of Nortel Networks Optical Components, Ziirich,
Switzerland.)
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1. Introduction

The optical communications industry has seen phenomenal growth over the
last few years, spurring a significant commercial market in optical compo-
nents and systems. This growth has extended across all application spaces,
from transoceanic and transcontinental distances to regional networks to
campus and building wiring. The explosion in demand for bandwidth has
been fueled by the impending ubiquity of the Internet as more information
is handled electronically, as more homes go online, and as more business is
transacted over the web. The implication of this growth, however, goes beyond
simply increasing the amount of information that can be transmitted between
two points. Transport of data over the Internet presents fundamentally differ-
ent traffic patterns than voice traffic, which dominated telecommunications
until around 1998. Voice traffic typically remains within the local or metropoli-
tan calling region where it was generated. In addition, since voice bandwidth
requires a data rate of only 64 kbps, terabit transmission over long distances
was thought unnecessary.

Now, data generated on the Internet takes many formats, such as audio or
video clips and large computer files. This type of data is just as likely to travel
ultralong distances' as to be dropped locally. Thus, the need for high-capacity
transmission over long distances has grown as fast as the Internet. In turn, the
explosive growth in the optical backbone has created a bottleneck at the edge
of the long distance network. This pushes the bandwidth requirements into
shorter-reach applications.

The need for connectivity is driving optics closer to the end user. As the
limits of optical technology are approached, requirements for fiber and
optical components are becoming specialized for particular applications.
For example, current transmission fibers are suboptimal for next-generation
long-haul networks which will transmit information at terabit-per-second
speeds over thousands of kilometers. Meanwhile, the desire to use low-cost
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components for shorter-reach archilectures has driven the development of
very-wide-bandwidth fibers. New fiber designs have been evolving to address
characteristics such as chromatic dispersion, optical nonlinearities, system
cost, and optical bandwidth that are specific to particular applications and
architectures. Indeed, many of the major fiber and cable suppliers through-
out the world have begun to market application-specific fiber designs. This
chapter discusses the requirements of applications spanning the spectrum from
transcontinental transport to home wiring and demonstrates the benefits of
optimizing fiber design for specific requirements.

Section 2 covers the historically most important markets for optical com-
munication: long-haul and undersea. These were the markets for which optical
fiber communication was first developed. Section 3 covers the emerging
metropolitan and access markets, which are expected to be the next high-
growth arena over the nexl 5 years, while Section 4 covers development of
multimode fiber for local area networks. Plastic optical fiber offers the poten-
tial of low-cost installation and is expected to make inroads in traditionally
copper-based infrastructures such as in-building wiring and optical inter-
connection. This new fiber is discussed in Section 5. Section 6 covers an exciting
new area, photonic bandgap structures, which offer the potential of guiding
light through a hollow-core fiber, removing the traditional impediments like
nonlinearity and optical attenuation which define current communications
architectures.

2. Long Haul and Undersea Systems

2.1. INTRODUCTION

The first applications of fiber optic communication were to carry aggregated
voice traffic between major metropolitan areas, such as the trunk lines from
Washington, DC to Boston. In the United States, typical distances between
major switch centers are on the order of 1600km, while in Europe, these
distances are typically 400 km. However, with the advent of all-optical or
photonic switching located at these centers, the transmission distances without
electronic regeneration could reach well into the thousands of kilometers in
both cases, with the application space for these systems spilling over into
the metro and regional networks. Such ultralong distances have historically
been reserved for point-to-point undersea fiber systems where transoceanic
distances are typically 10,000 km and 4000 km for Trans-Pacific and Trans-
Atlantic routes, respectively. As these distances are approached in terrestrial
applications, it is not unreasonable to think of using similar system solutions
for land applications.

Both long-haul and undersea systems depend heavily on dense wavelength-
division multiplexed (DWDM) signals to achieve high-capacity transport.
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Fig. 1 Advances in system capacity and enabling technologies.

DWDM is a very effective means of sharing transmission costs when fiber and
other common components, such as optical amplifiers, dominate the overall
system cost. As shown in Fig. 1, the aggregate capacity of a single optical fiber
can be increased by either increasing the bitrate or by increasing the number
of wavelength channels using DWDM. The former requires development of
new high-speed electronics, while DWDM allows fiber and amplifier costs to
be shared among all channels, driving down the total system cost per channel.
Since information must still be coded onto the wavelength channels, today’s
long-haul systems combine time-division multiplexing (TDM) with DWDM,
taking advantage of high-speed TDM advances to further reduce the system
cost per bit per channel.

Advances in high speed electronics have allowed data rates to increase from
OC-12 to OC-48 to OC-192 (0.622 Gbps to 2.48 Gbps to 10 Gbps).” However,
increasing data rates beyond 10 and 40 Gbps could have a diminishing return
in terms of cost as one migrates from the realm of electronic components for
multiplexing, demultiplexing, modulation, and detection to that of optical
processing techniques currently envisioned for 160 Gbps and beyond.?

Current long-haul system development efforts have focused on wide-
band DWDM and ultralong transport.** These systems are enabled by
new modulation formats,®’ wideband amplification,® wideband dispersion
compensation®'! and the use of forward error correction coding.* Taken as
a whole, these systems will deliver the lowest cost per transmitted bit over the
longest distances. Optical fiber is an integral component of the entire system.
The fiber’s parameters have a significant impact on both cost and performance
and influence the choice of most other components, such as amplifiers and
compensators. In fact, the use of wideband DWDM over ultralong distances
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Fig.2 Simple optical transmission system made up of N concatenated spans of fiber
and line amplifiers.

has elevated the fiber requirements in terms of dispersion management, non-
linear performance, distributed gain, spectral loss, and polarization mode
dispersion (PMD).

2.2, TYPICAL LONG-HAUL LINK

A simple long-haul fiber system is shown in Fig. 2. Here, L,,,. is the total
distance between the two end terminals which contain the signal transmit-
ters, wavelength multiplexers and receivers, and Ly, is the distance between
amplifier sites. In a system with unit gain, the amplifier gain G is set to exactly
compensate for the loss of the span. The span loss is the sum of the attenuation
of the outside plant fiber and losses due to splices and various components used
to manage signal properties and integrity, such as dynamic gain equalizing fil-
ters (DGEFs), dispersion compensation modules (DCMs), optical add/drop
multiplexers (OADMs), and connectors at the amplifier site.

Fiber spans cannot be concatenated indefinitely, since the amplifiers add
noise to the system and since power penalties associated with chromatic or
polarization mode dispersion and nonlinear crosstalk accumulate with length.
A compromise between span length and route distance has to be made in order
to optimize a system in terms of both cost and performance. This effect can
be understood by investigating the link optical signal-to-noise ratio (OSNR),
approximated by

OSNR[dB] = 58 [dBm] + P.;, [dBm] — F [dB]
- Lspan [dB] - 1Ologlo (Nspan) EQ- 1

where P, is the launched power per channel into a span in dBm, assuming
unit gain for the span, F is the effective noise figure of the span, L, is the
span loss in dB, and N is the total number of spans for the route. There are
many ways to optimize the performance of a route based on this equation.
Typically, a given receiver OSNR is required to achieve error-free operation
for a certain data rate; for example, one might require an OSNR of 23dB
for DWDM system transmitting at OC-192 (~10 Gbps). Then for a given P,
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Fig. 3 Effect of (a) span distance, (b) fiber loss, (c) amplifier noise figure, and
(d) required OSNR on per-channel power requirements for a 4000 km route link with
80 km spans. F = 5dB for (a) and (b).

and F, longer route distances can be attained using shorter spans (Fig. 3a),
lower fiber loss (Fig. 3b), improved noise figure (Fig. 3c), or lower OSNR
requirements (Fig. 3d).

Figure 3a illustrates that for a 4000 km route, reducing the span length
from 80 to 40 km reduces the per-channel power requirement by over 6 dB. This
lower optical power per channel helps reduce penalties due to nonlinear distor-
tion or could be used to increase the total number of channels in power-limited
systems, such as those encountered when operating optical line amplifiers in
gain saturation. The drawback of reduced amplifier spacing is increased sys-
tem cost for the same route distance. For the example of Fig. 3a, twice as many
optical line amplifiers would be required for the 40 km span case compared to
the 80 km span case.

Figure 3b indicates that a reduction of 0.01 dB/km in the cabled fiber span
loss results in a lowering of the required optical power per channel by nearly
1 dB for 80 km spans. Alternatively, if the system is limited to 0 dBm of per
channel power (for example, because of nonlinear distortion), then a route
with 0.22 dB/km average loss would allow 3 more spans than a route with
a 0.23 dB/km average loss. Figure 3c illustrates the impact of a reduction in
F from 5dB to —1 dB. Here a significant reduction in required per-channel
power can be attained using distributed Raman amplification.!? Similarly, a
reduction in the OSNR required by the receiver from 23 to 17 dB would have
the same effect. Such reduction is achievable using FEC.'314
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An alternative to lowering F, L, and OSNR is to increase P,. For long dis-
tance transport, however, severe limitations arise due to optical nonlinearities
such as self-phase modulation (SPM), cross-phase modulation (XPM) and
four-wave mixing (FWM) which generate signal distortion and crosstalk that
cannot be undone at the receiver. These effects result in power penalties that
decrease the OSNR at the receiver. Thus, P, is limited by the tolerance of the
received signal OSNR to nonlinear crosstalk degradations. As such, there is
a power penalty budget typically built into OSNR for a given P;. Crosstalk
and distortion from optical nonlinearites are not the only sources of OSNR
degradation. Chromatic and polarization mode dispersion (PMD) generate
intersymbol interference, resulting in system power penalties. Dispersion can
be managed in most cases using discrete compensators, but at the expense of
increased system cost.

As will be seen, each of the impairments illustrated in Fig. 3 are strongly
affected by transmission fiber design. This suggests that fiber parameters such
as dispersion D (ps/nm - km), dispersion slope S (ps/nm? - km), mode field
effective area Ay (wm?), and spectral attenuation  (dB/km) can be optimized
for specific system architectures. The impact of these parameters on long-haul,
wideband DWDM system performance and cost is reviewed below.

2.3. SPAN LOSS

Fiber attenuation is spectrally dependent, showing a minimum around
1550 nm. Systems developed in the 1980s focused on this region, and it is
a happy coincidence of nature that one of the most efficient optical amplifi-
cation mediums, the erbium-doped optical amplifier, operates in this region.
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Fig. 4 Typical optical fiber cable loss spectrum indicating lowest-loss regions
associated with C- and L-transmission bands.
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Thus, long-haul systems were developed first in the C- (1530 to 1565nm)
and then the L-band (1565 to 1625 nm) regions as indicated in Fig. 4. How-
ever, span loss is affected by more than just the intrinsic losses associated
with the fiber. Cabling induces losses through bend-related effects and fiber
designs with greater bend sensitivity will show higher added loss when placed
inside of a cable, especially as temperatures decrease below 0°C. As such,
cable specifications related to maximum individual fiber loss as opposed to
maximum average fiber loss are critical in insuring lowest-loss spans. Packing
design, such as ribbon or loose-tube structures, affect cabled fiber density and
significantly impacts cable-induced losses.

Fusion splicing of fibers in cable segments adds additional loss. Since cables
are typically supplied in 2 to 6 km segments, an 80 km span could have up to
40 splice points. Splice loss can range from 0.02 dB for individual fibers to as
high as 0.06 dB for mass fusion spliced fiber ribbons.!> Even at 0.02dB per
splice, the accumulated loss approaches 1dB per span. Finally, the outside
plant is connected to the inline amplifier sites through a set of optical jumpers
with mechanical connectors, adding another few tenths of a dB to the loss
budget.'®

2.4. WIDEBAND DISPERSION COMPENSATION

Signal distortion and crosstalk that accumulate during transmission influence
the required OSNR at the receiver. Figure 5 compares the nominal dispersion
of several commercial ITU G.655 or nonzero dispersion-shifted fiber (NZDF)
types. In terms of system performance, too low a level of dispersion in the
DWDM band of interest is not adequate to prevent nonlinear crosstalk such
as four-wave mixing.
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Fig. 5 Comparison of the spectral dispersion of several nonzero dispersion-shifted
(G.655) fiber types.
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Alternatively, too high a level of dispersion results in intersymbol inter-
ference (ISI) as the individual bits broaden to the point of overlapping into
adjacent time slots. ISI attributed to chromatic dispersion can be corrected
using a dispersion-compensating module (DCM). However, these devices
are not able to exactly compensate dispersion across a very wide band of
channels, resulting in residual dispersion which limits either the system reach
or the number of channels. Also, DCMs add to the loss budget. Typi-
cal dispersion-compensating fiber has attenuation of about 0.5dB/km, and
although the required length (and therefore the insertion loss) is proportional
to the dispersion of the transmission fiber, compensation of 100 km of stan-
dard single-mode fiber entails an additional loss of up to 10 dB. Thus, too high
a level of dispersion in the transmission fiber results in higher DCM cost and
added amplifier gain needed to overcome the insertion loss of the DCM.

Figure 6 illustrates the residual, or uncompensated, dispersion for two types
of NZDF (low-slope and large effective area) paired with two types of com-
mercially available DCMs (standard DCF and extra-high-slope DCF). As seen
here, the low-slope NZDF allows a wider wavelength band of compensation
compared to the large-area NZDF.

The allowable parameter space for residual dispersion tightens as the bitrate
increases from 10 Gbps toward 40 Gbps since the tolerance to dispersion at
the receiver decreases as 1/B2 where B is the bitrate.!” Thus, while a 10 Gbps
system can tolerate 1000 ps/nm of residual dispersion, a 40 Gbps system would
require ~60 ps/nm of residual dispersion for the same level of OSNR or power
penalty.
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Fig. 6 Improvement of residual dispersion of low-slope (LS) and large effec-
tive area (LA) NZDF fiber after compensation with typical commercially available
extra-high-slope DCF (RDS ~0.009) compared to standard DCF (RDS ~0.003). The
shaded region indicates the operating window of a 100 km span at 40 Gbps.
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Table ] Approximate Relative Dispersion Slope (nm~')
Values of Various G.655 and G.652 Fiber Types

S-band  C-band L-band
1500nm 1550nm 1590nm

Early NZDF NA 0.024 0.012
Low slope NZDF 0.019 0.009 0.007
Large area NZDF NA 0.018 0.011
Large dispersion NZDF ~ 0.012 0.008 0.006
G.652 SSMF 0.005 0.004 0.003

For complete compensation across a wide bandwidth, both the dispersion 1
and dispersion slope § of the DCF must scale with those of the transmission
fiber. In other words, the ratio of these values, the relative dispersion slope
RDS where RDS = D/S, should be cqual.

RDSlransmission = RDSD('F

As shown in Fig. 6, RDS is an indicator of the relative ease of creating a
DCM for wideband WDM operation. Thus, the lower the RDS, the better
for broadband dispersion compensation. The RDS values of typical fibers are
listed in Table 1 for wavelengths of interest in the S, C, and L bands. Note that
many of the combinations of fiber type and desired wavelength band cannot
be accommodated by currently-available DCMs, which have RDS values less
than 0.009 nm~', as shown in Fig. 6. Also, although standard singlemode fiber
(SSMF or type G.652) has the lowest RDS in all the bands, its absolute level
of dispersion, too high to be displayed on the scale in Fig. 5 and Fig. 6, adds
significant cost to the compensation of transmission systems.

An alternative to using a wideband DCM is to split the DWDM bands and
compensate them individually.'® This approach, however, requires an addi-
tional filter to separate the bands on entering and exiting the amplifier sites of
Fig. 2, adding up to 3dB of loss per span. This loss limits route performance
according to Eq. | and as shown in Fig. 3b. A 3dB added loss is equivalent to a
3 dB per channel power penalty, which essentially cuts the system reach in half.

2.5. OPTICAL NONLINEARITIES

One of the principal factors limiting system reach and described in Section 2.2
is the occurrence of nonlinear distortion. Nonlinearities arise since the refrac-
tive index of glass varies slightly when exposed to light, causing optical pulses
to alter themselves or each other. The details of these interactions are described
more fully in Chapter 13 in Volume 1VB, but it suffices for the present discus-
sion to note that nonlinear distortions decrease the OSNR at the receiver. The
power penalty associated with nonlinear crosstalk can be represented by the
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increase in P, required to restore the OSNR to its value in the absence of
nonlinearities. However, increasing P, has diminishing returns since higher
P, generates even more crosstalk, which could further degrade OSNR at the
receiver. This also increases the overall system cost by requiring higher power
amplifiers, for example. The goal is to optimize P.; for a required receiver
OSNR. A common means of measuring signal robustness is to observe the
Q-factor of the received signal. The Q-factor is directly related to the OSNR
and signal bit-error rate.'?

The design of the optical fiber plays a significant role in determining the
system impact of signal distortion due to nonlinear crosstalk. Fiber charac-
teristics such as the nonlinear refractive index n3, chromatic dispersion D, and
mode-field effective area A.; determine the amount of nonlinear crosstalk
generated for a given DWDM channel spacing. The magnitude of nonlinear
effects is dependent upon the ratio of the nonlinear index and the intensity of
the optical field, which may be represented by the inverse of the effective area.
This is demonstrated in the nonlinear coefficient y given by

2mny 1
= _ Eq.2
vy [W-km] d

where A is the signal wavelength and »n is the nonlinear refractive index. The
eftect of dispersion depends on the particular nonlinear phenomenon. For
example, stimulated Raman scattering (SRS), in which the optical field cou-
ples with the vibration of the glass matrix and is partially scattered, depends
on the magnitude of D'/2. Four-wave mixing (FWM) generated signals are
inversely dependent on D.?° Distortion due to self-phase modulation (SPM),
in which the leading edge of a pulse modulates the refractive index seen by
the trailing edge of the pulse and causes pulse broadening in typical fiber,
is exacerbated by large amounts of dispersion. Obviously, if lowest nonlinear
performance in terms of SRS and FWM is the only goal, a fiber with the largest
possible 4,y and D is desired. In this case, SSMF with an 4.5 = 80 pum? and
D = 17ps/nm - km at 1550 nm would be the best choice among commercially
available terrestrial fibers. In fact, SSMF has the most desirable characteris-
tics for CATYV linear transmission of a single wavelength channel, since the
dominant impairments are SRS and stimulated Brillouin scattering (SBS).

As previously stated, a large value of dispersion has drawbacks; and as
will be seen, the choice of optical pulse shapes along with proper dispersion
management throughout the route can be used to help control impairments
due to nonlinearities such as FWM, XPM, and SPM.

2.6. DISPERSION MANAGEMENT OF
OPTICAL NONLINEARITIES

Although the onset of nonlinear crosstalk is very much dependent on the opti-
cal intensity as indicated by Eq. 2, the phase interaction of these signals with
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other channels and within a channel is equally important.?! Worst case inter-
action occurs when the interacting frequencies are in phase throughout the
duration of signal propagation. Dispersion disrupts this phase relationship
since different frequencies propagate at different group velocities and reduce
the interaction length. Hence, nonlinear crosstalk can be effectively controlled
by managing dispersion throughout the route,?? for example by periodically
introducing a component with negative dispersion, such as a dispersion-
compensating fiber or grating module, along the route. Optimum locations
of the DCMs for dispersion management are at the amplifier point of each
span in Fig. 1.2* A comparison of dispersion maps for a 1600 km system with
100 km spans are shown in Fig. 7.2 In this work, the case of 100% per-span
compensation (Fig. 7b) resulted in the lowest Q (Fig. 8) or highest nonlinear
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Fig. 7 Dispersion maps: (a) under (90%) per-span dispersion compensation, (b) full
(100%) per-span dispersion compensation, and (c) over (110%) per-span dispersion
compensation. Solid: 1559.4 nm, dashed: 1543.2 nm. Reprinted with permission from
Ref. 22.
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crosstalk, since the signals were realigned with each other at the end of each
span, resulting in an in-phase condition. The other conditions of under (90%)
or over (110%) per-span compensation resulted in lowest nonlinear crosstalk
and hence highest Q.

Dispersion management is a useful tool in suppressing nonlinear crosstalk
in a transmission system, but too much dispersion can be costly in terms of
components or other distortions. Is there an optimal amount of dispersion that
balances system costs and performance? The answer to this question is greatly
dependent on a wide array of system parameters and must be extensively
simulated to understand the results. For example, simulation of a 5-channel
40 Gbps system at 200 GHz channel spacing over 80 km spans and 480 km
total route length indicates that moderate dispersion results in optimum sys-
tem performance as indicated in Fig. 9.2* The fiber parameters used in the
simulation were Aoy = 55um?, n; = 2.4(mW - km)~!, and 0.21 dB/km loss.
These simulations looked at an array of dispersion values and line compensa-
tion ratios. The simulations also accounted for precompensation values and
the effects of pulse shape, return to zero (RZ), or nonreturn-to-zero (NRZ).
Optimum precompensation was found to be 10% for RZ and 20% for NRZ.
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Fig. 9 Simulation results of power penalty contours (indicated in dB by bar on right)
for percent per-span compensation versus fiber dispersion for a 40 Gbps DWDM sys-
tem for two-channel power and precompensation levels. 5 channels, 200 GHz spaced
NRZ, 6 x 80 km system. Curves indicate dispersion and compensation ratios across
C-band channels (from 1530 to 1565nm) using a high-slope DCF for large-area
(dashed), low-slope (solid), and large-dispersion (solid orange) NZDF. Reprinted with
permission from Ref. 24. See also Plate 1.
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If the dispersion is too low, excessive XPM and FWM distort the signal.
If the dispersion is too high, SPM and XPM cause unacceptable distortion.
In applying the criteria that the penalty should be less than 2 dB, the optimal
dispersion is in the 3-5 ps/nm - km range. This dispersion range must be suffi-
cient to include the dispersion of the entire DWDM band of channels. Thus, a
low-slope NZDF will have a clear advantage over a higher-slope NZDF as indi-
cated by the inset curves on the 8 dBm RZ contours when using a commercially
available high-slope DCF (D = —107 ps/nm-km and S = —0.93 ps/nm?-km).
Only the lower-slope NZDF matched with this DCF will fit the entire C-band
of DWDM channels into the lower power penalty contours.

It is clear from Fig. 9 that reducing the signal power from 10dBm per
channel to 8 dBm per channel helped broaden the optimal dispersion range.
Alternatively, increasing the 4,5 by 1 dB (from 55 um? to 70 um?) will increase
the size of the penalty contours by I dB and hence broaden the optimal disper-
sion range. However, the resultant effect will not be enough to bring the entire
C-band of the large-area NZDF into the required dispersion range, since the
contour bands are plotted in 2dB increments above the 2dB power penalty
contour. Thus, this NZDF type will require a better matched DCF to bring
the system within the required region. Although the large-dispersion NZDF
is within the penalty contours for the RZ case, only the low-slope NZDF
could fall within acceptable penalty contours for the NRZ case. While RZ
modulation may give better system margin, NRZ may result in lower system
cost since it requires fewer components. In any fiber case, clearly excellent
dispersion slope matched compensation is needed.

2.7. WIDEBAND AMPLIFICATION

The effect of stimulated Raman scattering (SRS) is to generate scattered light
of slightly lower energy, or longer wavelength, than the incident light. If a probe
signal is present near the scattered wavelength, the probe will be amplified. This
effect can be used to advantage by propagating pump light in the transmission
fiber at a wavelength suitable for creating gain in the DWDM signal band. The
bandwidth of the Raman gain spectrum associated with SRS is of the order
of 100nm.? so distributed Raman amplification (DRA) allows for a wider
transmission band than the ~40 nm bandwidth associated with EDFAs.

The efficiency of Raman gain is associated with the 4, of the fiber and the
GeO; content of the core.?® Raising the GeO> content increases the Raman
gain coefficient, but it would require large amounts of GeO; to significantly
impact this value. The on-off Raman gain G,,.,( /) at a frequency f is very
sensitive 10 A, as given by?’

1 — €Xp [_apump L.\pun]

Gon-r)jf(.f) = CXp CR(f) : Ppump Eq 3

Qpump
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where apump is the fiber loss coefficient at the pump and Py, is the pump
power. Cg(f) is the Raman gain coefficient at frequency f given as

_]_ 8gr (f;;ump _f) ﬁ)ump

Cr(f) =
kpot Ao Sret

Eq.4

where f,.mp is the frequency of the pump, k,,; = 2 for depolarized pump and
signal frequencies and gg is the Raman efficiency measured at f.,. Figure 10
illustrates the effect of 4.5 on Raman gain according to Eq. 3 for equivalent
apump and gr. Here, the moderate 4.5 of the low-slope NZDF allows for sig-
nificant gain improvement compared to large-area NZDF or SSMF for the
same pump power. This increased gain and subsequent OSNR improvement
can be traded off for reduced pump power and hence system cost savings.
Specifically, a given G,y and OSNR can be achieved at a lower pump power
in a transmission fiber with moderate 4. compared to one with higher 4.2

The added gain from DRA keeps the signal power higher throughout the
length of the fiber as compared to the case without DRA. This elevated signal
power increases (, but also increases the impact of Kerr-type nonlinearities
(because the average signal power is increased) and noise (because noise is also
amplified). The amount of Kerr nonlinearity is proportional to power density,
so a larger Ay will decrease the nonlinearity. The dominant noise source orig-
inates from Rayleigh backscattering of either the pump or the signal and is
inversely proportional to 4.y. This noise is added to the ASE noise from the
discrete amplifiers of Fig. 2. Further increasing pump power increases the
Rayleigh backscatter noise'? and limits the peak OSNR improvement associ-
ated with DRA. However, the net effect is to significantly improve the OSNR,
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Fig. 10 Calculated signal power vs. span length of various fiber types for a 1450 nm
pump of 500 mW.
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since the gain of the DRA reduces the need for discrete amplifier gain, which
adds much more noise. Thus, the use of DRA reduces the overall effective
noise figure of the system, the benefit of which is indicated by Fig. 3c.

Though reducing A,y adversely affects the nonlinear crosstalk and noise
performance of a DRA link, the benefits to OSNR of the efficient gain and
reduction in effective noise figure positively enhance the system. To determine
the tradeoff among these effects, the impact of 4,y on a 100 GHz channel
spacing, 7 channel x 40 Gbps DRA system is illustrated in Fig. 11.2° Here a
500 mW backward Raman pump is inserted at the amplifier at the end of a
span. The simulation results indicate that moderate 4.y results in the best O
for a broad range of P.

2.8. POLARIZATION MODE DISPERSION

Polarization mode dispersion (PMD) is a random effect resulting from intrinsic
and extrinsic sources that causes the group velocity to vary with polarization
state. Thus, over distance, a pulse will break up into multiple pulses, each
with a specific polarization. This can severely constrain the bitrate-distance
product of a system if left uncompensated. Intrinsic sources of PMD are minor
imperfections resulting in noncircular fiber core geometry and residual stresses
in the glass materials near the core region. Extrinsic sources of PMD include
stress due to mechanical loading, bending, or twisting of the fiber and cable.
Each of these sources induces a birefringence in the fiber, causing the otherwise
degenerate polarizations of the LPOl mode to propagate at different speeds
along the fiber and hence dispersing the optical pulse.
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Typical optical systems allow for a 1 dB power penalty for PMD associated
with ~15% of the time slot for RZ modulated pulses. As such, a 10 Gbps link
can allow up to 15 ps of dispersion associated with PMD, while a 40 Gbps
system can only tolerate 3.8 ps. It is important to note that not all of this
PMD is allotted to the transmission fiber. Other components, such as EDFAs
and DCMs, may also introduce PMD into the link. As such, there is an
accumulation of PMD according to

PMDyy1q) = [Nspan [(PMDﬁber)z . Lspan + (PMDcompI)2

1/2
+(PMDcomp2)2 +K + (PMDL'ompN)Z]} / Eq 5

where Ny, is the number of spans in the route, PMDg,, is the cabled fiber
PMD in ps/(km)!/2, L,,, is the span distance in km, and PMD oy, w are the
PMD values related to the individual components located in the amplifier sites
for each span. Assuming that there is only one component at each amplifier
site, contributing 0.5 ps of PMD, and that the average span length is 80 km, one
can find the required PMDy,;,., needed for a given route distance and data rate
as shown in Fig. 12. Here one sees that a PMDy,, 0of 0.1 ps/(km)"/2 is adequate
for 10 Gbps RZ data rates and distances beyond 8000 km, while 40 Gbps RZ
systems are constrained by PMD, to less than 3000 km for realistic values of
cabled fiber PMD unless the component PMD values are reduced significantly
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Fig. 12 Estimate of required cabled fiber PMD levels for 10 and 40 Gbps RZ trans-
mission systems as a function of route distance, assuming 80 km spans and a discrete
component with PMD of 0.5 ps located at each amplifier site.
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2.9. UNDERSEA FIBERS

All of the effects described above become even more critical for undersea
DWDM systems due to the increased route distances compared to terres-
trial DWDM systems. One of the principal differences between terrestrial
and undersea transmission systems is the amplifier spacing. Terrestrial sys-
tems attempt to space amplifiers as far away from each other as possible in
order to reduce system costs. Undersea systems are more focused on extend-
ing to the longest optical path possible without regeneration. For a given
Py, closer amplifier spacing allows for longer optical route distances as indi-
cated in Fig. 3a. As undersea systems have adopted DWDM to increase
transmission capacity, optical fiber development has focused on dispersion
management.3?

Historically, optical fiber development for WDM undersea systems has
concentrated on reducing the slope of the path average dispersion in order to
widen the DWDM channel bandwidth for adequate OSNR. Until recently,
this was done with a pair of negative dispersion fibers compensated with a
standard single-mode fiber that is also part of the transmission path. This
configuration is illustrated in Fig. 13. The pair of negative dispersion fibers is
used to flatten the dispersion slope of the span between the amplifiers. The first
fiber is a large-mode field (LMF) fiber and allows for large P, to be launched
with small nonlinear penalty; while reduced slope fiber (RSF) follows to help
flatten the dispersion slope of the amplified span. Since the RSF has a smaller
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Fig. 13 Typical dispersion map of undersea fibers using LMF and RSF map with
SMF for transmission and compensation.’®
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mode field than the LMEF, it is used in a position where the P, has been
attenuated due to loss and therefore will not generate significant nonlinear
crosstalk.

After several amplifier spans, SMF is used to dispersion compensate the
previous LMF + RSF spans. An advantage of using SMF as the compen-
sating fiber is that it can also be used as part of the transmission span. In
terrestrial applications, the DCF is normally lumped at the amplifier site.
Such a technique would increase overall system costs by taking up valuable
space in the amplifier closure as well as limiting system reach by inserting an
otherwise unnecessary discrete loss element in the span. The overall slope of
the spans shown in Fig. 13 can be on the order of 0.08 ps/nm? - km. Further
reduction of the dispersion slope could be used to increase DWDM band-
width and hence transmission capacity as indicated in Fig. 14. The limitation
of this technique is that all of the fiber types in Fig. 13 have positive dis-
persion slope, making it difficult to further flatten the overall slope of the
system.

A fiber with negative dispersion slope would solve the need for further
dispersion slope reduction. Currently, an enormous amount of development
is focused on mating a pair of fibers with opposite dispersion and dispersion
slope, +D and —D fibers.3®?! The slope-flattening capabilities of a pair of
fibers for undersea application are shown in Fig. 15. Here, residual dispersion
for wavelength channels at 1530 and 1565 nm are nearly indistinguishable
from the channel at 1550 nm for the 300 km distance shown. The significant
improvement over the LMF + RSF design is not only due to using a negative
dispersion slope for the —D fiber, but also to the excellent matching of the
RDS of these fibers.*?
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Fig. 14 Analysis indicating that reducing dispersion slope further increases usable
bandwidth as opposed to increasing 4. Reprinted with permission from Ref. 30.
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Fig. 15 Dispersion map of a +D and —D pair of fibers for undersea applications. The
solid line indicates the dispersion of a 1550 nm channel. The dashed lines indicate the
dispersion of 1530 and 1565 nm channel wavelengths.

The +D/—D fiber pairs fulfill one of the enabling technologies for high-
capacity ultralong-haul terrestrial and undersea systems which include?*

e advances in modulation format to improve spectral efficiency;

e wideband amplification to provide gain beyond the conventional 30 nm
band of EDFAs;

e FEC to reduce the required OSNR as indicated in Fig. 3d;
e dispersion flattened chain of optical fibers.

The same technique of dispersion management can be used to extend
the reach of terrestrial systems. However, the challenge to implementing a
dispersion-flattened chain of optical fibers in terrestrial applications lies in
overcoming field splicing issues and administration of the field installation
of the fibers. Unlike undersea systems, terrestrial systems do not deploy the
transmission equipment with the fiber. Thus, it is not known a priori what sys-
tems will be used with the fiber that is installed. The challenge then becomes
knowing what fiber type, lengths, and length intervals need to be installed well
in advance of system development.

At present, fiber design for long-reach, high-capacity systems required for
backbone applications, whether terrestrial or undersea, is a careful balanc-
ing of fiber properties such as dispersion, dispersion slope, and effective area.
Although many design parameters are entailed in defining a system architec-
ture, such as distance between inline amplifiers, use of Raman amplification,
number of spans, and modulation format, the overriding goal is to reduce
system cost. To that end, the fiber design choices amount to reducing the cost
of dispersion compensation, increasing the available bandwidth of the system,
and decreasing the cost of Raman amplification.
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3. Fibers for Metro and Access Systems

3.1. INTRODUCTION

Access to the long-haul network typically occurs in metropolitan areas where
the information is aggregated for long-haul transmission or demultiplexed for
distribution. The requirements in this space are significantly different from
those of long-haul transmission, since the population density and geography
necessitates somewhat lower capacity than the fat long-haul pipe but greater
flexibility in distribution. These so-called Metro networks take traffic off long-
haul networks for distribution to enterprise, residential, and business access.
This environment is much more complex operationally than long-haul due to
the interplay of demographics, regulatory issues, and cost sensitivity.

Metro systems are broadly categorized as “metro access or edge” (20 to
50km) and “backbone or express” (50 to 200 km). A third category called
“regional” is sometimes used for coverage in a greater metro area (200 to
300 km) or parts of a twin city “metroplex.”3® This third category helps classify
a small number of large tier-1 cities where the individual ring perimeters may
be small, but where the acyclic lightpath lengths may exceed 200 km during a
failure with bidirectional line switched ring (BLSR) protection.

Access systems include local exchange carrier (LEC), specific business and
residential fiber-to-the-curb (FTTC), and fiber-to-the-home (FTTH) systems
in the 0-20 km range; they may be point-to-point (PTP) or point-to-multipoint
as in passive optical networks (PON). Additionally, CATV broadband access
systems that deliver video and data by placing hybrid fiber coax (HFC) nodes
within a few km of the subscriber are often engineered to backhaul traffic
to head-end sites that may be as far as 75km from the fiber nodes. System
aspects of metro and access applications are described elsewhere in this book.
This section will focus on how the fiber requirements are impacted by network
architecture.

3.2. FIBER REQUIREMENTS

Metro fiber requirements differ from long-haul in significant ways:

e Unlike long-haul, metro fiber must support multiservice,
multiwavelength, multiprotocol traffic at multiple bitrates. These
include OC-3 to OC-192, Ethernet, Fast Ethernet, Gigabit Ethernet
(GbE), 10 Gigabit Ethernet (10 GbE), ESCON, FICON, Fiber Channel
and subcarrier multiplexing, all transparently carried on different
wavelengths.

e Metro fiber need to be forward-focused to emerging dense WDM
(DWDM) and coarse WDM (CWDM) standards,*® but also must be
compatible with existing systems.
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e Although 90% metro rings are less than 100 km in perimeter, maximum
lightpath distance between nodes can be as high as 200 km—depending
on the protection mechanism and interconnecting mesh. Higher degree
of optical transparency is desirable but needs to be balanced with ease
and versatility of network expansion and service upgrade.*’

e The 1310 nm band will continue to remain critical, due to the
preponderance of low-cost legacy optics as well as the emerging 10 GbE
standards.

e Since the outside plant fixed costs (trenching, ducts, huts) in metro are
almost twice as high as those for long-haul,™ metro fiber is not
expected to be replaced frequently. Hence, technological adaptability is
the key to forestall obsolescence.

Business and residential access (including broadband HFC access) fiber
requirements differ from metro in more subtle ways:

e Low cost is the prime and fundamental driver. So CWDM technologies
and fibers that operate with low-cost coupling, sources, and passives
are important. Along these lines, any multiplexing scheme that yields
fiber-pair-gain advantage, such as a PON system, is preferred.

e (For broadband HFC access) multiple signal formats. e.g., QAM and
VSB-AM, may be transmitted over the same fiber, so fiber nonlinearity
must be low.

By carefully analyzing how the above requirements translate to different
fiber designs, one can identify optimum fiber choices. Sometimes conflicting
requirements may not be handled adequately by any one fiber type. In such
case, a widely practiced hybrid cabling solution which incorporates two fiber
types within a single cable can be quite cost effective.

3.3. FIBER TYPES

The fiber types being considered in metro/access applications are

e SSMF (standard single mode fiber, G652), e.g., SMF-28™ Depressed
Cladding SMF, Matched Cladding SMF;

e LWPF (low water peak fiber, G652.5), e.g., AllWave™;

o NZDF (nonzero dispersion fiber, NZDSF G655), e.g., TrueWave® RS,
LEAF";

e NDF (negative dispersion fiber, NZDSF G655). e.g.. MetroCor™.

All fibers may be broadly categorized on the basis of their dispersion and
loss, shown respectively in Fig. 16 and Fig. 17. Both SSMF and LWPF have
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Fig. 17 Loss characteristics of fibers.

the same dispersion profile across the entire transmission band, the magnitude
of which is about double the NDF dispersion at 1550 nm and about four times
that of NZDF. The NDF has negative dispersion in the entire 1300-1600 nm
region, whereas the NZDF crosses zero dispersion around 1450 nm.

The loss characteristics of these fibers is worth discussing due to the rev-
olutionary advancement in the permanent elimination of the 1385 nm watei
peak in LWPF. Removal of this peak allows use of the low-dispersion 1400 nm
region (average dispersion D =~ 8 ps/nm - km). For the first time, transmis-
sion in the entire 1260 to 1620 nm region is possible, increasing the usable
WDM spectral capacity by >50% compared to SSMF. For LWPF, 1385 nm
loss is less than 1310 nm loss (0.35dB/km), and works within the 1310-nm
span engineering practices. NDF>® on the other hand exhibits a higher loss
of 0.4dB/km and 0.5dB/km at 1385nm and 1310 nm, respectively, and may
need span reengineering.

We note another important fiber characteristic, effective area Ay, which
determines the nonlinearity threshold of a fiber.*® As discussed above in
Section 2.7, a small 4,5 may be beneficial for distributed Raman amplified
systems but detrimental as well due to higher four-wave mixing (FWM) and
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Raman crosstalk penalties. Hence the nature of the applications, whether
regional or broadband access, can guide us to choose a small or large 4.
since the impairments due to nonlinearities grow with distance. SSMF and
LWPF have a larger 4.y, permitting reduced FWM and higher power input
to the fiber which helps extend amplifier spacing and system reach for shorter
metro and access applications.

3.4. DISPERSION COMPENSATION AND REACH

Like long-haul, metro systems are limited by either loss or dispersion. How-
ever, unlike long-haul, metro distances need fewer amplifier cascades and are
therefore not limited by optical signal-to-noise ratio (OSNR) due to accu-
mulated spontaneous noise. Dispersion is often the limiting factor for long
distances (>200 km) or at high bitrates (~10 Gb/s) in systems that use directly
modulated laser (DML) transmitters. Note that electronic regeneration is not
required to compensate for loss or dispersion and is only used to demultiplex
traffic at a node. To combat dispersion impairment, conventional dispersion-
compensating fiber (DCF) may be used to postcompensate spans of SSMF,
LWPF, or NZDF, as is done in long-haul systems. NDF, on the other hand, has
D < 0, and relies on the precompensation of dispersion due to the transient
chirp of the transmitter. DMLs typically have transient chirp which blueshifts
the leading edge of the pulse and thus induces pulse narrowingin D < 0 fiber.*!
Note that this is a different form of chirp from self-phase modulation which
redshifts the leading edge of a pulse and increases the power penalty in NDF.#

Figure 18 shows the uncompensated reach (maximum transmission dis-
tance possible without extrinsic dispersion compensation) as a function of
bitrate for externally modulated lasers (EML). Such transmitters, either the
electroabsorption type or the Mach-Zehnder lithium niobate variety, have
very narrow line width and are essentially chirp-free, and so yield a consis-
tent transform-limit value for the uncompensated reach. Near 40 Gbps and
beyond, where DMLs are not suitable, the uncompensated reach falls off dra-
matically (less than 15km for nonreturn-to-zero signaling for NZDF).** This
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Fig. 18 Uncompensated reach with EMLs (externally modulated laser).
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means that dispersion compensation is required as systems upgrade to higher
bitrates, no matter what metro distances are considered. Hence, DCFs will
be absolutely crucial to precisely compensate the whole EDFA band. DCF
is currently available for SSMF, LWPF, and NZDF, but at this time, NDF
can only be compensated with SSMF.* Since the ratio of dispersion between
NDF and SSMF is only about two, long lengths of SSMF fiber are required.
Shown in Fig. 19, the compensated net dispersion remains within the nar-
row £50 ps/nm tolerance window over the entire 1500 to 1600 nm region for
SSMF, LWPF, and NZDF. In contrast, the residual net dispersion for NDF
shows unacceptable variation due to poor matching of the dispersion curves
with SSMF and presents a significant cost penalty for 40 Gbps DWDM.
Before closing this subsection, we reexamine the use of transient chirp in
DML sources to extend reach over NDF. Generally, DML chirp, whether
adiabatic, thermal, or transient, differs from laser to laser.*> To satisfy a
given reach, the overall chirp must be carefully selected, requiring extensive
screening, binning, and inventory management for each of the many DWDM
wavelengths. This process reduces yield and therefore increases DML cost. In
addition to cost, the dependence of transient chirp on laser bias, extinction
ratio, and the modulating waveform rise/fall times must be addressed.*® Pend-
ing complete characterization of these effects over laser aging and temperature
variation (for systems using uncooled lasers), DCF will continue to be the more
reliable technique for dispersion compensation in commercial systems.

3.5. FIBER CAPACITY LIMITS DUE TO NONLINEARITIES

Even when chromatic dispersion is adequately compensated, further system
impairments are often present. In particular, two issues are important from
a metro/access perspective: raw capacity (total bitrate over the system band-
width) and isolation between different wavelength bands/channels. The former
is typically constrained by four-wave mixing (FWM), which limits the number
of channels placed within the system bandwidth. The latter includes effects
such as Raman scattering which causes crosstalk among signals of dissimilar
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modulation format and necessitates high signal-to-noise ratio. Both issues
arise from the nonlinear properties of the fiber and are reduced with increasing
Aq. Hence, higher 4.y, asin SSMF and LWPF, benefits metro and broadband
access applications.

FWM is a deleterious nonlinearity that arises from the optical Kerr effect
in fiber (the refractive index of the glass varies slightly as the pulse passes) and
places an upper limit on the closeness of channels and/or the maximum input
power per channel. With the input power limited, FWM thereby limits the
distance between amplifiers. Apart from a higher 4.y, FWM is also mitigated
by higher dispersion values since crosstalk components can walk off the main
signal before reception.

Table 2 shows the maximum power input (on per-channel basis) to the fiber
as a function of channel spacing in the upper L-band. Compared to NZDF
and more importantly NDF, the higher capacity of LWPF and SSMF in the
upper L-band (~1620 nm) and the U-band, is clearly evident.

Reduced capacity can also be used to allow higher input power into the
fiber, which means longer amplifier spacing and reduced outside plant cost.
We remark that tightly spaced DWDM operation is far more desirable and
economical in the L- and C-bands (due to the availability of EDFAs) than the
1300 nm or the 1400 nm bands. Hence, ensuring superior L-/U-band capacity/
power performance for future growth should be an important criterion for
judging metro fibers.

The second type of impairment, crosstalk caused by Raman scattering,
occurs when a signal is Raman scattered to generate light shifted upward in
wavelength. This results in random crosstalk from the lower signal wavelengths
to the upper signals separated by approximately 100 nm. A lower Raman gain
coefficient helps reduce crosstalk and is much desired in metro applications,
especially when OSNR requirements are high. Since Raman gain coefficient is
inversely proportional to 4.y, among other factors, LWPF/SSMF are expected
to provide ~3 dB improved performance relative to NDF.4

Table 2 Maximum Power Input Thresholds to Keep FWM
Impairment Less Than 1 dB. 4 Spans Considered.*
Dispersion Values at 1605 nm

Dispersion Ay P(100GHz) P(50GH?)

(ps/nm - km) (pm?) dBm dBm
LWPF/SSMF 20.5 86.6 16.9 10.9
NZDF 7.4 55.5 10.5 4.5

NDF —1 51.5 1.5 -4.5
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3.6. THE 1300nm MARKET CONTINUES TO GROW

Despite the surge of DWDM in C- and L-bands in the metro backbone, the
outlook for the 1300 nm band remains strong in the metro edge and access,
driven by:

o the large edge/access market, estimated to be ten times that of the metro
backbone, that is almost exclusively dominated by 1300 nm
transmission due to availability of low-cost sources, such as uncooled
DFBs, Fabry-Perot lasers, LEDs, and the upcoming VCSELs.

e recent standardization in IEEE 802.3 Gigabit Ethernet forum for
two 1300 nm solutions for 10 GBE, and the huge market for very
short-range (VSR) SONET.#748

e the progress being made toward standardization of a full-spectrum
CWDM wavelength grid to address CATY digital reverse, metro
access ring and point-to-point applications (enterprise and ISP traffic
aggregation) using uncooled lasers and lower-cost mux/demux with
relaxed specifications as well as relaxed filter packaging requirements.*’

It is clear that metro fiber must be compatible with 1300 nm transmission.
Otherwise, a huge revenue base will remain untapped, or expensive optical
transponder units (OTU) will be required to convert the 1300 nm band to that
at 1550nm. LWPF and SSMEF, by virtue of low dispersion in the 1300 nm
region, are ideally suited to this wavelength band, and can especially bene-
fit from the negligible chirp afforded by VCSELs and quantum dot lasers.>
Although insufficient data exists at the present time, NDF performance at
1300 nm may be impaired at high bitrates (~OC-192) owing to the very high
dispersion coefficient. NZDF (such as TrueWave® RS with D = —9 ps/nm-km
@ 1310 nm) can post good performance with 10 Gb/s DML over 60 kms.

3.7. GETTING READY FOR 1400 nm BAND UTILIZATION

The inability to utilize a wide portion of the spectrum (1360 to 1460 nm) in
SSMF due to the water peak is a constraint for future bandwidth/wavelength
expansion. LWPF breaks this bottleneck with full-spectrum CWDM (1260 to
1630 nm in a 20 nm grid spacing,’! and DWDM possibilities to truly enable
“managed wavelength services” as an alternative to, or in extension of, the
dark fiber paradigm. By using a wavelength band separator, such as the multi-
band module,?? a carrier’s carrier stands to reap revenue from additional A,
with room for 150 100-GHz channels. Although slow to market introduction,
several proof-of-concept demonstrations and field trials®® in the 1400 nm band
have captured the essence of why one should exploit the 1400 nm band. These
include extra wavelengths in a low-dispersion region enabling high bitrate and
reach, reduced cost from low figure-of-merit filters and uncooled sources used



2. Design of Optical Fibers 43

in CWDM, distributed Raman amplification for S-band, and better service
and modulation format mix as discussed in Section 3.4. Some 1400 nm com-
ponents are already being produced and used. With ITU standardization of
CWDM,’" a key enabler of volume—a wavelength grid for lasers—will be in
place. Standardization of As, rather than technology breakthroughs, is neces-
sary for commercialization. With full spectrum flexibility, carriers who build
their networks with the 1400 nm capability stand to provide the lowest cost
per bit and full spectrum connectivity.™*

3.8. METRO AND ACCESS FIBER ECONOMICS

The fibers described in Section 3.2 are roughly priced within a factor of two
of each other, with SSMF being the cheaper alternative to dispersion-shifted
designs, which command a premium. However, it is more important to judge
the total system cost, where fiber, DCF, amplifiers, OADM, electronics, and
the construction costs are all included. Since each fiber has different dispersion,
Ay, and operating bandwidth, there are different cost break points depending
on the network topology and assumptions.

Certain broad observations can be made from extensive network cost
modeling.> For a ring circumference of less than 200 km with 2.5Gb/s per
wavelength traffic, LWPF shows the most favorable economics (factoring in the
lack of 1400 nm operation on SSMF), even when including the costs of DCF.
Furthermore, the more wavelengths, the better the cost differential compared
to NDF; hence growth scenarios to 5 years look economical and promising.
Beyond 200 km, where dispersion compensation plays a key role, NZDF fiber
is the more economic choice by virtue of its optimal dispersion profile in the
EDFA band. If one were to consider 10 Gb/s per wavelength traffic, instead of
2.5 Gb/s per wavelength, 100 km is the distance beyond which NZDF is more
economical than either NDF or LWPF.

In the shorter residential and broadband access areas, similar cost advan-
tages are forecast for the LWPF> due to the larger number of CWDM channels
it can support relative to SSMF. As discussed in Chapter 10, Section 3.1 of
Volume IVB, many of the current residential access systems employing PTP
and PON architectures may find SSMF adequate, naturally making it the
lowest cost option. But as bandwidth upgrades are needed in the future to
accommodate Gigabit and 10 Gigabit Ethernet, several interesting CWDM
architecture possibilities emerge:

e Upgrade of the ITU standardized (G.983.1 and G.983.2) APON using
CWDM in the 1360-1460 nm band.

e Composite PON using broadcast Ethernet in the downlink and
switched-Ethernet over CWDM in the uplink. (This architecture
permits native Ethernet transport, without having to build additional
MAC layer to facilitate upstream TDMA ranging.)
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e CWDM in both downlink and uplink. (This architecture is most
versatile in that full benefits of a logical PTP such as security and
privacy are realized, including cost savings from fewer teeder fibers.)

The architectures described above need the foresight of LWPF deployment
today to harvest the system cost reduction later.

3.9. FUTURE TRENDS FOR METRO/ACCESS
FIBER AND SYSTEMS

Fiber design advancement for metro and access has not kept pace with those in
long-haul, primarily because the long-haul market has been characterized by
a drive to lowest-cost-per-bit and increasing capacity with longer reach. This
has pushed the limits of available technology, and continued advancement
has required newer fiber designs. Although the needs of the metro and access
markets are more modest, this does not preclude a metro/access fiber wish list.
Among the desired features are:

e a small but finite dispersion value (~2 to 6 ps/nm - km between
1300 nm to 1620 nm), preferably negative but not essential,

o loss spectral characteristics of LWPF,
e Ay characteristic of LWPF/SSME, and

e all of the above at the lowest cost, in addition to enabling reduced
interconnection cost (easy coupling to sources/detectors/passives and
relaxed splice/connector tolerances).

Such a solution would entail various tradeoffs, most notably in dispersion
and 4,5, which is why (as suggested in Section 3.1) a practical approach may
be to place two fiber types inside the same cable. For example, a combination
of NZDF and LWPF fibers in a hybrid cable can combine the performance of
metro regional (>200 km) with that of metro backbone and access (<200 km).

Many of today’s research concepts are likely to see the light of com-
mercial metro/access systems tomorrow. Some of the more well-known
advances are

e VCSELSs at 1300 nm,®
e closer channel spacing with <25GHz in the C- and L-bands,*

e chirped-pulse WDM enabling > 15,000 channels over the 1280-1630 nm
spectrum,’’

e distributed Raman pumping at the low-water peak to enable better use
of S-band.

Such developments require that the fiber plant be compatible with any shift
in technology choices, or face a huge cost penalty associated with plant
upgrade.
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3.10. METRO APPLICATION SPACE

Summarizing the findings of previous sections, one can observe the following
about the suitability of various fiber types currently available for the metro
and access market:

e NZDF is optimum for DWDM in the C- and L-bands, as traditional
long-haul fiber transmission performance has remarkably and
consistently demonstrated. It is thus ideal for metro regional market.

e NDF appears to be optimized for C-band for DML operation and is
thus suitable for metro regional applications. However, performance in
other bands is suboptimal.

e SSMF’s performance is a subset of LWPF, hence greenfield deployment
of SSMF provides no differentiating technology advantage. A slight
first cost advantage is quickly obviated as bandwidth demands grow.

o LWPF is optimized for 1300 and 1400 bands and shares the proven
performance of SSMF in C- and L-bands. It is thus ideal for the metro
backbone and access markets.

A practical and highly strategic approach is to place two fiber types, such
as NZDF and LWPF, inside the same cable to take advantage of optimal per-
formance over a cross-section of distances, bitrates and wavelength windows.
Since a metro network is a major investment that must provide returns to
service providers for many years, carriers needing fiber for combined metro
access and regional rings benefit from including both LWPF and NZDF in
their cables.

4. Multimode Fiber Applications

4.1. INTRODUCTION

As transmission moves closer to the user and distances become shorter, the
impairments discussed above for long-haul and metro become less significant.
A different set of solutions is necessary to address the specific needs of the local
area network (LAN) market and those of other short-reach applications, such
as storage area networks and equipment room interconnections. As demand
for data rates in excess of a Gbps grows for these applications, multimode fiber
(MMF) and short-wave VCSELSs are emerging as the dominant technologies.

The tremendous growth in demand for high-data rate LANs started with
the success of Fast Ethernet in the mid 1990s. The two major developments
spurring interest in MMF have been the adoption of the Gigabit Ethernet
standard>®* by the IEEE in 1998, along with related standards supporting
it, and the development of the 10 Gigabit Ethernet standard, which is in draft
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as of this writing. Although other technologies have played a role, we will
concentrate on Ethernet because it accounts for more than 95% of the LAN
market.

The need for ever higher speeds in LANs is driven by the aggregation
of traffic from each layer of a switched network to the one above. As data
rates at the network stations multiply, so must those of the backbones at the
building, campus, and metropolitan levels. There will be four physical medium-
dependent (PMD) sublayers in 10 Gigabit Ethernet: 40 km serial transmission
over single-mode fiber (SMF) at 1550 nm; 10 km serial over SMF at 1310 nm;
wide wavelength-division multiplexing (WWDM) at 1310 nm over either SMF
and MMF for 10 km or 300 m, respectively; and serial at 850 nm over MMF of
various lengths, depending on fiber type. The SMF PMDs address metropoli-
tan and campus backbones as well as high-speed links to internet service
providers. The MMF solutions address building backbones in LANS, stor-
age networks, and equipment interconnections. The reason for the inclusion
of multimode PMDs is their lower cost relative to single-mode solutions. The
WWDM multimode PMD is aimed at the installed base of MMF, whereas the
serial multimode PMD will require a new generation of fiber to reach 300 m.
The combination of the availability of inexpensive VCSELs at 850 nm, the
loose tolerance packaging allowed by the ease of launching and receiving light
to and from MMEF, and the large expected volumes of short-reach 10 Gigabit
Ethernet ports are believed to make 850 nm serial over MMF the lowest-cost
PMD of the four.

There are many effects that can influence the performance of the various
components of a MMF LAN link, including the laser, the optical subassem-
bly, the fiber, the various connections in the link, and the detectors. The most
important technical development in relation to the fiber in the last few years has
been the elucidation of the performance of MMT when excited by laser diode
transmitters instead of the previously used LEDs. This change in launch condi-
tion forced a reexamination of much of the knowledge base inherited from the
LED era. We will concentrate on the new understanding of these issues gained
during the development of the Gigabit and 10 Gigabit Ethernet standards.

4.2. MMF BACKGROUND

The vast majority of the installed base of MMF in the United States adheres
to a standard design with core diameter of 62.5 wm and maximum fractional
index differences of 2%. The performance is specified in terms of overfilled
bandwidth, discussed below, with the most common requirements being 160
or 200 MHz-km at 850nm and 500 MHz-km at 1300 nm. These grades of
fiber satisfy a variety of low-speed (10100 Mb/s) LAN application and struc-
tured cabling standards. A small fraction of installed MMF adheres to an
earlier standard of 50 pwm core diameter and 1% index difference, with band-
width requirements of 400 or 500 MHz-km at both wavelengths. However,
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the basic 50 wm design, with new, very stringent, performance requirements,
has been revived as part of the 10 Gigabit Ethernet standard to support serial
transmission at 850 nm.

The refractive index profiles n(r) of multimode fibers are chosen to maxi-
mize the modal bandwidth, which is accomplished by minimizing the spread
in modal group velocities. The optimal profile shape depends on the exact
material dispersion characteristics of the doped silica comprising the fiber but
is very close to a parabola. Given an index profile n(r), the Maxwell equations
may be solved at free-space wavenumber & = 2m/A to yield the propagating
modes of the fiber. For LAN applications the vector corrections to the scalar
wave equation are masked by the much larger differences between the multiple
propagating modes, so we may restrict attention to the scalar equation®

(V2 + () = B2y Eq. 6

where  is either component of the transverse electric field e in Cartesian
coordinates. The guided modes take the form
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where f;,, solves the radial part of Eq. 6, m = 1,2,... indexes the radial

solutions at fixed azimuthal index /, v indexes the angular dependence, and
p is the polarization. Each pair /,m corresponds to two degenerate modes
(differing in polarization) when / = 0, and four degenerate modes (differing
in polarization and angular dependence) when / > 0, as indicated in Eq. 7.

The degenerate sets of propagating modes indexed by /,m can be further
grouped into degenerate mode groups (DMGs), which share a common phase
velocity. This degeneracy is only exact in the case of the infinite parabolic pro-
file, but still holds approximately for manufactured profiles. These degenerate
mode groups are indexed by the principal mode number ., defined as

wo=2m+1—1 Eq. 8

The degeneracy of a mode group is twice the group index ., except for the
very highest order mode groups where the cladding pliays a role. 50 wm fiber at
850 nm supports roughly 400 modes, including both polarizations and angular
dependencies, which can be divided into about 20 such mode groups.

When the endface of a fiber is illuminated by a source of radiation, a field
EGeuree)(r o) is induced just inside the end face of the fiber. Working with a
single Fourier component, this field can, in turn, be expanded in the bound
and radiation modes of the fiber:

ESOUCe) (1) = Z a;i:f“,r‘f)ehm‘v,p(r, V) + (radiation) Eq. 9

{mv.p
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The power launched into radiation escapes from the fiber and is lost, while the
amplitudes of the guided modes can be computed by overlap integrals. The
modal power distribution (MPD) of the source is defined to be the distribution
of power launched into the principal mode groups of the fiber

(launch) __
P = )

lmyv.p:
2m4-i=1=n

(source) 2
G myp V) Eq. 10

In communications applications we are interested in the propagation of
signals down the fiber. A pulse launched into a guided mode centered at a
given frequency will travel at the group velocity of the mode and experience
spreading due to chromatic dispersion. Random imperfections in the fiber will
couple power between different modes propagating with the same frequency.®!
In modern MMF this power coupling is negligible between modes in different
mode groups over lengths of up to many kilometers. The modes within a
group, by contrast, typically completely couple within hundreds of meters.®?
Therefore, the pulses in the various modes of a mode group continually share
power and ultimately merge into a single composite pulse. Because the coupling
is relatively weak at LAN length scales, this composite pulse is broadened by
modal, as well as chromatic dispersion.

When a spectrally narrow pulse of light, such as that from a single longi-
tudinal and transverse mode laser, is launched into a 50 pm fiber at 850 nm,
we may expect the impulse response of the fiber to be the superposition of
about 20 distinct pulses, one per mode group. Each of these pulses travels with
its own characteristic group velocity and spreads according to modal and
chromatic dispersion. By contrast, when a spectrally broad pulse is launched
into a MMEF, such as one from a highly multimoded laser or LED, the pulses
associated with the various laser modes overlap, and the modal nature of the
propagation is blurred. The limiting case of this situation is known as the
mode-continuum approximation,®® which holds for LEDs and highly multi-
moded lasers. However, for serial 10 Gb transmission at 850 nm the spectral
widths of transmitters are limited by chromatic dispersion to the point where
the opposite limit holds. When such highly coherent sources are employed with
multimode fiber, modal noise becomes a concern. This effect is present when
a time-dependent speckle pattern is present in the fiber at points of mode-
selective loss, such as imperfect connectors or optical couplers. A coherent
source launching into multiple fiber modes ensures the existence of a speckle
pattern in the fiber; it can vary with time due to changes in the laser output
or mechanical changes in the fiber itself. When present, modal noise must be
compensated by increasing the transmitter power.

The salient point in the preceding discussion is that the effective bandwidth
of a MMF link is determined jointly by the properties of the transmitter and
fiber. The two interact primarily in two ways: chromatic and modal dispersion.
In the former, the spectral width of the source and the chromatic dispersion of
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the fiber combine to determine the amount by which a pulse spreads during
propagation. In the latter, the transverse fields of the transmitter determine
the modal power distribution of light launched into guided modes of the fiber.
Each guided fiber mode group then propagates with its own group velocity,
giving rise to modal dispersion. The effective modal bandwidth of a fiber may
thus depend very strongly on its excitation condition.

4.3. FIBER AND SOURCE CHARACTERIZATION

A variety of measurements have been developed over the years to characterize
multimode fiber and the sources used to excite them.®' For our purposes, the
most important are various measures of bandwidth, differential modal delays
(DMD), and quantities derivable from the near-field intensity (NFI).

The 3 dB bandwidth of a fiber is defined to be the frequency, measured in
MHz. at which the modulus of the transfer function of the fiber drops to 1/2
of its peak value.®* From Section 1.1 it is clear thal this value depends strongly
on the excitation conditions of the fiber, which therefore must be carefully
specified. Historically, the most common launch condition has been that of
overfilled, in which all but the highest fiber modes are equally excited. More
recently, various measures of restricted launch bandwidth have been defined
that specify excitation of smaller sets of fiber modes.%* These measurements
are directed at the modal bandwidth, so the spectral widths of the sources
used are required to be sufficiently small to avoid substantially biasing the
measurement.

A bandwidth measurement attempts to summarize the modal dispersion
of a fiber with a single number. Such measurements are useful only if the
fiber is used in a manner consistent with the launch used for the bandwidth
measurement. A differential modal delay (DMD) measurement,®! 37 by con-
trast, attempts to completely characterize the modal delays of a fiber in order
to predict fiber performance under arbitrary launches. Ideally, pulses would
be launched into individual mode groups and their delays measured, but such
launches are not practical. Instead, a DMD measurement consists of scanning
a single-mode fiber across the end face of the multimode fiber under test and
recording the temporal response o a short pulse at each of a set of positions.
Examples are presented in Fig. 20 and Fig. 21. Under the assumption of com-
plete intragroup mode coupling, such a measurement completely characterizes
the modal delays of the fiber under test. The individual group delays are not
immediately available from the data, because the launching SMF excites more
than one mode group at a lime. However, they may be estimated from the raw
data.®® DMD may also be performed in the frequency domain.®

Due to the sensitivity of multimode fiber dispersion on launch condition,
measurements of the modal power distribution of light launched by trans-
mitters into fiber are required. Analogous to the case of DMD, the ideal
measurement would involve the selective detection of individual mode groups.
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Fig.20 DMD of a fiber with estimated overfilled bandwidth of 3427 MHz - km, which
is well in excess of that required to support 10 Gb operation over 300 m. However,
the modal delay structure in the low-order modes is much Jarger than the bit period,
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Fig. 21 Results of a simulated differential modal delay measurement, along with
measured pulse widths within two specification masks. The measured width of each
trace is indicated by the vertical dashes. The reference pulse was 40 ps (FWHM) in this

example.



2. Design of Optical Fibers 51

which is not practical. The standard method is instead to obtain the near-field
intensity (NFI) of a length of fiber under CW excitation by the source under
test, and then process it to estimate the modal power distribution.”>’® An
alternative approach, better suited to high-speed, narrow-linewidth sources,
involves temporally separating the modes.”’

For some purposes it is more convenient to work with the encircled flux
(EF) defined as

EF(r) =

/ 2 dr' () Eq. 11
total JO

rather than the NFI1. Here, /() is the NFI induced in a probe fiber by the
source under test and P, is the total power guided by the fiber.

4.4. THE GIGABIT ETHERNET STORY

Work on the Gigabit Ethernet standard began shortly after the completion
of Fast Ethernet in 1995.”® Much of the early effort of the committee went
into ensuring that the known issue of modal noise would not be a problem.
However, relatively late in the process an unforeseen problem was uncovered,
namely unpredictable bandwidth performance with the use of laser trans-
mitters. This resulted in the formation of the Effective Modal Bandwidth
Investigation ad hoc committee. Their results raised many issues about the use
of MMF with laser transmitters that influenced the development of the 10 GbE
standard, as described below. The bandwidth problem discovered during the
GbE standard development was that certain combinations of transmitters
and fibers resulted in lower link bandwidth than was expected from the mea-
sured overfilled bandwidth of the fiber. Furthermore, the impulse response
shapes produced by such combinations were such as to produce unacceptably
large jitter. These problems were observed in both laboratory experiments and
installed links in the field. This situation was completely unexpected to the
committee; indeed, it originally surfaced during a set of round-robin measure-
ments designed to probe how much bandwidth improves under laser launch
relative to overfilled.

The root of the problem was a mismatch between the way fiber was specified
versus how it was used. Historically, standard MMF was specified in terms
of overfilled bandwidth. The overfilled launch condition matches the way in
which LEDs launch into a fiber, so overfilled bandwidth is a good predictor of
fiber performance under LED launch. However, the modal power distributions
of the lasers (both edge emitters and VCSELs) used as Gigabit Ethernet sources
can be very different from that of LEDs, and in particular can vary dramatically
from laser to laser.

The overfilled launch condition puts much more power into high-order
modes than low-order modes because of the larger degeneracy of the high-
order mode groups. Therefore, a fiber measured to have high overfilled
bandwidth is guaranteed to have well behaved high-order mode groups, but
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may have very poorly behaved low-order modes. In other words, the overfilled
bandwidth measurement is insensitive to lower-order mode behavior. Lasers,
as opposed to LEDs, can put most of their power into these low-order fiber
modes. Therefore, one should not expect a fiber with known overfilled band-
width to behave predictably under laser launch. This was the basic fact that
was discovered during the development of Gigabit Ethernet. Figure 20 dis-
plays the measured DMD of a fiber that has an overfilled bandwidth more
than adequate to support 10 Gb operation over 300 m. However, the DMD
contains structure that is wide in comparison to the bit period, demonstrating
that this fiber would cause a link failure under some restricted launches.
Gigabit Ethernet was designed to support the installed base of fiber. There-
fore, the solution to the unpredictable bandwidth problem was to study the
distribution of fiber defects that caused this behavior in the installed fiber base,
and ensure that laser launches were conditioned to avoid the problem regions
in the fiber. The primary culprits were perturbations near the fiber axis that
primarily affected the delays of the low-order modes. Such axial perturbations
are common in all major MMF manufacturing methods. They are a factor
only for launches that concentrate most of their power near the fiber axis,
which for Gb sources translates into 1300 nm edge emitters. The solution to
the bandwidth collapse problem in this case was to employ a patchcord that
offset the launch into the MMF so as to avoid the center. This conditioning
was found through simulation and experiment to be sufficient to rescue the
standard.”8%8! VCSEL sources at 850 nm, by contrast, tend to be highly mul-
timoded, and such conditioning was not found to be necessary.®8* Instead,
the sources must meet a requirement on the coupled power ratio,?* defined to
be the ratio of power coupled into a single-mode fiber as compared to a MMF.

4.5. TOWARD A 10 Gb ETHERNET STANDARD

The July 2001 draft of the 10 Gigabit Ethernet standard® contained four
physical medium dependent (PMD) sublayers, of which two employ single-
mode fiber for distances of up to 40 km, and the other two employ MMF for
LAN applications. One of these latter PMDs consists of serial transmission
at 850 nm over a new generation of MMF. The other supports the installed
base of MMF via wide WDM near 1300 nm. The former solution is expected
to lead to the lowest total costs for new installations as 10 Gb optoelectronics
technology matures. Because the WWDM PMD supports the installed fiber
base rather than a new generation, we will concentrate on the scrial solution.

In 1999 the TIA FO2.2.1 working group began designing specifications for
fibers and transmitters that would satisfy the requirements of serial transmis-
sion at 10 Gbps. The resulting specifications, largely completed by the summer
of 2001, strike a delicate balance between the requirements of the fiber and
transmitter manufacturers. In this section we will describe the reasoning that
led to the current draft.
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In designing a set of specifications, one may trade off fiber and transmitter
performance. For instance, if all group delays of the fiber are required to be
essentially equal, then there can be no modal dispersion under any launch
condition, so any transmitter with sufficiently small linewidth would suffice.
Conversely, if the transmitter were required to have a single transverse mode
perfectly matched to and focused on the fundamental mode of the fiber, and all
connectors were perfect, then the system would be essentially single-mode and
link performance would not depend on the behavior of the remaining modes
of the fiber.

Neither of the above two extremes are practical in the sense that either
would render part of the system economically inviable. The approach taken
by FO2.2.1 has been to strike a balance acceptable to both fiber and transmitter
manufacturers. In general terms, transmitters are required to avoid launching
too much power into those fiber modes that are difficult to control during
manufacture, while the remaining fiber modes, which carry most of the power,
must be very tightly controlled.

The type of transmitters considered and their spectral characteristics are
dictated by economics. The lowest-cost transceiver technology compatible
with 10 Gb serial operation is believed to be that of VCSELs operating near
850 nm. The spectral widths must be narrow enough to accommodate the fiber
chromatic dispersion at these wavelengths of roughly 100 ps/nm/km over link
lengths of up to 300 m. In order to reserve most of the 100 ps bit period for
effects other than chromatic dispersion the current draft calls for linewidths
less than 0.35 nm (RMS). Because current VCSEL designs result in a spectrum
of transverse modes that are separated by at least 0.5 nm, for all practical pur-
poses the allowed devices will be at most few-moded. Left open so far is the
question of which modes will be excited and the nature of the optics coupling
the light into the fiber. These must be chosen with a view toward both the
economic constraints imposed by the fiber and the relatively loose connection
tolerances allowed by inexpensive connectors.

The picture of the 10 Gb transmitters that emerged in the previous para-
graph has implications for the joint fiber and transmitter specifications. In
particular, simulation studies®®®” have shown that low-order mode VCSEL
launches with loose connection tolerances can excite a very broad range
of modal power distributions in the fiber. The implication is that very few
a priori assumptions can be made about these modal power distributions
in choosing specifications on the fiber modal delays. This situation is very
different from that of LEDs, which can be assumed to launch the very
specific modal power distribution of equal power in every fiber mode (over-
filled). Without introducing some specification restricting the transmitters, the
only fiber specification possible is one with extremely flat response across all
mode groups. Therefore, we are led to designing a pair of transmitter and
fiber specifications that restricts both without rendering either economically
infeasible.
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The first decision in developing a joint fiber and transmitter specification is
what measurements to use. Ideally, one would use the modal power distribu-
tion of the transmitter and the mode group delays of the fiber, but measuring
these quantities directly is impractical. Estimating them from practical mea-
surements, as discussed in Section 4.3, was deemed too involved and prone to
error to include in the standard. Instead, it was decided to write the source
and fiber specifications directly in terms of DMD and encircled flux data. The
benefits in simplicity of this approach were thought to outweigh the loss in
discriminatory power of the measurements. Simulations and measurements
support the view that the proposed specifications are sufficient to guarantee
performance.

The transmitter specification requires that sources avoid the center and the
edge of the fiber core, both of which are hard to control in existing multimode
fiber manufacturing processes. It accomplishes this by requiring that

EF(rin) <xu and EFradius(xout) 2 Fout Eq 12

where r;, xin, Four and x,,, are parameters provisionally set at 4.5 um, 30%,
19 wm, and 86%, respectively. The definition of EF(r) is the encircled flux at
radius r, while by EF radius (x) we mean the radius at which the encircled flux
first exceeds x. These values are intended to prevent efficient excitation both
of the lowest and highest order fiber modes.

The fiber specification takes the form of a constraint on DMD measure-
ments. In its current form, several rectangular “masks” are defined, each
consisting of a radial range [r;,, rou] and a temporal width At The DMD
is said to satisfy the mask if the difference Atpyp in arrival times between the
earliest leading pulse and latest trailing pulse represented in the DMD traces
with offsets in [, 5] 1s less than At,,.. The difference Atpyp is defined as
follows. The edges of each DMD trace are defined to be the earliest and latest
times at which it attains 1/4 of its maximum power. Then, the measured DMD
width A¢p,p within the mask is defined to be the difference between the earliest
leading edge and latest trailing edge of DMD traces within [r;,, 7, ]. Finally,
the width at the same 1/4 threshold of the pulse used to make the DMD mea-
surement (measured by connecting the transmitter and receiver with a strap)
is subtracted to yield the estimated maximal delay difference within the mask.
Figure 21 shows an example of a simulated DMD measurement to which the
following pair of masks has been applied:

max DMD in [0, 15] < 0.22ns/km Eq. 13

max DMD in [0, 23] < 0.70 ns/km Eq. 14

This set of masks, along with the source encircled flux requirement that
EF(16wm) > 86%, was an early proposal for the standard.®® This encir-
cled flux requirement is intended to concentrate most of the power within the
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smaller of the DMD masks, which has temporal width adequate for 10 Gb/s
operation.

The draft fiber specification®®? that the TIA FO2.2.1 completed in July, 2001
1s quite involved and will not be reproduced here. The fiber DMD is required
to pass at least one of six sets of five DM D masks. The reason for such a com-
plicated specification is that the various fiber and transmitter manufacturers
have all made different process and design choices that favor different regions
of the specification space. Therefore, achieving a balance that equally spreads
the pain was very difficult.

The proposed fiber specifications are not tight in the sense that there exist
physically realizable fibers and transmitters that will pass the specifications but
result in bandwidth below the acceptable minimum. There are two reasons for
this. The firstis a design decision by the committee that a specification resulting
in no bandwidth failures would be unnecessarily restrictive, as failure rates of
up to 1% are acceptable in the field. This is why the narrowest part of the
proposed DMD mask is larger than 0.17 ps/m, the value that would guarantee
a passing modal bandwidth of even in the worst case of two equally weighted
maximally split pulses. This worst case scenario is very unlikely, and it is argued
on the basis of simulation studies that a wider DMD mask will result in link
failure rates of less than a percent.

A second reason for link failures when the specifications are met is the
decision to write the specifications in terms of the encircled flux and At
rather than the transmitter modal power distribution and group delays of the
fiber. These specification measurements do not offer as much resolution as is
possible with more sophisticated tools, Furthermore, exactly which set of fiber
mode groups are included in the measurement of A, can vary from fiber
to fiber, because DMD pulse widths are defined as the times at which a pulse
response attains some fraction of its maximum power. This maximum power
depends on the relative values of the group delays excited by a DMD launch.

In order to avoid the type of surprise encountered during the Gigabit Eth-
ernet standardization process, and because the proposed transmitter and fiber
specifications are not rigorously tight, they were subjected to extensive simula-
tion and experimental testing to ensure they resuited in acceptably low failure
rates. The simulation study’’ involved modeling a multimode fiber link includ-
ing effects of transmiitters, fibers, and connections, and computing the effective
modal bandwidth and ISI over a large distribution of link components. Fig-
ure 22 shows the distribution of calculated link effective modal bandwidths as
a function of transmitter encircled flux for fibers that do and do not satisfy a
proposed DMD mask. Clearly, the mask performs well in this case, and pre-
dicted bandwidth failures for source/fiber pairs that pass the screen are well
less than a percent.

The TIA FO2.2.1 organized a series of validation measurements during
the fall of 2000 to experimentally verify the performance of the specifications.
A sample of 12 fibers and 21 transmitters were prepared by a range of fiber
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Fig. 22 Results of a simulation study demonstrating the efficacy of a proposed set of
transmitter and fiber specifications.
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Fig. 23 Data taken by the FO2.2.1 to test the proposed framework for specifying
fiber and transmitters.

and transceiver manufacturers in an attempt to capture as wide a range of
behaviors as possible within the constraints of available time and resources.
Each fiber was characterized by a DMD measurement, each source with encir-
cled flux, and bandwidth and ISI data were taken on a set of transmitter/fiber
pairs. In Fig. 23 we show the distribution of measured bandwidths as a func-
tion of source encircled flux 86% radius for fibers that do and do not pass
the proposed specification (see Eqs. 13, 14) that was current at the time the
experiment was planned. In every case, the specification worked as planned:
the fiber/source pairs that met the specification exhibited bandwidths greater
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than the minimum, while there are instances of low bandwidth among those
pairs that failed the specification.

5. Plastic Optical Fiber

5.1. INTRODUCTION

For many years single-mode and graded-index multimode silica optical fibers
have been the only practical media for optical networking. These fibers domi-
nate by providing higher bandwidth, extremely low attenuation, and long-term
reliability. The high cost and skilled labor required to install silica fiber has
not impeded its implementation and optical links are now used extensively in
telecommunications and enterprise data networking. However, the demand
for bandwidth is now growing in the home, small office, and mobile envi-
ronments. In these applications it becomes increasingly important to develop
very low-cost optical links that can be quickly installed by untrained per-
sonnel. Furthermore, these data network links are often integrated in building
wiring infrastructures, which makes upgradability of considerable importance.
Consequently, an optical fiber medium that offers high bandwidth and ease
of installation could begin to supplant copper cabling long before existing
bandwidth demands necessitate such a migration.

Plastic optical fibers (POF) have offered the potential for simple, very low-
cost optical links since their introduction in the 1960s. Because the elastic
moduli of polymers are more than an order of magnitude smaller than that of
silica, polymer fibers can have very large optical cores, yet still remain flexible.
Furthermore, polymer fibers may be terminated simply by cutting, without
the cleaving and polishing required by silica fibers. Consequently, the installed
cost of POF systemns should be quite low, due both to ease of installation and
the relaxed tolerances of mechanical and optical couplings at the fiber end-
points. Because of these advantages, step-index (SI) poly(methyl methacrylate)
(PMMA) plastic fibers are now used with some frequency in short distance,
low data rate applications where resistance to electromagnetic interference
is important. However, there are two problems with SI PMMA fibers for
data networking applications. The carbon-hydrogen bonds in PMMA pro-
duce strong optical absorption at visible and near-infrared wavelengths.?
This absorption is caused by overtones of the carbon-hydrogen stretching
vibration at 3.2 um and limits PMMA fiber to a single transmission win-
dow near 650 nm. Even within this window, attenuation is intrinsically large
(~130dB/km),* limiting maximum link distances to 50 m in most cases. Also,
because the fiber is step-index, large intermodal dispersion severely reduces
the bandwidth.

The bandwidth limitations of conventional ST PMMA fibers have been over-
come by grading the refractive index profile of the core, as is done with silica
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fibers. A particularly elegant technique® for producing such fibers is known
as the interfacial gel polymerization method. In this technique a mixture
of methyl methacrylate (MMA) monomer and a nonreactive, index-raising
dopant are placed in a PMMA tube and heated. The MMA penetrates the
inner tube wall, producing a swollen “gel” phase in which polymerization
begins. The larger dopant molecules is partially excluded from the gel phase,
and as polymerization progresses inward, the dopant becomes increasingly
concentrated in the central portion of the preform. When the preform becomes
fully polymerized, the dopant forms a graded-index core, bounded by the
original PMMA tube that serves as the cladding. The dopant is effectively
immobilized in the PMMA glass at temperatures sufficiently below the glass
transition temperature 7, of the dopant-PMMA mixture.

Although graded-index (GI) PMMA fibers fabricated by this method offer
reasonable bandwidth, 1 GHz-km or greater,3® they have only limited utility
because they are restricted to operation in the visible portion of the spectrum
where few high-speed sources are available.

In 1996, Y. Koike and coworkers?? overcame the wavelength limitations
of POF by demonstrating graded-index plastic fibers based on a perfluo-
rinated polymer, poly(perfluoro-butenylvinylether) (PFBVE), commercially
known as CYTOP™ (Asahi Glass Co.). This material shows excellent near-
infrared transparency because it contains no carbon—hydrogen bonds. While
the early PFBVE fibers had negligible absorption losses at most wavelengths,
they still exhibited significant attenuation due to scattering, typically around
50dB/km at 1300 nm. Despite the high attenuation of these fibers relative
to silica, PFBVE fibers have revived interest in POF for optical networking,
with the expectation that extrinsic sources of scattering in the fibers can be
substantially reduced.

The index gradient in PFBVE fibers is formed by partially diffusing an
index-raising dopant into the polymer prior to drawing.** The resulting index
profiles show significant diffusive tails,”® and are quite different from the
profiles required to achieve optimal bandwidth. Despite this shortcoming, sur-
prisingly good overfilled bandwidths, ~300 MHz-km, are usually observed in
such fibers.* We shall now describe the properties and performance of this
new class of plastic optical fiber which has the capability of supporting high-
speed data networking applications heretofore reserved for copper and glass
fiber media.

5.2, FIBER GEOMETRY

A useful geometry for a PFBVE is shown in Fig. 24. The core diameter is
~120 pm, while the cladding diameter is in the range of 160-200 wm. A rein-
forcing polymer surrounds the cladding that extends the fiber outer diamete:
to 500 wm. This choice of geometry is dictated by several factors. First, the
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Fig. 25 Commercially available perfluorinated glassy polymers.

core should be large enough to allow interconnection with significant relax-
ation of the tolerance requirements placed on molded connectors. On the other
hand, it should couple to existing high-speed transceivers without degradation
of bandwidth performance. Finally, the outer diameter is chosen to provide
acceptable load-bearing properties for handling operations such as cabling
and duct installation. Inexpensive polymer glasses such as PMMA or poly-
carbonate comprise the reinforcement polymer. Such materials allow a fiber
with a 500 wm outer diameter to withstand loads of up to about 1 kg without
undergoing permanent deformation. Furthermore, these materials are inex-
pensive and allow the very expensive perfluorinated polymers to be restricted
to the central waveguiding portion of the fiber.

5.3. ATTENUATION

The current revolution in plastic optical fiber is founded on the availability of
glassy amorphous perfluorinated polymers, such as those shown in Fig. 25.
Since these materials contain no hydrogen, they show negligible absorption
loss in the range of wavelengths preferred for short-distance optical commu-
nication, 850-1300 nm. Moreover, these materials contain bulky ring units
that serve to frustrate the crystallinity typically observed in fluoropolymers.
As a result, these glassy polymers also have low intrinsic scattering losses.
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Although both of the polymers depicted in Fig. 25 are commercially avail-
able, only the PFBVE polymer has yet been extensively investigated for POF
applications.

Although the PFBVE polymer shows no crystallinity, it exhibits measurable
intrinsic scattering due to thermodynamic fluctuations of density and of orien-
tational order. When a small-molecule dopant is added to the polymer matrix
to produce a graded-index profile, light scattering from thermodynamic fluc-
tuations of dopant concentration is also observed. The light scattering that
results from these fluctuations is responsible for the fundamental limits on
attenuation in a plastic fiber.

Light scattering experiments””° at 632 nm have been carried out on samples
of bulk doped and undoped PFBVE polymer to determine the fundamental
limits of attenuation in fibers made with this system. The dopant used®® was
an oligomer of chlorotrifluoroethylene (CTFE). By studying the polarized and
depolarized components of scattering in clean bulk samples of undoped and
doped (10% by weight) PFBVE, the contributions of density, orientation, and
concentration fluctuations to the Rayleigh scattering in these materials were
resolved. Assuming the A~ wavelength dependence associated with Rayleigh
scattering, the authors estimated the intrinsic losses of fibers made from these
materials to be 9.9 dB/km at 850 nm, and 1.80 dB/km at 1300 nm.

The intrinsic spectral loss curve estimated for a PFBVE POF is displayed
in Fig. 26.9°7

Spectral loss curves for OH-free single mode silica fiber, PMMA POF, and
an early experimental PFBVE GI-POF are also shown for comparison. The
losses of the experimental fiber are dominated by extrinsic scattering induced
by processing defects, such as geometric perturbations, and/or impurities.
These losses have been reduced by recent material and processing improve-
ments so that manufacture of PFBVE GI-POF fiber with losses significantly
below 50 dB/km®® is now commercially feasible.

While absorption bands associated with the carbon-fluorine bonds of the
polymer arc not gencrally significant below 1300 nm (in Fig. 26 the small
peak at 1280 nm represents the 7th overtone of the fundamental CF stretch-
ing vibration of the polymer beyond 8000 nm), other peaks are prominent at

93,96

Table 3 Isotropic and Anisotropic Scattering Losses in PFBVE Polymer,
Undoped and Doped with 10% by Weight CTFE.%

Material  Undoped PFBVE Undoped PFBVE Doped PFBVE Doped PFBVE

Wavelength 850 nm 1300 nm 850 nm 1300 nm
o509 2.4 dB/km 0.44 dB/km 7.1dB/km 1.29 dB/km
glaniso) 2.8dB/km 0.51 dB/km 2.8 dB/km 0.51 dB/km

Total Loss 5.2dB/km 0.95dB/km 9.9dB/km 1.80 dB/km
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Fig. 26 Spectral loss curves for plastic optical fibers. Adapted from ref. (95).

approximately 945, 1130, and 1385 nm. These absorption bands are associ-
ated with molecular water that diffuses freely in and out of the fiber from
the atmosphere. The peak at 1385nm is quite large and serves to limit
the range of applicability of PFBVE GI-POF to wavelengths below about
1320 nm.

5.4. BANDWIDTH

The bandwidth properties of GI-POFs are governed by the intermodal and
material dispersion of the fiber. Intermodal dispersion is related not only to the
shape of the core refractive index profile, but also to the degree of mode cou-
pling and differential mode attenuation that may be present. While the material
dispersion of PMMA is higher than that of silica, the PFBVE polymer has a
substantially lower material dispersion,®* leading to predictions of very high
bandwidths (~10 Gb/s-km) for perfluorinated GI-POFs having ideal profiles.

A typical index profile for a PFBVE GI-POF is shown in Fig. 24. It is
apparent that the profile is far from the ideal parabolic shape. The diffusive
tails in the profile at the cladding boundary, which result from the diffusion
process used to distribute the dopant to form the fiber core, are very striking.
The central portion of the profile also deviates from the near parabolic shape
required for high bandwidth silica fibers. Nevertheless, these fibers have quite
high overfilled bandwidths of up to 500 MHz-km® and support very high
data transmission over moderate distances.”® Differential mode delay (DMD)
experiments'® have been carried out on these fibers to determine the source of
the higher-than-expected bandwidths. Very small delay variations are observed
among pulses injected into the central portion of the fiber core (roughly half
the core diameter), as shown in Fig. 27.
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Furthermore, the RMS delay variation o depends on fiber length in a way
that is reasonably well described by a power law, o ~ L%’ asshown in Fig. 28.

From this result alone, one may infer clear evidence of coupling between
modes, since uncoupled modes would show delay variations proportional to
the first power of length. Indeed, the observed length dependence is quite close
to the o o L% expected from a diffusive theory of mode coupling.!%!
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In addition to mode coupling, differential mode attenuation (DMA) has
been suggested as an important factor that determines the bandwidth of
PFBVE GI-POF.!” Indeed, DMA has been shown to be a dominant con-
tribution to the bandwidth of GI-POF based on PMMA..'% While the role of
DMA has not yet been adequately quantified for PFBVE GI-POF, it is rea-
sonable to assume that the highest-order modes supported by the fiber exhibit
significantly higher attenuation than lower-order modes, owing to the diffu-
sive tails that characterize the core profile. Such tails make the highest-order
modes susceptible to attenuation by both macrobending and microbending
deformations.

The strong mode coupling observed in PFBVE GI-POF has significant
practical consequences. In particular, the very large area of low dispersion
observed in the center of the fiber core (see Fig. 27) means that one might obtain
a large increase in effective fiber bandwidth simply by restricting the input
optical power to this area. While a similar “restricted launch” technique is
commonly used to overcome intermodal dispersion in silica multimode fibers.
perfluorinated GI-POF allows a qualitatively larger offset tolerance due to the
larger core and strong mode coupling. With this restricted launch technique,
experiments have been carried out to demonstrate transmission rates in the
neighborhood of 10 Gb/s at wavelengths ranging from 850 to 1300 nm.'%%105
Since the material dispersion of the PFBVE polymer is relatively low, the fiber
bandwidth is only weakly dependent on wavelength. This situation is a striking
contrast to silica multimode fiber, which must be “tuned” to a narrow range
of intended operational wavelength by appropriate choice of index profile.
However, since thc graded index profile is created by a diffused dopant, the
effects of long-term aging on the bandwidth of PFBVE GI-POF remains a
cause for concern.

5.5. RELIABILITY

A significant long-term reliability issue is the stability of the index profile
at elevated service temperatures. Because the dopant material is not bound
to the polymer, the stability of the index profile depends upon the effective
immobilization of the dopant in the glassy polymer matrix. Suppression of
dopant diffusion is largely a matter of the size and shape of the dopant molecule
and the proximity of the operating temperature to the glass transition of the
polymer/dopant mixture. Typical dopants used in GI-POF technology have
molecular weights in the range of a few hundred to a few thousand daltons.
Dopant diffusion is essentially Fickian at temperaturcs well above the glass
transition temperature of the polymer/dopant mixture.!® At lower temper-
atures, the diffusion of the dopant more nearly follows the dynamics of the
molecular motion of the polymer chains. Dopant diffusivities decrease by sev-
eral orders of magnitude over a small temperature interval encompassing the
T, of the system, e.g., —10°C to +20°C,'%7 and become strongly dependent
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on dopant concentration. At temperatures just below T, diffusion becomes
greatly hindered and is coupled with molecular relaxation processes of the
polymer driving toward equilibrium. As a consequence, the dopant becomes
effectively immobilized with dopant diffusivities <10~!5 cm?/sec in the poly-
mer glass at temperatures 20°C or more below the T, of the dopant/polymer
mixture. Thus the index profile of PFBVE GI-POF is typically found to be
stable during aging for many months at temperatures up to 20°C below the T,
of the material comprising the highest index region of the fiber core.
Methods have been developed®®!% to measure the diffusivities of dopants
in polymers in the vicinity of the T, of the dopant/polymer blends. The dif-
fusivitics in this region are highly concentration-dependent (non-Fickian).
A numerical model which allows the prediction of index profile changes in
GI-POFs under accelerated aging conditions has been developed.'%

5.6. CONNECTORIZATION

Historically, the primary technical advantage of plastic optical fiber has been
ease and low cost of connectorization. Silica optical fibers typically require
relatively expensive connectors as well as trained personnel to perform the
polishing and assembly required for field termination of a fiber cable. While
very simple tools exist for terminating the conventional step-index POF now
available, these termination methods result in relatively high connection loss,
typically around 1 to 2dB per connection. From a geometrical standpoint,
the high connection losses of conventional POF are surprising, since the very
large core sizes (typically 0.5-1.0 mm) of such fibers should allow excellent
coupling.

White et al.'® have investigated the origin of the high connection losses
in SI-POF by examining the end faces of fibers prepared with standard blade
cutting tools using confocal scanning fluorescence microscopy. By immersing
the fiber end face in a liquid containing a fluorescent dye that can penetrate fine
cracks in the surface, a three-dimensional image of the crack structure can be
produced. In these experiments it was found that numerous branching cracks
extended deeply into the end face, beyond the depth that could be imaged
(roughly 60 wm). The cracks form as a result of the tensile stress concentration
that occurs at the tip of the blade that is being pushed through the fiber, as
shown in Fig. 29.

The tensile stress causes a crack to propagate at near sonic velocities ahead
of the blade. This unstable propagation produces branching cracks that pen-
etrate deeply into the fiber surface and cause significant scattering of rays
propagating from the fiber end face with consequent high connection losses.

Unstable crack propagation can be suppressed by applying a slight longi-
tudinal compressive load to the fiber during cutting.!?” Figure 30 shows the
distribution of connection losses measured in PFBVE fiber for which the ends
were prepared using the compression cutting method without any additional
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Fig. 30 Histogram of connection losses observed for fibers terminated by cutting
under 1% compressive strain. In these experiments 30 compression-cut ends were
butt-coupled to a polished fiber end. A scanning electron photomicrograph of a
compression cut fiber end is shown in the inset. From ref. (109).

finishing. The losses generally lie in the 0.5-1.0dB range. The compression
cutting method offers the promise that personnel having no special training
could connectorize POF in the field quickly with low connection losses, using
a simple hand tool.

5.7. APPLICATIONS OF PERFLUORINATED PLASTIC FIBER

The raison d’étre for PFBVE GI-POF is to qualitatively simplify field instal-
lation of high-speed data links, especially in the gigabit-per-second regime.
In comparison to silica-based optical fibers, GI-POF eliminates the need for
trained installers and specialized cleaving and polishing tools. In comparison
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to high-speed unshielded twisted-pair (UTP) copper links, GI-POF simpli-
fies the cable pulling and termination aspects of the installation process. As
with all optical media, GI-POF also eliminates the potential for various forms
of electromagnetic interference, which would complicate installation and use
of Gb/s UTP copper links. As mentioned earlier, the ease of use of GI-POF
will become increasingly attractive as high speed data links migrate outward
from controlled, centralized, high-cost environments (telephony and large
enterprise networks) into less controlled, fragmented consumer environments
such as small office, home, vehicular data networks, and inter/intraequipment
interconnection.

In vehicular applications, the older technology of step-index PMMA-based
POF has gained significant acceptance beginning in the late 1990s. During
these years, PMMA fibers were investigated in a number of aircraft and auto-
motive passenger compartment data systems.!!%!!! By the year 2000, every
Mercedes-Benz automobile contained a step-index POF data network in the
passenger compartment. Since automotive applications involve distances uni-
formly less than 10 meters, and since link speeds should not exceed 100 Mb/s in
the foreseeable future, this older POF technology should continue to be the best
fit for this niche. Although passenger aircraft demand much larger bandwidth-
distance products than automobiles, aircraft applications also typically have
very demanding temperature requirements. Since data links are often routed in
the same trays with power cables, continuous operating temperatures of 125°C
are typical. As a result, PFBVE-based GI-POF appears not to be suitable
in such applications. Although other perfluorinated polymers should permit
much higher operating temperatures, those materials have not been adequately
developed for POF use at this writing.

In the immediate future, the most promising area for perfluorinated GI-
POFs appears to be in equipment interconnection. In these applications,
bandwidth demands often exceed a few hundred Mb/s and in many cases are
expected to increase rapidly with time. Also, for connections between equip-
ment cabinets, many applications must support remote deployment of different
units, so that intercabinet links must be capable of supporting 100-300 meter
distances. In many cases however, relatively few links are required, so that
bringing in trained personnel to install silica fiber or (where applicable) cop-
per cables and connectors may be prohibitively expensive on a per-link basis.
Moreover, trained personnel will be required again whenever the link must
be repaired or relocated. In such cases, GI-POF will offer an attractive and
affordable way to maintain the flexibility now familiar in such applications,
while also permitting much higher data rates.

In the longer term, GI-POF appears to be technically well suited for
data networks in homes and small offices. GI-POF can easily support the
bandwidths (potentially up to 10 Gb/s) and distances that such applications
demand. Also, since these applications typically involve installation behind
walls, future-proofing is paramount. Since perfluorinated GI-POF offers
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high bandwidth with minimal wavelength dependence, in addition to sim-
plicity and low installed cost, it appears to be extremely well suited for such
applications. However, since these types of networks almost always require
adherence to LAN applications standards, considerable work in standard-
ization of GI-POF will be required to exploit its technical possibilities in
this area.

6. Microstructured Optical Fibers

This chapter, and indeed almost all of this volume, has focused on optical
fibers in which light is guided by the slight increase in refractive index afforded
by doping silica with small amounts of germanium. However, a new class
of fibers has generated enormous interest: microstructured optical fibers that
contain air holes which run longitudinally down the fiber. Such fibers can be
fabricated by drawing a stack of glass tubes, for example, rather than a solid
rod. The presence of holes adds another dimension to fiber design and may
lead to radical new developments for controlling and guiding light, resulting
in novel fibers for transmission or photonic components.

The design and application of microstructured fibers can be broken into
two categories: fibers in which light is guided by a region of higher refractive
index than the surrounding material due to the well-known principle of total
internal reflection, and fibers in which light is actually guided in a photonic
bandgap in which the structure of the holes are such that light cannot prop-
agate in particular directions. A simple example of a bandgap structure is a
Bragg grating, which is a one-dimensional photonic bandgap where forward
propagation of light in the correct wavelength range is not allowed, causing
this light to be reflected. Photonic bandgap fibers are 2-dimensional bandgaps
in which light cannot propagate perpendicular to the fiber axis and can thus
be confirmed to regions in which the refractive index is lower than the sur-
rounding material. Both sets of microstructured fibers offer unique features
and a wide range of potential applications.

6.1. INDEX-GUIDED STRUCTURES

The principles of operation and the characteristics of index-guided microstruc-
ture fibers are quite similar to those of conventional fiber, but since the
cladding contains holes with a refractive index of 1 (compared to the index of
the silica cladding of 1.457 and the germanium-doped core of 1.462 in conven-
tional single-mode fiber) the much greater index contrast and the ability to fill
the holes with other materials, such as polymers or liquid crystals, allows explo-
ration of new design space. For example, the high index contrast allows the
core to be reduced from about eight microns in conventional fiber to less than
one micron. This increases the intensity of the light in the core and enhances
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nonlinear effects. A wide spectrum of such effects has been demonstrated,!!?
including the generation of a supercontinuum which spans 550 THz, from
400 nm to 1600 nm. This result has important application in optical coher-
ence tomography for imaging in which wide spectral range translates directly
into increased spatial resolution. Another potentially important device uses
Raman scattering, discussed in Section 2.7, to change the wavelength of a
signal. Here, a pulse launched into a high-index contrast microstructure fiber
experiences Raman gain, with the shorted wavelength of the pulse amplifying
the longer wavelength, resulting in a wavelength shift of the pulse. For input
pulses of 100 fs duration with average power of tens of milliwatts, a wavelength
shift of more than 150 nm has been achieved in about 20 cm of fiber, with the
amount of shift proportional to the input power, as shown in Fig. 31.113
Additional effects have been demonstrated which exploit the overlap of the
optical field with the holes. For example, microstructured fibers have exhibited
endlessly single-mode behavior in which only the fundamental mode is allowed
to propagate for all wavelengths of light.!'* If the holey region encompasses
more than about 20% of the fiber cross-section, index-guided microstructures
exhibit interesting dispersive properties which may find application as either
dispersion-compensating or dispersion-managed fibers.!!® In addition, by fill-
ing the holes with polymers or liquid crystals, external fields can be used to
dynamically alter the properties of the fiber. For example, the temperature
sensitivity of a polymer filling the holes surrounding a core can be used to
tune a grating written into the core.!'® This effect has been used to increase the
tuning range of a long-period grating by more than an order of magnitude.
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Fig. 31 Intrapulse Raman scattering is used to shift the wavelength of light.
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6.2. PHOTONIC BANDGAP FIBERS

If the features in the cladding meet certain criteria for refractive index, size,
and placement, light can be guided by a photonic bandgap effect in which
propagation of certain wavelengths along certain directions is forbidden. This
forces light to propagate along the fiber with properties different than would
be obtained without the bandgap. For example, concentric rings of alternating
high and low index materials surrounding a hollow core have been predicted
to confine light to propagate through the hollow region,'!” though such a
structure would very quickly radiate light in the absence of the resonance
established in the cladding. Photonic bandgap fibers can guide light in regions
with higher refractive index (as do index-guided fibers) or lower-index regions,

=10

Intensity (dB)

~30

1 " i n H " i i 1 " Il

600 800 1000 1200 1400 1600
wavelength (nm)

Fig. 32 Photonic bandgap structure shown on top, with resulting transmission
spectrum on bottom.



70 David J. DiGiovanni et al.

with the latter currently of more interest, for reasons discussed below. A typical
structure consists of a periodic array of holes in a silica matrix, with a defect
present in the array to strongly confine the light, as shown in Fig. 32.

Understanding of photonic bandgap structures has evolved since they were
first proposed!!® but application to optical fibers was inhibited due to lack
of appropriate theoretical tools for describing their behavior and properties.
Conventional means of modeling waveguides as low-index contrast dielectric
structures using scalar equations is not sufficient. Instead, a range of tech-
niques have been developed to handle the high index contrast and the defect
present in a periodic array of holes.''>!!%!20 Much current work has focused
on predicting the geometrical requirements, which typically are expressed in
terms of the ratio of the size and spacing of the holes to the wavelength of
light. The primary goal has been to find designs that use the simplest mate-
rial, silica, and allow propagation in air. Much of this book is concerned with
understanding and indeed overcoming the properties of index-guided fibers.
Effects such as attenuation, dispersion, and nonlinearity dominate the archi-
tecture of telecommunication systems and their components. A fiber in which
light is guided predominantly in air would have radically different properties,
and one could imagine significantly lower attenuation and nonlinearity. Such a
fiber would dramatically change the nature of long-distance networks, possibly
altering the basic tenets of much of this volume.
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Acronyms

ASE Amplified spontaneous emission
CWDM Coarse WDM

DCM Dispersion compensation module

DGEF  Dynamic gain equalizing filter
DMA Differential mode attenuation

DMD Differential modal delays

DML Directly modulated laser

DRA Distributed Raman amplification
DWDM Dense wavelength-division multiplex
EDFA  Erbium-doped fiber amplifier

EF Encircled flux
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EML Externally modulated laser
FTTC Fiber-to-the-curb
FTTH Fiber-to-the-home

FWM Four-wave mixing

GbE Gigabit ethernet

Gl Graded index

HFC Hybrid fiber coax

ISI Intersymbol interference
LAN Local area network
LEC Local exchange carrier

LMF Large mode field

LWPF Low water peak fiber

MMF Multimode fiber

MPD Modal power distribution

NDF Negative dispersion fiber

NFI Near-field intensity

NRZ Non-return to zero

NZDF Non-zero dispersion shifted fiber
OADM  Optical add/drop multiplexer
OSNR Optical signal-to-noise ratio
PFBVE  Perfluorinated polymer, poly perfluoro-butenylvinylether

PMD Polarization mode dispersion

PMMA  Polymethyl methacrylate

POF Plastic optical fiber

PON Passive optical network

RDS Relative dispersion slope, RDS = D/S
RSF Reduced slope fiber

RZ Return to zero

SI Step index

SPM Self-phase modulation

SRS Stimulated Raman scattering

SSMF Standard single-mode fiber

TDM Time-division multiplexing

WWDM  Wide wavelength-division multiplexing
XPM Cross-phase modulation
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Chapter 3 | New Materials for Optical Amplifiers

Adam Ellison and John Minelly

Corning, Inc., Corning, New York

Introduction

The practical demonstration of the erbium-doped fiber amplifier (EDFA) in
the late 1980s led to a great surge in research to improve existing materials
and identify new materials for fiberoptic amplifiers and lasers. The motivating
factor for material scientists working in this field is the limited application
space for silica-based EDFAs. History shows, however, that by the turn of the
20th century many of these limits were overcome by engineering and, in fact,
bandwidth demand had not pushed silica-based EDFAs to their limits. To date
there is no major commercial amplifier product based on anything other than
alumina-doped silica.

Research in new materials continues unabated, however, and if anything it
may be accelerating. The main drivers remains the same: the bandwidth avail-
able from silica-based EDFAs is not as wide as could potentially be obtained
and will soon be exhausted; and rare earth elements besides erbium that can
potentially provide additional bandwidth have low quantum efficiency in a
silica host. It has long been recognized that once the bandwidth window of
the alumina-doped silica (Al/Si) EDFA are used up and new gain windows are
needed, then at least for rare-earth doped fiber amplifiers it would be necessary
to find alternative glass solutions to extend bandwidth.

Bandwidth extension is not the only application for new materials: non-
CVD (chemical vapor deposition) glasses also can enable high-power fiber
lasers, particularly cladding-pumped designs. In these, the ability to effi-
ciently capture the high power, multimode ouput of broad stripe diode lasers
is paramount. The highest numerical apertures that can be achieved using
germania-doped silica are on the order of 0.35-0.4, and these are extra-
ordinarily difficult to process and manufacture. For this application, all-glass
double-clad fibers with high-index inner cladding and core facilitate power
scaling of otherwise difficult three-level laser transitions.

This chapter reviews work in the field of materials for optical amplification
and discusses the application space and context for devices based on these
materials. We begin by reviewing some basic material properties required in
glasses for active devices, proceed with a review of materials and the meth-
ods by which they are drawn to fiber, and conclude with a review of device

80

OPTICAL FIBER TELECOMMUNICATIONS, Copyright © 2002, Elsevier Science (USA).
VOLUME IVA All rights of reproduction in any lorm reserved.
ISBN: 0-12-395172-0



3. New Materials for Optical Amplifiers 81

applications. These include extended C-band, L-band, and “super-band”
EDFAs, thulium-doped fiber amplifiers (TDFAs) operating in the S-band,
and high-power 980 nm ytterbium fiber lasers for pumping EDFAs. Material
systems reviewed include fluorides, alumina-doped silica, antimony-silicates,
and tellurite.

Considerations for Commercial Applications

For better or worse, telecommunications is an industry rather than an aca-
demic concern; thus, amplifier and laser materials brought to market will
tend to be those that can be mass manufactured at lowest cost while pro-
viding acceptable—hopefully outstanding—performance for the customer. In
this section we consider attributes of concern for industrial applications of
amplifier and laser materials. This is not intended to be exhaustive, nor does
the order represent a decision tree used to weigh the merits of one material
against another. It does illustrate, however, why materials that cleave close
to existing telecommunications materials (e.g., Al-doped silica) are the main
directions pursued today, and also the types of barriers facing new materials.

To be successful in a commercial fiber laser or amplifier application, a new
material ought to satisfy the following:

1. The specific composition should not contain ions known to absorb at the
wavelengths of interest. This criterion serves mainly to limit the range
of elements in the periodic table that can be added to a glass to achieve
a particular material attribute. It tends to exclude transition metals
(particularly the 3d transition metals from Ti to Cu) and materials
containing high concentrations of C-H, N-H or O-H bonds. It may
also exclude certain combinations of rare earth elements, e.g., in
glasses containing high concentrations of rare earth elements.

2. The material should be adjusted to minimize attributes known to
negatively impact amplifier performance for the application in question.
As an example, high optical nonlinearity is a major concern in WDM
(wavelength-division multiplexing) applications as it contributes to
four-wave mixing and crosstalk. In applications where upconversion is
expected, e.g., in upconversion-pumped Tm?** fiber amplifiers and
lasers, photosensitivity (either photodarkening or photorefractive
effect) is generally to be avoided.

3. Rare earth element solubility must be high enough to permit practical
applications, and rare earth elements should not participate in
destabilizing the glass. This criterion has nearly excluded Ge-doped
silica from fiber amplifier applications. Though it is clearly an
extraordinary material for obtaining low-loss telecommunications
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fiber, refractory rare earth silicate crystals form at high doping levels,
and at high temperatures immiscible liquids may form that are either
very rich in rare earth elements or rich in germania and silica. Many
other glasses show indifferent or low rare earth element solubility or
poor glass stability as well.

. The rare earth elements in the fiber must be at concentrations low enough

to avoid excessive nonradiative losses (e.g., cooperative upconversion for
Er3t) but high enough to produce acceptable gain against other sources
of passive loss. Ge-doped silica shows evidence for cooperative
upconversion for Er** at very low concentrations, <10'® ions/cm?, so
hundreds of meters of fiber are required to make an amplifier. Even
then, fiber attributes such as polarization-dependent loss and optical
nonlinearity may overwhelm any advantages conferred by low loss.

. There must be a commerciully viable pump scheme for the optical

transition of interest. If no diode lasers are produced at the pump
wavelength of interest, or if the pump power conversion efficiency is
very low, then commercial interest may be small. This is the most
important factor limiting deployment of Pr**-based fiber amplifiers,
but it has also impacted deploying materials that are compatible only
with the more expensive of two or more pump schemes. An example is
Er’*-doped fluorozirconate fiber amplifiers, which must be pumped at
1480 nm because the 980 nm metastable lifetime is very long, ~ 1.5ms.
Er**-doped aluminosilicate fibers can be pumped at both 1480 and
980 nm, providing greater flexibility in amplifier design and, generally,
lower cost.

. A reproducible fabrication method must exist that yields as nearly as

possible exactly the same result every time it is applied. This statement is
true of commercial chemical vapor deposition processes, but it is
useful to remember that these processes were not always reproducible
or reliable. Most commercial processes for melted glasses are highly
reproducible, but produce thousands to hundreds of thousands

of kilograms of glass per day. Producing uniform, high-purity

glass reproducibly in the small quantities required for photonics
applications is a grave challenge, but not insurmountable.

. A suitable core/clad combination exists. It is probably not an

exaggeration to say that the success of Ge-doped silica in
telecommunications applications lies largely with the exceptional
qualities of its clad glass, pure SiO,. The problem of identifying an
appropriate clad glass for a new, promising core is often ignored until
fibers are being fabricated, at which time it may assume crisis-

like proportions. As an example of the impact of this problem,
commercial development of fluorozirconates was delayed for several
years relative to CVD-based materials while researchers sought
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suitable means to produce index contrast between core and clad, and
clad glasses stable enough to permit fiber draw.

8. A reproducible fiber fabrication method must exist that readily and
reproducibly converts the core/clad combination into low-loss fiber.
“Reproducible” is the key term here, as the rigid standards applied
to fiber amplifiers do not permit significant variability in the fiber.
This includes the pump absorption length (e.g., dB/m), mode
field diameter, core centering for pigtailing; out-of-round for
polarization-dependent loss; rare earth element spectroscopy;
extraneous contamination during fiber draw; and passive loss.

9. The fiber produced must have sufficient mechanical and chemical
stability to permit deployment in real-world applications. Again, the
success of CVD silica-based fibers relative to fluorozirconates attests
to the importance of this criterion. Silica-based fibers have tensile
strengths in the neighborhood of 2.5-5 GPa and excellent durability
against most kinds of chemical attack (though not hydrogen
permeability—see below). Fluorozirconate fibers have tensile
strengths between 0.5 and 0.8 GPa and poor chemical durability,
especially with regard to corrosion by aqueous solutions.

10. There must exist a reproducible, low-loss and reliable means to join the
Siber in question to conventional telecommunications fibers. Silica-based
fibers are typically joined using arc-fusion splice, which literally melts
the ends of the fibers to bond them together. This works for silica
because of its low thermal expansion, which means that stresses
produced on cooling of the splice are relatively low. Non-silica fibers
can be fusion spliced to silica, but the installed stresses tend to be too
high for commercial deployment. Fusion splices are quick and cheap,
s0 a compelling reason must be found to overcome this advantage.

11. The weighted attributes of pump power conversion efficiency gain
bandwidth and noise figure must be competitive with any other viable
technology for achieving same. This is a commercial judgment that may
involve as much sentiment or anticipation of future trends as objective
reality. As an example, most fiber amplifiers employing rare earth
elements other than erbium will be compared directly with competing
technologies, particularly discrete Raman and semiconductor diode
amplifiers. Even the band where amplification is to be obtained may
be called to question; for instance, the S-band coincides with the
pump lasers for distributed Raman pump lasers for the L-band.

This said, there is still great value in pursuing new hosts for amplifiers and
lasers. At the very minimum, it expands the options available to solve various
telecommunications problems. More generally, research in new amplifier and
laser materials teaches us about the materials already in use and ways to make
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them still better. Finally, the spinoff applications for new amplifiers and lasers
may, in some cases, be just as interesting as the applications for which they were
originally envisioned. As but one illustration of this, research into chalcogenide
fibers as host for Pr** has not produced viable amplifiers, but has produced
viable fiber for long wavelength infrared sensor applications.

Common Limitations

All optical amplifiers operating in the telecommunications window share a
need to combat two problems: the presence of hydroxyl ions (OH™) and pair-
wise interactions between rare earth ions, generally referred to as “clustering.”

MINIMIZING OH~

Humbach et al.! provide a recent review of the relative positions and intensities
of various OH™ vibrational modes and overtone and combination bands in
fused silica. Assignment of bands in other hosts is made largely by analogy with
the frequencies seen in silica. The mode of greatest importance is the first over-
tone of the fundamental stretching mode of the O-H bond, usually denoted
2v3. The fundamental itself is generally located between 2.7 and 3.2 um in
oxide glasses, depending on which specific cation the OH™ is bonded. Twice
this energy (half the wavelength) corresponds to an absorption between 1350
and 1600 nm, right in the heart of the telecommunications band for S-, C- and
L-band amplification. Humbach et al. report that the extinction coefficient
of 2v; is approximately 0.0062 x v; in fused silica. In antimony silicates (Sb
silicates), the extinction coefficient of 2v; is approximately 0.002 x v;. Tellu-
rites are likely to exhibit extinction coefficient ratios comparable to that of Sb
silicates. In any case, an absorption detectable in bulk glass in the vicinity of
v3 all but guarantees substantial absorption in the telecommunications band,
with concomitant impact on laser and amplifier efficiency.

Figure 1 compares absorption spectra of fused silica, aluminosilicate
(15 mol®% Al,0Os3), antimony silicate, and tellurite glasses over the wavelength
range 2-4 m, as indicated on the lower abscissa. The upper abscissa indicates
the approximate position expected for the first overtone (the actual position
of the overtone is generally at slightly longer wavelength, 10-40 nm, due to
anharmonicity in the OH vibrational potential well). The wavelength of v;
in fused silica occurs at approximately 2.72 um, and 2v; appears at 1390 nm.
In glasses containing heavier cations (e.g., Sb silicates, tellurites, bismuthates,
etc.), vs tends to be broader than in fused silica and generally appears at
considerably longer wavelengths, e.g., 2.82 pm for antimony silicates and 3.1
to 3.2 um for tellurites. The overtones of these heavy-metal-rich glasses cor-
respondingly shift to longer wavelengths, to approximately 1420nm in Sb
silicates and approximately 1540-1580 nm for tellurites. More importantly,
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Fig. 1 Normalized absorption spectra of Al-doped silica, tellurite, and Sb-silicate
bulk glasses near the OH™ fundamental stretching mode (v3). Upper abscissa represents
the approximate wavelength of the overtone (2v3) found in the telecommunications
band.

the wavelength range spanned by the absorption increases considerably from
fused silica to Sbsilicates to tellurites—hence, the range of effected wavelengths
for 2v; also increases.

Figure 2 compares the absorption spectrum for the Sb silicate in Fig. 1 with
equivalent glasses subjected to increasingly rigorous drying processes. The
absorbance per millimeter is defined as Bou, and ten times this value is the
approximate absorbance in dB/mm of the band in question. For a oy of 1.45,
the absorbance is 14,500 dB/m at 2.82 y.m, corresponding to roughly 30 dB/m
peak absorption at wavelengths corresponding to 2vs. Even at a Son of 0.014,
the implied 2v; absorption is still 0.3 dB/m, prohibitively high for applications
employing pump or signal at 1.5 microns. As is apparent in Fig. 2, the v;
absorption is also very broad. This attribute is shared with its 2v; counterpart,
which in antimony silicates extends from approximately 1380 to 1530 nm.

Even when v is approximately 0.0, as indicated for one of the compositions
in Fig. 2, it is still possible to pick up water during fiber fabrication, resulting
in a persistent unbleachable loss of variable magnitude. Therefore, identifying
processes that control water during glass and fiber fabrication is a major point
of focus in developing new amplifier materials. Figure 3 shows an example of
a passive loss (100 m to 10 m cutback) obtained from an Sb-silicate fiber. The
OH™ level in the core was approximately 0.004, whence we would expect a
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Fig. 2 Absorption spectra of Sb-silicate glasses with varying OH™ levels.
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Fig.3 Passive loss of an Sb-silicate fiber (100 m to 10 m cutback) illustrating the effect
of water in the telecommunications band.

passive loss at 2v3 of approximately 0.08 dB/m above the passive loss. In fact,
the passive loss at the peak of the 2v3 band is 0.21 dB/m, or approximately
0.16 dB/m above the background loss. This increased loss arises from inade-
quate precautions taken to ensure that the core glass did not experience an
environment in which water pick-up was possible.
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Water in optical fibers can have an impact exceeding that implied by passive
loss, e.g., Fig. 3, because of nonradiative transfer of energy from erbium ions
in their excited state to nearby hydroxyl groups. This excites high-lying vibra-
tional modes of the hydroxyl ions, and as they relax they radiate the energy as
heat rather than useful light. New experimental data and a review of several
studies that have considered this effect are discussed by Houde-Walter et al.’
Experience with antimony silicates suggests that hydroxyl-related quenching
can be sensitively dependent on composition, with certain glasses showing
nearly three times higher levels of hydroxyl-related quenching as others with
otherwise equivalent OH™ levels in bulk glass and fiber.

Fluoride-based amplifier materials are a special case. Provided that they
are melted under inert, low-water atmospheres, fluoride glasses tend to have
lower OH™ contents than oxide glasses even when the starting materials have
comparable water levels. Furthermore, the most important fluoride glasses
for amplifiers and lasers are rich in zirconium, hafnium, indium, gallium, or
aluminum, and the vj stretching modes associated with OH™ bonded to these
elements are found at longer wavelengths than in the oxide hosts mentioned
above. Therefore, carefully prepared fluoride glasses exhibit weak 2v; absorp-
tions at the long wavelength end of the telecommunications band, and thus
OH" in fluoride glasses—while no less important than in oxide glasses—tends
to be a less significant problem than in oxide glass synthesis.

MINIMIZING CLUSTERING

“Clustering” and “ion-pair formation” are general and not particularly accu-
rate terms describing energy transfer between adjacent rare earth elements.
At some level, energy transfer can always occur, provided that light can travel
between the rare earth elements before they undergo a change in electronic
state. When two rare earth element ions are close enough together, however,
the interaction becomes governed by strong dipole-dipole interactions and the
probability of energy transfer between the rare earth elements becomes very
high. In simple terms, the energy transfer process converts pump photons into
light emitted at useless wavelengths or phonon-mediated relaxation of excited
states—in other words, heat.

Many studies have evaluated clustering effects on gain and power conver-
sion efficiency in wide range of amplifier and lasers materials and for numerous
rare earth elements. This is particularly true for erbium-based devices, for
which there is a great deal of experimental data*® and modeling work.*'
The proximity of erbium ions to one another is manifested in two ways—
homogeneous upconversion and clustering. In the former, upconversion is
a simple consequence of having many erbium atoms relatively close together
under high pump power. In this case, the energy lost to upconversion processes
should vary quadratically with pump power. Clustering of two or more erbium
lons in close proximity will tend to produce a nonquadratic dependence of
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upconversion rate on pump power, thus producing a pump penalty that
may seem disproportionately large given the relatively small number of ions
participating in the process.

Decreasing the concentration of the participating ions controls homoge-
neous upconversion. Upconversion due to clustering may arise from the way
the glass or fiber is processed, or from the basic stereochemistry of rare earth
element ions in the host. The former can be addressed by changes in process
to produce a more uniform initial distribution of rare earth ions. The latter
is an intrinsic property of the host material and places a critical limit on the
amount of rare earth element ions that can be incorporated before excessive
losses due to clustering are produced.

Glass Systems

We now move on to an analysis of various glass forming systems that have
been proposed or demonstrated for use in fiber optical amplifiers and fiber
lasers. Not all of the systems reviewed below have been demonstrated in a
device, although work continues on most of the systems under consideration.
Glass chemists tend to define the broadest categories of glasses in terms of
the dominant negatively charged species in the glass. These anions are typ-
ically present in higher concentrations than any other element in the glass.
As an example, in silica, SiO», oxygen is the anion, and is present at twice
the concentration of silicon. Silica and other glasses in which oxygen is the
dominant anion are referred to as oxide glasses. Fluoride glasses contain flu-
oride ions as the dominant anion, sulfide glasses contain sulfur (8*7), and so
on. Sulfide and other chalcogenide (Se, Te) glasses have been considered for
many years as potential hosts for Pr3*, but these efforts have not led as yet to
fibers with good transparency at 1.3 um. Therefore, while chalcogenide fibers
may yet prove valuable for sensors or for fiber lasers at very long wavelengths,
we consider them of marginal value for lasers and amplifiers operating in the
telecommunications window and will not consider them further.

We begin our discussion with fluoride glasses, particularly fluorozirconates,
glasses in which ZrF is a major constituent. These are not necessarily the most
interesting materials for optical amplifiers and lasers, but nearly every glass
and fiber fabrication method in use today was either invented for use with
fluorozirconates or was applied to them at one time or another.

FLUORIDE GLASSES

Fluoride glasses are promising optical materials because they often have high
transparency in both the ultraviolet and infrared. The high ultraviolet trans-
parency compared to multicomponent oxide glasses gives rise to applications
for lenses and for upconversion lasers operating in the visible and near UV.
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The potentially good infrared transparency results from the infrared exten-
sion of the comparatively deep UV absorption edge and the typically low
phonon energy of the host glass. Projected losses for fluorozirconate fibers
at their heyday were as low as 0.01 dB/km at 2.6 um. Sadly, losses as low as
this have never been obtained. Most of the problem arises not from materials
constraints, but the difficulties associated with drawing defect-free fiber from
these complicated materials. Nevertheless, fluoride glasses and particularly
fluorozirconate glasses have been in the running for commercial deployment
in fiber amplifiers and lasers for many years, and the techniques developed
to fabricate them and to render them into fiber have benefited research into
alternative matenals, particularly tellurite glasses.

Fluorozirconates

Poulain et al.'® reported glass formation in the system NaF-BaF,-ZrF, near
the composition 25NaF-25BaF,-50ZrF,4. Numerous research papers fol-
lowed from workers at Universite de Rennes'’ 22 and around the world (see
reviews by Lucas et al.>?* and references therein) in which efforts were made
to expand the region of glass formation and to stabilizc the glasses against
devitrification. Ohsawa and Shibata® are generally credited with the discov-
ery of the family of very stable fluorozirconates referred to as “ZBLAN.”
They found that simultaneous additions of small amounts of the fluorides of
aluminum and lanthanum to NaF-BaF,-ZrF, produced a dramatic enhance-
ment in glass stability. As a result, the typical fluorozirconate glasses used in
fiber fabrication activities are often referred to by the acronym ZBLAN (Zr-
Ba-La-Al-Na). Optical characterization of fluorozirconate glasses showed
relatively deep UV edges and phonon edges shifted to long wavelengths rel-
ative 1o v-Si07.2° As a result, optimum passive losses of ~0.01 dB/km were
predicted for fluorozirconate fibers, and significant effort was made to render
them into fiber.

There is little question that more effort has been expended to render various
permutations of the basic ZBLAN composition into fiber than any mate-
rial other than germania-doped silica. By 1982 fiber had been produced with
losses as low as 21 dB/km.?’ too high for telecommunications applications but
adequate for photonic applications (excellent reviews of this early fiber fabri-
cation effort are presented by Tran et al.?® and Sakaguchi and Takahashi®).
By 1992, interest in using ZBLAN for telecommunications fiber was fading
due to the complexity of drawing long lengths of low-loss fiber, but interest was
mounting in using it to make fiber lasers and amplifiers. The optical proper-
ties of Pr** Nd**, Dy** Ho**, Er'*, and Tm** in ZBLAN were investigated
by Wetenkamp et al.** They reported that multiphonon decay rates below
3200cm™! were less in ZBLAN than in various oxide host materials, notably
5107 and YAG. This opened the possibility of using ZBLAN as a host for
phonon-sensitive rare earth elements, notably thulium and prascodymium, to
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make IR-active lasers and amplifiers. Raman spectra of ZBLAN and related
glasses®! show maximum vibrational frequencies of approximately 600cm~!,
implying that they should improve on oxide-based materials as hosts for
rare earth elements that are sensitive to high-frequency vibrational modes,
notably Pr3* and Tm>*. This same attribute hampers the use of ZBLAN for
erbium-doped fiber amplifiers because the 980 nm emission lifetime is very
long, ~1.5ms, and 980 nm pumping is extremely inefficient.

Composition

An approximatc reference composition for ZBLAN is 53ZrF4—20BaF,-
4LaF;—4AIF;-19NaF, but there are numerous variations on this basic com-
position in the literature. In general, glasses that can be successfully drawn to
fiber contain between 50 and 60 mol% ZrF4, 20-30 mol% BaF,, 0-20% NaF
or LiF (the alkali-free glass is generally referred to as “ZBLA”), 3-5% AlF;,
and 3-5% LaF; or GdF3. Glass can be fabricated in the simple systems
ZrF4—BaF,-NaF and ZrF,-BaF,—(La, Gd)F3, but these tend to be less sta-
ble than the more complicated compositions. Additions of LaFz and AlF;
suppress the liquidus temperature (the temperature at which crystals first
appear on cool-down) in the system, improving glass stability on cooling,
and also frustrate crystallization of BaZrF,, the first-forming devitrification
phase on reheating.’? This approach to glass stabilization has been dubbed the
“confusion principle.”

Changing the identities of various components in the basic ZBLLAN compo-
sition has been investigated extensively. Lanthanum can be replaced by other
large trivalent cations, particularly other rare earth elements. In sodium-free
glasses, for example, Gur’ev et al.** found that the region of stable glasses shifts
away from ZrF4 and toward RF3; (where R is the rare earth element) as the ionic
radius of the trivalent rare earth element decreases. The extent to which these
changes influence the usefulness of the glasscs for fiber fabrication was not
evaluated. Qui et al.?* evaluated the ability of different alkaline carth cations
to stabilize ZrF4—BaF,-ZnF,-AlF3-YF; glasses. They found that replacing
barium with the smaller alkaline earths magnesium, calcium, and strontium
caused a large decrease in Ty - Ty, the difference between the crystallization
temperature (Ty) and glass transition temperature (T,). As T, — T decreases,
the working temperature range in which one can obtain crystal-free fiber also
decreases, and hence the compositions have lower thermal stability.

Studies were also performed on relatively stable multicomponent fluoro-
zirconates comparable to the canonical ZBLAN composition shown above.
Lebullenger et al.* characterized the stability of sodium-bearing and sodium-
free ZrF4—BaF,-LaF:-AlF; &+ NaF glasses. They found that replacing small
amounts of barium with cadmium or lead slightly improved glass stability
and increased the refractive index, with the index impact being much larger
for lead than for cadmium. Replacing barium with potassium in sodium-free
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compositions produced a modest enhancement in glass stability, but replacing
sodium by potassium or rubidium in a sodium-bearing glass decreased glass
stability. These trends were confirmed in the report of MacFarlane et al.,*
who also showed that replacement of sodium by lithium produced a modest
improvement in glass stability but a decrease in refractive index. Hasz et al."’
showed that zirconium could be completely replaced by hafnium with no mate-
rial impact on glass stability, and very little impact on glass properties save
that it decreases refractive index of the glass.

In light of these observations, most investigators have approached the prob-
lem of creating the refractive index contrast required for core/clad structures
by adding a small amount of lead fluoride (PbF;) to the core glass and partially
or completely replacing zirconium with hafnium in the clad glass. A defini-
tive study by Poignant et al.’® showed that substitutions of PbF, and HfF,
appeared to caused tensile strength of ZBLAN-based fibers to decrease from
about 600 MPa to 450 MPa. The source of the decrease was traced to a tran-
sition from compressive to tensile stresses across the radius of the fiber, and
formation of PbF; crystals at high lead concentrations. Nevertheless, numeri-
cal apertures (N.A.s) as high as 0.45 were demonstrated, indicating that small
core, high N.A. fiber was potentially achievable, an important prerequisite for
amplifier and laser applications. Kogo et al.*®* used a combination of additions
of PbF, (o the core and HF 4 to the clad to obtain a near-perfect mechanical
match between core and clad glasses. These were then fabricated into a high-
N.A. (A = 2.9%), single-mode fiber (cutoff wavelength ~1200 nm) with a
modest passive loss of 0.3 dB/m at 1.3 pm. Results such as these demonstrated
the potential for fluoride fibers in fiber amplifiers and lasers.

Glass Synthesis and Purification

Initially, fluorozirconate glasses were fabricated simply by melting the requisite
fluoride constituents in suitably inert crucibles (gold, platinum, and carbon)
at elevated temperatures, 900-1000°C. 11 was quickly realized, however, that
the stability and purity of the glass was strongly affected by trace constituents.
The processes explored or developed for improving purity of starting materi-
als and enhancing glass quality are nearly too numerous to count. They fall
into three basic categories: (1) processes used to purify the starting materials;
(2) processes used to control reaction of the melted glass with the surrounding
atmosphere; (3) processes used to purge the melted glass of transition metals.

Mitachi et al.*® provided one of the first detailed studies of ways to
improve the quality of glasses obtained from as-received starting materials.
The methods explored included recrystallization, solvent extraction, chemi-
cal vapor deposition, distillation, and sublimation. The authors concluded
that recrystallization, distillation, and sublimation were the best approaches
for removing transition metal impurities. Surprisingly, despite many years of
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detailed research, very little has emerged to change these conclusions, though
the sophistication of the approaches has improved considerably.

Robinson*® and Poulain et al.*! provide detailed descriptions of processes
used to obtain high purity fluoride precursors. In its most basic form a precur-
sor material is reacted with an aggressive fluorination agent to obtain a pure
fluoride. In the case of aluminum, the precursor is typically aluminum chlo-
ride or chloride hydrate. In the case of zirconium, its oxide (ZrO»), oxychloride
(ZrOCl,),* oxynitrate (ZrO(NO;3),),* or fluoride hydrate (ZrF, - HyQ)* are
used. These precursors are typically taken through one or the other of two
distinct processes. In the first process, the precursors are reacted at elevated
temperature with flowing anhydrous hydrofluoric acid (HF), a process that
takes the starting materials directly to fluorides. The second is to react the
starting materials with an excess of ammonium bifluoride (NH4F - HF) at ele-
vated temperature, followed by a further increase in temperature to burn off
traces of ammonium.*> Lanthanum fluoride (LaF;) is precipitated nearly stoi-
chiometrically from aqueous solutions by titration of a solution of a soluble
salt (e.g., LaCls - 6H,0) with hydrofluoric acid. Sodium fluoride is obtained
by direct reaction of its hydroxide or carbonate with HF, followed by addition
of alcohol to precipitate the salt.

Zirconium and aluminum fluorides are typically distilled or sublimed to
climinate oxygen (the refractory oxides are left behind) to obtain ammonium
fluorozirconate and ammonium fluoroaluminate, which is further decomposed
and sublimed. The main risk in the latter approach is retention of ammo-
nium, which causes unwanted absorptions in the final glass. Robinson et al 0
and Drexhage et al.*’ introduced the now widely-accepted concept of reactive
atmosphere processing, wherein the glass is melted in the presence of a gas
that is highly reactive with respect to water, strongly fluorinating, or both. In
the particular example of the study by Drexhage et al., it was shown that an IR
absorption feature near 1400 cm~! attributed to oxygen dissolved in the fluoro-
zirconate glass was substantially removed or eliminated outright by melting
in the presence of CCly. Other gases that are employed in reactive atmosphere
processing are Cly, CCly, SFs, NF3,% and CF4. While originally described
as a method to enhance glass melting, reactive atmosphere processing is now
typically used on all fluoride precursors prior to melting.

There is a radically different way to obtain the batch materials used for
glass melting, which is to obtain the fluorides via sol-gel processing.*>=>! In
this approach, organometallic precursors (alkoxides) are mixed with alcohol
and combined with an acid solution to promote hydrolysis of the alkoxides
(replacement of an alcohol group by a hydroxyl ion) and condensation into
a gel. The gel is dried and reacted with anhydrous HF to produce a fluoride
batch. The batch is then melted using methods described below. The resulting
glasses have no more water or oxygen than conventionally melted materials
and in other ways appear to have properties akin to those of conventionally
melted glasses. The main advantage to this approach would be to disperse rare
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earth dopants at nearly a molecular level, thus reducing the risks associated
with rare earth element clustering due to incomplete processing.

However obtained, the purified materials are combined in the appropriate
amounts and are melted in a vitreous carbon, platinum, or gold crucible.
Melting takes place in an oxygen- and water-free atmosphere, typically in a
glove box. Zirconium has a tendency to form reduced species, which in turn
show up as dark specks within the glass, particularly if the melting takes place
in a vitreous carbon or graphite crucible. Reactive atmosphere processing
serves to eliminate reduced zirconium contaminants.

A final purification step may be performed in the crucible itself: Zhiping
et al.’” demonstrated substantial reductions in transition metal impurity levels
in ZBLANSs by electroplating transition metals out of the melt at relatively
low temperature for long periods of time. Murtagh et al.>* showed that this
approach could be extended to other fluoride glasses.

As an alternative to crucible melting, a method has been developed to
perform containerless melting of fluoride glass rods, a process called gas film
levitation.>* In this approach, the fluoride melt is suspended over or within a
porous membrane through which gas flows. This approach avoids unwanted
reactions between the luoride melt and the crucible material and delivers glass
in a form suitable for further processing into fiber. There is some indication
that this approach can be used to reduce scattering losses.

Therc is an entirely different means of obtaining ZBLAN from the methods
described above: plasma-enhanced chemical vapor deposition, This method
was demonstrated by Fujiura et al.>® Metal organic precursors are delivered
with SF,, CF,, or NF; into a plasma contained within a ZBLAN tube. The
authors report improvements in glass stability relative to glasses obtained from
batch melting. Fiber losses were not reported. Sakaguchi has modeled the chal-
lenges associated with collapsing the ZBLAN tube prior to fiber fabrication
in detail ¢

Fiber Fabrication

To a first approximation all fibers are produced via one of two routes: the
fiber i1s pulled directly from melted glass, which we will refer to hereafter as
the direct draw approach: or the fiber is pulled from a rod of reheated glass,
which we will refer to as the preform draw approach. Fiber is the only major
glass product that is produced on a batch basis—nearly all glasses produced
commercially are made in a continuous process, whereby batch materials are
delivered into the hot e¢nd of a melter and formed glass comes out the cold
end. Direct draw methods can be likened to this sort of continuous process in
that one can continue to feed glass into the forming crucible from some other
source. Preform draw processes are intrinsically batch-based, and thus there
are greal challenges associated with guaranteeing uniformity and consistency
of the product.
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In either a batch or continuous process, the happiness of the glassmaker
is best maintained when the glass chemist provides glasses whose viscosity
(resistance to flow) varies slowly as a function of temperature, and whose
thermal stability on cool-down or heat-up is sufficient to permit a stable pro-
cess. The viscosity versus temperature curves for ZBLAN and related glasses
have been reported by Hasz and Moynihan,*’ Braglia et al.,’® and by Zhang
et al.> The viscosity curves reported by Hasz and Moynihan are reproduced
in Fig. 4. In most commercial glass melting processes the glass is melted at a
temperature corresponding to about 20 Pa - s (200 poise), whereas the glass
transition temperature is about 10'2 Pa - s (10'* poise). For v-SiO; this vis-
cosity range encompasses a temperature variation of more than 1300°C, and
Pyrex™ experiences a similar change in absolute viscosities over a 800°C vari-
ation in temperature. As is evident in Fig. 4, fluorozirconate glasses typically
pass through this range in viscosities in a span no greater than 200°C, some-
times less. The steepness of the viscosity curve of ZBLAN vs. temperature
creates significant challenges for fiber fabrication, particularly as regards the
reproducibility of the outcome.

The glass transition temperature for ZBLAN varies with composition, but
is typically on the order of 260~-300°C; and Ty, the temperature at which crys-
tals first appear on reheating, is typically 350-380°C, depending on the exact
composition under investigation. The ideal viscosity at which to draw fiber
depends on many factors: the size the preform, the draw speed and tension,
the size of the hot spot in the furnace, and the length of the thermal gradient
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Fig. 4 Viscosity versus temperature curves for ZBLAN and related glasses. From the
study of Hasz and Moynihan, reprinted with permission.>’



3. New Materials for Optical Amplifiers 95

away from the hot spot, to name but a few. In general, however, 10°-10°Pa - s
(10°-10° poise) will generally work reasonably well. From Fig. 4, these viscosi-
ties correspond to temperatures that are fairly close to Ty for ZBLAN. It is
not surprising, then, that devitrification during fiber draw is perhaps the single
greatest limitation to the widespread use of ZBLAN fiber. On the other end of
the temperature/viscosity spectrum, the liquidus temperature for ZBLAN is
~600-700°C, depending on the composition. At these temperatures, molten
ZBLAN has a viscosity on the order of 0.1 Pa - s (10 poise), somewhal less
than maple syrup. This is far below the viscosity at which one might hope to
maintain control during a fiber draw process. It is not surprising, then, that
nearly all ZBLAN fiber produced today is prepared by some variation of a
preform draw process.

A number of studies have evaluated the time-temperature dependence of
ZBLAN devitrification, and a summary of the main draw issues is presented
by Hirai et al.®” Their main results are shown in Fig. 5. The best fiber will have
a small bending failure radius and low loss. These conditions are obtained
when ZBLAN is drawn (o fiber at relatively low temperature, high speed, and
high tension. At the other end of the spectrum, if ZBLAN is only briefly
cooled below its liquidus temperature. then crystal-free fiber is possible. How-
ever, fiber fabrication then must take place at relatively high temperature, at
low speed, and at near-zero tension. which greatly complicates the task of
maintaining fiber geometry.

Figure 6 is a synopsis of several methods employed in the past. Direct
draw methods are considered first. The classic direct draw fiber fabrication
method is double-crucible. Double-crucible fiber fabrication uses two concen-
tric crucibles filled with molten core glass (inner crucible) and clad glass (outer
crucible). The core and clad are drawn through orifices at the bottom of the
crucible to form fiber with a core : clad geometry. As described, this approach
is of little value for ZBLAN, because the viscosities at which stable fiber draw
are typically obtained (200-800 Pa - s) correspond to temperatures well below
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Fig.5 Effect of draw speed of ZBLAN fiber on (a) mean bending diameter at failure,
and (b) loss at 2.6 pm. From the study of Hirai et al., reprinted with permission.*
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permission. (c) build-in casting of preforms from Mitachi et al.;% reprinted with permis-
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(€) combined suction casting with redraw in tapered preforms, from Kanamori et al.”
reprinted with permission.
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the liquidus temperature for ZBLAN. The double stage crucible approach®
was developed to overcome this difficulty, and is illustrated in Fig. 6a. The
upper crucible delivers melted glass to a forming crucible at lower tempera-
ture, and a fiber is pulled from the base of the forming crucible. Since relatively
little glass is kept in the forming crucible at any time, the process can be run so
as to minimize time spent below the liquidus and hence minimize devitrifica-
tion during fiber draw. The thermal sensitivity of ZBLAN makes it critical to
control all interfaces between the glass and crucible materials. Furthermore,
air bubbles can be pulled into the fiber before having a chance to rise out of
the forming crucible. These contribute to high scattering losses.

Mimura et al.? proposed an alternative crucible draw scheme in which the
glass isinjected from a crucible into a delivery tube. The exit end of the delivery
tube is mounted to a cooled aluminum plate to impart some viscosity to the
glass. The authors report obtaining 200 m lengths of 130 um diameter core
fiber (no core/clad structure) that was free of crystals, but no loss figures were
reported. An extension of this method reported by Tokiwa et al.®* permits
simultaneous injection of both core and clad (Fig. 6b) to form core/clad struc-
tures. The authors report fabricating 600 m of crystal-free single mode fiber by
this approach. Losses were not reported; however, photomicrographs of the
fibers show the presence of bubbles in the clad and/or core, suggesting high
scattering loss.

The first attempts to make fiber from fluorozirconates employed preform
draw methods, and they are still the most widely used methods to this day.
One of the first reported eflorts to draw fiber from a fluorozirconate preform
was performed by Mitachi and Manabe,® followed in short order by a pre-
form draw fiber consisting of a fluorozirconate core and a fluorocarbon plastic
clad.®® The next problem was to form a core-clad structure in which the clad
was also a fluorozirconate. Mitachi et al.®® introduced the build-in casting
method (Fig. 6¢), which involves pouring a clad glass into a mold, waiting
until the sides vitrify, discarding the still-molten interior glass and replacing
it with core glass. This produces a core-clad geometry in an elongated form
that is suitable for preform draw fiber fabrication. It is difficult, however, to
obtain the large clad-to-core ratios typically needed for amplifier and laser
applications, generally 25 : 1 or greater. Furthermore, it is difficult to control
the geometry of the final preform. In modified build-in casting,'? the core is
poured on top of the clad and a hole is opened at the bottom of the mold. The
clad at the center of the mold drains out and the core follows, producing a
core/clad structure and an excellent glass/glass interface. This method has been
used to produce relatively low loss fiber (~30dB/km at 1.5 um). Yet another
variation on this approach is suction casting.'? As in modified build-in casting,
core is poured on top of the clad, but the clad contracts into a reservoir as it
cools, drawing the core into the cooling well that forms. Today, this method
has been used to make low-loss single-mode fiber from fluoride glasses, and is
one of the most widely used methods.
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The rotational casting method developed by Tran et al.%” (Fig. 6d) has been
used extensively to produce preforms with reasonable geometry and acceptable
core/clad ratios for characterization work. In this method the clad is cast into
a mold which 1s then rotated at great speed (~3000 rpm) to centrifugally cast
the clad into a hollow cylinder. The core glass is then poured into the clad
tube and carefully annealed into a final preform. This method produces very
good geometry, but like build-in casting it lends itself to making fibers with
relatively small clad : core ratios. A variation on this theme, reduced pressure
casting,® forms the core and clad under reduced pressure, thereby reducing or
eliminating air bubbles from the preform. This method was used to produce
very low loss core/clad ZBLAN fiber (0.65dB/km minimum, ~5dB/km at
1.5 pm).

In each of the previous approaches, a clad is delivered first, followed by a
core. It is also possible however, to form a rod of core glass and wrap clad
around it. The most basic approach is to place a rod of core glass into a
tube of clad glass, a method aptly referred to as rod-in-tube. This tends to
produce many scattering centers at the core/clad interface, and so is not a
preferred method for obtaining core/clad fibers. Alternatively, one can make
a preform by one of the methods described above and slip it into a tube of
glass to increase the clad : core ratio. A method for doing this called overclad
drilling is described by Braglia et al.®> While this preserves a good core/clad
interface (assuming it was good in the original preform), the defects along
the clad/overclad interface can still produce weak fiber. However, this method
permits fabrication of single-mode fibers, and frees the experimenter to use
any compatible glass as the overclad. An extension of this is to redraw the
overclad preform into a single rod with three layers of glass. Kanamori et al.”
combined suction casting with redraw in specially tapered preforms (Fig. 6¢)
to obtain 500 m of low-loss, single-mode ZBLAN fiber suitable for Er-doped
fiber amplifier applications.

Finally, the clad glass can also be formed around a solid core. Mitachi
etal.” describe a method wherein the core glass is formed into a rod, centered
in a cylindrical mold, and molten clad glass is delivered around it. The large
changes in volume associated with the cooling clad and the reheating core pro-
duced a poor core—clad interface, and the authors report that the fibers showed
high loss. An extension of this method was developed by Kortan et al.,”” in
which a narrow rod of core glass was rapidly plunged into a cylinder of cooling
clad glass. They report fiber losses of several dB per meter but attribute this
largely to impurities and draw-induced defects.

Fiber Losses

It was recognized early on that formation of oxide crystals during glass synthe-
sis or during fiber fabrication produced high scattering losses and weak fiber.”*
The second overtone of the hydroxyl (OH ™) stretching mode is located within
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the telecommunications wavelength range at approximately 1450 nm and has
a very large absorption cross section.”®’> Thus, most of the early work on
ZBLAN fiber resulted in methods that eliminated oxygen and water, but did
little to eliminate other contaminants, notably transition metals and tramp
rare earth elements. The reactive atmosphere processing methods described
above have produced nearly complete elimination of water and oxygen from
ZBLAN glasses, and improved handling methods have kept these levels low
all the way into the fiber.

As an aside, it should be noted that complete elimination of oxygen is
not always a good thing. Oxygen actually serves to stabilize many fluoride
glasses, including ZBLAN in certain formulations. As an extreme example,
fluoroaluminate glasses have been shown to be dramatically stabilized by the
addition of small amounts of P,0s.7® The presence of oxygen certainly limits
the minimum loss achieved at long wavelengths (e.g., 2 wm or greater), but is
of no practical importance in the telecommunications wavelength range. It is
the suspicion of one of us (Ellison) that commercial manufacturers of ZBLAN
for active optical devices deliberately add small amounts of oxides to improve
glass stability.

As noted above, a second major source of attenuation is contamination by
tramp transition metals, particularly 3d metals. Transition metal absorption
cross-sections in a fluorozirconate glass were determined by Ohishi et al.,”’
and their figure illustrating absorption losses per ppm is reproduced in Fig. 7.
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Fig. 7 Absorption losses in ZBLAN induced by transition elements, in dB/km/ppm.
From the study of Ohishi et al., reprinted with permission.”
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Iron, cobalt, nickel, and copper all have absorptions in the telecommunica-
tions wavelength range with magnitudes on the order of 100-200 dB/km/ppm.
Aasland et al.”® showed that the oxidation state of transition metals, and hence
the nature and wavelength dependence of their IR absorptions, are in some
cases sensitively dependent upon whether the glass was processed under nitro-
gen (N,) or trifluoroammonia, NF;—that is, whether the atmosphere was
inert or oxidizing (reactive). After synthesis in an inert atmosphere, most tran-
sition metals studied were present in two valences, whereas after synthesis in
a reactive atmosphere only one valence was measured for each metal studied.
Jewell et al.” showed that fiber losses in the near IR were likely to be entirely
dominated by transition metal absorptions, whereas at shorter wavelengths
intrinsic scattering losses were dominant. The methods for preprocessing flu-
oride batch materials described above have nearly eliminated transition metal
contamination in the best ZBLAN glasses and fibers.

A third source of loss in lanthanum-rich ZBLAN is absorptions from tramp
transition metals. Ohishi et al.*® measured absorption spectra for all optically
active rare earth elements in a simple fluorozirconate glass. Table | shows the
absorption in dB/km/ppm for various rare earth elements with absorptions
in the telecommunications wavelength range. The natural abundance of rare
earth elements drops dramatically with increasing atomic number, so heavy
rare carth elements such as Er and Tm are unlikely to be present in high
concentrations in lanthanum sources. On the other hand Pr is similar in size to
La and can be a significant contaminant in lanthanum sources. The separation
chemistry associated with the lanthanide elements has a long and illustrious
history, far beyond the scope of the present review. Suffice it to say that methods
and technologies exist to produce lanthanum oxide at very high purity, albeit
for a price.

A fourth source of absorption loss is vibrational modes of complex anions
in the glasses. Poulain and Saad®' deliberately doped a fluorozirconate glass

Table 1 Absorption Cross Sections for Rare Earth Elements with
Optical Transitions in the Telecommunications Wavelength Range

Peak Wavelength  Absorption Cross Section

lon (nm) (dB/km/ppm) Optical Transition
Pri* 1.56 91.3 ‘Hy — °F
1.46 54.7 ‘Hy — *Fs
Slh"_F 1.51 28.2 6H5/3 i lej/z
1.39 29.9 (’H_;/: — “Fsp
Er't 1.54 38.6 s — *haa

pPri* 1.68 26.6 e — F,
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with small amounts of phosphate, sulfate, carbonate, nitrate, and titanate
anions. Data for sulfate and phosphate anions were discussed in some detail.
The authors concluded that sulfates and phosphates had a drastic impact on
optical transparency in the near IR, and would have to be kept well below
the 1 ppm level were transmission-quality fiber ever to be obtained. As noted
above, the loss levels acceptable for active fiber devices are typically much
higher than could be tolerated in telecommunications applications. Further-
more, the reactive atmosphere melting methods described above go a long way
toward completely eliminating oxide contaminants in ZBLAN, whatever their
form. Finally, some level of oxide may actually be useful if it promotes glass
stability.

France et al.%? evaluated the impact of residual ammonium in ZBLAN on
fiber losses. Recall from above that a classic synthesis route for preparing high-
purity fluorides was to react precursor materials with ammonium bifluoride,
then decompose the ammonium compounds at elevated temperatures. It is
very difficult to establish that all ammonium has been eliminated at a ppm
level. The authors show data for a fiber in which the core glass was prepared
via bifluoride consumption of ZrO; in which the fundamental N-H stretching
mode is clearly discerned at approximately 2.9 pm. An overtone of this mode
would appear near 1.45um, and would certainly be in a position to impact
losses in the telecommunications wavelength range. Fortunately, careful han-
dling of precursor materials generally results in nearly complete elimination
of ammonium ions from ZBLAN.

Absorbers such as transition elements are referred to as intrinsic sources
of loss because they are present in the glass before it is ever made into fiber.
Extrinsic sources of loss are scattering centers produced in preform fabrication
or fiber draw. Nearly all the research and development efforts in fluoride fibers
are directed at reducing and controlling extrinsic losses, and there are many
research reports on this subject. Good models of defect formation that take
advantage of data concerning crystal growth kinetics have been reported by
Hopgood and Rosman®? und Sakaguchi.® The Sakaguchi model is particu-
larly complete because it also includes the thermal history of the glass during
formation of the preform. The variables included whether the preform was a
rod of a single glass or a core/clad structure produced by rotational casting or
by suction casting, the diameter of the preform, the temperature profile in the
furnace, and the speed with which the fiber is drawn. The predicted losses for
suction casting were far lower than those for rotational casting, because the
glass spends less time at high temperature during preform fabrication. For pre-
forms produced by equivalent methods, fibers produced from thick preforms
were predicted to have much higher scattering losses than fibers produced from
thin preforms due to longer exposure to high temperatures during fiber draw.
For the same reason, scattering losses were predicted to be lower for fibers
drawn at high speed, as a given preform spends less time in the hot zone of
the draw furnace. Unfortunately, small preforms do not lend themselves to
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producing large quantities of fiber; on the other hand, the demands for fiber
in photonic devices tend to be small.

A final source of extrinsic loss is air bubbles in the core or clad glass or
trapped between the core and clad. Reduced pressure casting tends to reduce
oreliminate such defects, as do the various forms of build-in casting. A method
for eliminating gas bubbles in ZBLAN-based rod-in-tube preforms proposed
by Harbison and Aggarwal® is to employ hot isostatic pressing. The authors
show photographs illustrating the substantial reduction in bubble density pro-
duced by this approach. The main benefit, aside from a reduction in scattering
losses from rod-in-tube fibers, is the possibility of obtaining greater lengths of
fiber without breakage.

Fiber Strength and Reliability

One of the greatest concerns raised by use of fluorozirconates in telecommuni-
cations applications is their poor durability and the poor mechanical strength
of the fibers obtained from them. The strength of a fiber is an important factor
in photonic applications, because fibers are typically wound around small reels
contained within the device, producing bend stress, and the connections to the
other fibers and/or components generally produce a small amount of installed
(tensile) stress. The handling of the fiber during testing and as reels are assem-
bled can cause crack propagation from small surface defects and cause failure
in the device long after it has left the plant. Anyone with experience in working
with fiber reliability experts will appreciate that there is virtually no way that
fiber can be strong enough, much less too strong, for their applications.

Fiber strength can be broken into two separate parts, the intrinsic strength
of the material subjected to stress, and the actual strength of a fiber as obtained
from any particular process. The intrinsic strength arises at its most fundamen-
tal level from the relative strengths of bonds in the glass and the resistance of
the glass to deformation under an applied load. Since the state of a glass is
affected by the way in which it is processed, the intrinsic limit tends not to
be attainable, and the means by which it can be quantified are not known.
The actual strength of a fiber is determined largely by stress imposed during
the draw—particularly if the core and clad glasses have different glass transi-
tion temperatures or different coefficients of thermal expansion—but also by
defects in the fiber or on its surface. The actual strength is always less than the
intrinsic strength.

It has been recognized for many years that the single most important fac-
tor limiting the strength of fluorozirconate fiber is crystalline defects formed
during preform fabrication and/or during the fiber fabrication process.®® The
worst location for crystalline defects is on the surface of the fiber, as crack
propagation is aided and abetted by contact with air. Numerous approaches
have been developed to reduce surface crystallization of fluorozirconate fibers.
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Pureza et al.%” polished preforms to a mirror-like finish and etched the pol-
ished preform in an acidic solution of zirconium oxychloride (ZrOCl,). They
showed that this raised the failure strength of ZBLA fiber to approximately
570 MPa, with peak values of approximately 820 MPa. The authors also found
that polishing by itself produced much weaker fiber than a combination of
polishing and acid leaching. This comports with the observations of Delben
et al.,® who showed that polished ZBLAN exhibits a surface layer with lower
mechanical hardness than bulk ZBLAN. Acid leaching presumably strips this
layer off, leaving clean glass. Orcel and Biswas?® found that drawing fibers at
comparatively low temperature in an atmosphere of dry helium thionyl chlo-
ride (SOCI,) improved strength by suppressing surface devitrification. The
proposed mechanism is suppression of water in the furnace by the thionyl
chloride. The highest strengths reported in these reports are similar to the
highest strengths reported today, 500-600 MPa. For reference, silica-based
amplifier fibers tend have tensile strengths on the order of 7-11 GPa.

The comparatively low durability of fluorozirconate glasses raises fiber reli-
ability issues. Most amplifier manufacturers expect their passive components
to survive environmental testing laid out in the Bellcore Technical Advisory
TA-NWT-001221.°° The most demanding of these tests include monitoring
losses in fibers during temperature cycling (—40°C to +75°C, 90% relative
humidity, 500 cycles), damp heat exposure (75°C and 90% relative humidity
for 5000 hours), and after low-temperature storage (—40°C for 5000 hours).
Though pumped optical amplifier fibers are not passive components, they too
are generally expected to pass the Bellcore specification. It has been known for
some time that fluorozirconate fibers cannot survive high-temperature, damp
heat conditions for such long periods of time. Recently, Fujiura et al.®! and
Nishida et al.”? at NTT have described a hermetic package for fluorozirconate
fiber. In substance, the fiber is epoxied to a bobbin etched with a V-groove,
pigtailed to silica fiber, sealed in a package under an inert atmosphere, and
packed again into an aluminum case (including the pigtails) that is back-filled
with epoxy resin. The authors show that this package survives the Bellcore
tests with no obvious failures in multiple tests. This provides hope that there
will be a commercially viable means to deploy fluorozirconate fibers in active
devices.

Applications

Fluorozirconate fibers have proved to be efficient hosts for several rare earth
elements-doped fiber laser/fiber amplifier applications. Brierley and France®
were the first to report an active device based on fluorozirconate fiber, in
this case a neodymium fiber laser operating at 1050 nm. This was followed by
many new developments in very rapid succession: a Nd-doped fiber laser® and
a fiber amplifier® operating at 1.3 wm; a holmium-doped fiber laser operating
at 1.38 and 2.08 um;’® erbium fiber lasers operating at 1.5 um®” and 2.7 um;®
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a ytterbium-sensitized erbium fiber operating at 1.5pm;* a Yb fiber laser
operating from 1.015 to 1.14 um;'% thulium-doped fiber lasers operating at
1.9um, " 2.3 1um,!%? and 0.8 um;'" and praseodymium-doped fiber lasers
operating at 1.3 um, %4105

Of these many applications, those involving amplification at 1.3 um,
1.48 um, and 1.55 wm have proved of greatest interest for telecommunications
applications. Initially, neodymium-doped fiber amplifiers generated consider-
able interest because of the possibility of using the 4F3,, — 4113/2 transition at
1.35 um to amplify signals near the dispersion minimum for germania-doped
silica transmission fiber.'%-19” However, the I3, — *Gy,, excited state absorp-
tion (ESA) from the 4F3/2 — *I,3/; transition saps gain and adds to noise
figurc in the wavelength range closest to 1.3, particularly in preamplifiers.'%
Alternative pumping schemes'?” and compositional adjustments to the fluo-
rozirconate host''? have shown some promise, but interest largely faded after
demonstration of Pr**-doped fiber amplifiers. By the early nineties, systems
tests were being performed on Pr-doped fluorozirconate fiber amplifiers,''!
and methods to optimize fluorozirconate fibers as Pr'* hosts''? and amplifier
pumping schemes!'? were underway (a summary of lab results and a field test
conducted by BT Labs is presented by Whitley).'"

Amplification at 1.48 um is achieved using the 3F4; — 3H, transition of
trivalent thulium, Tm**. In this application, fluorozirconates have substan-
tial advantages over silica-based amplifier materials in that the highest-lying
phonon modes are below 700cm™', leading to very long lifetimes for the
3F4 — *Hy transition.!''> Komukai et al.''® were probably the first to demon-
strate upconversion pumping (1.064 um from a Nd** : YAG laser) of thulium
ions in a fluorozirconate fiber to obtain 1.48 um output. Despite investiga-
tions of alternative pumping schemes,'!” variations on this approach have
proved to be the method of choice for producing high-performance 1.48 um
amplifiers.''® Recent developments in Tm-doped fiber amplifiers are discussed
in detail below.

While amplification at wavelengths other than 1.55pm is potentially
important for future applications, most of the world has already adopted
erbium-doped fiber amplifiers (EDFAs) for mainstream optical telecommuni-
cations. Ronarc’h et al.''? reported one of the first efforts to make a practical
EDFA (1480 nm pump) from a fluorozirconate fiber, and the ASE (ampli-
fied spontaneous emission) spectrum showed very little gain ripple over a
broad wavelength region. Clesca et al.'’ compared gain flatness of Er-doped
fluorozirconate fiber with Al-doped silica and showed that at equivalent band-
width (~23 nm), a fluorozirconate-based fiber amplifier showed less gain ripple
than a silica-based amplifier (fluorescence spectra of erbium in ZBLAN and
an optimized aluminum-doped silicate are compared in Fig. 8). If nothing
else, this study elevated to high importance the effort to produce new ampli-
fier materials with lower gain ripple. The main problem with fluorozirconate
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Fig. 8 Normalized 1550 nm Er** emission spectra of ZBLAN and Al-doped silica
glasses.

fibers used in this application was that 980 nm pump power conversion effi-
ciency is very low in fluorozirconates compared to Al-doped silica due to
the long lifetime of the 4115/2 — *1,),2 transition, approximately 1.5ms in
ZBLAN vs. 3-5us in silica-based materials. This is important because it is
generally desirable to run the preamplifier at high inversion and the power
amplifier at lower inversion to obtain optimal noise figure. Inversions above
60% are not possible using 1480 nm pumps. Various schemes have been pro-
posed to diminish the lifetime of the 980 level, notably introducing Ce** as a
codopant.!?!

Benefits of Research in Fluorozirconates

As discussed later in this review, rare earth element-doped fluorozirconate
fibers have generated considerable interest for fiber amplifier and laser appli-
cations even as hope fades for their use in telecommunications fiber. To
some extent, the photonic applications grew out of the effort to deliver
telecommunications-quality fiber, rather than the other way around, so new
applications continue to appear. Perhaps the greatest legacy of the efforts to
draw good fiber from fluorozirconates is that numerous methods and processes
have been invented that can be applied to many other glasses with very poor
thermal stability, poor durability, or that require complicated synthesis meth-
ods. Other fluoride glasses are the most obvious beneficiaries, but methods
developed for fluorozirconates have also been applied to chalcogenides and
most recently to tellurites, some of the most recent and interesting oxide hosts
on the photonics scene.
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Fluoroaluminates

Given the many years of research devoted to fluorozirconate glasses,
researchers are often surprised to learn that the first multicomponent flu-
oride glasses identified were, in fact, fluoroaluminates, and that they were
discovered many years ago. In 1947 Sun'2212* reported glass formation in a
beryllium-free multicomponent fluoride system. These glasses contained vary-
ingamounts of alkaline earth, lead, and/or lanthanum fluorides, but aluminum
fluoride appeared to be an essential constituent. Though aluminum fluoride
generally did not exceed 34 mol% in these glasses, they have been referred to
as fluoroaluminates since shortly after their discovery.

For those familiar with oxide glasses, or even fluorozirconates, fluo-
roaluminates seem highly unstable and, hence, undesirable for commercial
applications. There is more here than meets the eye, however, in this broad
family of glasses. The most stable fluoroaluminate glasses are obtained at
relatively high concentrations of the fluorides of alkaline earth cations, par-
ticularly calcium and magnesium fluorides. The very low water solubility of
these fluorides contributes to greater durability than ZBLAN. Furthermore,
the refractive indices of fluoroaluminates typically fall in the range 1.4-1.5
(sodium-D), similar to silica but lower than ZBLAN, and their Abbe num-
bers are generally comparable to or greater than that of silica. Therefore,
fluoroaluminate glasses are attractive for applications demanding low optical
dispersion, low refractive index, or combinations thereof, and remain an active
area of research.

Recently, Kitamura et al.'** have shown that the optical dispersion of
fluoroaluminate glasses is approximately 60% that of v-SiO;, and demon-
strated as well the possibility of good UV transmission for these glasses.
Raman spectroscopy of simple fluoroaluminates'?* shows that the IR band
edge should be similar to fluorozirconates, which, combined with the good
UV transmission, implies the possibility of making very low-loss fibers.

Composition

Compositionally, there are many variations on a general theme. The basic fluo-
roaluminate glass contains approximately 30—40 mol% AlF; and 55-70 mol%
alkaline earth fluorides, often with 5-15% yttrium fluoride (YF3) added to
enhance glass stability. Cardoso et al.'? identified a particularly stable com-
position, 37AlF;-12MgF,—15CaF,-9SrF,-12BaF,-15YF3, and examined its
devitrification behavior as a guide for fiber fabrication.

Glass Synthesis and Fiber Fabrication

Fabrication of fluoroaluminate glasses is similar to that of fluorozirconates.
Like fluorozirconates, the glasses must be melted in an oxygen- and water-free
atmosphere at temperatures between 750 and 1000°C. Unlike fluorozirconates,
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reactive atmosphere processing to avoid reduction of glass constituents is gen-
erally not necessary, though it does remove water and oxygen and may enhance
the stability of the glass. Glasses are formed by quenching the meltinto a heated
mold. Because the thermal stability of normal fluoroaluminates is consider-
ably less than that of ZBLAN, care must be taken to cool the melt as quickly
as possible to avoid devitrification. Once made, the glasses are relatively stable
against attack by water or oxygen and can be handled, shaped, and polished in
air—indeed, in contrast to ZBLAN, fluoroaluminate glasses can be polished
using water as a flux.

Because fluoroaluminates have much lower thermal stability than ZBLAN,
they have a much greater tendency to devitrify during fiber draw. Consequently,
there has been much less effort on drawing fluoroaluminates to fiber than
for more stable fluorides, notably ZBLAN. Igbal et al.'?’~13® made core/clad
fibers from ZrF4-stabilized fluoroaluminates and obtained relatively low losses
(~0.2dB/m) within the telecommunications wavelength band. There is evi-
dence that fluoroaluminate fiber may have greater mechanical durability than
fluorozirconate fiber, though this interpretation is somewhat dependent on the
method used to perform the test.'?!

Applications

Naftaly et al.'2 examined Nd** spectroscopy in an alkali fluoride-stabilized
fluoroaluminate glass and fibers. The core glass, 40AlF;—-6MgF,-22CaF,—
6SrF)—6BaF,-10LiF-10NaF includes alkali fluorides for improved glass
stability and glass ionicity. The authors used a phosphate-stabilized fluoro-
aluminate clad glass and drew fiber from which gain was obtained at
1.3 microns. Losses were not stated. The authors concluded that efficient
Nd** 1.3pum amplification might be possible using fibers made from these
or closely related materials.

Fluoroberyllates

Much as silica is the quintessential oxide glass, beryllium fluoride, BeF,, is
the quintessential fluoride glass. It has been recognized since before 1932 that
beryllium fluoride forms a glass.!3* Zachariasen conjectured that BeF, would
be the only single-component fluoride glass to be found, which remains the
case to this day. Beryllium fluoride is readily vitrified from its melt, though
handling in an inert atmosphere is generally required to avoid forming BeO.
In its purest forms, the UV absorption edge of BeF; is below 200 nm, and its
IR absorption edge lies at longer wavelengths than SiO;. 1t also has the lowest
optical dispersion of any known glass. Furthermore, numerous fluorides can
be added to BeF, to improve its durability without severely compromising
its desirable optical attributes (see the review by Gan.'**) One might expect
enthusiastic efforts to draw it to fiber, and indeed some effort has been made.
However, beryllium compounds tend to be acutely toxic, so the argument to
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develop Bel;-based photonic fibers has seemed less than compelling. Never-
theless, interest in fluoroberyllates continues for their potential applications
as deep UV transmission materials,'* so photonic applications may follow as
well.

OXIDES

The glasses of everyday experience—bottles and jars, windows, cookware—
are all oxide glasses; indeed, most are a very specific variety of oxide glass
called soda-lime silicate (*'soda” and “lime” are common names for sources
of sodium and calcium). Soda-lime silicate glasses are durable, are composed
of very cheap ingredients, but have rather pedestrian attributes as far as rare
earth element spectroscopy is concerned. The most important fibers for active
devices in telecommunications are alumina-doped silica and silica co-doped
with alumina (Al,03) and germania (GeO,), referred to hereafter as Al/Si or
Al/Ge/S1, respectively. More recently, tellurite fibers have been used to build
EDFAs, and antimony silicate fibers have been used in EDFAs and TDFAs.
Each of these will be considered in turn below.

Al/Ge/Si and Related Materials

When we think of optical amplifiers, we generally have in mind silica doped
with aluminum, germanium, and erbium. It is interesting in this regard that
no other ion performs particularly well in any sort of silica: for example, the
highest lying phonon modes of silica-based materials drastically impacts the
efficiency of Tm-doped silica fibers operating at 1.4 pm; Nd-doped silica fibers
are very efficient lasers at 1.056 pum but very inefficient at 1.33 pm; other rare
earth elements that are potentially active in the infrared show no activity at
all in silica-based materials because of high rates of phonon relaxation, Pr**
being one of the most obvious. On the other hand, Er’* in alumina-doped
silica is one of the wonders of nature, an extremely low loss, highly efficient
host with adequate bandwidth to handle the enormous optical network traffic
of the present day. It is completely appropriate that other materials be held
to measure against this exquisite material, but a grim task lies for materials
scientists to improve on its properties.

Namikawa et al.'**!37 were the first to report that rare earth ions in pure
Si0; were prone to nonradiative crossrelaxation. This process, soon thereafter
referred to as “clustering” (see above) was observed for neodymium ions but
was shown in later work to apply to erbium as well. In one of the great, per-
haps underappreciated breakthroughs for modern telecommunications, Arai
et al.'*® showed that clustering of neodymium ions in silica was drastically
reduced by additions of small amounts of aluminum or phosphorus to pure
silica. The amounts of aluminum or phosphorus required were on the order
of 1015 times greater than the neodymium ion concentration (e.g., mol% or
ions/cc). It was later shown by Morkel et al.'* that additions of alumina to
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silica in the cores of neodymium-doped optical fibers dramatically reduced
excited state absorption at the 4F3/2 — 4113/2 transition near 1370 nm. Both
studies concluded that aluminum and neodymium were spatially associated
in the glass, and that this served to redistribute neodymium ions relative to
aluminum-free silica.

More recent studies have demonstrated close association of aluminum and
rare earth elements in alumina-doped silica,'**'%? including in glasses pre-
pared by sol-gel (as opposed to chemical vapor deposition) methods. One of
the first and perhaps most interesting applications of this new-found under-
standing of the role of aluminum in Ge-doped silica was to make “loss-less”
optical fiber. In this approach, one would prepare telecommunications spans’
worth of Al/Ge/Si fiber doped with very low concentrations of erbium, pump
the erbium, and thereby overcome the losses inherent in the fiber. A fiber suit-
able for this application was first reported by Craig-Ryan et al.!43 At roughly
the same time, however, researchers were attempting to build efficient erbium
fiber lasers and amplifiers operating at 1.55 wm, and were soon very successful.
The rest, as the saying goes, is history.

Composition and Rare Earth Element Spectroscopy

It is truly a miracle that such a small amount of a codopant should have
such a dramatic impact on the optical characteristics of rare earth elements
in telecommunications-type fiber. Indeed, the role of aluminum is so over-
whelming that silica can be regarded as simply a structural component and
germania as a means to control refractive index. Aluminum doping also dra-
matically impacts erbium spectroscopy, as discussed in detail by Desurvire.'*
In pure silica or Ge-doped silica, the 1.5 wm emission and absorption bands
are very narrow and consist of two prominent bands, or peaks. Addition of
alumina to silica or Ge-doped silica causes broadening of the emission and
absorption spectra. In the emission spectrum, this produces a broad shelf from
approximately 1535 to 1555 or 1560 nm with ~50% of the intensity of the
primary emission band near 1530 nm. As aluminum concentration increases,
the 1530 nm band also shifts to shorter wavelengths, expanding the shelf of
emission intensity. Through this wavelength range, the absorption spectrum is
diminishing smoothly and rapidly, and thus at approximately 65% inversion
one obtains a broad, flat gain spectrum from about 1530 to 1560 nm.

There are three basic types of erbium-doped Al/Ge/Si fiber; broadly
categorized as follows:

Designation Al O3 (wt%)

Typel 0.7-1.2
Type I1 2.0-4.5
Type 111 >4.5
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Mole for mole, Al,O; raises the refractive index of silica about as much as
GeO», so increases in Al,O; content are typically offset by decreases in GeQ»
content. In most cases, the concentrations of Al,03 and GeO; are adjusted
so0 as to obtain a numerical aperture of 0.2-0.24 relative to a silica in a single-
mode, step-index fiber.

The width of the 1550 nm gain band and the magnitude of the structure
within the band are strong functions of aluminum content, but only up to
a point. The payback for continuing to increase impact of alumina dimin-
ishes substantially when the content exceeds approximately 5-6 wt% Al,Os.
Ultimately, it is the shape of the gain curve that matters to the applications engi-
neer. A series of gain curves for three silica-based fibers, pumped at 980 nm, are
shown in Fig. 9. In this case, the spectra were normalized by varying the length
of the fiber to yield approximately the same gain at 1528 and 1560 nm. It is
clear from this figure that the gain curves differ more when alumina varies from
2.1 to 4.7 wt" than when the concentration is changed from 4.7 to 8.3 wt%
AlLOs.

The stability of the fiber core host-glass decreases with increasing alumina
content. Risbud et al.'** and later Schumucker et al.'*¢ showed that at inter-
mediate Al;O; concentrations, aluminosilicate glasses undergo amorphous
phase separation, even when cooled at rates comparable to those obtained
under high-speed fiber draw conditions. At higher concentrations, mullite
crystals (approximately 2Al,05 - SiO;) were obtained under the same rapid-
quench conditions. Mullite formation during consolidation is difficult to avoid
in glasses derived from chemical vapor deposition processes (see below); even
if avoided then it may occur anyway during long residence times outside of
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the hot zone in a fiber draw furnace. As a rcsult, onc must balance the need
for broad and flat gain with the need for low passive loss, gain per unit length
of the fiber, and ease of processing. Most commercial Al/Ge/Si fibers contain
3-6 wt% alumina.

As noted above, phosphorus can also “decluster” rare earth elements and
in some cases may beneficially impact the breadth of gain attainable from
the fiber. Betts et al.'*” evaluated Ge-doped silica-based fibers codoped with
phosphorus and aluminum. The P and Al concentrations were not given, but
from the refractive index data provided it appears that P,Os was loaded at a
level of 3—4 wt%. The authors report that less structure was seen in the 1550 nm
Er** emission spectrum in a P-doped fiber than in Al-doped fibers, though gain
spectra reported elsewhere in the paper show considerable structure, more than
typically seen in Al-doped silica fibers with approximately the same codoping
levels. The P-doped fibers also showed gain to very long wavelengths, a result
confirmed in more recent work by Kakui et al.'*®

A great deal of work has been performed using fibers simultaneously
codoped with aluminum and phosphorus. The compound AIPO, undergoes all
the polymorphic phase transformations of SiO; and when added to SiO» forms
extremely stable, high-viscosity glasses. Aluminum and phosphorus together
work each to stabilize the other while maintaining the benefits of declustering
rare earth elements. Unfortunately, dopant levels are seldom provided, per-
haps for proprietary reasons, though as germanium is generally present levels
of 2-4 wt% each are probable.

Glass Synthesis and Fiber Fabrication

Virtually all Er-doped fiber in use in telecomunications systems—indeed, vir-
tually all optical fiber manufactured in the world today—is produced from
preforms fabricated by a variant of the chemical vapor deposition process,
usually referred to by the acronym CVD. CVD was first discovered by Frank
Hyde'* at Corning Inc. when he sprayed silicon tetrachloride (SiCls) through
a burner flame. The silicon tetrachloride reacted with oxygen under the intense
heat of the burner, producing pure silica glass particles and hydrochloric acid
(HC)) in addition to other combustion products. The combination of high
heat, carbon monoxide, and chlorine levels actually strips certain contami-
nants from the flame, particularly transition metals. When the silica particles
are kept at high temperature for extended periods of time, they smoothly den-
sify into solid, defect-free glass. Corning’s High Purity Fused Silica (HPFST™™)
is produced via this process to this day. Unfortunately, this method traps
high levels of water in the silica (800 ppm or more), and so is unsuitable for
producing low-loss optical fiber in the telecommunications window.

A great deal of work was performed in the late 1960s and early 1970s to iden-
tify a means to obtain dry, contamination-free glass with a higher refractive
index than silica to serve as the core in optical fiber. The breakthrough came
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in 1973 with the patent by Keck, Schultz, and Zimar'* for what is now known
as the outer vapor deposition (OVD) process. In this process, the silica par-
ticles (“soot”) are sprayed onto a ceramic rod (called a “bait” rod). The rod
is rotated constantly, and the soot builds up in successive layers. The com-
position of the soot can be varied dynamically to form a core soot, then
a clad soot, or still more complicated structures. The cylindrical body that
results, formed of many layers of soot, has a bulk density of 0.2-0.5 g/cc,
as compared to 2.2 grams for pure SiO>,—in other words, it is mostly frec
space.

The soot blank, as it is called, is subjected to rapidly-flowing halide-
bearing (e.g.. Cly) gas at elevated temperature to strip out transition metal
contaminants and water, then consolidated into dense glass at higher tem-
perature, typically 1250-1500°C. Since chlorine gas could access all areas
of the soot blank, removal of undesirable contaminants is highly efficient.
Today, minimum losses in Ge-doped silica fibers produced by the OVD pro-
cess are approximately 0.17 dB/km, very close (o the nominal Rayleigh limit
for Ge-doped silica of 0.15 dB/km.

One potential disadvantage of the OVD approach for erbium-doped fibers
is that the rates of combustion of the various precursor materials are very
unlikely to be equivalent. As a result, it is unlikely that erbium i1ons will
be perfectly uniformly distributed throughout each of the soot particles pro-
duced in the combustion process. Rather, the erbium is quite likely to form
small dense nuggets that differ little from erbium oxide itself. This limi-
tation can be overcome in part by using low concentrations of erbium in
the combustion process by changing the identities of the precursor materi-
als or the flame conditions so as to cause more untform combustion, or by
adding the erbium in a solution with one or more of the other precursor
materials.

Outer vapor deposition is not the only means to produce astoundingly low-
loss silica-based fiber. MacChesney and DiGiovanni'®' provide an excellent
and very thorough review of two other basic approaches, the inner vapor
deposition (IVD) method and the inadequately named “modified chemical
vapor deposition” (MCVD) method. In the IVD method, combustion of the
silica precursor compound takes place within the interior of a tube, rather
than over the surface of a bait rod. A burner moves over the outer surface
of the tube, providing a hot spot that facilitates collection of soot along the
length of the tube. After sufficient soot is deposited, the soot inside the tube
is subjected to halide drying and is consolidated into dense glass. A vacuum
1s applied to the tube, the tube is heated Lo high temperature, and the central
void (the center line) is collapsed. The fact that the inner surface of the center
line never contacts anything other than air may provide some advantage for
access of the halide drying/decontaminating gas to access all regions of the
core. It also has the advantage that core can be laid down directly onto the
surface of a clad tube. thereby minimizing total thermal processing of the soot



114 Adam Ellison and John Minelly

after laydown. This is particularly important for relatively unstable materials
such as Al-doped silica.

Nevertheless, IVD as described suffers from the same sorts of limitations
as OVD as regards direct laydown of erbium along with the rest of the fiber
components. This is overcome to some extent, however, by the fact that IVD
results in a dense glass tube filled with low-density soot, making it is possible
to infiltrate the soot within the tube with a solution containing the dopant ion
of interest. This was, in fact, the means by which efficient Er- and Al-codoped
silica fibers were first obtained'? (see the review by Ainslie'>? for more detail,
particularly as concerns erbium concentration quenching). In this approach,
a solution containing erbium and aluminum salts 1s infiltrated into the soot
constituting the core of the optical fiber. The soot is dried and then subjected to
halide gas treatment and consolidation. The solution presumably coats many
of the soot particles with the aluminum and erbium salts, producing a very
low-concentration layer rich in Al and Er over an enormous surface area, and
is mingled with the rest of the glass during consolidation. This helps minimize
erbium ion clustering. However, clearing all traces of OH™ out of the soot is
complicated by solution doping processes, and it requires special attention to
detail to avoid making this as great a problem as erbium ion clustering.

In the MCVD method, a silica precursor reacts directly with oxygen in a
plasma within a tube. The reaction product is laid down directly as dense glass.
Provided that the reactants are free of contaminants, one obtains high-purity
silica-based glass without first producing a soot blank. This approach has the
disadvantage that organic precursors must be avoided whenever possible, as it
is not possible to extract them efficiently during laydown of the glass. Further-
more, it can be difficult to control the composition of the material along the
length of the tube because different parts will have different thermal histories.
It is also somewhat difficult to employ MCVD for relatively unstable composi-
tions, because the newly formed glass remains at elevated temperature for most
of the laydown process. Finally, since silicon tetrachloride (SiCly) is the pre-
ferred precursor for silica, chloride contamination is a nearly inevitable feature
of materials produced by MCVD processes. This can contribute to photosen-
sitivity and attenuation due to chlorine-related optical defects in the near UV.

On the other hand, anything that can be metered into the plasma can be
laid down in glass. This includes the anions reacted with the metal precursors
as well as the metals themselves. MCVD is probably the only efficient means
to lay down alkali cations, which are otherwise stripped via chlorine drying
in OVD and IVD processes. It is also one of the most effective means of
adding fluorine to silica. While neither of these components induces valuable
spectroscopic changes to erbium ions, there is little doubt that such changes
could be obtained via other dopants. This leads us to conclude that MCVD is
underutilized as a means to produce fiber for erbium-doped fiber amplifiers—
more effort should be made to explore the compositional richness available
through this method.
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While all of the world manufactures erbium-doped Al/Ge/Si fibers through
variants of the methods described above, this has not deterred workers from
other approaches. Particularly noteworthy are sol-gel approaches, such as
illustrated by the studies of Matejec et al.'**!** In this approach, liquid
organometallic precursors are added to water and hydrolyzed, forming a water-
rich, low-density semisolid called a gel. The prototypical precursor for SiO; is
silicon tetraethyl orthosilicate (silicon tetracthoxysilane), generally referred to
by the acronym TEOS. Simplistically, the reaction between TEOS and water
is as follows:

Si(OCH,CHjs)4 + 2H,0 — Si(OH), + HOCH,CHj; (1

Si(OCH;CHs)4 is TEOS - Si(OH), is referred to generically as silicic acid, and
the other reaction product is ethanol. The silicic acid undergoes a polycon-
densation reaction, which goes nearly to completion upon heating the gel to
high temperature. This rcaction is summarized as follows:

Si(OH), — SiO; + 2H:0 (2)

Other organometallics undergo similar hydrolysis and condensation reactions,
although as with CVD it is very difficult to find precursors or process variations
that permit all to undergo all steps at equivalent rates. Nevertheless, as with
MCVD, nearly anything that can be made into a water- or alcohol-soluble salt
can be added to a sol-gel, so the compositional flexibility of this process is huge
compared to CVD. Indeed, one might argue that we would be making optical
fibers by sol-gel were it not for the early success of CVD. This approach also
deserves more attention by materials scientists interested in next-generation
amplifier materials.

Regardless of how it is made, the preform is drawn to fiber using a conven-
tional draw tower. The draw temperature varies with the exact makeup of the
clad glass: silica clad generally requires temperatures on the order of 2100°C,
whereas phosphorus- or fluorine-doped clad glass permits lower draw temper-
atures. Since the preforms can attain much greater length and diameter than
any other material considered in this review, the amount of fiber obtained from
the preform tends to be quite large as well, on the order of tens of kilometers
per preform. Typical draw speeds are 1-5 meters per minute. The fibers can
be coated with UV-curable polyacrylate coatings as is used in telecommunica-
tions applications, or it can be hermetically sealed using sputtered carbon or
metallic coatings.

Fiber Losses, Strength, and Reliability

As noted in the beginning of this chapter, the two general sources of fiber
loss are transition metals and water. Transition metal impurities were studied
in detail by Schultz,'*® and a figure from his paper illustrating the impact of
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Fig. 10 Absorption losses in Al-doped silica induced by transition elements, in
dB/km/ppm. From the study of Shultz, reprinted with permission.'

transition metal impurities throughout the visible and near IR is shown in
Fig. 10. The most notable contaminants in the infrared are chromium (Cr),
cobalt (Co), vanadium (V), and nickel (Ni), though iron is a ubiquitous con-
taminant and so may have a disproportionately high importance. In practice,
these tramps are very effectively scavenged during the halide purification step
in OVD and IVD processes and tend to be removed fairly efficiently during
plasma CVD as well. Therefore, they tend not to be the limiting factor in fiber
losses.

Hydroxyl ions may be more difficult to remove than in conventional Ge-
doped silica transmission fiber. This is because the free energy of formation
of aluminum hydroxide is very high compared to that of silicic or germanic
acid, and thus it is more difficult to strip water away. Phosphoric acid also has
a very high free energy of formation, and when heated it partially polymerizes
into a material called polyphosphoric acid that is notoriously difficult to strip
of water. Core glasses containing Al, P, or both also tend to be subject to
rehydration after consolidation, so great care must be taken between consoli-
dation and collapsing the center line. Again, since center line collapse occurs
as a separate step in the OVD process, but is the final step in consolidation
in the IVD process, IVD has a minor processing edge in this regard. As with
many aspects of fiber fabrication, good hygiene and technique can overcome
these obstacles for either the OVD or 1VD process.

Unlike fibers made from fluoride glasses or alternative oxide glasses, devitri-
fication during fiber fabrication is not of great importance for silica-clad fibers,
save that at very high alumina contents care must be taken to avoid mullite for-
mation. Pure silica has one some of the highest elastic constants of any glass,
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and since fiber strength tends to scale with elastic constants, silica-based mate-
rials tend to make very strong fiber. Other than devitrification materials such
as mullite, break sources in silica fiber tend to originate from the surface of the
preform, and so with careful handling very high fiber strengths are obtained.
Typical values are 3-4 Gpa—compared with 0.5-0.8 GPa reported for the best
fluorozirconate fibers. High strength lends itself to ease of handling: the fiber
is more forgiving when twisted or bent, when a load is applied along its length,
or when it is accidentally pinched or abraded. Therefore, industries that man-
ufacture fiber-based devices tend to put a premium on high fiber strength,
whereas the end user is mainly concerned with reliability.

Reliability certainly benefits from high fiber strength, but of equal (or
greater) importance is how the strength varies when a relatively low level of
stress 1s applied for a very long time, as in the coil in an amplifier. An indica-
tion of this performance is obtained from a metric called the dynamic fatigue
coefficient, or n-value, which is determined by applying stresses to fiber at
a very slow rate until failure is obtained. A plot of the percentage of fiber
pieces that fail vs. applied stress is called a Weibuld distribution, and from the
slope of the trend one obtains the dynamic fatigue coefficient. This is gener-
ally determined after the fiber has been “aged,” or after ambient or accelerated
conditions for days or weeks after fiber draw. When the dynamic fatigue coef-
ficient is high, the fiber behaves as though it stretches under applied stress,
whereas when it is low it acts brittle. Brittle fiber typically results from break
sources across the fiber surface, which produce minute cracks that are propa-
gated by corrosion. Therefore, highly durable materials tend to produce high
dynamic fatigue coefficients, though other factors are very important as well,
such as the distribution of stress across the fiber surface.

A rough metric for comparing two fibers is the product of the simple ten-
sile strength and dynamic fatigue coefficient. For normally coated silica-clad
telecommunications fiber, the tensile strength is typically on the order of 5 GPa,
and the dynamic fatigue coefficient is approximately 20, so the fiber reliability
metric is 100. A hermetic coating on clean fiber eliminates the possibility of
corrosion of any kind, and so the n-value becomes effectively infinite.

Applications

Although originally investigated for its use in Nd-doped fiber lasers and ampli-
fiers, Al/Ge/Si and variants are now uscd almost entirely for erbium-doped
fiber amplifiers and lasers. Though early investigators used 800 nm diode
pumps,'?’ the 980 and 1480 nm absorptions were quickly shown to produce
highly inverted, high-power fiber lasers'*® and amplifiers.'>® Most modern
amplifiers use a combination of 980 and 1480 nm single-mode diode pump
lasers, whereas erbium fiber lasers tend to use 980 nm diodes alone. Al-doped
and Al/P-codoped silica fiber amplifiers are used throughout the world in
telecommunications networks. The literature is filled with applications for
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Er-doped Al/Ge/Si amplifier fibers; many of these will be discussed later in
this chapter. Phosphorus- or P/Y b-codoped silica fibers are used in high-power
1530 nm lasers.

Tellurites

The origins of tellurite glasses are obscure. Tellurium oxide (TeO,) itself is a
poor glass former, requiring heroic quench rates to avoid forming crystalline
TeO,. Addition of oxides of monovalent or divalent cations, particularly those
of alkalis, barium, zinc, and lead, causes a dramatic stabilization of the glasses,
such that glasses are readily obtained from compositions with as much as
80 mol% TeO, almost without regard to the exact identity of the dopant. As
such, multicomponent tellurite glasses have been known for at least 30 years;
however, they remained largely laboratory curiosities, interesting because of
their high refractive indices, but for not much else.

All of this changed rather dramatically in 1994. If a research paper could
launch a thousand ships, then the seminal study of Wang et al.'®® concern-
ing optical applications of tellurites might be the one to do it. Prior to this
study, very little work had been performed to analyze rare earth element spec-
troscopy in tellurite glasses. Since then, not only have many new tellurite
systems been characterized both in terms of properties and rare earth element
spectroscopy, but working devices and system tests have been performed in
support of the most promising application for tellurite glasses, erbium-doped
fiber amplifiers.

Wang et al. identified very stable compositions in the system
Na,0-ZnO-TeO; (5Na;0-20Zn0O-75TeO, was found to be particularly
stable) and not only characterized nearly all properties relevant to fiber
draw, but actually fabricated moderate loss (~1dB/m) fiber from a par-
ticular core/clad combination. They also characterized the spectroscopy of
neodymium, praseodymium, erbium, and thulium in the preferred core glass
composition, and determined more generally the effects of various glass com-
ponents upon erbium 1.55wm emission lifetime. Finally, they characterized
the effect of holmium codoping in thulium-doped tellurites to reduce the life-
time of the 1.9 wm transition in favor of the 1.48 wm transition. It is not too
much of an exaggeration to say that there was little left to do in the system in
question but make low-loss fiber and test devices in systems.

Composition and Rare Earth Element Spectroscopy

The study of Wang et al. catalyzed a large effort to evaluate rare earth ele-
ment spectroscopy in various tellurite systems. Wang et al.'®! reported 1.3 pm
emission characteristics of neodymium and praseodymium in tellurite glasses.
They concluded that ytterbium codoping of praseodymium-doped glasses was
effective in facilitating energy transfer from the 2F3/2 level of Yb** to the ' Gy



3. New Materials for Optical Amplifiers 119

level of Pr**, hence improving pump power absorption. Man et al.'®2 per-
formed a Judd-Ofelt analysis of Pr** in 8Na,0-20Zn0-72TeO; glass and
concluded that the 24 s lifetime of the 'Gs — *Hs (1.3 um) optical transi-
tion and 2.6% calculated quantum efficiency made tellurite fiber competitive
with fluorozirconate fiber as a host for Pr**. More recently, Tanabe et al. eval-
uated sensitizing 1.3 wm emission from Pr** by codoping Pr-doped tellurite
glasses with Yb*. The authors report that energy transfer from Yb** to Prit
was greater than 90% even at very low Pr/Yb ratios, resulting in a substantial
increase in fluorescence intensity from Pr**.

Of greater relevance to modern telecommunications systems are the spec-
troscopies of Er** and Tm** . Figure 11 compares the emission spectrum of a
well-optimized tellurite glass developed by one of us (Ellison) at Corning Inc.
with that of a well-optimized aluminum-doped silicate glass. The alumino-
silicate emission spectrum basically fits inside that of the tellurite host, and
the tellurite glass shows much stronger emission intensity at long wavelengths.
This illustrates the promise of tellurite hosts for C- and L-band EDFA applica-
tions. The 1480 nm emission spectrum of a tellurite host is very similar to that
of ZBLAN, and calculated quantum efficiencies are nearly the same. Thus, tel-
lurites would seem more attractive than ZBLAN or Al-doped silica for L- and.
perhaps, C-band EDFAs, and possibly as attractive as ZBLAN for Tm-doped
fiber amplifiers (TDFAs).

McDougall et al.'®* calculated Judd-Ofelt parameters for Er** and Tm?**
in binary tellurite glasses as a function of rare earth element concentration
and showed that radiative lifetimes for both remained high to quite high rare
earth element concentrations, suggesting high solubility and the potential for
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low levels of rare earth element clustering. Le Neindre et al.'®* examined Er*'
1550 nm emission linewidth in a base composition equivalent to the preferred
composition of Wang et al. but containing two or more alkali cations. They
showed that the broadest emission bands were obtained in glasses contain-
ing a mixture of alkali cations, particularly mixtures of potassium and lithium
oxides. Jha et al.'® evaluated Er** emission lifetimes as a function of OH™ and
Er, 03 concentration and the absolute concentrations of Na,O and ZnO. They
found that OH™ had a significant impact on erbium emission lifetimes, though
at concentrations so high that OH™ absorption at 1450 nm would be of com-
parable or greater concern. They also found a complex relationship between
the full-width-at-half-inaximum (FWHM) of the erbium 1550 nm emission
band and bulk composition, with a mixed sodium-zinc glass providing the
broadest spectrum.

The main limitation of using tellurite fibers for EDFAs is the very long
980 nm emission lifetime, typically on the order of 500 s in glasses with opti-
mally broad 1550 nm emission spectra. Various methods have been employed
to reduce the 980 nm emission lifetime. One of the more promising involves
codoping Ce** into the Er-doped tellurite host glass. In this approach, one
takes advantage of a phonon-mediated nonradiative energy transfer between
the Er** #1;;,2 (980 nm) transition to the Ce®* 2Fs ), then back to the Er** *1;3
(1550 nm) transition. The authors conclude that at modest cerium dop-
ing levels (~1-2mol%), a large improvement in energy transfer is obtained
without excessive impact on the 1550 nm emission lifetime.

Consideration of Tm-doped tellurite glasses for TDFAs is a more recent
application. Naftaly et al.'® and Shen et al.'%” have recently compared Tm-
doped tellurite and fluorozirconate fibers and conclude that tellurites may
provide certain advantages in practical applications. Choi et al.'®® investigated
emission spectra of Tm-doped tellurite glasses codoped with Dy** in an effort
to identify means to suppress amplified spontaneous emission (ASE) power
at 810 nm. They conclude that a layer of Dy**-doped glass close to the Tm-
doped core might be effective in suppressing ASE. Cho et al.!%” concluded that
the same approach might work for fluorine-doped tellurite glasses. It should
be noted that a similar scheme involving Tm-Ho codoping in ZBLAN was
demonstrated Sakamoto et al.'”® 1o be effective in suppressing 800 nm ASE.
Tanabe et al.'”! proposed a solution much like that of Choi et al. involving
a Nd3+-doped layer next to a Tm-doped core in a ZBLAN-based fiber. Both
may deserve attention for tellurite-based TDFAs as well.

Finally, Jiang et al.!'’? evaluated the emission cross-section of the 2Fs;; —
2F7,, (980 nm) transition of Yb** ions in tellurite glasses. They identified com-
positions in the system ZnO-La,0;-TeO; with large emission cross-sections
and long emission lifetimes that appear to be well suited for Yb fiber laser
applications. Though this is somewhat off the beaten path for conventional
photonics applications, Yb fiber lasers may have a role to play as inexpensive,
high-power pump sources to replace 980 nm diodes and as pump sources for
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cascaded Raman amplifiers. The 980 nm pump source option is discussed later
in this chapter.

In addition to generating numerous studies concerning rare earth cle-
ment spectroscopy, the ground-breaking study of Wang et al. also generated
numerous efforts to improve on the original compositions. For example,
Duverger et al.'”? showed that the intensity of the highest-lying Raman mode
in MO-TeO, tellurites decrease systematically with increasing MO concentra-
tion, and likewise (though not so strongly) as the atomic mass of M increases
from Mg to Zn to Pb. This suggested that glasses with lower TeO; con-
tents might be more effective hosts for phonon-sensitive rare earth elements.
Braglia et al.'”* determined the viscoelastic properties and thermal stabilities
of xNa,;0-20Zn0O-(80—x)TeO; glasses and melts as a function of sodium oxide
concentration. They demonstrated that there is a tradeoff between the viscos-
ity of a glass at any given temperature and the stability of the glass, with the
most stable glasses (most sodium-rich) being less viscous than the least stable
glasses. However, Tx~T, values were all in excess of 130°C and reached values
as high as 179°C. This is to be compared with values of 80-100 for stable
fluorozirconate glasses. This demonstrated that a wide range of compositions
in this system could potentially be drawn into low-loss fiber.

Tellurium oxide has also been explored as a codopant in systems consisting
largely of a different glass former. Of these, one of the more interesting sys-
tems are those in which TeO; i1s added to a germanate base glass, referred to
generically as tellurium germanates. Pan and Morgan characterized Raman
spectra and glass stability!”> and optical transitions of Er** ions'” in glasses
from the system PbO-CaO-TeO,-GeO,. At TeO; contents of 30 mol% or
greater, no crystallization temperature (T,) was seen, indicating a high level of
glass stability. Raman spectra showed a decrease in the intensity of the highest
lying vibrational modes as TeO» content increased, an observation borne out
in increased upconversion efficiency for erbium ions dissolved into the glass
matrix. Feng et al.'”” examined the effect of hydroxyl ions on erbium 1550 nm
fluorescence lifetimes in Na,O-Zn0O-GeO,-TeO,-Y»0; glasses. They found
that hydroxyl ions had a small effect on emission lifetimes, but that it could
be removed in any case by bubbling the melts with a mixture of carbon
tetrachloride (CCly) and oxygen.

In some tellurite base glasses, it is possible to replace a substantial fraction
of the oxygen atoms with halides, generally two halide ions for one oxygen
ion. Sahar and Noordin'”™ examined glass formation and physical proper-
ties in the system ZnO-ZnCl,-TeO,, and identified compositions with good
glass stability at high (nominal) chlorine contents. No analysis of rare earth
element spectroscopy was provided. Sidebottom et al.'” analyzed Raman
spectra, Eu*t phonon side-band spectroscopy and erbium and neodymium
fluorescence lifetimes in ZnO-ZnF,-TeO,, glasses as a function of fluorine con-
tent. The side-band spectra showed close agreement with the Raman spectra
(Fig. 12). They found that replacing oxygen by fluorine substantially increased
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Fig. 12 Comparison of Eu** phonon sideband and Raman spectra in a tellurite host.
Reprinted from Ref. 179 with permission.

phonon-sensitive lifetimes, but reduced glass stability as well. They interpreted
this as a result of incorporating fluorine into the rare earth element environ-
ments; however, fluorine generally contributes to lower OH levels in oxide
glasses, but OH measurements were evidently not performed. Ding et al.'8
identified a broad range of relatively stable glasses in the system PbX,-TeO,,
where X = F, Cl or Br. The glasses containing bromine in particular exhibited
long 1550 nm emission lifetimes and broad 1550 nm emission spectra, and also
had the highest T,—T, values of any of the glasses referenced in their study.

Glass Synthesis and Fiber Fabrication

Tellurite glasses are much simpler to fabricate than fluoride glasses because
they are stable when melted or reheated in air. Indeed, tellurium is prone to
reduction when melted in inert atmospheres, so a relatively oxygen-rich envi-
ronment is a prerequisite to obtaining clear, colorless glass. As noted above,
tellurite glasses can be melted under conditions akin to reactive atmosphere
processing provided that excess oxygen is also present. These methods can be
used to drive down OH™ levels, to partially scrub transition metal contami-
nants, and when bubbling is employed, to improve glass homogeneity. Glasses
are typically prepared from high-purity oxides and (in the case of alkalis and
alkaline earths) carbonates, and may be subjected to heat treatments prior to
melting to extract residual OH™ from the powdered batch materials. Tellurite
glasses are stable in gold crucibles, though refractory or fused silica crucibles
can also be used with success. Once fabricated, the glasses are very stable in
air and can be handled without recourse to very dry or inert atmospheres,
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though handling under such conditions may reduce contamination and hence
improve fiber losses.

Given similar melting temperatures, viscosity curves, but somewhat
improved glass stability, it is not surprising that those fiber fabrication methods
that work best for fluorozirconate glasses also work well for tellurites. The first
core/clad fiber reported by Wang et al. was produced by a rod-in-tube method,
with the tube fabricated by suction casting. Where methods are described at
all, the preferred method appears to be reduced pressure casting followed by
redraw and overcladding with tubing produced by suction-casting or preform
drilling. As noted by Wang et al., the bending strength of simple rod-in-tube
tellurite fiber improves on that of ZBLAN, suggesting that reliability may
be less of an issue for tellurites than for fluoride glasses. As with fluorides.
the main break source in tellurites is likely to be crystals formed during fiber
draw, and devitrification products are also likely to prove the limiting factor
in reducing losses in tellurite fibers.

Applications

Photonic applications for tellurite fibers have focused mainly on C- and L-band
fiber amplifiers. Mori et al.'#!:182 reported the first complete characterization
of amplifier performance of erbium-doped tellurite fibers. Small signal gain
spectra from their fiber showed broad, relatively flat gain in the L-band extend-
ing from 1560 to 1620 nm with approximately a 20% maximum point-to-point
variation in gain intensity (gain ripple). The small signal gain spectra of Al-
doped silica and fluorozirconate fibers fit neatly inside that of the tellurite,
illustrating the potential of these materials for broadband L-band amplifiers.
This L-band application is most germane; the 980 nm emission lifetime of
tellurite fiber is too long to permit efficient 980 nm pump for C-band appli-
cations. On the other hand, 1480 nm pump makes little contribution to noise
figure in the L-band. The data of Choi et al.'®* suggest that 980 nm pump power
conversion efficiency may be enhanced by codoping with Ce**, but no device
data are reported. Chryssou et al.'® provide modeling results indicating that
Er-doped tellurite fiber amplifiers might hold a decisive advantage compared
to Al- or Al/P-doped silica fiber amplifiers. More recent results concerning
tellurite fibers in amplifier applications will be discussed later in this chapter.

The most important factor limiting use of tellurite-based fibers in real sys-
tems is the extraordinarily high refractive indices and nonlinear coefficients
of tellurite glasses. A high refractive index creates substantial challenges with
regard to pigtailing as it is critical to minimize reflection losses in amplifier
design. A high nonlinear coefficient manifests itsel{ in cross-phase modulation
and four-wave mixing, a consequence of the high intensity of pump and signal
light in fiber amplifiers. Indeed, high-nonlinear-coefficient fibers can actu-
ally be used to produce light amplification relying entirely on the physics that
produces four-wave mixing, a process referred to as parametric amplification.
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Four-wave mixing produces contamination of one signal by another and tends
to increase in magnitude directly with fiber length. The persuasive study of
Marhic et al.'® shows that cross-phase modulation produced in a 2.4 meter
tellurite EDFA is roughly equivalent to that produced in 33 meters of Al-doped
silica EDFA. Sakamoto et al.'® show that by expanding the mode field and
increasing the erbium doping level in a tellurite EDFA, four-wave mixing can
be reduced, but at the expense of power conversion efficiency. Whether erbium
levels can be raised so high that this problem can be surpassed is not obvious
as of this writing.

A second, perhaps less serious problem concerns photosensitivity of tellu-
rite glasses under UV exposure. Prohaska et al.'®" show sodium-zinc tellurite
glass (the preferred glass for fiber draw) undergoes an irreversible increase
in optical absorption in the visible and UV after 2 minutes of exposure to a
248 nm KrF excimer laser operating at a fluence of 50 mJ/cm? at 30 Hz. These
dosage levels are very high, yet power densities in high numerical aperture
cores can approach this fluence level. Given the demonstrated propensity for
erbium and thulium ions in tellurite glasses to upconvert to visible and near
UV wavelengths, it is possible that induced photodarkening may be a long-
term or systemic problem for tellurite glasses. Clearly more research is needed
on this subject.

ANTIMONY SILICATES

In 1997, one of us (Ellison) found that erbium in antimony silicate glass (Sb/Si)
exhibited promising 1530 nm spectroscopy, appearing to be at least compara-
ble to well-optimized tellurite glasses. A major effort was undertaken to convert
compositions in this system into low-loss optical fibers for use in amplifiers and
lasers. Antimony silicates make high-quality, low-loss fiber and can accommo-
date high levels of rare earth clements without significant clustering, but have
lower refractive than tellurite glasses and so do not suffer from equivalent
optical nonlinearity.

Composition and Rare Earth Element Spectroscopy

Antimony oxide is commonly used as a flame retardant in the textile industry
and as a fining agent in glasses. It is a poor glass former itself, tending to devit-
rify on cooling unless rapidly quenched. At roughly the same time that good
rare carth element spectroscopy was found, it was also shown that glass forma-
tion takes place throughout the binary antimony trioxide-silica (Sb,03-Si03)
system. Further, a small amount of B,0O;, SiO», or GeO; is all that is needed
to produce stable SbyOs-rich glasses, and at intermediate levels the glasses
are quite resistant to devitrification. This permits manufacturing high-quality
glass in multi-kilogram quantities.

At the other end of the binary system, liquidus temperatures plunge as
Sb,0; is added to SiO», and melts throughout the system (except nearly
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Fig. 13 Normalized 1550nm Er** emission spectra of Al-doped silica, tellurite,
ZBLAN, and Sb/Si glasses.

pure Sb,03) are quite stable against devitrification when cooled below their
liquidus temperature. Sb,O; has Lewis acid/base characteristics that are
extremely similar to silica, and so glasses throughout the system have very
high durability compared to fluoride or tellurite glasses.

Beyond a certain Sb,Os level, the spectroscopy of a rare earth element shows
little evolution with Sb,O3 content, though the level varies from one rare earth
element to another. At any particular Sb>Oj3 concentration, erbium 1550 nm
spectroscopy in particular is quite insensitive to the presence of other compo-
nents in the glass, though this is particularly true of glasses with 30 mol% or
more Sb,0;. This lends considerable flexibility to adjusting the properties of
the glass to obtain specific goals (e.g., viscosity, durability, stability) without
adversely impacting the desired optical performance of the fiber amplifier.

Figure 13 is a comparison of 1550 nm emission spectra of Er’* in well-
optimized Al-doped silica, tellurite, ZBLAN, and Sb/Si glasses. The peak of
the emission in Sb/Si is blue-shifted relative to tellurite or Al/Si hosts, nearly
to the peak position seen in ZBLAN, but on the long wavelength side extends
as far as seen in tellurites. The emission cross-section at long wavelengths is
comparable to that of the tellurite glass, but much greater than that of Al/Si
or ZBLAN. The spectroscopy of Tm**+ and Yb*" in Sb/Si is discussed later in
this chapter.

Glass Synthesis and Fiber Fabrication

Antimony was once considered a useful means to raise the refractive index of
the core glass in silica-based telecommunications fiber. Shimizu et al.'3%!3° first
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reported making Sb-doped silica fibers by vapor axial (chemical) deposition,
and achieved minimum fiber losses of 7 dB/km. More recently, Susa et al.!?°
reported making Sb-doped silica fibers using sol-gel methods. Losses were
much higher than in fibers produced by VAD, which the authors attribute
to charge-transfer interactions between +3 and 45 antimony ions in the
glasses. On the other hand, low OH contents (<3 ppm) were obtained through
careful processing, illustrating the promise of this technique for producing
homogeneous glasses in this system.

At Corning Inc., antimony silicate glasses are currently manufactured from
high-purity oxide batch materials melted in refractory crucibles. It has been
found that glasses melted in air must be held for some period at temperatures
greater than 1000°C so as to minimize formation of cervantite, Sb,Oy, a crystal
containing equal concentrations of Sb** and Sb’*, which is stable well above
its melting point for extended periods of time. Indeed, cervantite appears to
be the most stable form of antimony oxide in air between approximately 400
and 950°C. The presence of even traces of Sb>* in a glass produces yellow
coloration noticable to the eye and high loss in the infrared.

Antimony is considered toxic, having some chemical affinity with arsenic.
It is not clear what valence state is responsible for this toxicity, but in any case
most regulatory agencies in most countries have strict limits on workplace
exposure to antimony. Despite its apparent chemical affinity with arsenic,
Sb,0s is not particularly volatile, and fuming above antimony-bearing melts is
low unless the concentration of Sb>* is very high. This means that while careful
air-handling is required to avoid contamination, exotic melting conditions
(e.g., glove box or controlled atmosphere) are not required; again, this is an
asset for large-scale production.

As with charge transfer interactions between antimony ions of different
valences, charge-transfer interactions between antimony of any valence and
transition elements produce strong coloration and, apparently, unusually high
loss in the infrared. Great care must be taken to avoid transition metal contam-
ination even at the tens of parts per billion level. Antimony oxide is typically
obtained by either wet chemical precipitation from aqueous solutions or from
oxidation of its principle ore, stibnite (Sb,S3). The former introduces substan-
tial amounts of water but can be used to obtain very high-purity material. The
latter tends to remove most water but leaves the transition metal impurities
largely intact: this is particularly true for copper, the most prevalent transi-
tion metal other than iron in antimony sources. Copper produces strong green
coloration in antimony silicate glasses at a level of 1-2 ppm.

Antimony silicate glasses have been drawn to fiber by numerous means.
As noted above, VAD preforms and sol-gel rod-in-tube methods have been
applied. Preforms have also been prepared using variants of build-in cast-
ing, which permits use of an antimony silicate as a clad glass. Fibers made
from preforms with antimony silicate clad glasses tend to have fairly poor
strength, on the order of 0.8-1.2 GPa. This is due largely to surface defects
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produced by oxidation of antimony and formation of cervantite (draws per-
formed under oxidizing conditions), reduction of antimony and formation
of colloidal antimony metal (draws performed under reducing conditions),
or silica-polymorph devitrification (draws performed at elevated tempera-
ture under oxidizing conditions). In addition to contributing to poor tensile
strength, these defects also contributed to unacceptable fiber losses, similar to
those reported for ZBLAN-based fibers.

In part to address this problem of weak fiber, a triple crucible approach was
developed to prepare antimony silicate fibers from precursor glasses. Three
concentric crucibles are nested together. Core and clad glasses are loaded
into the innermost crucibles and a glass equivalent to the clad but loaded with
infrared absorbers is loaded into the outermost crucible. The crucible positions
with respect to one another are adjusted on-the-fly until adequate geometry is
obtained.

An optical photomicrograph of a fiber produced by triple crucible is shown
in Fig. 14. The overclad glass is discolored relative to the clad and core due to
the high concentration of transition and rare earth element absorbers. Typical
fiber attributes are as follows:

Strength: 1.8-2.2GPa
n-value: >50
Minimum loss: 30-50dB/km
Core centering: <0.5nm
Length: 4-10km

The tensile strength is much higher than tellurite or fluorozirconate glasses but
much lower than CVD-delivered silica fiber. This is offset in part by the very
high dynamic fatigue coefficient (n-value), which, using the metric discussed

Fig. 14 Optical photomicrograph of a Sb-silicate fiber produced by direct draw triple
crucible fiberization.
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previously, implies mechanical performance in the field comparable to silica-
based fibers. The maximum length of fiber that can be obtained from a single
triple crucible fiber draw is not known, but is believed to be on the order of
80-100 km.

Applications

Though originally developed for erbium-doped fiber amplifiers, Sb/Si fibers
are attractive hosts for Tm** and Yb**. Each of these applications will be
discussed in detail below.

Device Applications of New Materials

Now that we have reviewed the material properties of rare earths in various host
glasses, we switch to examining the application of these materials to practical
devices. We begin with a review of the evolution of the EDFA, emphasizing
the interplay between spectroscopy and the engineering of gain flatness (for
valuable comparison of the range of erbium spectroscopies obtained in various
oxide and fluoride hosts, consult the review by Miniscalco!®!).

ERBIUM DOPED FIBER AMPLIFIERS

It is a wonder of nature that the EDFA gives efficient amplification in the
same wavelength region where silica fibers have their lowest loss. Over the last
decade long-haul systems have evolved from single-channel low bitrates to
multichannel systems at data rates as high as 40 Gbits.'%>!%? This bandwidth
explosion has been achieved by squeezing more and more bandwidth out of
the EDFA. Furthermore, to avoid nonlinear impairments the gain over the
EDFA bandwidth must be kept flat typically to <0.5dB over the full range
for a gain of 25dB. To achieve this, materials with broad Er** gain and high
efficiency are combined with accurate gain flattening techniques.'*

Erbium Amplifier Bands

Trivalent erbium gives gain over a broad bandwidth typically extending from
1530 nm to 1605 nm. However this bandwidth is not efficiently accessible in a
single amplifier. It is usual to pair a so-called C-band EDFA operating in the
1530-1560 nm region with an L-band amplifier in the 1570-1605 nm range. It
will be shown that a material optimized for C-band will not necessarily serve
well in the L-band. In fact for ultimate bandwidth different compositions are
indicated for each amplifier.

The gain spectra of an EDFA depend on the average inversion of the gain
media. The inversion can be controlled by the combination of pump power
relative to signal power and the fiber length.!®> Figure 15 illustrates how the
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Fig. 16 Evolution of erbium amplifier bands.

spectra evolve with increasing inversion. At low inversion the erbium-doped
fiber exhibits loss over most of the band and a low gain at the extreme red
end of the band. As the inversion increases, gain is obtained at shorter and
shorter wavelengths. Note that the rate of change of gain increases at shorter
wavelengths. This is known as gain tilt, a phenomenon that degrades the
performance of an amplifier operating away from its design point.

The evolution of erbium-doped amplifier bands is illustrated schematically
in Fig. 16. The conventional or C-band corresponds to wavelengths close
to the gain peak. This band typically extends from 1530 nm to 1562 nm but
can be extended by compositional adjustment. Conventional band amplifiers
operate typically at an inversion in the range 0.6-0.65. The long or L-band
EDFA, on the other hand, represents gain in the long wavelength tails of the
gain spectrum. Such amplifiers typically operate at an inversion level of 0.4
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and have relatively flat gain. Once more compositional adjustments can extend
the L-band.

There have recently been some reports of wideband EDFAs that straddle
the traditional C- and L-bands. Perhaps unsurprisingly such amplifiers operate
at inversion levels intermediate between C- and L-bands, i.e., around 0.5. The
advantage of such amplifiers is the absence of a band splitter in the signal path.
While these amplifiers tend to need deeper gain-flattening filters, they can have
advantages in terms of intrinsic noise figure and ease of systems upgrade.

Conventional Band EDFAs

A conventional EDFA operates in the range 1530 to 1560 nm with the band-
width being set by the ability of the amplifier designer to engineer a solution
based on the following:

e the intrinsic spectroscopy of the erbium in the host material;

e the ability to manufacture gain-flattening filters of given depth and
slope;
e the pump power at his disposal.

It is therefore desirable to have a host glass with broad and flat gain within the
specified bandwidth of an amplifier, thus minimizing the need for filtering and
saving pump power. The conventional band of an EDFA evolved naturally
from early single wavelength amplifiers designed to operate at the 1532 nm
erbium gain peak or at 1550 nm, the loss minimum of single-mode fibers, 76198

Al/Ge/Si EDFAs

The first erbium doped fibers were fabricated in a germanosilicate host glass
very similar to that used for transmission fiber. However this host had
a very narrow C-band spectrum and suffered from serious concentration
quenching.'” An alumina-doped germanosilicate host quickly superseded it
as the material of choice.’®

Aluminosilicate amplifiers can give unfiltered bandwidths of around
18 nm?2°'-20% and with gain-flattening filters are the material of choice for ampli-
fiers of up to 32nm bandwidth in the C-band.?’*-2% At this bandwidth filter
depths of approximately 4-5 dB are sufficient to flatten the gain of a typical
26 dB gain long-haul amplifier.?%®

Fluorozirconate EDFAs

Fluorozirconate fibers based on the ZBLAN composition were initially pro-
posed as a means of broadening EDFAs without the need for filtering. The
material does exhibit impressive intrinsic gain flatness. Bayart et al.?'® demon-
strated 25nm bandwidth with a gain ripple of less than 5%. This was a
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Fig. 17 Evolution of gain ripple in a cascade of silica (left) and fluoride (right)
EDFAs.2!!

bandwidth improvement over aluminosilicate of approximately 50%. It was
also shown that in a three-amplifier cascade over similar bandwidth a gain
flatness advantage of 12 dB could be achieved relative to cascaded silica-based
EDFAs.2!! This is illustrated in Fig. 17.

The fluorozirconate fibers remain the material with the flattest intrinsic rip-
ple in the C-band. However its useful bandwidth is severely limited to the
aforementioned 25 nm. Although a modest improvement in bandwidth to
28 nm was achieved by hybridizing with an Al/Si amplifier,'? it soon became
clear that gain-flattening filter technology combined with improved amplifier
architectures relaxed some of the requirements on the material properties. Con-
sequently erbium-doped fluorozirconate fibers did not succeed commercially.
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Sb-silicate C-band EDFAs

The success of filtering technology does not mean there is no benefit to finding
materials with intrinsic spectroscopic advantage. It is really the product of
gain ripple and bandwidth that is the valuable attribute. Consequently, just
as improvements in filtering techniques offset the benefits of the Er-doped
fluorozirconate fiber, so a material with broader gain spectra could push the
limits of a given filter technology. The new antimony-silicate material described
earlier is flatter and broader than aluminosilicate and has some advantages in
C-band amplification.

The first reported application of the antimony silicate material by Ellison
et al.2!* was a materials-based approach for flattening the Er-fiber gain for a
32nm C-band amplifier. A hybrid amplifier employing this multicomponent
silicate fiber in the first coil and standard aluminosilicate (Al/Si, moderate
amount of Al;O3) fiber in the power coil resulted in a reduction of the gain
ripple from 21% to 10%. The gain ripple of the hybrid amplifier vs. alumi-
nosilicate content is shown in Fig. 18. The optimum split was 30% antimony
silicate and 70% aluminosilicate. The performance of the amplifier is shown
in Fig. 19.

When the bandwidth increased beyond 32 nm there was little benefit to
hybridization. However, the antimony silicate material exhibits much lower
ripple at larger bandwidths. Goforth et al.?!'¥ compared the performance of
this material to other commercially available fibers. Calculated gain curves are
shown in Fig. 20. These particular curves represent optimized inversion for
gain flatness in a 48 nm floating band (i.e., the band position was allowed to
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Fig. 18 Gain ripple in an antimony silicate/aluminosilicate EDFA hybrid.?!*
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float to a point of optimum flatness). The antimony-silicate fiber is substan-
tially broader and flatter than aluminosilicate (A/Si) fiber. The ZBLAN fiber
is very flat, but over a much smaller bandwidth than the antimony-silicate fiber.
The tellurite fiber, on the other hand, is very broad (well beyond the graph
shown), but not particularly flat. Therefore, to achieve the optimal combi-
nation of broadness and flatness in the C-band, the antimony-silicate fiber is
most appropriate.

Figure 21 illustrates the calculated gain ripple ((Gaingax — Gaing;, )/ Gaing,)
for floating bands at various bandwidths. The improvement in ripple relative
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to Al/Si fiber substantially reduces filter depth over floating bands of 32 to
48 nm. This in turn improves efficiency and overall performance, and eases
tolerances on filter design. The high erbium solubility of these new materi-
als and the absence of cross-relaxation at high pump power allows high Er
dopant levels (3 x 10'° Er ions/cc), or over 60 dB/m peak gain (fully inverted).
The ratio of passive loss to peak absorption at 1530 nm is <0.5%, allowing for
efficient amplification.

While a 48 nm bandwidth may be achieved with Al/Si fibers, particularly
with higher Al,Os, they would be very inefficient because of the large filter
depth. Assuming an amplifier with 25dB gain, Fig. 22 highlights the addi-
tional filter depth, compared to the antimony-silicate fiber, required for the
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various fiber types at their optimum ripple. If the amplifier design required
inversions other than the optimum, then the relative filter depth would be
substantially greater. Even more of a concern would be trying to reproducibly
manufacture the complex filter shapes required for the other fibers; in some
cases the filters would be nearly impossible to make.

The gain spectra achieved in an antimony-silicate amplifier is shown in
Fig. 23. The gain ripple is approximately 35% at 48 nm. Although this is a
fairly deep filter it is readily manufacturablc. A gain-equalized amplifier is
shown in Fig. 24 where the ripple is reduced to <1 dB. The 48 nm C-band
amplifier provides approximately 50% more bandwidth than a conventional
C-band amplifier.
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Fig. 23 Unfiltered gain spectrum for C-band antimony-silicate EDFA 2'4
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Fig. 24 Filtered gain spectrum of 48 nm antimony silicate amplifier showing gain
ripple below 1 dB.
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L-band EDFAs

The ultimate limit to C-band gain bandwidth is where the ripple becomes
unmanageable with gain-flattening filters. The normal way to increase band-
width is to use the so-called split band architecture. In this case the amplifier
is split into two distinct signal bands each optimized in turn for gain flatness
and noise figure. In L-band amplifiers the attributes that are sought differ
considerably from C-band. This is because L-band gain is intrinsically much
flatter than for a C-band amplifier of similar bandwidth. The problems in the
L-band are a low gain coefficient, C-band ASE leading to self-saturation and
poor efficiency. The ultimate bandwidth limitation results from signal excited
state absorption (ESA).

The low gain coefficient can lead to problems with four-wave mixing in
L-band EDFAs. Hence, high concentration fibers are preferred for L-band
applications to limit nonlinear impairments. However high concentration can
lead to detrimental ion-pair quenching and increased energy migration to the
quenching sites. Understanding loss mechanisms in high-concentration fibers
beecomes much more important than in C-band amplifiers.

The L-band EDFA was initially demonstrated by Massicott et al. in the
early 1990s (Fig. 25).2'3 There was little interest in this band for several years,
however, because of the excellent performance of C-band amplifiers in terms of
efficiency and bandwidth. It was only the realization of impending bandwidth
exhaust that revived interest in the L-band amplifiers. It i1s usual to pair an
L-band amplifier with a conventional C-band amplifier such as illustrated in
Fig. 26 taken from Sun et al.?!'®

The bandwidth limitation arises from signal ESA between the 1550 (I;3,2)
level and the Iy, level (Fig. 27). While the peak in this ESA lies around

350 Lamy=200
30

25

Gain(dB)

o L1 ] l | ! L
1.57 1.58 1.59 1.60 1.61 1.62
Signal Wavelength (um)

Fig. 25 An early example of L-band amplification. Note the long lengths of erbium
fiber needed.?’’
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Fig. 26 Schematic diagram of the split-band amplifier architecture.’'®
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Fig. 27 Energy level diagram illustrating the limitations in bandwidth imposed by
signal ESA in L-band EDFAs.

1690 nm, it has a broad tail extending to shorter wavelength. In alumina-doped
silica (Al/Si) EDFA fiber the short wavelength tail of SESA substantially
impacts L-band gain beyond 1605nm. In tellurites and antimony silicates,
however, operation is possible as far as 1620nm. This creates 15nm of
additional gain in these materials relative to those based on Al/Si.

Sh-silicate L-band EDFAs

A minor compositional modification to the antimony-silicate material initially
developed for extended C-band amplifier was found to shift the short wave-
length tail of the signal ESA to longer wavelengths.?'” The result of the shift
in ESA is shown in the modeling result in Fig. 28. The curves were calcu-
lated using the appropriate Er concentrations, fiber lengths, and inversions,
to provide similar gain and broad bandwidth. Choosing the 20dB gain point
(4 dB down from maximum), the figure shows the bandwidths provided by the
modified antimony silicate, the original antimony silicate, and type 2A1/Si (54,
49, and 43 nm, respectively). Additional bandwidth can be achieved by using
larger filter depths. Alternatively, the bandwidth can be extended by going to
lower inversions, at the expense of the short wavelength side.
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Fig. 29 Experimental gain curves for two antimony silicate compositions illustrating
a 6 dB enhancement in the new composition. Also shown is an aluminosilicate gain
spectrum.?!’

To demonstrate the gain characteristics of modified antimony-silicate fiber,
gain was measured from a simple, single coil using bidirectional 1480 pumps,
and monitoring 43 channels. The results are shown in Fig. 29. Both gain
measurements were normalized at 1590 nm, and, because the inversions are
similar, a direct comparison is possible. All three fibers were measured under
different conditions, but this result shows that the modified L-band antimony-
silicate fiber provides up to 6 dB improvement at 1620 nm over the C-band
antimony-silicate fiber and almost 8 dB improvement above Al/Si, even though
that fiber started with a much higher initial gain.
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While the C-band composition offers intrinsic value relative to Al/Si
(1615 nm maximum gain for Sb/Si vs. 1605nm maximum for Al/Si). the
composition modification further enhances this advantage. The L-band
composition extends the useable wavelength range of the L-band to at
least 1620 nm.

L-band Tellurite EDFAs

Erbium-doped tellurite amplifiers have similar L-band properties to antimony
silicate. The gain cross-section is higher than aluminosilicate and the signal
ESA is redshifted. While most of the early work on tellurites reported extreme
versions of the super-band concept, the performance in a traditional L-band
is excellent. Mori et al.?!® reported a 50 nm band from 1560 nm to 1610 nm
with gain variations as low as 10%. For a modest increase in gain ripple the
bandwidth could easily be extended to 1620 nm.

Super-band Amplifiers

The super-band concept represents a broadband alternative to the accepted
norm of the split band amplifier. One problem with the split band architec-
ture is that provision for both bands must be made up front by deploying
a band splitter. This adds cost to the amplifier and degrades performance
because of the insertion and splice losses of the additional component. A
single-broadband offers a performance advantage and a potential pay-as-you-
grow upgrade path. The disadvantage is that super-band amplifiers tend to
have much higher gain ripple than either C- or L-band amplifiers. This may
not be such a problem in the future if pump power continues to increase in
power while falling in price.

Tellurite Super-band Amplifiers

Tellurites are some of the broadest gain materials yet reported for EDFAs.
This is illustrated clearly in Fig. 30.2'° The tellurite amplifier gain band-
width can extend several nm to the blue and red ends when compared with
fluorozirconate or silica glass hosts. This makes tellurites an ideal candidate
for super-band amplifiers. In an extreme example Mori et al.??? demonstrated
20 dB of gain over an 83 nm bandwidth (see Fig. 31). The pump power required
was a modest 350 mW but the input power was very low at —30dBm. Yamada
etal.”?! demonstrated a 76 nm gain-flattened bandwidth with similar efficiency.
More recently, by sacrificing some of the C-band wavelengths, they improved
the efficiency while maintaining a 68 nm bandwidth.??? Further bandwidth
reduction and a midstage gain equalizer should make a tellurite super-band
more viable.
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Goforth et al.?2} showed the potential for an antimony-silicate-based super-
band amplifier. Within a 55nm band at medium inversion, performance
similar to tellurite-based amplifiers was reported.

S-BAND AMPLIFICATION

The S-band represents a wavelength range immediately to the blue side of
the low-loss window supported by EDFAs. Once the available bandwidth
covered by C- and L-band EDFA systems is utilized this window is rec-
ognized as being the most likely band for expansion. Whereas gain-shifted
erbium-doped fiber amplifiers are being studied for the longer wavelengths
(1570-1620 nm), thulium-doped fiber amplifiers are among the technologies
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under consideration for amplification in the shorter wavelength range (1450
1520 nm). This host requires a low phonon energy environment for the active
ion if efficient amplification is to be achieved. Therefore a material system
other than the workhorse aluminosilicate is absolutely necessary.

This section will review early work on Tm-doped fluorozirconate fiber
amplifiers and report on recent efforts to gain-shift fluorozirconate amplifiers
to a region the 1480-1520 nm bands rather than the stronger 1450-1490 nm
wavelength range in which the early work concentrated. In addition, we will
discuss operation in an antimony-silicate host where the Tm ions reside in a
local low phonon environment.

Early Fluorozirconate-based Tm Amplifiers

Tm amplifier research has occurred in two waves. Much cxcellent work was
done in the early 1990s shortly after the breakthrough work on silica-based
EDFAs. There was little work in this area for several years until it was revived
in 1999 by researchers at NTT and NEC in Japan and in the last year by Alcatel
and 1PG in Europe and Corning in the USA. The reason for the revival is a
technological bandwidth exhaust as the limits of the EDFA are reached. Before
touching on the recent work it is appropriate to review the pioneering efforts
from a decade ago.

The energy level diagram of the Tm ion is shown in Fig. 32. The transition
of interest is °F; — 3Hy in the gain band 1450 to 1520 nm. The spectroscopy
is very different from erbium. Notably the transition does not terminate in
a manifold of the ground state but on a higher energy level which itself has
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3F,
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3H5 4 *
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1620nm 1210nm 1650nm

3“6 V

Fig. 32 Principal energy levels of trivalent thulium.
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a long metastable lifetime. In addition there are competing transitions to the
3Hs and *Hg levels. The first competing transition dictates the need for a low-
phonon energy host, whereas the latter dictates finding a pumping scheme that
maintains a high ground state population. The branching ratios for the 800,
1460, and 2300 nm transitions are approximately 0.89, 0.08, and 0.03. In addi-
tion to the branching ratio problem, the long lifetime of the *Hy level makes
the transition self-terminating under normal pumping conditions. Therefore,
some means is necessary to depopulate this lower level as well as populating the
upper level. Several options were successfully pursued by the early researchers.
The host glass of choice has been the fluorozirconate ZBLAN. Here, the
lifetimes are approximately 1 ms for the 3F, level and 10 ms for the 3H, level.

The most popular and simplest means of excitation was the 1060 nm up-
conversion pumping scheme. In this case the 1060 nm wavelength has very
weak ground state absorption but a strong absorption from the *Hy to *F;
level. Thus, both problems associated with the transition are overcome. The
weak ground state absorption ensures that only a small fraction of the total
ions are excited, while the strong intermediate absorption quickly recycles the
participating ions to the upper level. In addition, the 1060 nm wavelength is
readily available from mini-YAG or Nd-doped fiber lasers at high power.

Percival and Williams?** demonstrated peak gain in excess of 18 dB over a
35 nm bandwidth ranging from 1453 to 1488 nm for a launched pump power of
155 mW. A small signal gain coefficient of 0.25 dB/mW was achieved in a fiber
with a numerical aperture of 0.4. Similar results were obtained by Komukai
et al.??> and Rosenblatt et al.??

Another pumping scheme involved direct excitation of the *F4 manifold by
a laser diode at 795nm. This scheme was considered important at the time
because it facilitated diode pumping. However two problems remained, ASE
at 800 nm and the sclf-termination problem. One solution was codoping with
holmium as reported by Sakamoto et al.??’ This solved the self-termination
problem by energy transfer from the *Hy level of Tm>* to the 31, of holmium,
but the amplifier still self-saturated by 800 nm ASE at a gain of 18dB. By
introducing distributed filtering at 800 nm the viability of this scheme could
be further explored.

A second variant involved colasing of the *F; — *Hg transition.??® This is
overall more effective because there is greater flexibility in the choice of pump
wavelength and the colasing recycles the power via the ground state of Tm>*.

Gain-shifted Pumping Schemes

After a lull of a few years with little work on thulium amplifiers, a resurgence
of interest occurred in the late 1990s. An S-band amplifier was the logical next
step in bandwidth extension following a C + L split band EDFA. Interest was
particularly strong in Japan, where large quantities of dispersion shifted fiber
have been installed. It is well known that such fibers do not support DWDM
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in the C-band. A natural upgrade path would be to pair an L-band with an
S-band.

Unfortunately, the gain peak obtained from a Tm-doped fluorozirconate
fiber amplifier 1s near 1480 nm, on the blue side of the low-loss window. This
has led to the concept of the gain-shifted Tm-doped fiber amplifier operating
in the 14801520 nmrange, i.e., close to the C-band but short of the dispersion
zero at 1550 nm.

The first demonstration of a gain-shifted TDFA was reported by Kasamatsu
et al.’® They employed a dual wavelength pumping scheme supplementing the
1060 nm up-conversion pumping technique with a 1560 nm control pump. The
supplementary pump had a number of effects.

By adjusting the pump power of 1560 nm relative to 1060 nm the popu-
lation of the *Hy level could be controlled. This had the effect of reducing
the inversion of *Fy4 level relative to the 3Hy level, which in turn shifted the
gain spectra to the tails of the transitions much like in an L-band EDFA.
Although the fractional inversion of level 3 relative to level 2 is reduced by
the 1560 nm pump to achieve the gain shaping, the absolute inversion can
be greatly enhanced. The 1560 nm pump depopulates the ground state more
efficiently than the 1060 nm pump, thus increasing the gain per unit length
by making more Tm*" ions available for amplification. Finally, by partially
bleaching the ground state absorption, the ground state absorption of the
longer wavelength signals are reduced, thus improving the noise figure in the
tails of the gain spectrum.

The configuration of the gain-shifted TDFA is shown in Fig. 33. The first
stage was pumped by 330 mW from an Yb fiber laser operating at 1047 nm and
by a 42mW EDFA operating at 1555 nm. The second and third stages were
pumped by 29 mW at 1547 nm and 395 mW at 1053 nm. The output charac-
teristics of the amplifier is shown in Fig. 34, where they are also compared to
a conventional up-conversion pumped TDFA. A gain-shifted operation with
small signal gain of >25dB and noise figure of approximately 5dB in the
1475-1510 nm band was obtained.

Tm-doped fluoride {iber module
(2000 ppm, 20m)

1.45-1.54 ym
signal Iso. .
SO WDM @ Iso.

!
=

Yb fiber laser
(1047 nm)

DFB-LD
(1560 nm)

Fig. 33 Schematic diagram of the first reported gain-shifted thulium amplifier.??’
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Another way of achieving a low-inversion amplifier was proposed by
Aozasa et al.?%23) Instead of the auxiliary pump at 1555nm, they simply
used a high concentration fiber and the cross-relaxation process illustrated in
Fig. 35. The cross-relaxation effectively seeded the intermediate population in
a cascading manner. The concentration dependence of gain spectra is shown
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Fig. 36 Dependence of TDFA characteristics on concentration. Optimum concen-
tration for an efficient gain-shifted amplifier is around 6000 ppm.2*

in Fig. 36, indicating an optimum concentration of around 6000 ppm. In a
two-stage amplifier pumped with a total of 1 W at 1047 nm, a small signal
gain >30dB was obtained (Fig. 37). The total output power was a respectable
+15dBm.

Tm-doped Antimony-Silicate Amplifier

The antimony-silicate material developed initially for wide-band EDFAs also
performs well as a host for Tm**. Figure 38 shows a comparison of the fluores-
cence bandwidths of a typical thulium-doped fluorozirconate fiber (ZBLAN)
and in the Tm-doped multicomponent silicate fiber studied here. The FWHM
for the two fluorescence bands are 80 and 100 nm, respectively, with most of the
broadening occurring on the long wavelength side of the fluorescence peak at
1460 nm. This change in line shape is very important for extending the region
of efficient amplification beyond 1500 nm, something that is very difficult
to achieve in thulium-doped ZBLAN fibers. The broader bandwidth should
enable extending the gain to longer wavelengths without sacrificing efficiency.

As has been stated before, one of the most critical parameters for efficient
amplification around 1460 nm in thulium-doped fibers is the fluorescence life-
time for the *Hy and *F4 energy levels. As noted above, typical values for these
lifetimes in Tm-doped ZBLAN are 1.5 ms and 10 ms respectively. However, in
most silicate glasses one would expect considerably shorter lifetimes, in par-
ticular for the *Hy level, which is very sensitive to the glass phonon energy.
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Fig. 38 Fluorescence spectra of antimony-silicate host compared to ZBLAN.

Surprisingly, Samson et al.?>? measured single exponential decay time around
450 us in multicomponent silicate glasses. This was attributed to a local “low
phonon” energy environment favored by rare earth ions in these particular
silicate compositions. Indeed, this lifetime is comparable to that measured in
germanate and tellurite glasses, glass families considered to have lower phonon
energy than silicates.
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The pumping scheme for the Sb/Si TDFA is shown in Fig. 39. It is a variant
of other up-conversion pumping schemes, utilizing a 1560 nm pump for initial
excitation from the ground state, followed by 1405 nm pumping to promote the
Tmions to the metastable level of interest. The amplifier configuration is shown
in Fig. 40. Single-stripe laser diodes were employed in all cases. The 9 m-long
silicate fiber had a thulium concentration of 0.1 mol% Tm;O; and a numerical
aperture of 0.35. The core diameter was 4 pm. The signal wavelength was var-
ied from 1460 nm to 1520 nm through the use of a tunable diode laser (Santec).
The signal power was —23 dBm. Light at 1560 nm, produced by tunable laser
diode amplified by an EDFA, was counterpropagated with the 1405 nm pump
to investigate the effects of dual-wavelength pumping. The small signal gain
spectrum for pumping with a fixed 1405 nm power level and different amounts
of counter-propagating 1560 nm pump is shown in Fig. 41. The spectrum for
1405 nm pumping alone is also given for comparison. The small signal gain
efficiency at a signal wavelength of 1490 nm for variable 1405 nm pumping
again at different 1560 nm pump powers is displayed in Fig. 42.

750 nm
800 nm 3H 4
1460-1520nm | Second Step
Signal Pumping
1200 nm 1405 nm (ESA)
1700 nm 3
I::4

First Step Pumping
1560 nm

Fig. 39 Dual wavelength pumping scheme using in-band upper-level pump
wavelength. 2%

Tm:Sb/Sti, 1560 nm
9m Length Pump Laser
1460-1520
Signal Input , Signal
\ f Oulpul
1405 nm Epoxy
Raman Laser Splice

Fig. 40 Schematic diagram of 1405/1560 nm dual-wavelength-pumped TDFA ¥
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Figure 42 indicates that a small amount of 1560 nm pump power (<50 mW)
is shown to enhance the gain by 11 dB. This is due to the 1560 nm light pop-
ulating the first excited state (*F4 level), from which the 1405 nm pump is
efficiently absorbed (1405 nm does not correspond with any strong ground
state absorption but does have significant ESA). The gain slope efficiency is
improved by more than a factor of two in the presence of the counterpropa-
gating 1560 nm pump. Although the gain coefficient (~0.03 dB/mW) is lower
than the figure obtained in Tm-doped ZBLAN fibers, partly as a result of
the shorter lifetime inherent in these silicate glasses, this figure can be easily
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doubled by reducing the core diameter or increasing the metastable lifetime
by composition adjustments. Subsequent measurements on the current fiber
yielded slope efficiencies in excess of 0.05dB/mW through optimization of
the fiber length. Increased performance is also expected from reductions in
the fiber background loss. It is worth pointing out that the current figure is
superior to that obtained from Raman fiber amplifiers operating in the same
wavelength regime. Gain exceeding 20 dB has been demonstrated over a 60 nm
range with a peak gain of 31 dB, a result made all the more significant since
it was obtained in a multicomponent silicate fiber. Power conversion efficien-
cies > 40% are anticipated for this fiber. A similar pumping scheme was also
reported for a Tm-doped ZBLAN fiber amplifier.3

Power Scaling of Three-Level Transitions Enabled by
High Numerical Aperture Fibers

There are occasions when the choice of material is not in itself of particular
importance but rather the ease by which the material can be processed that
governs the choice. As we have shown in earlier sections, the Al/Ge/Si host
1s certainly not the best for broadband EDFAs in either C- or L-band. It
has become the industry standard simply because fibers can be made by a
simple extension of the chemical vapor deposition process. In this section
we discuss the problem of power scaling the three-level 980 nm transition of
Yb. Although viable in virtually any glass host when pumping with high-
power low-brightness broad-area lasers there are clear advantages to going
to a nonsilica host. It is the ability to fabricate very high numerical aperture
fibers from multicomponent glass that is the key enabling factor in this case.

The 980 nm Transition of Yb

We have seen in earlier sections that the demand for optical bandwidth is
driving significant activity to develop broadband erbium-doped fiber ampli-
fiers. As the number of optical channels increases, there is a corresponding
need for increased pump power. Amplifiers are conventionally pumped by
single-stripe laser diodes, but power scaling of these devices has not kept
up with the demand for EDFA pump power. Thus, WDM amplifiers are
typically pumped by up to six individual pumps, adding to increased complex-
ity of amplifier design. While semiconductor based master oscillator-power
amplifier (MOPA)?* or flared designs?®® with >1 W of output power have
been reported in the literature, reliability problems have to date hindered
their deployment as fiber amplifier pumps. Therefore, attempts to power
scale the pump power available for EDFAs have concentrated on using either
pump multiplexing techniques,?*® or cascaded Raman oscillators,?*’ them-
selves pumped by double-clad fibers operating in the 1.06-1.12 um region.
While these approaches are certainly viable, they involve extra complexity and
have little cost benefit.
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High Power 978 nm Fiber Laser

Trivalent ytterbium has the simplest electronic configuration of any rare earth
element ion. It is essentially a two-level laser system with a very large stark
splittings in the ground and excited state. This is illustrated in Fig. 43. The
corresponding absorption and emission spectra are shown in Fig. 44. Yb ions
exhibit gain in a narrow (6 nm), band centered at 978 nm and on a broader
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Fig. 43 Energy level diagram and principal transitions of trivalent Ytterbium.
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Fig. 44 Typical emission and absorption spectra of Yb doped fiber.
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band with a peak at 1030 nm but extending as far as 1140 nm. The 978 nm
transition behaves like a classic three-level laser transition while the extreme
red wavelength is essentially 4-level. This is a consequence of the large stark
splitting in the ground state. The latter transition requires only about 5%
inversion for transparency, while the former requires at least 50%.

For many years a source based on the 978 nm transition has been suggested
as a pump source for high-power EDFAs. However researchers found it very
difficult to find an efficient pumping scheme for power scaling beyond that of
a single-stripe diode. The problem lies in the relationship between wavelength
dependent the gain and the pump absorption, as clarified below. For example,
the gains at 978 nm and 1030 nm, assuming homogeneous broadening, are
related by:

Giozo = 0.25Gozs + 0.74ap(Ts/ T'p) 3)

where T'; and I, are the overlap factors of the signal pump and pump modes
with the dopant profile and «j, is the partially bleached pump absorption.
The above relationship is based on published cross-section data for Al/Ge/Si
glass, but a similar relation will hold for other hosts.

In a conventional fiber laser where a single-mode semiconductor laser is
employed as a pump source, the overlap ratio is close to unity. Therefore the
stronger 3-level transition can be selected simply by optimizing the length of
the device. Hanna et al.>*® demonstrated this in 1989 for the 978 nm transition
of Yb. This work actually preceded the emergence of semiconductor diodes at
this wavelength, but once such diodes became available, there was little need
for a fiber laser version. Dense WDM has resurrected interest in this transition
provided it can be scaled to higher powers in the 5001000 mW regime.

The usual method for power scaling fiber lasers is the brightness-converting
scheme known as cladding pumping,?* illustrated schematically in Fig. 45.
The pump source is typically one or more broad stripe diode lasers. These are
high-power multimode diodes that are incompatible with direct coupling into
single-mode fibers. They can be used to pump single-mode fiber lasers, how-
ever, through use of specially designed double-clad fibers. These fibers typically
have a conventional single-mode core doped with rare earth ions surrounded
by a large multimode pump waveguide with a diameter of typically 100 um.

The effect of such a structure is to reduce the pump absorption coefficient
in proportion to the cladding waveguide area. In a cladding pumped device the
overlap factor for the pump is typically two orders of magnitude less than for
the lasing signal. Therefore equation (3) suggests that in the specific case of a
double-clad YDFL, high pump absorption will strongly favor gain at 1030 nm
over 978 nm. In fact the free-running wavelength of a cladding pumped Yb
laser is usually extremely redshifted to 1120 nm.

For a typical single-mode core pumped fiber laser cavity with a round trip
loss of 14 dB (one high reflector, one 4% reflecting cleave) a pump absorption
of between 6 and 7dB is possible. However, in a typical cladding pumping
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Fig. 45 Double-clad fiber geometry for cladding pumping with broadstripe lasers.
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Fig. 46 Schematic diagram of tapered multimode fiber laser oscillator.?

structure where the area ratio approaches 100, only a very small percentage of
pump light can be absorbed when selecting the 980 nm line. While the use of
discriminating dielectric mirrors or fiber gratings can help a little, ASE at the
longer wavelength prevents reaching the desired inversion.

We shall return to cladding pumping of this transition, but first we describe
the first successful demonstration of high power in this wavelength range. In
this case cladding pumping was not used at all. Instead, the ability to make
very high numerical aperture fibers was exploited.

The Tapered Multimode Oscillator

Utilizing high-power, low-cost, broad stripe diodes as pump sources for 978 nm
generation, the concept illustrated in Fig. 46 (first reported by Minelly et al.?*)
has been exploited. The laser cavity comprises an Yb-doped multimode fiber
with a taper-based, mode-selective filter at the fiber end downstream of the
pump input. The multimode fiber allows for efficient coupling of the diode laser
output into the fiber, while the taper ensures that only the lowest-order mode
has round-trip feedback. The core pumping scheme avoids the problem of
1030 nm ASE self-saturation just as in the single-mode case described above.
Of course, the fiber laser now has a higher threshold than in the case of a
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single mode fiber, but there is no threshold penalty in this technique relative
to cladding pumping. The fiber is designed so that

o the threshold power is a small fraction of the available pump power;

o the launch efficiency from a broad stripe diode is >80% with
conventional imaging optics;

e 978 nm oscillation can be achieved for minimal pump leakage.

The threshold power of a three-level laser is closely related to the pump
power required to bleach a given length of fiber. It is well approximated by:

P, = (hv/o,7) - ma? x (ap/4.343) 4)

where o, is the pump absorption cross-section, 7 is the fluorescent lifetime,
wa? is the area of the core, and ap is the pump absorption in dB. Clearly, the
threshold power will scale with area of the pump waveguide. It is therefore
desirable to minimize the area of the cladding waveguide. Unfortunately, this
tends to limit the launch efficiency from the diode to fiber. A critical factor in
obtaining the best compromise is the numerical aperture of the fiber. Figure 47
illustrates modeled threshold power as a function of numerical aperture for
various fiber designs. The assumption is that the fiber etendue (product of
N.A. and dimension) is greater than that of the slow axis of the laser diode. It
is clear that a circular geometry would only be practical if N.A. close to unity
can be achieved. Although this could in principle be possible with compound
glasses, there do not exist practical lenses with such N.A. for demagnifying the
diode output.

100 ~
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Threshold Power (W)
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0 0.5 1 1.5
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Fig. 47 Theoretical curves illustrating the role of numerical aperture and rectangular
geometry in reducing threshold power of YDFL.



154 Adam Ellison and John Minelly

This is not necessary, however; lenses with N.A. up to 0.6 are routinely
available, and there is in any case a great deal of spot size redundancy in the
diffraction limited image plane. By going to a rectangular or elliptical geometry
the threshold can be brought down to acceptable levels.

The dimension of the major axis dimension is dictated by geometrical imag-
ing of the broad-stripe diode facet, while that of the minor axis is dictated by
lens-induced aberrations. An N.A. of 0.45 was obtained by a special tech-
nique in which a multicomponent La/Al/Si glass is clad with pure silica. This
allows for a 3 : 1 demagnification of the long axis of the diode facet. The cho-
sen rectangular geometry minimizes threshold power without compromising
launch efficiency. The dimensions of the multimode core were 30 x 10 wm, and
the Yb concentration was 1 wt%.

The laser cavity itself comprised 12cm of multimode Yb fiber terminated
with a taper-based mode-transformer. The taper adiabatically transformed the
lowest-order mode of the rectangular structure into a close match to the LPg;
mode of Corning® CS980 fiber. The cavity was completed by a HT920 nm,
HR980 nm dielectric filter at the multimode pump end and a 5% reflectivity,
| nm broad fiber grating in the output CS980 pigtail. A chirped 920 nm high
reflector filters out the small amount of remnant pump which coupled into the
single-mode CS980 fiber.

Pump light from a 100 pm broad stripe laser was launched into the Yb fiber
laser via a microlens assembly with an efficiency of approximately 80%. The
output characteristics of the laser is shown in Fig. 48, indicating a threshold of
350 mW, a slope efficiency of 35%, and a maximum output powcr of 450 mW.
The mode transformer reduces the output power by less than 1.5 dB relative to
the fiber laser running multimode. This indicates near optimum mode match-
ing to CS980 fiber and very low mode coupling in the multimode section of
the oscillator. The wavelength of 978 nm is ideal for EDFA pumping.
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Fig. 48 Output characteristics of tapered multimode YDFL.?*?
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Optimized Double-clad Fiber for 980 nm

The tapered oscillator approach achieved the desired result by a fiber design
that maximized the laser engineers ability to select the three-level wavelength.
However, the multimode fiber itself had no modal discrimination whatsoever,
hence the need for the adiabatic taper. This led to some minor stability prob-
lems related to amplification of a small amount of fundamental mode power
that couples to higher order modes on the way up the taper.

Double-clad fibers can be made to oscillate at 978 nm but with silica mate-
rials to date either the pump leakage or threshold has been too high.?#!:24?
Limiting the area ratio of cladding to core dimensions can greatly improve
matters, but when the ratio gets too small, higher-order modes see gain, and
the device starts to run in multiple transverse modes. By careful optimization
of the ratio, sufficient modal discrimination can be built into the fiber while
maintaining the ability to discriminate against 1030 nm radiation. The design
constraints are, however, very strict.

Zenteno et al.”*3 described an efficient low-threshold double-clad 980 nm
Yb fiber laser based on antimony-silicate glass. The step-index core has a N.A.
of 0.1 relative to the inner cladding. The latter, in turn, had an effective N.A.
of 0.5 relative to the borosilicate glass outer cladding. The core was uniformly
doped with 0.45 wt% Yb having a fluorescence decay time of 875 pus. The fiber
was drawn by the triple-crucible method. The fiber has an OD of 125 um, an
ellipsoidal inner cladding cross-section with major and minor axis dimensions
of 32 x 16 um?, and a core diameter D =~ 11um (Fig. 49). This fiber has
a broad absorption shoulder from 910 to 950 nm, and the quasi-four-level
fluorescence emission peaks at 1015 nm (Fig. 50).

The shape and dimensions of the fiber inner cladding were chosen from
considerations involving maximization of pump power coupling efficiency,
using anamorphic optics without compromising brightness. A 200 x 1 um?

32 um

Fig. 49 Photograph of double-clad antimony-silicate Yb fiber laser.**
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broad-area laser diode with N.A. of 0.1/0.65 in planes parallel/perpendicular
to the junction was transformed to a nominally 30 x 10 wm? spot, and coupled
with 75% efficiency into the 0.5 N.A., 32 x 16 um? IC. This design preserves
high pumping brightness, leading to >50% inversion and fiber laser threshold
of only 330 mW.

However, as a result of its small area, the IC higher-order modes (HOM)
experience significant gain because of their overlap with the Yb-doped core.
This can lead to multimode oscillation, hindering diffraction-limited per-
formance. Figure 51 illustrates this point, where the fundamental and the
highest-gain, HOM of a 32 x 16 um? IC is computed for core diameter
D = 16pum (a) and D = 7um (b). The overlap factor of the fundamen-
tal mode with the doped area, which determine the effective modal gain, is
Ty = 97% and I'y = 65%, respectively. In contrast, the respective HOM has
'y = 96% and I'y = 30%. Clearly, as the core size increases, the I" factor of

Power (au)

%0 1000 1100
Wavelength (nm)

Fig. 50 Absorption and emission spectroscopy of Yb in antimony-silicate glass.?*3
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[=97% Fg=65%

|
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I',=96% I,=30%

Fig. 51 LPy and LP;, modal fields and dopant overlap factor for 16 and 7 um core
diameters within 32 x 16 pm cladding.?*?
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Fig.52 Required wavelength discrimination against 1015 nm oscillation with a pump
absorption of 10dB.2%

HOMs increases, approaching the value for the fundamental mode, leading to
reduced differential modal gain discrimination.

HOM oscillation is avoided by making the core diameter small enough.
Unfortunately, this decreases the pump beam overlap with the Yb-doped area,
favoring 1015 nm quasi-four-level oscillation, as discussed in the introduction.
To reduce 1015 nm gain to a value below the 978 nm laser threshold gain, a
thin-film multilayer dielectric mirror and fiber length control was used. The
required 1015 nm loss increases with increasing pump absorption and with
decreasing core diameter. Through the well-known relationship linking the
gain at three wavelengths in 3-level amplifiers,>** and making use of the mea-
sured absorption and emission cross sections, one can estimate the required
1015 nm loss as a function of core diameter. This is illustrated in Fig. 52,
assuming 10dB of double-pass pump absorption at 915nm, 13 dB of gain at
978 nm, and fixed inner core area. One can see that the required double-pass
loss at 1015 nm is about 80dB for D = 7um and about 5dB for D = [6 um.

Based on the above considerations, a fiber with D ~ 11 um was made,
representing an optimum balance between achievable spectral loss at 1015 nm
using thin films (about 25-30dB) and sufficient modal gain discrimination
(~3dB) to favor oscillation of only the fundamental mode. Notice that the
fiber core V-number is 3.5.

As shown in Fig. 53, over 1 W of output power was obtained with 2.5W
launched. About 10dB of pump absorption over an uncoiled fiber length of
30 cm was achieved in a double-pass configuration. The input fiber facet M1
was polished at <0.5° with respect to the normal to the fiber axis and had 5%
Fresnel reflectivity. This same fiber facet was used to extract the 978 nm laser
output via an external dichroic filter D, as shown in Fig. 53. The other fiber
facet had a thin film M2 with high reflectivity (>95%) both at 915 and 978 nm
and high transmission (>95%) from 1010 to 1050 nm. With respect to launched
pump power, threshold was about 330 mW and slope efficiency was 48%. The
measured far field of the fiber laser output had a Gaussian profile with full-
width 1/e?> & 7° as shown in the inset of Fig. 53a, which agrees well with the



158 Adam Ellison and John Minelly

(a) 1200
1000 [ —AN— =

800 -
E===mr

978 nm
Output 600 |

-10 0 10
(mW) 400 dk‘ﬂk‘.ﬁ:-ﬁ_% L |

200

] e

0 500 1000 1500 2000 2500 3000
Launched Pump Power (mW)

(b)

Fig. 53 Output charcteristics and cavity schematic for double-clad antimony silicate
YDFL.2#

computed fundamental MFD of 10 um. In separate experiments M2 <1.2 was
measured, and the output was coupled to single-mode CS980 fiber with >80%
efficiency, further evidence of the diffraction-limited emission of this device.
Pump sources based on the tapered oscillator or optimized double-clad
fiber laser are likely enabling technologies for cost reduction in amplifiers.

Summary

In this chapter we have reviewed the main research in glass chemistry as appli-
cable to fiber amplifiers and lasers. Device applications of current interest for
dense WDM systems were also discussed. These applications relate principally
to bandwidth extension and power scaling.

The role of water and rare earth element clustering was discussed as it
pertains to device performance. These problems and the very basic issues sur-
rounding high-purity melting and fiber fabrication were discussed in depth for
fluorozirconates. It was shown that the technologies invented to handle flu-
orozirconates proved useful in the early-stage development of new amplifier
materials, particularly tellurites, but antimony silicates as well. Fluoride-based
erbium fiber amplifiers have largely been abandoned, but Tm-doped ZBLAN
remains a very promising material for S-band amplification. Tellurite and
antimony-silicate materials have spectroscopic properties advantageous for
broadband EDFAs and possibly for efficient S-band amplifiers as well, though
the high optical nonlinearity of tellurites remains a major issue for practi-
cal applications, Antimony-silicate glasses have facilitated production of high
numerical aperture fibers, enabling high-power cladding-pumped fiber lasers
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operating on otherwise difficult three-level transitions. The excellent physical
properties of fibers based on Er- and Al-codoped silica and the infrastruc-
ture for making fiber were discussed. This illustrated the extraordinary level
of performance against which new materials are judged for use in practical
devices.

The ultimate deployment of devices based on these new materials is still
uncertain. Part of the reason is a bias in the industry towards silica-based
materials. Another reason, however, is the steady improvements in Raman
technology in recent years, which provide a silica-based approach to band-
width extension. Finally, a glut of dark fiber offers systems operators the
opportunity to light up a new fiber while reusing the bandwidth offered by con-
ventional EDFAs. However, this spare capacity is unlikely to last for long, and
many of the applications discussed in this chapter will ultimately be needed.
Thus, the issue is less whether new materials are needed but rather the date on
which they are deployed.
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1. Introduction

Driven by unprecedented capacity demand for data transmission, the capacity
of lightwave communication systems has undergone enormous growth during
the last few years. Laboratory demonstration of high-capacity transmission
now exceeds 10 Tb/s capacity [1] and commercial systems are capable of deliv-
ering multiterabit capacity. The transmission systems incorporate Wavelength
Division Multiplexing (WDM) technique, which can ofter capacities much
higher than single channel alternatives. Erbium-doped fiber amplification
(EDFA) is a key technology that enabled the deployment of multichannel
WDM systems. In order to enable this growth in capacity the EDFAs have
evolved to provide a higher performance and greater functionality. In addi-
tion to the higher performance, there has also been progress in understanding
of the dynamic behavior of EDFAs, so it is now possible to model the amplifiers
and predict their behavior in dynamic transmission systems and the networks.

The growth in transmission capacity of lightwave systems is shown in Fig. 1,
which summarizes both the results of demonstrations in laboratory experi-
ments and the commercial systems. These conclusions can be drawn from the
figure: firstly, the advances in the capacity of laboratory experiments since
1994 are estimated to be growing exponentially at a rate of 3 dB per year. Fur-
ther, the capacity of commercial systems has grown such that the gap between
a laboratory demonstration and product availability has shrunk from 6 years
in 1994 to less than 2 years at present. In addition to capacity there is also a
push to increase the reach of the transmission systems and thus significantly
reduce the number of costly regenerators.

In addition to growth in capacity of point-to-point WDM systems, the
fiberoptic communication infrastructure is evolving toward dynamic networks.
As the number of wavelengths in lightwave systems continues to grow and
the separation between regenerators increases, there will be a greater need
to add/drop wavelengths at intermediate sites. Additionally, optical cross-
connects will be needed to manage capacity and provide connectivity between
equipments from different vendors. The Multiwavelength Optical Network-
ing (MONET) project provided demonstration of key network elements
such as optical add-drop multiplexers (OADMs) and optical cross-connects
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(OXCs)[2]. These technologies have emerged as key aspects of all optics-based
networks. The need for configurable and dynamic networks led to the develop-
ment of the optical amplifier as an intelligent subsystem capable of adjusting
its characteristics in a dynamic way. The dynamics of EDFAs and networks of
EDFAs have an important impact on the performance of multichannel opti-
cal communication systems and networks with wavelength routing. The fast
power transient effect was discovered in EDFA chains constituting networks;
this led to the understanding of dynamic behavior of EDFA chains.

This chapter briefly reviews the recent progress in the erbium-doped fiber
amplifiers for high-capacity lightwave communication systems and networks.
The second section provides the background material, which includes an
introduction to the key EDFA parameters that impact the performance
of transmission systems and networks. Section III covers some of the key
advances in EDFAs, which are crucial for long-distance high-capacity systems.
These include wide-bandwidth EDFAs enabled by maturing gain equalization
filter technologies, and the realization of L-band EDFAs which has dou-
bled the overall EDFA bandwidth. Related topics of spectral-hole burning,
the role of midstage attenuators and nonlinear effects such as cross-phase
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modulation (XPM) and four-photon mixing (FPM) on the design and per-
formance of EDFAs in high capacity systems are also covered in this section.
Another topicincluded in this section is that of the Raman amplifier, which has
drawn considerable attention in recent years due to its superior noise perfor-
mance. In particular, a hybrid amplification design consisting of distributed
Raman amplification and EDFA (Raman/EDFA), which has led to signifi-
cant enhancement in system performance, is described. The fourth section
is devoted to the advances in the understanding of dynamic phenomena in
EDFAs and their impact on the optical networks. After a discussion of the
phenomena of fast power transients, several schemes for the gain control in
EDFAs are described. Conclusions are presented in the last section.

II. Review of EDFAs and WDM Systems

Since their invention in 1987, significant progress has been made in the
understanding and performance of EDFAs. EDFAs have evolved to greater
bandwidth, higher output power, lower gain ripple, and increased network
friendliness. We focus here on the important system characteristics that are
influenced by the amplifier performance. The topics in this section include
discussions on optical signal-to-noise ratio (OSNR) and its dependence upon
amplifier parameters, system impact of amplifier gain flatness, and amplifier
control in WDM networks.

A. OVERVIEW OF EDFAs

In first-generation optical communication systems, optoelectronic regener-
ators were used between terminals to convert signals from the optical to
electrical and then back to the optical domain. Since the first report in 1987
[3,4], the EDFA has revolutionized optical communications. Unlike optoelec-
tronic regenerators, the EDFA does not need high-speed electronic circuitry
and is transparent to data rate and format. More importantly, all the opti-
cal signal channels can be amplified simultaneously within the EDFA in one
fiber, which dramatically reduces cost, thus enabling wavelength-division mul-
tiplexing (WDM) technology. Current lightwave systems consist of optical
links between two regeneration nodes. The optical links carry multiple wave-
lengths, each carrying high-bit rate signals to deliver overall high capacity. The
EDFAs are used as optical repeaters between fiber spans along the optical link
to simultaneously amplify all the WDM channels. The overall performance of
the optical link, in terms of capacity and reach, is closely related to the EDFA
performance. Some of the key characteristics of the WDM system, which are
related to the EDFA performance, are discussed below.

In an EDFA, the erbium-doped fiber (EDF) is usually pumped by 980 nm
or 1480 nm semiconductor lasers. In order to obtain low noise figure, the first
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stage of a typical EDFA is pumped using 980 nm source, which can create a
very high degree of inversion. The power stage in EDFA is pumped at 1480 nm,
which provides high quantum conversion efficiency, a measure of the conver-
sion of pump power to signal power. The quantum efficiency of a 980 nm
pumped stage is poorer due to greater mismatch of energies of the pump pho-
tons as compared to signal photons and significant amount of excited state
absorption. A three-level model can be used to describe a 980 nm pumped stage
while a two-level model usually suffices for a 1480 nm pumped section [5-7].
A detailed account of the amplifier architecture and its operation is given in
the previous edition of this series [8]. A key advantage of EDFAs in high data
rate transmission systems is that the spontaneous lifetime of the metastable
energy level (*113/2) is about 10 ms, which is usually much slower than the time
corresponding to signal bit rates of practical interest. As a result of the slow
dynamics, intersymbol distortion and interchannel crosstalk are negligible.
The gain and loss coefficient spectra at different inversion levels for EDF
with Aland Ge codoping are given in Fig. 2. The inversion level at a point in Er
fiber is expressed as the fractional percentage N»/(N| + N,), where Ny and N,
are the populations of Er ions in ground and excited states, respectively, and
(N) + N,) is the total number of Er ions. Under a homogeneous broadening
approximation, the overall gain spectrum of any piece of EDF always matches
one of the curves after scaling, and does not depend on the details of pump
power, signal power, and saturation level along the fiber. The derivation of a
general two-level model that describes spectra and their dependence on EDF
length and other parameters is given in [6]. One key parameter in this model
is the average fractional upper level density (average inversion level) [7] Nx(7)
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Fig.2 The gain and loss coefficient spectra at different inversion levels for EDF with
Al and Ge codoping.
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given by the average of N over the length ¢ of EDF:

£
M) = /0 Nalz, )dz

In the limit of strong inversion N, takes its maximum value and the gain
is highest. When the signal power becomes comparable to pump power, the
EDFA is saturated and the level of inversion is reduced. The level of inversion
and degree of saturation are closely related and are often used interchangeably.
In the limit of low pump and low temperature, N2(f) = 0, where the absorption
is the strongest. The gain spectra plotted in Fig. 2 are very useful in the study
and design of EDFAs, for example in locating the gain peak wavelengths
at different inversion levels, finding out inversion levels with wide flat gain
range, and understanding relative gain variation at different wavelengths with
changing inversion levels. The relative gain spectrum is only a function of the
average inversion level for a given type of EDF, while the total integrated gain
depends on the EDF length. There are small deviations in the gain spectrum
from this model due to inhomogeneity in EDF that gives rise to spectral-hole
burning, which is discussed in a subsequent section. Under the homogeneous
approximation, however, if there are two EDFAs made of the same type of
fiber but of different length, the instantaneous gain spectrum would be similar
in shape scaled for the length if the instantaneous length averaged inversion
level is the same.

A high inversion level provides a low noise figure, while a low inversion level
yields high efficiency in the conversion of photons from pump to signal [6].
To achieve both low noise figure and high efficiency, two or more gain stages
are usually used where the input stage is kept at a high inversion level and the
output stage is kept at a low inversion level [9,10]. Since the ASE power around
the 1530 region can be high enough to cause saturation, an ASE filter can be
added in the middle stage to block the ASE in this band [9]. These optical
amplifiers were successfully used in early WDM optical networks [11].

For optical amplifiers with two or more gain stages, the overall noise figure is
decided mainly by the high-gain input stage, and the output power is basically
determined by the strongly saturated output stage [9]. The passive components
have minimal impact on noise figure and output power when they are in the
midsection of the amplifier. The noise figure of a two-stage EDFA is given by

NF = NF\ + NF>/1L1G)

where NF| and NF; are the noise figures of the two stages and L, and G,
are the midstage loss and gain of the first stage, respectively. It can be seen
from the above formula that the overall noise figure of a two-stage amplifier is
primarily determined by the noise figure of the first stage, since the first stage
gain is usually designed to be much larger than middle-stage loss. For example,
in a typical case, with first-stage gain G| = 100 and middle-stage loss L, = 0.1,
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the overall noise figure has only 10 percent contribution from the second stage
noise figure.

Besides long-haul communication systems and networks, EDFAs also find
important applications in metro area networks and CATV distribution sys-
tems. In metro networks [12] the fiber loss is small due to a short distance
between nodes, but the total loss can still be high for networks with a large
number of OADM sites. Optical amplifiers can be used here to compensate
for the loss associated with the OADM or DMUX/MUYX, in addition to the
transmission fiber. For CATV broadcast systems, amplifiers can be used to
increase the signal power for splitting into many branches. Low-cost optical
amplifiers are needed for these applications.

B. OPTICAL SIGNAL-TO-NOISE RATIO

In an optically amplified system, channel power reaching the receiver at the
end of the link is optically degraded by the accumulated amplified sponta-
neous emission (ASE) noise from the optical amplifiers in the chain. At the
front end of the receiver, ASE noise is converted to electrical noise, primarily
through signal-ASE beating, leading to bit-error rate (BER) flooring. System
performance depends on the optical signal-to-noise ratio (OSNR) of each of
the optical channels. OSNR therefore becomes the most important design
parameter for an optically amplified system. Other optical parameters to be
considered in system design are channel power divergence, which is generated
primarily due to the spectral gain nonuniformity in EDFAs (described in the
next section), and maximum channel power relative to the threshold levels of
optical nonlinearities such as self-phase modulation, cross-phase modulation
and four-photon mixing [13].

Although optical amplifiers are conventionally classified into power, inline
and preamplifiers, state-of-the-art WDM systems require all three types of
amplifiers to have low noise, high output power, and a uniform gain spectrum.
We will not distinguish these three types of amplifiers in the discussion pre-
sented in this section. The nominal OSNR for a 1.55 um WDM system with
N optical transmission spans can be given by the following formula [8]:

OSNRyom = 58 + Pt — 1010g,5 (Net) — Lyy — NF — 1010g,o (V)

where OSNR is normalized to 0.1 nm bandwidth, P, is the optical amplifier
output power in dBm, N, is the number of WDM channels, Ly, is the fiber
span loss in dB, and NF is the amplifier noise figure in dB. For simplicity, it
has been assumed here that both optical gain and noise figure are uniform for
all channels.

The above equation shows how various system parameters contribute to
OSNR; for example, the OSNR can be increased by 1dB, by increasing the
amplifier output power by 1dB, or decreasing noise figure by 1 dB, or reduc-
ing the span loss by 1 dB. This equation indicates that we can make tradeoffs
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between number of channels and number of spans in designing a system. How-
ever, the tradeoff may not be straightforward in a practical system because of
the mutual dependence of some of the parameters. Other system requirements
also impose additional constraints; for example, optical nonlinearities place
an upper limit on channel power, and this limit depends on number of spans,
fiber type, and data rate.

The simple formula above highlights the importance of two key ampli-
fier parameters: noise figure and output power. While it provides valuable
guidelines for amplifier and system design, simulating the OSNR evolution
in a chain of amplifiers is necessary when designing a practical WDM sys-
tem. The amplifier simulation is usually based on a mathematical model of
amplifier performance. Amplifier modeling is a critical part of the end-to-end
system transmission performance simulation that incorporates various linear
and nonlinear transmission penalties.

C. AMPLIFIER GAIN FLATNESS

Amplifier gain flatness is another critical parameter for WDM system design.
As the WDM channels traverse multiple EDFAs in a transmission system,
the spectral gain nonuniformity compounds to create a divergence in channel
powers. The worst WDM channel, the channel that consistently experiences
the lowest amplifier gain, will have an OSNR value lower than the nominal
value. The power deficit, which can be viewed as a form of penalty given rise by
amplifier gain nonuniformity, is a complicated function of individual amplifier
gain shape [14], and correlation of the shapes of the amplifiers in the chain.
The gain flatness is a parameter that can have significant impact on the end-
of-system OSNR. The penalty is especially severe for a long amplifier chain,
as in the case of long-haul and ultralong-haul applications.

The gain flatness affects system performance in multiple ways; flat-gain
amplifiers are essential to getting the system OSNR margin for routed chan-
nels and minimizing power divergence to allow practical implementation of
networking on the optical layer. Wide bandwidth can enable either large chan-
nel spacing as a countermeasure of filter bandwidth narrowing effect or more
optical channels for more flexibility routing of traffic. Amplifier gain flatness
is critical to maintaining system performance under varied channel loading
conditions caused by either network reconfiguration or partial failure.

Figure 3 shows how the OSNR penalty increases as a nonlinear function
of the number of transmission spans for three cases: a ripple (flatness) of
1.0, 1.4, and 1.8 dB. The variations in signal strength may exceed the system
margin and begin to increase the bit-error rate (BER) if the SNR penalty
exceeds 5 dB. When the gain spectrum starts with flatness of 1.8 dB, the OSNR
penalty degrades by more than 5dB after only 8 transmission spans. This
OSNR penalty limits the reach of WDM line systems and requires signal
regenerators at intervals of approximately 500 kilometers. These expensive
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devices convert the signals from the optical domain to the electrical domain,
typically reshaping, retiming and reamplifying the signal before triggering
lasers to convert the signal back from the electrical domain to the optical
domain. In ultralong-haul networks, carriers would like to increase the spacing
between regenerators to several thousand kilometers—in which case the signal
would have to pass through up to 50 amplifiers without electrical regeneration.
These networks require EDFAs with excellent gain uniformity.

The impact of gain nonuniformity, which gives rise to channel power diver-
gence in a chain of amplifiers, is, however, not limited to the OSNR penalty.
While the weak channels see an OSNR penalty that limits the system per-
formance, the strong channels continue to grow in power that may reach the
nonlinear threshold, also limiting system performance. Additionally, large
power divergence increases the total crosstalk from other WDM channels at the
optical demultiplexer output. It is thus imperative to design and engineer opti-
cal amplifiers with the best gain flatness for WDM networking applications.
State-of-the-art optical amplifiers usually incorporate a gain equalization
filter to provide uniform gain spectrum, as discussed in Section III. To mini-
mize the residual gain nonuniformity requires careful design, modeling, and
engineering of the amplifiers, in particular, the gain equalization filters.

The gain equalization filters are optimized to flatten the gain spectrum
of a fully loaded EDFA. But if a carrier wants to operate the system with
fewer channels—for example, to reconfigure it dynamically—then in absence
of gain control the lower input power can decrease the EDFAs gain unifor-
mity, thereby impairing the effectiveness of the GEF and increasing ripple in
the network. Furthermore, as described later, spectral hole burning gives rise
to channel loading dependent changes in the gain spectrum of the EDFA by
creating a dip in the region of the active channels. Spectral hole burning can



182 Atul K. Srivastava and Yan Sun

create a gain spectrum for which the GEF was not optimized, making gain flat-
tening very difficult. For all these reasons, future ultra long-haul, dynamically
reconfigurable networks will require EDFAs with dynamic gain equalization.
The gain spectrum of EDFAs will be equalized by the use of a dynamically
controlled filter having variable spectral loss characteristics. The dynamic gain
equalizer can be controlled in a feedback loop in conjunction with an optical
channel monitor to provide uniform channel powers or OSNR.

D. AMPLIFIER CONTROL

In an amplified system, optical amplifiers may not always operate at the gain
value at which its performance, especially gain flatness, is optimized. Many
factors contribute to this suboptimal operating condition. Among them is the
fact that the span loss can vary at system installation and be maintained in
the system’s lifetime only to a finite range with respect to the value required
by the amplifiers for optimal performance. As a result, amplifier gain will be
tilted, and this tilt can have significant impact on system performance in ways
similar to gain nonuniformity.

Gain tilt can, if not corrected, result in OSNR penalty and increased power
divergence. Control of optical amplifier tilt is often necessary to extend the
operational range of the amplifiers and compensate for loss tilt in the system
due to, for example, fiber loss variation in the signal band. Control of ampli-
fier gain tilt can be achieved by varying an internal optical attenuator [15,16].
Implementation of such a tilt control function requires a feedback signal that
is derived from, for example, measured amplifier gain or channel power spec-
trum, and an algorithm that coordinates the measurement and adjustment
functions. By changing the loss of the attenuator, the average inversion level [6]
of the erbium-doped fiber can be adjusted, which affects the gain tilt in the
EDFA gain spectrum.

Another important amplifier control function is amplifier power adjust-
ment. In a WDM system, there is a need to adjust the total amplifier output
as a function of number of equipped channels. The total output power must
be adjusted such that while the per-channel power is high enough to ensure
sufficient OSNR at the end of the chain, it is low enough not to exceed the non-
linear threshold. In addition, per-channel power must be maintained within
the receiver dynamic range as the system channel loading is changed. Such
power adjustment has traditionally been achieved through a combination of
channel monitoring and software-based pump power adjustment.

Recent advances in WDM optical networking have called for a power con-
trol fast enough to minimize channel power excursion when a large number of
channels are changed due to, for example, catastrophic partial system failure.
Various techniques, as detailed in Section 1V, have been demonstrated to sta-
bilize amplifier gain, thereby achieving the goal of maintaining per-channel
power. In addition to amplifier dynamics control, practical implementation in
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a system also requires a receiver design that can accommodate power change
on a very short time scale.

I11. EDFAs for High Capacity Systems

The performance characteristics of EDFAs have evoived significantly in recent
years to accommodate the capacity requirements of lightwave systems. In order
to support a greater number of WDM channels the EDFA bandwidth and out-
put power requirements have increased proportionately. The bandwidth was
nearly doubled by the development of L-band EDFA. Higher channel powers
and denser packing of channels also led to the realization of the importance of
effects such as spectral hole-burning (SHB) and nonlinearities in EDF. These
effects can degrade the signal channel performance and therefore must to be
taken into account in the design of EDFAs. Higher performance requirements
led the growth of EDFAs from a simple gain block to a multifunctional element
consisting of multiple stages. Additional features such as ASE filters and gain
equalization filters, gain tilt control using variable optical attenuators, and
dispersion compensation are incorporated in the midsection of the amplifier.

A. WIDEBAND GAIN-EQUALIZED AMPLIFIERS

First-generation WDM systems utilized 8—10 nm of spectrum to transmit 8-16
channels between 1540 and 1560 nm, where the gain of EDFAs is quite uni-
form. Here, the amplifier is operated at an inversion level of 70-80% (Fig. 2).
Another amplifier based on erbium-doped fluoride fiber (EDFFA) consist-
ing of fluorozirconate was shown to have greater (24 nm) bandwidth [17,18].
Unlike silica-based EDFAs, however, fluoride-based fiber is not a field-tested
technology and there are concerns about its long-term reliability. Availabil-
ity of gain equalization filters (GEFs) provides a way to increase the usable
bandwidth in silica-based EDFAs. Several technologies have been studied to
fabricate GEFs, including thin-film filters, long-period gratings [19], short-
period gratings [20], silica waveguide structure [21], fused fibers, and acoustic
filters [22].

Demonstration of a gain-equalized EDFA with 40 nm bandwidth [23] and
a transmission experiment utilizing 35 nm gain-flattened EDFAs [15] clearly
established EDFAs as the choice for high-capacity optical communication
systems. In the system experiment, transmission of 32 WDM 10 Gb/s chan-
nels with 100 GHz spacing over 640 km was demonstrated [15]. The design of
EDFAs used in this work is shown in Fig. 4 and consists of two stages in a
midstage pumping configuration [9]. The amplifier design gave the first system
demonstration of two features crucial for broadband, long-haul systems and
optical networks. First, the gain spectrum of EDFAs was equalized to pro-
vide flat gain over the wide optical bandwidth of the erbium gain spectrum.
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Fig. 4 A two-stage EDFA design with a midstage pumping configuration.
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Fig. 5 Gain spectrum from the EDFA of Fig. 3. The gain is flattened with a
long-period fiber grating equalization filter. The inset shows the channel power
spectrum after transmission through 8 x 80 km spans and 8 EDFAs.

The gain spectrum of the amplifier using a long-period fiber grating equal-
izer filter is shown in Fig. 5. The gain spectrum shows a peak-to-peak gain
variation over a 34 nm bandwidth of less than 0.6 dB or 2.5% of the gain. The
inset shows output channel spectrum after 8 EDFAs. Channel power variation
of less than 5dB was recorded after 8 EDFAs. Second, with a midamplifier
attenuator [16] the gain-flattened EDFA can be operated with this broad opti-
cal bandwidth in systems with a wide range of span losses. The attenuator
can be adjusted to permit broadband, flat-gain operation for a wide range of
gains, which is necessary to accommodate variations in span losses commonly
encountered in practical transmission systems and multiwavelength optical
networks. A discussion on the role of attenuators is given later this section.
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Spectral Hole Burning in EDFAs and Its System Impact

In lightwave transmission applications EDFAs are operated in saturation
mode. The gain saturation in EDFAs is predominantly homogeneous, which
means that in a multichannel WDM system, once the gain of one of the chan-
nels is known, the gain of other channels can be calculated directly. This
result comes from the homogeneous property of the EDFA model. While the
gain spectrum of EDFAs is predominantly homogeneous, a small amount of
inhomogeneity has been observed [24-26]. The inhomogeneous broadening
gives rise to spectral hole burning (SHB) in the gain spectra of optical ampli-
fiers. Using difference measurement technique, the SHB in EDFAs has been
measured at room temperature [27]. The result of SHB measurement for dif-
ferent saturation levels is shown in Fig. 6. The figure shows the existence of a
spectral hole having FWHM of 8 nm. The depth of the hole increases linearly
at a rate 0f 0.027 dB per | dB increase in gain compression relative to small sig-
nal gain. For 10 dB gain compression a dip of 0.28 dB in the gain spectra due
to SHB is observed. The SHB is strongly dependent upon the wavelength and
has been shown to be four times larger at 1532 nm than at 1551 nm [28]. The
dependence of the spectral hole width on the saturating wavelength is shown
in Fig. 7. The FWHM of the hole increases as the saturating wavelength is
increased.

The SHB effect impacts the gain shape of the long-haul optical transmis-
sion systems. The effect manifests itself such that each WDM channel in the
system reduces the gain of the neighboring channels within the spectral hole
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Fig. 6 SHB for different saturation levels [27].
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Fig. 7 Dependence of the spectral hole width on the saturating wavelength [27].

width but does not significantly affect channels far removed in wavelength.
While characterizing the gain spectra of the amplifiers with full channel load-
ing, it is therefore important that multiwavelength input signal with channel
separation less than the SHB width be employed. The SHB effect observed
in an individual amplifier is small, but in a long chain of amplifiers, such as
in a long-haul or submarine system, it can add up to a significant observable
change in the overall spectrum. The importance of SHB was noted in long-
haul transmissions over 9300 km [29]. The SHB impacts a WDM system in a
positive way since it helps in the mitigation of channel power divergence and
should be included in the system design.

Midstage Attenuators for Dynamic Range and Tilt Control

In order to support the growth in the number of channels in WDM transmis-
sion systems, optical amplifiers with wider bandwidth are required. The gain
of amplifiers must be very uniform over the entire WDM transmission band-
width for the channels to be transmitted without impairments due to either
nonlinear effects in fiber or due to poor OSNR at the receiver. The power spec-
trum tilt in wideband systems can arise from several reasons, such as EDFA
gain tilt, spectral loss in transmission fiber, dispersion compensation fiber or
other passive components, variation in input signal power due to uneven fiber
span loss, and Raman effect.

In a transmission system, the wide bandwidth of the amplifiers has to be
maintained while accommodating the variations in the losses of fiber spans
deployed in the field. The midstage attenuator provides a control of the gain
flatness of the amplifier over a wide range of variations in span loss. This is
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achieved by maintaining the average inversion level of EDF constant by chang-
ing the attenuator loss. The use of the attenuators, however, raises the concern
about the increase of EDFA noise figure and therefore the end-of-system
OSNR degradation. The effect of an attenuator in the midsection of a two-
stage EDFA on gain flatness and end-of-system OSNR has been investigated
in an 8 x 80 km transmission system. In the experiment, 18 WDM channels
with 200 GHz separation were transmitted through the chain of amplifiers and
end-of-system channel spectrum was measured. The result of changes in the
channel spectrum when the span loss changes from 24 to 6 dB is shown in
Fig. 8. The gain flatness can be maintained by increasing the midstage attenu-
ator loss. The end-of-system SNR (Fig. 9), however, shows an increase initially
with the decrease in span loss, since the first stage of EDFA receives a larger
signal, and less ASE is generated. At smaller span loss the larger midstage
attenuator loss causes SNR degradation. The midstage attenuator provides a
dynamic range of 12 dB over which the SNR is not degraded.

The gain tilt control is very important for the operation of WDM systems
and networks. The spectrum of WDM channels after transmission through
fiber could acquire positive linear tilt due to the Raman effect, which will lead
to the transfer of power from shorter to longer wavelength channels. Alterna-
tively, it may be desirable to have a negative tilt in the spectrum of channels
at the output of the amplifier in order to compensate for the Raman effect
in the transmission fiber. Both of these conditions can be achieved by con-
trolling the gain tilt in the EDFA. The EDFA gain spectrum acquires a tilt
when the average inversion level of the erbium fiber is changed, as is evident
from Fig. 2. By adding a wavelength-independent variable loss element such
as an attenuator, the average inversion level of the amplifier can be controlled,
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Fig. 8 Spectrum variation as the span loss changes from 24 to 6 dB.
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in turn regulating the tilt in the gain spectrum. It is therefore possible to miti-
gate both the positive and negative spectral slope by increasing or decreasing
the midstage attenuator loss, respectively. The increase in midstage attenuator
loss may lead to reduction in the amplifier output power and increase in the
noise figure.

B. L-BAND EDFAs

In order to expand the optical bandwidth usage per fiber, the WDM systems
have to be expanded beyond the conventional band or C-band (1525-
1565 nm). The realization of EDFAs in the longer wavelength region [14,30]
or L-band (1570-1610 nm) has doubled the usable transmission bandwidth.
In addition to capacity, L-band EDFAs enable WDM system operation over
different types of dispersion-shifted fiber (DSF) having low dispersion in the
C-band. This is very significant since the deployment of nonzero dispersion-
shifted fiber (NZDSF) now exceeds that of SMF. Dense WDM transmission
over DSF/NZDSF was previously not feasible in the 1550 nm region due
to the low values of dispersion, which result in unacceptably high levels of
four-wave mixing. The dispersion in fiber increases at longer wavelength, and
consequently the levels of FWM are reduced in the L-band.

In the long wavelength region, the EDF has nearly 0.2 dB/m gain coefficient
for the inversion level between 20 and 30% . Even though at this inversion level
the gain is much smaller than the gain at the highest peak in the C-band at
1532 nm, the gain shape in the L-band is much more uniform as compared
to that in the C-band. This means that much less gain filtering is required in
L-band EDFA. A comparison of the EDF gain spectra of C- and L-bands is
shown in Fig. 10. The inversion level in EDF is optimized to provide the most
bandwidth in both the cases. In order to achieve low-noise operation, high
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Fig. 10 A comparison of C- and L-band gain spectra, top, inversion 65%; bottom,
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gain in the first stage of EDFA is required. Due to a small gain coefficient, the
EDF lengths exceeding S times that in a C-band EDFA are therefore necessary.
Unfortunately, longer EDF length leads to larger background loss, which is
detrimental to noise figure. Recently, EDF optimized for low-inversion L-band
operation has been developed which can provide gain coefficient as high as
0.6dB/m [31]. In new EDFs, larger overlap between the mode-field of the sig-
nals and the ion-doped core area is needed to increase the absorption without
producing concentration-quenching effect. The new EDF is designed to have
a longer cutoff wavelength around 1450 nm and has 2-3 times greater power
overlap. The greater cutoff wavelength leads to smaller mode field diameter,
enabling better than 90 percent optical power confinement in the core area.
The new fiber has other advantages such as lower background loss, increased
tolerance to fiber bend, and higher pump efficiency [31]. In this type of fiber
power efficiency as high as 60 percent has been measured, and 5Smm bend
radius did not generate additional loss.
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Several 1.-band transmission experiments at 10 Gb/s and higher rates in
recent years [32-36] have demonstrated the feasibility of L-band EDFAs and
WDM transmission over DSF/NZDSF. The first 64 x 10 Gb/s WDM transmis-
sion [35] with 50 GHz channel spacing over DSF verified that nonlinear effects
such as four-photon mixing can be controlled in the L-band. Subsequently a
1 Tb/s capacity transmission experiment with 25 GHz channel spacing over
NZDSF [36] showed the feasibility of L-band ultradense WDM systems.

Nonlinearities in EDFAs

EDFASs operating in the C-band regime are designed around high erbium-fiber
gains in the 1525-1565 nm range and are typically shorter than 50 m. These
lengths are generally too short to generate intra-amplifier nonlinear effects that
might lead to WDM system impairments. However, as discussed previously,
EDF provides much lower gain per unit length in the L-band window, typically
requiring up to five times longer lengths than those in the C-band. Long
erbium fiber length, combined with high internal optical intensities, naturally
increases nonlinear distortion of optical signals. Recent work has suggested
that two nonlinear effects, cross-phase modulation and four-photon mixing,
produced in EDF in WDM systems may be comparable to those produced
from transmission over fiber. The result of these studies is summarized below.

There are several factors that affect the importance of combined XPM from
EDFAs. Although a fiber transmission span is more than two orders of mag-
nitude longer than an amplifier, most of the effect from XPM is produced in
only a short section (a few kilometres) at the start of the span over a distance
where the walkoff between channels is small [37]. Secondly, the nonlinearity of
EDF is larger than that of conventional transmission fiber due to its smaller
effective area. Lastly, in amplifiers the XPM increases with the total number
of channels, irrespective of spacing, since the amplifier length is much shorter
than the walkoff length, whereas in transmission fiber, the XPM is determined
by only a few immediate neighboring channels, since the fiber span is much
longer than the walkoff length [38]. Measurement of XPM in L-band EDFAs
was carried out using two WDM channels; the results showed that XPM
has the potential of becoming the dominant nonlinear crosstalk mechanism
in L-band WDM systems using standard single-mode fiber [39]. In another
experiment, a comparison of XPM arising from L-band EDFA and that from
two types of transmission fibers (SMF and DSF) was compared. In this mea-
surement 20 WDM channels spaced by 100 GHz were used; the results showed
that the XPM produced in the L-band amplifier is negligible compared to that
from DSF and a factor of nine lower than that from conventional fiber. The
study [40]} concluded that even though higher levels of XPM may be possi-
ble, for WDM systems with more channels or with different EDFAs it is not
necessarily a problem for WDM systems.
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Measurement and analysis of four-wave mixing (FWM) in L-EDFAs and
its impact on DWDM link performance has been studied using both time-
domain and spectral measurements [41]. Significant magnitude of FWM in
L-EDFA was observed with worst observed case results in 1.5 dB eye penalty
for 50 GHz spaced WDM channels and FWM-generated harmonics 25dB
below the signal level. The FWM level generated in L-EDFA is strongly depen-
dent upon EDF parameters: dispersion, effective area, and length. The other
important characteristic is the gain evolution function governed by L-EDFA
topology [42].

C. ULTRAWIDEBAND WITH A SPLIT-BAND ARCHITECTURE

In order to increase the overall bandwidth of EDFAs beyond the C-band,
a novel architecture combining the C- and L-bands has been demonstrated.
Since the gain drops sharply on both sides of the C-band at a 70-80% inversion,
it is not practical to further increase the bandwidth with a GEF. However, a
flat gain region between 1565 and 1615 (L-band) can be obtained at a lower
inversion level (30 to 40%) [43,44]. The principle of combined C- and L-band
amplifiers with very wide bandwidth is shown in Fig. 11.
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Fig. 11 Principle of combined C- and L-band ultrawideband amplifiers [14].
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After the initial demonstration of principle [44-46], much progress has been
made on the understanding and design of ultrawideband optical amplifiers
with a split-band structure. A recent design is shown in Fig. 12(a), utilized fiber
grating filters to split and combine the C- and L-band signals. The two arms
of the amplifier could be optimized separately to provide flat gain operation
in the two bands. The total bandwidth of the combined EDFA was 84.3 nm
covering 1526-1612 nm with less than 2 nm guard band in between, as shown
in Figure 12(b) [47] with total output power 25 dBm. The amplifier noise figure
was less than 6 dB over the whole bandwidth. Besides wide bandwidth and low
noise figure, this amplifier also provides power tilt control, which is realized
by the variable attenuation, and dispersion compensation, which is realized by
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Fig. 12 (a) Schematic of ultrawideband amplifier. See also Plate 2. (b) Gain spectrum
of ultrawideband amplifier [49].
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the dispersion compensation element after the second gain stages. Dispersion
compensation is needed for high-speed WDM channels and can be done with
dispersion compensating fiber. Recently, dispersion compensation using fiber
gratings has also been reported [48]. Since there is a significant mismatch in
the dispersion slopes in transmission and dispersion compensation fibers, the
split-band architecture provides an opportunity for more accurate dispersion
compensation in C-and L-bands separately. Another advantage is significantly
reduced crosstalk between the two bands due to double rejection at the splitting
and combining stages. With ultra wideband optical amplifier, the first long-
distance WDM transmission at | terabit per second was demonstrated in early
1998 {49,50].

D. RAMAN/EDFAs

The Raman effect in silica fiber has becn intensively investigated in recent years.
Stimulated Raman scattering transfers energy from the pump light to the signal
via the excitation of vibrational modes in the constituent material. Measure-
ment of Raman gain coefficient in silica fiber [S1] has revealed that a significant
amount of gain can be obtained at moderately high pump powers. The Raman
gain is given by G, = exp (P,/2L.yAey), where Py, Loy, and 4.4 are the pump
power, effective length, and effective area, respectively. The Raman gain peak
is offset by one Stokes shift in wavelength from the pump signal; thus Raman
amplifiers can be implemented at any wavelength by selecting a suitable pump
signal wavelength. The Stokes shift for silica fibers is approximately 13 THz,
which corresponds to nearly 100 nm at 1550 nm. Raman gain spectrum is fairly
uniform and has a 3 dB bandwidth of about 5 THz , corresponding to 40 nm
in the C-band.

Low-noise Raman amplification can be applied to enhance the system
margin in WDM transmission systems. Unlike the EDFA, which requires
a certain pump power to maintain high inversion level for low-noise opera-
tion, the Raman amplifier can be inverted regardless of the pump level, since
the absorption of the signal photon to the upper virtual state is extremely
small. The other significant advantage of Raman amplifiers is the ability to
provide distributed gain in transmission fiber. The Raman gain, distributed
over tens of kilometers of transmission fiber, effectively reduces the loss L of
the fiber span and results in superior end-of-system OSNR, see Section IV A.
Demand for higher capacity and longer reach systems coupled with the avail-
ability of high-power pumps in the 1450 and 1480 nm wavelength regions
have enabled the application of Raman amplificrs to WDM transmission sys-
tems. In addition, large deployment of smaller-core NZDSF in terrestrial
networks has made it possible to obtain significant Raman gain with standard
pump diodes. Several WDM transmission experiments have been reported,
which have used distributed Raman amplification in the transmission fiber to
enhance system OSNR. The Raman pumping is normally implemented in a
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counterpropagating configuration in order to avoid noise transfer from the
Raman pump to the WDM signals. The counterpropagating pump configu-
ration also efficiently suppresses any signal-pump-signal crosstalk that may
occur if the Raman pump is depleted by the WDM channels.

The gain coefficient in the Raman amplifier is quite small and as a result
gain media consisting of tens of kilometers of fiber are needed. Since the
power conversion efficiency in Raman amplifiers is ~10%, which is several
times smaller compared to that in EDFAs (>60%), the most attractive design
for low noise figure amplifiers is a hybrid configuration consisting of a Raman
preamplifier stage followed by an EDFA power stage. In such a design, the
gain of the Raman stage is kept below 16 dB in order to minimize intersymbol
interference arising from amplified double reflections of the signal from either
discrete reflection points or from double Rayleigh scattering [52]. Noise figure
improvement of 3-4dB in such a hybrid design over the EDFA counterpart
has been demonstrated [52,53].

The enhanced margin derived from superior noise performance of
Raman/EDFAs can be utilized in several ways, such as to increase the sep-
aration between amplifiers, to increase the overall reach of the transmission
system, and to increase the spectral efficiency of transmission by reducing
the channel separation or increasing the bit rate per channel. For example,
a decrease in channel spacing to obtain higher spectral efficiency requires a
reduction in launch power to avoid increased penalties from fiber nonlineari-
ties and must be accompanied by a noise figure reduction to maintain optical
signal-to-noise ratio (OSNR). Likewise, an increase in line rate requires a
reduction in span noise figure to increase the OSNR at the receiver accordingly.
Published results qualitatively confirm the outlined relation between channel
spacing and noise figure for WDM systems limited by four-wave mixing[54,55].
In addition to superior noise performance, Raman amplification can provide
gain in spectral regions beyond the C- and L-bands. As mentioned earlier, the
Raman gain curve is intrinsically quite uniform, and broader gain spectra are
naturally achievable in Raman amplifiers with gain-flattening filters. Alterna-
tively, wide gain spectra may be obtained by the use of multiwavelength pump
sources [56,57], a technique applicable only to Raman amplifiers.

Three transmission experiments are described below which show the ben-
efits of incorporating Raman/EDFAs in WDM systems. The first experiment
demonstrates that by the use of distributed Raman gain in a multispan system,
the system margin can be enhanced by 4-5 dB. The second experiment shows
that terabit capacity ultradense WDM transmission with 25GHz channel
spacing is made possible by the use of Raman gain, since the launched power
per channel can be lowered and nonlinear effects can be minimized. Finally
a transmission experiment at 40 Gb/s line rate covering C- and L-bands with
overall capacity of 3.2 Tb/sis demonstrated by the use of Raman/EDFAs. More
than 6 dB reduction in span noise obtained by distributed Raman amplification
is expected to become essential in WDM transmission systems operating at
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40 Gb/s. The improvement makes up for the 6 dB higher OSNR requirements
for 40 Gb/s signals compared to a 10 Gb/s signal. Thus, the amplifier spacing
used in today’s 10 Gb/s WDM systems can be accommodated at 40 Gb/s by
incorporating distributed Raman amplification.

A schematic of the first experiment [53] is shown in Fig. 13. 40 WDM chan-
nels modulated at 10 Gb/s in the L-band with 50 GHz channel spacing were
transmitted. Raman gain was provided at the input of each inline amplifier by
incorporating two polarization-multiplexed 1480 nm pump lasers with a wave-
length selective coupler (shown in the lower section of Fig. 13). The DSF spans
acted as the gain medium with the signal and pump propagating in the oppo-
site directions. The total Raman pump power in the fiber was 23.5 dBm, which
resulted in a peak gain of 12 dB at 1585 nm. The total power launched into fiber
spans was ~15dBm or —1 dBm/ch. The transmission span consisted of five
120 km lengths of dispersion-shifted fiber. The eye diagrams of all channels
after transmission through 600 km DSF are open and exhibit little distortion.
Allchannels achieved error rates below 10~°. The power penalty was between 2
and 4 dB for 10~° BER. Without the use of Raman amplification, span lengths
were restricted to 100 km length for similar BER performance. Thus the addi-
tion of Raman gain allows nearly 4dB of additional span loss for error-free
transmission.

In the second experiment, error-free transmission of 25 GHz spaced
100 WDM channels at 10 Gb/s over 400 km of NZDS fiber was reported [36].
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Fig. 13 A schematic of multispan Raman gain-enhanced transmission experi-
ment [53].
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High spectral efficiency of 0.4 b/s/Hz was achieved by the use of distributed
Raman gain. Raman pump power in the fiber was 22-23 dBm, which resulted
in a peak gain of 10dB at 1585 nm. Three fiber spans of positive NZDS fiber
having zero dispersion wavelength in the range 1508 to 1527 nm and lengths
125, 132, and 140 km, respectively, were used. The channel spectrum at the
beginning and at the end of system is shown in Fig. 14. The eye diagrams of
all the channels were open and, as expected, exhibited little distortion due to
non-linear effects. All channels achieved error rates below 107°. The power
penalty at 10~ BER was between 2.1 and 5.3 dB. The penalty can be attributed
to the variation of OSNR due to low-power lasers and to gain nonuniformity.
Calculated value of OSNR 22dB is in good agreement with the measured
21-25dB.

Distributed Raman amplification was employed in two recent 40 Gb/s
WDM transmission experiments, both achieving a spectral efficiency of
0.4 bit/s/Hz. In both experiments, distributed Raman amplification allowed
the launch power into 100km spans of TrueWave fiber to be as low as
—1 dBm/channel while maintaining sufficient optical signal-to-noise ratio at
the output of the system for error-free performance of the 40 Gb/s WDM chan-
nels. In the first experiment, 40 WDM channels were transmitted in the C-band
over four 100km spans of TrueWave fiber, using four hybrid Raman/erbium
inline amplifiers [58]. A single Raman pump wavelength was sufficient to
provide effective noise figures below 0 dB over the entire C-band, as shown

20 o S S
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0 ......,....7,.,..‘?¥1!DU‘..,:..,,,,,,,,,. L. .11570.9-1591.6nm

—input  Output
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1570 1575 1580 1585 1590
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Fig. 14 Channel spectra of ultradense (25GHz spaced) terabit capacity
(100 x 10 Gb/s) WDM transmission [36].
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Fig. 15 (a) Equivalent noise figure of C-band Raman EDFA [58]. (b) Equivalent
noise figure of a combined C- and L-band Raman/EDFA [59].

in Fig. 15(a). For dual C- and L-band systems, at least two pump wave-
lengths are required to obtain adequate noise figures over the combined C-
and L-bands. In the second experiment, 3.28 Tb/s were transmitted over three
100-km spans of nonzero dispersion-shifted fiber [59]. Two Raman pumps were
used to achieve noise figures ranging from +1.5 dB in the lower end of the C-
band to —1.7dB in the L-band, as shown in Fig. 15(b). The two experiments
illustrate one important complication that arises from using multiple Raman
pumps in ultra broadband systems, namely that Raman pumps at lower wave-
lengths will be depleted by pumps at higher wavelengths. Preemphasis of the
pumps must be used, and the noise figure of the WDM channels being pumped
by the shorter wavelength Raman pump generally will be higher compared to
the noise figure of the WDM channels being pumped by the longer wavelength
Raman pump.

1V. EDFAs for Dynamic WDM Networks

Erbium-doped fiber amplifiers are employed in the current multiwavelength
optical networks to compensate for the loss of fiber spans and network
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elements. The amplifiers are normally operated in a saturated mode in these
applications. In the event of either network reconfiguration or a failure, the
number of WDM signals traversing the amplifiers would change and the power
of surviving channels would increase or decrease due to the cross-saturation
effect in the amplifiers. The quality of surviving channels can be severely
aftected through four mechanisms when channel loading changes. First, non-
linear optical effects in transmission fibers will occur if the power excursions
are large enough when signal channels are lost. Self-phase modulation (SPM)
has been observed to affect the performance of the surviving channels [60].
Second, when channels are added, the optical power at the receiver can be
reduced during the transient period, which would cause eye closure. If the
optical signal power at the receiver is lowered by more than the system mar-
gin, i.e., if the signal power is lower than the receiver sensitivity, bit-error rate
would be severely degraded. Third, optical SNR maybe degraded due to the
change of inversion level and therefore the change in gain spectrum during the
transient period. Fourth, the received power at the receiver varies, requiring
that the threshold of the receiver be optimized at high speed, which can be a
problem for certain receivers.

A. GAIN DYNAMICS OF SINGLE EDFAs

The speed of gain dynamics in a single EDFA is in general much faster than
the spontaneous lifetime (10 ms) [61] because of the gain saturation effect.
The time constant of gain recovery on single-stage amplifiers was measured
to be between 110 and 340 ps [62]. The time constant of gain dynamics is a
function of the saturation caused by the pump power and the signal power.
Present-day WDM systems with 40—-100 channels require high-power EDFAs
in which the saturation factor becomes higher leading to shorter transient time
constants. In a recent report, the characteristic transient times were reported
to be tens of microseconds in a two-stage EDFA [61]. The transient behavior
of surviving channel power for the cases of one, four, and seven dropped
channels, in an eight-channel system, is shown in Fig. 16. In the case of seven
dropped channels the transient time constant is nearly 52 s. As can be seen,
the transient becomes faster as the number of dropped channels decreases. The
time constant decreases to 29 pus when only one out of 8 channels is dropped.
The rate equations {63] for the photons and the populations of the upper
(113 ,2) and lower ;s ,2) states can be used to derive the following approximate
formula for the power transient behavior [64]:

P(t) = P(00) [P(0)/P(00)]* /)

where P(0) and P(oo) are the optical powers at time ¢+ = 0 and ¢ = oo, respec-
tively. The characteristic time . is the effective decay time of the upper level
averaged over the fiber length. It is used as a fitting parameter to obtain best
fit with the experimental data. The experimental data (Fig. 16) are in good
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Fig. 16 Measured and calculated surviving power transients for the cases of 1. 4, 7
channels dropped out of 8 WDM channels.

agreement with the model for the transient response. The model has been used
to calculate the fractional power excursions in decibels of the surviving chan-
nels for the cases of one, four, and seven dropped channels. The times required
to limit the power excursion to 1 dB are 18 and 8 us, respectively, when four
or seven channels are dropped. As EDFAs advance further to support larger
numbers of WDM channels in lightwave networks, the transient times may fall
below 10 ws. Dynamic gain control of the EDFAs with faster response times
will be necessary to control the signal power transients.

A model of EDFA dynamics is needed to understand the transient behav-
ior in large systems or networks. Recently a simple model has been developed
for characterizing the dynamic gain of an EDFA. The time-dependent gain
is described by a single ordinary differential equation for an EDFA with an
arbitrary number of signal channels with arbitrary power levels and prop-
agation directions. Most previous EDFA models are represented by sets
of coupled partial differential equations [65,66], which can be solved only
through iterative, computationally intensive numerical calculations, especially
for multichannel WDM systems with counterpropagating pump or signals.
The mathematical details of the model are provided in [67]. Here, the simula-
tion results from the model are compared with the measured time-dependent
power excursions of surviving channels when one or more input channels to
an EDFA are dropped. The structure of the two-stage EDFA used in the
experiment [61] and simulation is shown in the inset of Fig. 17. The experi-
mentally measured power of the surviving channel when 1, 4, and 7 out of
8 WDM channels are dropped are plotted. It is seen {rom the figure that the
simulation results agree reasonably well with the experimental data without
any fitting parameters. The exception is a 0.9 dB difference at large ¢ for the
7 channel drop case. This discrepancy is believed to arise from pump-excited
state absorption at high pump intensity. The model can be very useful in the
study of power transients in amplified optical networks.
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Fig. 18 Measured output power as a function of time after 0, 2, 4, 6, 8, 10, and 12
EDFAs (at time f = 0, 4 out of 8 WDM channels are dropped).

B. FAST POWER TRANSIENTS IN EDFA CHAINS

In a recent work, the phenomenon of fast power transients in EDFA chains
was reported [68,69]. The effect of dropped channels on surviving power in
an amplifier chain is illustrated in Fig. 18. When 4 out of 8 WDM channels
are suddenly lost, the output power of each EDFA in the chain drops by
3dB, and the power in each surviving channel then increases toward double
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the original channel power to conserve the saturated amplifier output power.
Even though the gain dynamics of an individual EDFA is unchanged, the
increase in channel power at the end of the system becomes faster for longer
amplifier chains. Fast power transients result from the effects of the collective
behavior in chains of amplifiers. The output of the first EDFA attenuated by
the fiber span loss acts as the input to the second EDFA. Since both the output
of the first EDFA and the gain of the second EDFA increase with time, the
output power of the second amplifier increases at a faster rate. This cascading
effect results in faster and faster transients as the number of amplifiers increase
in the chain. To prevent performance penalties in a large-scale WDM optical
network, surviving channel power excursions must be limited to certain values
depending on the system margin. Taking the MONET network as an example,
the power swing should be within 0.5 dB when channels are added and 2dB
when channels are dropped [70]. In a chain consisting of 10 amplifiers, the
response times required in order to limit the power excursions to 0.5dB and
2dB would be 0.85 and 3.75 s, respectively. The response times are inversely
proportional to the number of EDFAs in the transmission system.

The time response of EDFAs can be divided into three regions—the initial
perturbation region, the intermediate oscillation region, and the final steady-
state region. In the initial perturbation region, the gain of the EDFA increases
linearly with time, and the system gain and output power increases at a rate
proportional to the number of EDFAs. The time delays for a channel power
excursion of 2dB (Fig. 18) and the inverse of time delays, i.c., the power
transient slope in the perturbation region, are plotted in Fig. 19. Assuming
that the amplifiers operate under identical conditions, the rate of change of gain
at each EDFA is the same and is proportional to the total lost signal power.
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Fig. 19 Delay and reciprocal of delay for surviving channel power excursion to reach
2 dB after the loss of 4 out of 8 WDM channels.
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The slope plotted in Fig. 19, therefore, increases linearly with the number
of EDFAs in the chain. These experimental results have been confirmed by
modeling and numerical simulation from a dynamic model [6,67].

In the intermediate region, an overshoot spike can be observed after
2 EDFAs in Fig. 18. The first overshoot peak is the maximum power excur-
sion, since the oscillation peaks that follow are smaller than the first one. From
the results of both experimental measurements and numerical simulation on
a system with N EDFAs, the time to reach the peak is found to be inversely
proportional to N, and the slope to the peak is proportional to N — 1 [71].
This indicates that the overshoot peaks are bounded by a value determined by
the dropped signal power and the operating condition of the EDFAs. These
properties in the perturbation and oscillation regions can be used to predict
the power excursions in large optical networks.

A study of dynamic behavior of L-band EDFA has been carried out
recently [72]. In this work, transient response of the surviving channels in
a two-stage L-band EDFA under different channel loading conditions was
reported. The observed dynamic behavior in the L-band is similar to that in
the C-band. However, the response time is very different. The response time
constants as a function of the number of dropped channels under differen:
saturation conditions is shown in Fig. 20. The time constants are about 105 ps
and 260 ps when one and seven channels out of eight channels are dropped
and the amplifier is well saturated. These values are about four to five times
larger than that observed in a C-band EDFA. The difference can be explained
by the different intrinsic saturation power in these two bands.

C. CHANNEL PROTECTION SCHEMES

As discussed earlier, channels in optical networks will suffer error bursts
caused by signal power transients resulting from a line failure or a network



4. Advances in Erbium-Doped Fiber Amplifiers 203

reconfiguration. Such error bursts in surviving channels represent a service
impairment that is absent in electronically switched networks and is unaccept-
able to service providers. The speed of power transients resulting from channel
loading, and therefore the speed required to protect against such error bursts,
is proportional to the number of amplifiers in the network, and for large net-
works can be extremely fast. Several schemes to protect against the fast power
transients in amplified networks have been demonstrated in recent years.

Pump Control

The gain of an EDFA can be controlled by adjusting its pump current. Early
reported work addressed pump control on time scales of the spontaneous
lifetime of EDFAs [65]. One of the studies demonstrated low-frequency feed
forward compensation with a low-frequency control loop [62]. After the dis-
covery of fast power transients, pump control on short time scales [73] was
demonstrated to limit the power excursion of surviving channels. In the exper-
iment, automatic pump control in a two-stage EDFA operating on a time
scale of microseconds was demonstrated. The changes in the surviving chan-
nel power in the worst case of 7-channel drop/add in an 8-channel WDM
system are shown in Fig. 21. In the absence of gain control, the change in
surviving channel signal power exceeds 6 dB. When the pump control on both
stages is active, the power excursion is less than 0.5 dB both for drop and add
conditions. The control circuit acts to correct the pump power within 7-8 s,
and this effectively limits the surviving channel power excursion.

Link Control

The pump control scheme described above would require protection at every
amplifier in the network. Another technique makes use of a control channel in
the transmission band to control the gain of amplifiers. Earlier work demon-
strated gain compensation in an EDFA at low frequencies (<1 kHz) using an
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Fig. 21 Surviving channel power transient in two-stage EDFA when 7 out of 8
channels are dropped and added.
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idle compensation signal [74]. Recently, link control, which provides surviving
channel protection against fast transients, has been demonstrated [60]. The
scheme, as illustrated in Fig. 22, protects surviving channels on a link-by-link
basis. A control channel is added before the first optical amplifier in a link
(commonly the output amplifier of a network element). The control channel
is stripped off at the next network element (commonly after its input amplifier)
to prevent improper loading of downstream links. The power of the control
channel is adjusted to hold constant the total power of the signal channels
and the control channel at the input of the first amplifier. This will maintain
constant loading of all EDFAs in the link.

The experimental demonstration of link control surviving channel protec-
tion is illustrated in Fig. 23. The experiment is set up with 7 signal channels
and 1 control channel. A fast feedback circuit with a response time of 4 s
is used to adjust the line control channel power to maintain constant total
power. The signal and control channels are transmitted through seven ampli-
fied spans of fiber and the bit-error rate performance of one of the signal
channels is monitored. The measured results are summarized in Fig. 24.
When 5 out of 7 signal channels are added/dropped at a rate of 1 kHz, the
surviving channel suffers a power penalty exceeding 2dB and a severe BER
floor. An even worse BER floor is observed when 5 out of 6 channels are
added/dropped, resulting from cross-saturation induced by change in chan-
nel loading. With the fast link control in operation, the power excursions are
mitigated, BER penalties are reduced to a few tenths of a dB, and error floors
disappear.

Fig. 22 Schematic representation of link control for surviving channel protection in
optical networks.



4. Advances in Erbium-Doped Fiber Amplifiers 205

o iser -4 oD
Eims . A) s '
Polarization .. JControl|
Controliers Circuit
EDFA 48 ~ EDFA#7 EDFA #2 ~ EDFA #1
"""" 80km < 80km <

Fiber Fiber

(A7) Programmable Power
Alten, Meter

Fig. 23 Schematic of experimental setup for link control demonstration.

-4 T VI o L T
-5
2
5 6
[]
8 %,
£ v
57 %
a %% s
g %vvvvg%ww
-9
-10
-11
-12 1 I
-35 -33 -31 -29 -27
Received Power (dBm)

Fig. 24 Bit-error rates measured for transmission of 6 and 7 channels without mod-
ulation and with modulation of channels 1, 2, 3, 5, and 8 on/off at 1 KHz with and
without link control.

Laser Control

Laser automatic gain control has been extensively studied [75]. A new scheme
for link control based on laser gain control has been proposed recently [76].
In this work, a compensating signal in the first amplifier is generated using an
optical feedback laser loop and then propagates down the link. Stabilization is
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reached within a few tens of microseconds, and output power excursion after
6 EDFAs is reduced by more than an order of magnitude to a few tenths of a
dB. For laser gain control, the speed is limited by laser relaxation oscillations
[77], which are generally on the order of tens of microseconds or slower. Inho-
mogeneous broadening of EDFAs and the resulting spectral hole burning can
cause gain variations at the signal wavelength, which will limit the extent of
control from this technique. The same is true for the link control scheme.

V. Conclusions

The successful introduction of commercial WDM systems, enabled by prac-
tical EDFAs, has in turn fueled the development of high-power, wide-
bandwidth, low-noise, gain-flattened optical amplifiers. Availability of such
high-performance optical amplifiers and other advanced optical technolo-
gies, as well as the market demand of more bandwidth at lower cost, have
made optical networking an attractive solution for advanced networks. Opti-
cal networking utilizes the WDM wavelengths not only to transport large
capacity but also to route and switch different channels. Compared to point-to-
point systems, optical networking applications make some of the requirements
on oplical amplifiers more demanding: gain flatness, wide bandwidth, and
dynamic gain control.

Considerable progress has been made in the optical amplifiers in recent
years. The bandwidth of amplifiers has increased nearly seven times and flat
gain amplifiers with 84 nm bandwidth have been demonstrated. This has been
made possible by addition of the L-band branch. With the advent of these
amplifiers, commercial terabit lightwave systems are realizable. Progress has
also been made in the understanding of gain dynamics of amplifiers. Several
control schemes have been successfully demonstrated to mitigate the signal
impairment due to fast power transients in a chain of amplifiers and will be
implemented in lightwave network design. Terrestrial lightwave systems have
been increasing in transmission capacity. The amplifiers have evolved signifi-
cantly in performance to enable the currently available terabit capacity system
soon be followed by systems having multiterabit and higher capacity on a
single fiber.
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