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Preface

This book is intended for people interested in the future of telephone, data,
video, and Internet communication, and to graduate students, scientists,
designers, development engineers, and technicians who want to learn more
about dense wavelength division multiplexing (DWDM). The readers
working in the field of telecommunications, such as components and systems
designers, may find useful references along with the text. I hope this book
will also be useful to scientists and engineers working in the field of optics,
spectroscopy, optronics, electro-optics, and micro/nano technology who
would be willing to offer their expertise to solve some of the still-open prob-
lems in telecommunications. Conversely, this book may help them to apply
to different fields some of the tremendous progress and investments already
made in the optical telecommunication field. Perhaps this book will be also
useful to marketing managers who want to get information and prospects on
the future of optical networks.

It is expected that the book will be mostly useful in understanding
components and principles used in existing and/or in next generations of
DWDM optical telecommunication networks. I began research on WDM
components more than 20 years ago in a company devoted to advanced opti-
cal instrumentation. I had the opportunity to participate in the Wavelength
Time Division Multiplexing (WTDM) research group within the Research
and Development in Advanced Communication Technologies in Europe
(RACE) program, and to the Wavelength-agile Optical Transport and
Access Network (WOTAN) and Switchless Optical Network for Advanced
Transport Architecture Advanced Communications Technologies and

XV
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Services (SONATA) groups, within the Advanced Communications Tech-
nologies and Services (ACTS) program, in the field of DWDM. This was an
ideal platform to participate in the dreams and in the successes of many of
the most important European telecommunication groups. As a consultant,
I also had the opportunity to participate in the challenge of HighWave
Optical Technologies, a new company successfully exploiting the opportuni-
ties in the DWDM component and subsystem market.

In 1993, I published my first book entitled Wavelength Division Multi-
plexing. Of course, accelerated research efforts within the international com-
munity have produced many new concepts and devices in the field. This
book could not be a revised edition of my first work. I had to analyze and
summarize many new developments, keeping only when necessary some of
the basic material of the first work.
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Introduction

Si possible je voudrais montrer des futurs désirables qui n'ont pas encore été
imaginés a seule fin dajouter de nouveaux buss. (If possible, I want to show
desirable prospects that have never been conceived for the sole purpose of
adding new aims.)
Tom Shannon
Spring 2000

The long-awaited deployment of dense wavelength division multiplexing
(DWDM) in long-haul networks is fast becoming a reality. In the access net-
work DWDM becomes a serious option to accommodate increasing multi-
media, broadband, and IP traffic.

Fueled by the need for rapidly increasing volumes of information trans-
fer, and by new requirements that are far less predictable than they have been
for telephony, the development of optical fiber communication moves ever
forward. DWDM that corresponds to the superimposition of optical signals
at different wavelengths closely spaced at 100 GHz or less on each fiber,
becomes, as a matter of fact, the unavoidable solution, not only for a capacity
increase at lower cost, but also for switching and routing in the optical
domain.

The optical add/drop multiplexer (OADM) and optical cross-connect
technology are seen as a viable option in the large network optical nodes,
when the digital cross-connectors are unable to scale to higher port-density
and higher speed interface requirements at affordable costs, or in general,
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when the optical/electrical/optical conversion would be unnecessary and
questionable.

Today’s telecommunications networks have benefited from research in
symbiosis in the fields of materials, electromechanics, microelectronics, com-
puting, and optics.

Nowadays, low nonlinearity fibers, dispersion management on fibers,
lasers with high wavelength stability over years, new tunable light sources,
new erbium-doped amplifiers, distributed Raman amplifiers, semiconductor
amplifiers and gates, wavelength converters, couplers, space-switches, and
wavelength division multiplexers offer new solutions. DWDM with more
than 160 channels, OADM with more than 32 channels, and wavelength-
selective cross-connects (WSXC) with 32 X 32 input-to-output ports are cur-
rently in commercial use. Wavelength-interchanging cross-connects (WIXC)
will become available soon, as the first industrial tunable lasers and wave-
length converters are already proposed on the market.

We did our best to organize the text of this book into a logical sequence
of chapters. After the short introduction of this chapter, the basic principles
and background in wavelength division multiplexing are reviewed in
Chapter 2. Chapter 2 also includes an introduction to soliton multiplexing,
one of the options for long-distance transmissions. In Chapter 3, we review
the current choices available in DWDM passive components. In Chapter 4
we present the main active sources including semiconductors lasers, glass-
doped lasers, broadband sources for spectral slicing, and the wavelength con-
version technology. In Chapter 5 we review the different solutions in optical
amplification. Optical switches, routers, cross-connects, and add/drops are
described in Chapter 6, after discussions on topological configurations and
architectures of optical networks in which they are utilized.

In Chapter 7, the optical fiber nonlinearities limiting the performance
of DWDM systems are presented. Chapter 8 gives examples of applications
of the DWDM technology and results in long-haul transmission networks
and in different passive or wavelength-switched voice and data networks
including the Internet.



Basic Principles and Background

2.1 Wavelength Division Multiplexing: Basic Principles

Telecommunications makes wide use of optical techniques in which the
carrier wave belongs to the classical optical domain. The wave modulation
allows transmission of analog or digital signals up to a few gigahertz or giga-
bits per second on a carrier of very high frequency, typically 186 to 196 THz.
In fact, the bit rate can be increased further, using several carrier waves that
are propagating without significant interaction on the same fiber. It is obvi-
ous that each frequency corresponds to a different wavelength. This tech-
nique is called frequency division multiplexing (FDM) or wavelength
division multiplexing (WDM). The latter term is currently preferred in most
cases. DWDM is reserved for very close frequency spacing (typically less than
100 GHz corresponding to 0.8 nm at wavelengths near 1.5 um). The term
“frequency division multiplexing” is used in a few cases, such as multiplexing
with optical frequency shift keying and coherent detection. But the terminol-
ogy is not completely stabilized.

With WDM, it is possible to couple sources emitting at different wave-
lengths—A1, 45, 4;, ... A,—into the same optical fiber. After transmission on
the fiber, the 4,, 4,, ... 4, signals can be separated towards different detec-
tors at the fiber extremity (Figure 2.1). The component at the entrance must
inject the signals coming from the different sources into the fiber with mini-
mum losses: This is the multiplexer. The component separating the wave-
lengths is the demultiplexer. A simple optical coupler may replace the
multiplexer, but losses will increase. Obviously, when the light propagation
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Figure 21 WDM.

is reversed, the multiplexer becomes the demultiplexer, and the reverse is also
true. It is important to note, however, that the coupling efficiency is not nec-
essarily preserved in reverse operation. For example, if the multiplexer uses
single-mode (SM) entrance fibers and a multimode output fiber, the cou-
pling losses would be excessive in the reversed usage. Multiplexers designed
with identical input and output fibers are usually reversible. Simultaneous
multiplexing of input channels and demultiplexing of output channels can
be performed by the same component, the multi/demultiplexer.

2.2 History of WDM in a Few Words

The optical multiplexing concept is not new. To our knowledge, it dates
back to at least 1958 [1, 2]. Perhaps we can say that the idea of sending
multiple signals, as shown in Figure 2.1, was straightforward, as it was a
transposition of techniques used in classical telecommunications with elec-
tronics signals. But the technical problems to be solved were very difficult,
and it took experts a great deal of time to solve them. About 20 years later,
the first practical components for multiplexing were proposed primarily in
the United States, Japan, and Europe. In 1977, the first grating-WDM pas-
sive component was developed by Tomlinson and Aumiller [3].

2.3 WDM and Time Division Multiplexing

Is it easier to multiplex the signal in the electronic domain—time division

multiplexing (TDM), or in the optical domain (FDM or WDM)? The
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answer to this question is not easy and the optimum solution is generally
found in the association of the different techniques.

For low bit-rate services (< 2 Mbps), it is generally better to use only
TDM techniques. For uncompressed, high-definition television (HDTV)
broadcasting, WDM is highly recommended. The video compression tech-
niques minimize the bandwidth requirement. However, at the time of this
writing, CATV and HDTV still require 4 Mbps and 25 Mbps, respectively.
Applications such as video networks linking workstations, television studio
center signal routing systems, video conference networks, interactive video
training systems, bank information service networks, and data-transfer net-
works between computers, integrated service digital networks (ISDN), tele-
distribution, and generally all broadband networks increasingly use both
time and wavelength multiplexed optical lines. Today, the predicted demand
per subscriber in 2010 is on the order of 100 Mbps. That will not be possible
without the deployment of DWDM optical fiber networks.

It is understood that a practical network is very often made up of an
association of architectures that constitute the physical medium of the net-
work between stations. The topology is called “virtual” when it is concerned
only with logical connections between stations. One example of an optical-
multiplexing application is to create virtual topologies on request. The net-
work configuration can be modified independently of its physical topology
by changing the emitted or received optical frequencies. In these architec-
tures WDM cross-connectors, WDM routers, and WDM add/drops become

more and more important.

2.4 Wavelength Domain and Separation Between Channels

With modern, commercially available telecommunication fibers, it is possi-
ble to transmit information over a large spectral range (Figure 2.2) with two
domains with low attenuation, one around 1.3 um and another around
1.55 um. Between these two domains there is generally a high attenuation
at 1.39 um due to the residual OH radical in the fiber. SM silica fibers with
minimum loss of about 0.16 dB/km at 1.55 #m are available. Losses < 0.4
dB/Km at 1.5 um and < 0.5 dB/Km at 1.31 um are specified in the ITU-T
G.652 recommendations. In medium- and long-distance DWDM transmis-
sions, SM fibers are generally used in the domain 1,520 to 1,620 nm (see
paragraph 5), due to the availability of efficient optical amplifiers and

sources.
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dB/km 19 139 0.6 4m

| I
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Without OH "

150 300 THz v

Figure 2.2 Typical loss of a low OH content fiber.

For applications such as metropolitan area networks, special SM fibers
with very low OH content are commercialized. They can be used from 1,335
to 1,625 nm (for instance, AllWave fiber from Lucent Technologies).

On multimode silica vapor phase axial deposition (VAD) fiber without
OH impurity, losses lower than 4 dB on 2.4 km were obtained from 0.65 to
1.9 um as long ago as 1982 [4].

On multimode fibers, a graded index design allows a temporal disper-
sion minimization, but the optimum profile depends greatly on wavelength
and material, and the dispersion varies with wavelength.

The separation between channels is now 0.8 nm or more on most
of the installed networks using WDM. International Telecommunication
Union (ITU) standardization proposes a frequency grid with separations of
100 GHz (about 0.8 nm) with multiples and submultiples. Now the pub-
lished minimum channel spacing is about 0.1 nm. However, at the begin-
ning of the twenty-first century, nothing lower than 0.2-nm (25 GHz)
spacing was commercially available. At first glance, a fiber without OH
would allow 1,000 channels at 50-GHz spacing to be multiplexed over its
large spectral range!

Of course there are some limitations of WDM (Figure 2.3). The main
problem is crosstalk (parasitic light) coming from technical defects in the
demultiplexers, but also from physical problems such as wavelength conver-
sion along the transmission fiber by four-wave mixing, Brillouin or Raman
effect, or other nonlinear effects. But the theoretical minimum channel spac-
ing is at last related to “uncertainty” relationships.
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Ay
/ A, From sources
‘? Ay

— 40 )

To fiber

Multiplexer

Figure 2.3 Principle of multiplexing by diffraction on an optical grating: Wavelengths 4,,
A, A5 coming from different directions are diffracted in the same direction
into a single-transmission fiber.

2.5 Wavelength Allocation

Thus far, the ITU-T standards recommends 81 channels in the C band with
a constant spacing of 50 GHz anchored at 193.1 THz. This range can be
extended to the L band (191.4 to 185.9 THz) where sources and amplifiers

become available now. This will add 111 channels at 50-GHz spacing (see
Table 2.1).

2.6 Optical Wavelength/Optical Frequency Conversion

Depending on one’s background (the classical optical field or the microwave
field), one generally prefers to represent light vibrations according to their
wavelengths in vacuum (the wavelength varies with the medium) or accord-
ing to their frequencies (invariant of the medium). In order to evaluate the
different results given in scientific papers, it is useful to be able to translate
quickly.

It is well known that:

A=

4
14

where ¢ is the speed of light (¢ =2.9972458 10°m/s), A is the wavelength in
vacuum, and v is the optical frequency.
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Table 2.1
Frequency Standards with Corresponding Wavelengths

C Band (196.1-192.1 THz) L Band (191.4-185.9 THz)
Frequency  Wavelength (Vacuum)  Frequency Wavelength (Vacuum)
(THz) (nm) (THz) (nm)
196.1 1,528.77 191.4 1,566.31
196 1,529.55 191.3 1,567.13
195.9 1,530.33 191.2 1,567.95
195.8 1,531.12 191.1 1,568.77
195.7 1,531.9 191 1,569.59
195.6 1,5632.68 190.9 1,5670.42
1955 1,5633.47 190.8 1,571.24
195.4 1,534.25 190.7 1,572.06
195.3 1,635.04 190.6 1,672.89
195.2 1,535.82 190.5 1,573.71
195.1 1,536.61 190.4 157454
195 1,537.4 190.3 1,675.37
1949 1,5638.19 190.2 1,576.2
194.8 1,538.98 190.1 1,577.03
194.7 1,539.77 190 1,577.86
194.6 1,540.56 189.9 1,578.69
194.5 1,541.35 189.8 1,579.52
194.4 1,542.14 189.7 1,580.35
194.3 1,542.94 189.6 1,581.18
194.2 1,543.73 189.5 1,582.02
1941 1,544.53 189.4 1,582.85
194 1,545.32 189.3 1,583.69
1939 1,546.12 189.2 1,584.53
193.8 1,546.92 189.1 1,585.36
193.7 1,547.72 189 1,586.2
1936 1,548.51 188.9 1,587.04
1935 1,549.32 188.8 1,587.88

193.4 1,550.12 188.7 1,588.73
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Table 2.1 (continued)

C Band (196.1-192.1 THz) L Band (191.4-185.9 THz)
Frequency  Wavelength (Vacuum)  Frequency Wavelength (Vacuum)
(THz) (nm) (THz) (nm)
1933 1,550.92 188.6 1,589.57
1932 1,551.72 188.5 1,590.41
1931 1,552.52 188.4 1,591.26
193 1,553.33 188.3 1,592.1
192.9 1,554.13 188.2 1,692.95
192.8 1,554.94 188.1 1,593.79
192.7 1,555.75 188 1,594.64
1926 1,556.55 187.9 1,595.49
1925 1,557.36 187.8 1,596.34
192.4 1,558.17 187.7 1,597.19
192.3 1,558.98 187.6 1,598.04
192.2 1,559.79 187.5 1,598.89
192.1 1,560.61 187.4 1,599.75
— — 187.3 1,600.6
— — 187.2 1,601.46
— — 187.1 1,602.31
— — 187 1,603.17
— — 186.9 1,604.03
— — 186.8 1,604.88
— — 186.7 1,605.74
— — 186.6 1,606.6
— — 186.5 1,607.47
— — 186.4 1,608.33
— — 186.3 1,609.19
— — 186.2 1,610.06
— — 186.1 1,610.92
— — 186 1,611.79

— — 185.9 1,612.65
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Therefore,
2
AL = A—Av
c
In practice,
1= 299,792.458
v
with A in nm and v in GHz
2
ad,, = 2ot oo
nm 0'3

Thus, 100-GHz spacing at 1.55-u¢m wavelength is equivalent to a spacing of
0.8 nm.

2.7 How Many Channels?

There is actually about 15,000 GHz of optical frequency bandwidth in each
1,300- and 1,550-nm window. With a 10 Gbps bit rate, the uncertainty rela-
tionship gives approximately 10 GHz as the limit for optical frequency spac-
ing. This would mean 1,500 channels! But the fiber nonlinearity has always
set the limit to a few hundred channels in practical applications.

For the component itself at this limit, the optical crosstalk is the main
problem. Acceptable 160-channel grating-WDM components are already
manufactured. We believe that many more channels are feasible. Three
thousand-channel classical-grating spectrometers are commonly used, why
not WDM networks with a few hundred channels? In fact, the main problem
is acquiring enough stable fixed or tunable sources. Today, the practical limit
is a few tens of sources spaced at 50 GHz. The number of channels will
depend on the progress on the sources. It is worth pointing out that an opti-
cal frequency chain-generation from a single supercontinuum source with
over 1,000 channels at 12.5-GHz spacing has been proposed by H. Takara,
etal. in ECOC2000 (see Chapter 4).
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2.8 Some Definitions

281 Losses

The multiplexer must combine the signals with minimal losses. Those losses
P are expressed in decibels (dB) at each wavelength 4, by:

P =10logh
.= (o}
= 10she B

where @, is the optical power injected into the transmission line and @, is the
incident power at 4,

2.8.2 Crosstalk

At the other end of the fiber, the signals at the different wavelengths are
separated by a demultiplexer which, like the multiplexer, must have minimal
losses. The optical crosstalk D, of a channel 7 on a channel j is:

D(Dl.j O
D, = 10log —0
0%, O

where @ is the residual optical power of channel 7 at wavelength A, in chan-
nel jand @ the exit optical power in channel jat wavelength 4.
The total optical crosstalk in channel jis:

Dj = IOlOg EME

H (Djf

This defect is merely due to the demultiplexer when sources with spectral
widths much smaller than the multiplexer spectral passbands are used. But it
also becomes necessary to take into account the multiplexer crosstalk in other
cases. In such cases (such as LED slicing) the optical crosstalk is a compli-
cated function of sources, multiplexer and demultiplexer.

The electrical crosstalk also depends on the receivers. At equivalent
receiver sensitivity, in general, electrical crosstalk is twice as small in decibels
as the optical crosstalk. The electrical crosstalk of a system also depends on
the relative power and spectral width of the emitters, on the fiber spectral
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transmission, and on the receiver’s sensitivity variation with wavelength. For
example, the difference is about 50 dB in a silicon receiver between 0.8 um
(high sensitivity) and 1.3 or 1.5 um (almost no sensitivity).

When the same optical component performs multiplexing of some
wavelengths and demultiplexing of the other wavelengths, we use a similar
crosstalk definition, but the term “near-end crosstalk” is used for the parasitic
effect of sources on receivers in the vicinity of these sources. The crosstalk
coming from sources located at the other end of the line is called “far-end
crosstalk.” It is obvious that the intrinsic near-end crosstalk of a component
must be several orders of magnitude lower than its far-end crosstalk specifica-
tion because the noise of sources not attenuated by the transmission line is
superimposed through the component crosstalk to the signal of a source
attenuated in the transmission line. Components with intrinsic near-end
optical crosstalk lower than =120 dB have been manufactured [5]. The
near-end crosstalk also depends on the different reflections along the line, in
particular on the number of connectors and on their location along the trans-
mission line.

2.9 Solitons

29.1 Soliton Propagation

The pulse broadening induced by chromatic dispersion can be compensated
for by a self-phase shift induced by refraction index variations upon the field
intensity (known as the Kerr effect) for particular pulses that have a critical
power and shape called solitons. With silica glass the nonlinear index is
n=n,+3.2x 107" I with Jin watt/cm” and in which n, is the index at an
arbitrary low-intensity /. The response time of this phenomenon is arising
from electronic structure distortion in less than 1 fs (10™°s = 1 fs) and from
nuclei motion in about 100 fs in silica.

In soliton propagation, the velocity of the trailing half of the pulse
tends to be increased and the velocity of the leading half of the pulse tends to
be decreased by the nonlinear effect; this compensates for the reverse effect
due to fiber dispersion. Soliton propagation implies a particular power and
pulse shape. With pulses of a few picoseconds’ duration, the index variation
is relatively fast compared to the pulse duration. A given power level is
required to reach the soliton propagation condition. The fundamental soli-
ton of peak power P propagates along a lossless fiber without shape change
for an arbitrary long distance. At N x P peak power, where Nis an integer,
we obtain higher order (V) soliton propagation. The higher order solitons
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have a complex behavior: They undergo periodic shape variations along the
fiber length but return to their original shape after a length Z, called the soli-
ton period. With pulse width 7o:

, 7T
50 Z‘ﬂz‘
where
A dia
Br=-——5—7
2mc” dA

is the group velocity dispersion [6].

The first theoretical study of soliton propagation in fiber was carried
out by A. Hasegawa and F. Tappert in 1973 [7]. However, an amazing phe-
nomenon involving a wave which propagated without shape modification
was reported by Russel, a Scottish naval architect in 1834. He had observed a
slow-moving wave that propagated about two miles down a canal without
losing its shape. He called it a solitary wave. Since then, many researchers
have contributed to the study of such propagation. The contribution of Bell
Labs to this research has been importang; see, for instance, [8, 9]. The earliest
research pointed out the soliton robustness to polarization-mode dispersion.
This was confirmed by long-term measurements [10].

29.2 WDM of Solitons

Coupled with WDM, this propagation mode is very promising for ultra-
long-distance transmission; a transmission of 1 million kilometers was dem-
onstrated in 1992 [11]. The same year, NTT demonstrated 20-Gbps soliton
transmission over 1,020 km, using an erbium-doped amplifier and forecast
Tbps transmission with WDM, and a 70-Gbps fiber-based source of funda-
mental solitons at 1,550 nm was designed by scientists from Russia and
England [12]. Today, much progress has been made. Terrestrial DWDM
transmissions with 1.6 Tbps capacity at 50-GHz channel spacing in 8 THz =
64 nm that could be error-free over at least 5,000 km are being tested [13].
DWDM systems with few Tbps are becoming commercially available (for
example, from Algety S. A., a French division of Corvis, Inc.).
Ultra-long-distance WDM solitons using broadband fiber amplifiers
were studied in several laboratories (an early work is reported in [14]). It was
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proposed almost 20 years ago to use the flux of nondispersive solitons, [15,
16], with loss compensated by the Raman gain obtained by periodic injec-
tion of continuous wave (CW) pump power to obtain an ultra-long-distance
high bit rate for all optical transmissions (50 ps solitons over more than
6,000 km in 1989 [17]). This technique is now widely used. In 1992, error-
free soliton transmission over more than 11,000 km at 10 Gbps in WDM at
1,555.32 and 1,555.68 nm was demonstrated [18]. It was shown, [19, 20],
that with uniformly canceled loss, solitons with different wavelengths emerge
from mutual collisions without modification. The collision length L. is
defined as the distance the solitons of different channels traveling in the fiber
overtake and pass through each other (the overlap is defined to begin and end
at the half power point). With ordinary solitons: L. = 2t/D A4 where AA is
the distance between the wavelengths of two colliding solitons, 7 is the pulse
full widths at half-maximum (FWHM), and D the fiber dispersion [21, 22].
With 0.8-nm spacing, D = 0.5 ps/nm.km, 7 = 18 ps this gives L., = 90 km.
In lossless and unperturbed conditions, the only result after collision is a time
displacement ¢ between solitons of different frequencies ¥ and v + v such
that 0#=+0.1786 1/t (Av)?, where 7 is the FWHM pulse intensity. The cor-
responding maximum frequency shift during the collision is dv = +0.105/
Av [22]. On the other hand, in the case of variations in loss and dispersion, a
net frequency shift and associated time displacement result from the soliton
collision. A perturbation length Z, being defined as the amplification period
itself or being applied to other perturbations such as dispersion, and a colli-
sion length L, corresponding to the overlap segment limited at half-power,
Mollenauer, et al. showed that if Z, = 2 L,, the collision-induced permanent
frequency shifts of the solitons leading to large timing shifts at the end of the
transmission link are negligible.

From L.=27/D AZ, this sets a maximum allowable AA such as: AA =
/D L,.

In the practical case of 9,000 km, L, = 40 km, dispersion =
1 ps/(nm [km), 7 = 50 ps at 4 Gbps at each frequency, L. = 930 km,
A 0O1.55 um, Av =146 GHz (1.17 nm) [21]. If Aty = £7.5 ps is set, this
corresponds to a spacing between channels limited to 0.3 < A4 < 1.2 nm.
However, a frequency-dependent gain obtained, for instance, with disper-
sion-shifted distributed Er”-doped fibers may be used to compensate for the
soliton frequency shift [23].

From another point of view, limitations in the transmission capacity
of soliton-based communications using both dispersion-shifted fibers (DSF)
and normal fibers are examined in [24]. This study is not specific to WDM
systems. In the best case, corresponding to DSF fibers, loss limitation and
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collision limitation on distance are, respectively, 50 and 24 km at 50 Gbps. It
was shown that “the main advantage of soliton transmission is not that it
removes the dispersion effects, but rather a technique to combat the ills of
self- and cross-phase modulation (XPM) that prevents multichannel opera-
tion in linear systems” [24]. However, with the techniques of dispersion
management available now, perhaps this needs to be reexamined.

In soliton transmission it is necessary to keep enough time separation
between successive solitons (typically five to six times the pulse width). For
channel capacity, this is a relatively inefficient use of time. In order to
enhance the transmission efficiency, it was proposed to add polarization or

amplitude multiplexing to WDM [25].

293 Frequency-Guiding Filtering

The use of optical filters periodically spaced along the transmission line (typi-
cally one for each amplifier) allows for a significant reduction in both ampli-
tude and time jitter [26, 27].

In the sliding frequency filtering, a gradual shift of the wavelength is
applied on successive filters along the line. The solitons automatically follow
the small wavelength shift. This filtering also reduces the noise growth. With
wavelength periodic filters such as low-finesse Fabry-Perot (FP) filters the fil-
tering is compatible with WIDM transmission as it can be applied simultane-
ously to all channels. The frequency, time, and amplitude jitter is reduced on
all channels.

29.4 Dispersion-Managed Solitons

In this technique, the absolute value of the dispersion D is made locally high,
periodically positive and negative along the path in order to get a low-average
value of D [28, 29]. This provides an efficient suppression of four-wave
mixing (FWM), see the chapter on nonlinearity) with a Gordon-Haus jitter
acceptably small. In WDM the average value of D must remain nearly con-
stant in the wavelength range. Average values of D with zero slope (average
0DIOA = 0) are necessary. This can be obtained with the use of one standard
fiber and two special fibers along each span. The pulse width (maximized
locally when the local value of D is increased) needs to be small enough to
avoid adjacent-pulse interaction. Dispersion-slope compensation was proven
to be necessary for high-capacity WDM systems (80 to 160 Gbps) [30].
Dispersion management allows single-channel 40-Gbps transmission and
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multichannel Tbps submarine and long-haul terrestrial transmissions (see,
for instance [31-33]).

2.9.5 Conclusion

The interest in soliton transmission comes in part from its compatibility
with WDM transmission, and its important feature of being resilient, to
some extent, to polarization-mode dispersion and to self- and cross-phase
modulation. Filtering and dispersion-management techniques open the way
to very-high capacities over transoceanic distances.

(10]
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Dense WDM and Demultiplexers

3.1 Passive Components: The Current Available Choice

3.1.1 Dense WDMs Are Making Optical Network Design Practical

High density wavelength division multiplexing (HDWDM), typically
32 channels at 100-GHz spacing, is widely used in telecommunication opti-
cal networks. The commercial availability of very high density wavelength
division multiplexing (VHDWDM), typically 96 channels, 50-GHz spacing
was announced in 2000 (Figure 3.1). The feasibility of a switchless network
at a national scale with 800 wavelengths with a spacing down to a few

Figure 3.1 96 channels, 50-GHz-spacing, athermal dense multiplexer WDM. (Source:
HighWave Optical Technologies.)

19
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gigahertz is now being studied within a new European research program
called ACTS 3rd, SONATA.

Why is there such an explosive growth rate? WDMSs multiply network
capacity at affordable costs and provide unmatched possibilities for optical
routing and optical switching. WDMs also provide signal transparency
and large network design flexibility. Some years ago, bit rates of a few Gbps,
available on SM fibers without optical multiplexing, seemed to be more ade-
quate. However, they failed to meet the needs of the new multimedia
communications appearing now. Today, networks need to deal with the
Terabits/s rates required by growing needs for computer networking through
private links, TV and HDTV broadcasting, Internet data communications,
and video conference on the public networks. Increasing volumes of signals
have to be transmitted, switched, processed, and exchanged through the dif-
ferent nodes of multi-Gbps optical systems.

It would be interesting to try to guess how much bandwidth would be
necessary to get as much information as is available with the naked eye! Our
eyes have more than 200 million rods and cones that encode images with
multilevel contrast, in depth and color in a form that can be used by our
brain at a rate larger than 25 per second! This means 2*200 000 000LBLB[2
= 2.310" bps, 2,300 Gbps! Considering that images can be transmitted
today at only a few hundred Mbps, with advanced multiplexed-broadcasting
fiber networks we know that some progress is still necessary.

3.1.2 DWDM Component Technologies
For WDM passive components, there are a number of technologies available
with different cost and performance profiles. The main options are:

* Integrated optics arrayed waveguide gratings (AWG);

* Integrated optics concave gratings (CG);

* Fiber Bragg gratings (FBG);

* 3D optics filters (OF);

* 3D optics gratings (OG);

¢ Cascaded Mach-Zehnders;

e Other devices.
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32 AWG

3.2.1 Earlier Research

In 1988, a new “focusing and dispersive planar component based on an opti-
cal phased array” was proposed by Smit [1]. It was named analogously with
the radio frequency phased-array antenna. (Today several different names are
used for this component: phasar, phased array, or AWG. The latter is used
more often.) The idea was to design an optical phase distribution similar to
distributions used in radar and known to produce narrow beams by interfer-
ence of elementary equispaced sources with constant dephasing from one to
another. Several teams contributed to these devices very early on [1-9].
Among them, Takahashi, et al. [4] proposed to increase the optical path
difference between “diffracting” elements using the waveguide structure
shown in Figure 3.2. Soon Dragone showed how to design N X N arrayed
waveguide multiplexers with a planar arrangement of two star couplers

[5-71.

3.22 Principles of AWG

The phase difference between two adjacent paths in the waveguide array
of Figure 3.3 is constant. If 7, is the waveguide index, 4, is the wavelength
in vacuum, and AL is the difference of length between two adjacent
waveguides, then the phase difference is:

Dp =2nn ALIA,

::& L persd
Fiber u — d
Collimator Iens/

Cylindrical lens

TV camera

Figure 3.2 AWG with an increased optical path difference between diffracting elements
for nanometric resolution. (Source: Takahashi, et al. [4].) The length differ-
ence between adjacent channels is: AL = 2(D-d). Transmission occurs for
wavelengths such that n, A L+ nd sind = mi.
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Figure 3.3 AWG principle A.

We get constructive interference and hence maximum transmission when
Ap = m 27 (where m is an integer, the so-called diffraction order) on the axis
of the coupling slab (Figure 3.4) for:

Ao =nDLIm 3.1)

Waveguide array

Star Star
coupler coupler
A
> S
In i Ay
put fibers P
Ouput fibers

>

Figure 3.4 AWG principle B.
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For all passive devices, silica on silicon or polymer waveguides can be used.
Silica or polymers are not suitable for the design of very small devices; due to
a low optical contrast, the bending radii cannot be made smaller than several
mms without redhibitory losses. For active integrated devices, III-V mate-
rials on which radii can be much shorter (typically 500um) are generally
preferred.

3.2.3 Dispersion

For a wavelength variation dA from 4,, the optical path difference between
two adjacent waveguides varies according to:

dAL = d(mﬂ, /nc) = m(d/l/nf - (/l/nf)dn)
We then get a variation of direction of the wavefront 40:

d6 = (m/a)(d/l/n[ - (/1 In’ )a’n)
d01dA = (mla) I n, — (mia)(Ain* )(dnid 1)

(3.2)

In this equation, we can replace 7 with m = n, AL/A, given by (3.1). And at
a distance f from the waveguide grating exit we get a position shift of the
maximum: dx = f df. Then we get the dispersion at the focus of the second
slab (with an index 7)) in front of the fiber exit:

D | DA = (FAL)(n, = 4,4 (dn, 1d2))(an,A,,) (3.3)

If the distance between two adjacent fibers is Ax = D, the wavelength chan-
nel spacing is

D =an, A, DIFAL(n, = A, (dn, Id1))) (3.4)

3.24 Free-Spectral Range
We have seen that the wavelength center is 4,y = 7, AL/m. In AWG, the dif-

fraction order m is generally large (typical mean value 7= 60 on 32 channels,
100-GHz spacing AWG). For different values of 7 we get different wave-
lengths on the same channel. The minimum distance between these wave-
lengths is obtained for Am = +— 1. If we consider in a first approximation
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that 7, A, is a constant with respect to the wavelength variation around 4,
then:

mOA, + A, Am=0
For Am = %1 we get the free spectral range:
AL, =, Im (3.5)

On the same fiber we get a set of almost equidistant wavelengths separated by
A,o/m. This interval is called the free spectral range (Aygp).

Of course in the frequency domain, the corresponding free frequency
range is:

Vs =V, /m

3.25 Free Spatial Range and the Number of Available Channels

Let us define the free spatial range X gg; as the distance between two adjacent
diffraction orders 72 % 1 in the spectrum in front of the exit fibers.

From (3.1), (3.3) and (3.5) we get the free spatial range:
X isr Zlvof/(nfa) (3.6)
With a distance D between exit channels in the spectrum we can use /V

channels
with:

So the number of channels is:
N = lvof/(nSaD)

3.26 Polarization Dependency

Some polarization dependency arises from the birefringence of the
waveguides. This birefringence, depending on the material used, is high
with InP—based substrates, but lower with silica waveguides. In SiO, on Si
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waveguides, it is necessary to take into account the residual birefringence
resulting from the compressive stress caused by the different thermal expan-
sion of the silica layer and the silica substrate. The defect can be reduced
using an additional top layer of amorphous Si [8] on the SiO, upon Si
waveguides.

It was also proposed to use a half-wave plate in the center of the
waveguide array for a TE to TM mode conversion such that the birefrin-
gence effect on the polarization in the first half of each waveguide is in prin-
ciple exactly compensated in the second half [9]. However, this induces a few
decibels of additional losses.

Another solution proposed for birefringence compensation was to
match the TE to TM shift with an order shift from  to m + 1. However,
this works for a limited number of channels only.

The polarization effect can be canceled by special waveguide designs
[10] such as rectangular raised strips using “quasi-InP” (InGaAsP 4, =
1.0 um) on an InP substrate. An improved technology for eliminating
the polarization dispersion in InP phasars using a new compensating
waveguide was given in [11]. A 16-channel, 3.2 nm-wavelength-spacing
chip with losses as low as 1.3 and 1.7 dB for TE and TM polarizations,
respectively, was obtained. The polarization dispersion was smaller than
0.2 nm.

3.27 Thermal Drift

We saw that the maximum transmission in the central channel corresponds
to a wavelength:

Ay =n.DLim
Both 7.and AL vary with temperature.
A, I%,, = dn,In, +dDLIAL
dA o ldT =2, (110, )dn 1dT + (11 AL)dALIAT)
(AL)ADLIAT is the thermal expansion coefficient e.

diyoldT = A, ((Un, )dn 1dT +¢) (3.7)
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With silica waveguides:  d4,,/dT =0.012 nm/°C at 1,550 nm.
This gives in frequency: dv,,/dT =-1.5 GHz/°C.

This frequency drift is relatively important and must be controlled with
a heater or a Peltier device requiring a few watts’ power consumption. An
athermal AWG operating in the 0 to 85°C temperature range was demon-
strated [12]. The temperature dependence of the optical path in silica is com-
pensated with a triangular groove filled with silicone adhesive which has a
highly negative thermal coefficient compensating for the small positive tem-
perature coefficient of the silica. The silicone groove works as a microprism
inserted between the different silica waveguides, adding optical path propor-
tional to the original path difference along each waveguide. For an optical
path 7L (n being the index and L the distance) the variation of 7L with the
temperature T is:

(dnL)/L)] dT=-37 %107 (1/°C) for silicone adhesive
[d(nL)/L)] dT=+1x%107 (1/°C) for silica

Consequently an optical length difference AL between silica waveguides can
be compensated by a length of silicone adhesive that is 37 times smaller.

3.28 Typical Values

More theoretical considerations and experimental results were given in [13].

For instance, for 32, 64, and 128 channels, respectively, at 100-, 50-,
and 25-GHz spacing, the author gives the following values: same path differ-
ence and diffraction order AL = 63 um and m = 59, and respectively, f =
11.35, 24.2, and 36.3 mm, number of arrayed waveguides respectively, 100,
160, and 388, crosstalk respectively, <-28, <-27 and <-16 dB.

3.29 Technical State of the Art

It is difficult to design AWG with many channels without redhibitory cross-
talks. However, cascading AWGs permit increases to the channel number
with acceptable crosstalks but with increased losses. In 1999, a component
with 320 channels at 10-GHz spacing in the 1,550-nm region was reported
[14]. It is an association of a 100-GHz-spaced AWG with 10-GHz-spaced
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subsidiary AWGs. The crosstalk was < =20 dB. In 2000, industrial AWGs
are available with up to 64 channels with 50-GHz spacing in the C band,
and up to 40 channels with 100-GHz spacing in the L band. Typical inser-
tion loss values < 5 dB and crosstalk smaller than =30 dB are claimed [15].
One of the main problems to be solved is the dispersion resulting from phase
and amplitude errors arising during manufacturing of the gratings [16].

33 FBG

3.3.1 Periodic Modulation of Index in the Fiber Core

Fiber photosensitivity was first observed in germanium-doped silica fibers by
Hill and coworkers in 1978 [17, 18]. Under long exposure of germanium-
doped fiber cores with intense 488-nm argon laser light they observed a back
reflection increasing with exposure time. With spectral measurements they
understood that this effect was due to a permanent periodic refractive index.
This “grating” effect was photoinduced along the core from a weak-standing
wave pattern coming from interference between the incident beam and its
reflection from the cleaved end of the fiber. Up to 90% reflectivity at the
exposure wavelength was obtained, corresponding to an index modula-
tion estimated to be 10~ to 107°. Later, it was shown that the index variation
depended on the square of the writing power [19] and that the effect was
rather general and could be observed on many different types of fibers. Much
larger index changes were reported. Germanium-boron codoping gave satu-
rated index changes much larger than those obtained in pure germanosilicate
(see Table 3.1). Other codopants and other fiber types were used. More prac-
tical methods of index writing were proposed. Recording from the side of the
fiber in the interference pattern of two coherent beams, or through a phase
mask allowed the recording of any period, and made reflectance at any wave-
length with predictable spectral shape possible. The sources are generally UV
lasers (e.g., 248- and 193-nm excimer lasers), or 244-nm argon lasers with
intracavity doubling. However, 157-nm F, excimer lasers give highly efficient
photosensitivity in germanosilicate fibers. Also, less efficient 334- or 351-nm
lasers have been used. New excimer krypton fluoride lasers with an unstable
resonator, exhibiting high UV output at 248 nm, ideal for Bragg grating
writing, became available in 2000. The use of an unstable resonator, on
large-volume gain media such as excimer, gives a larger spatial coherence
with a reduced divergence. However, this reduces the laser intensity to
amplified spontaneous emission ratio. A cylindrical unstable resonator gives
expansion of the beam along an axis parallel to the fiber with laser gain losses
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reduced by several orders of magnitude when compared with a spherical
unstable resonator giving an equivalent magnification. A spatial coherence
larger than 1mm was obtained [20]. Today, as well, CW frequency-doubled
ion lasers giving 500-mW CW at 244 nm are available (as claimed by the
Coherent Laser Group). They allow fast integration into either a phase mask
or holographic fiber-writing apparatus.

Hydrogenation of the fiber prior to writing and flame brushing
also enhance photosensitivity [21]. However, the long-term stability of com-
ponents made with excessive flame brushing could be an issue. Sn-Ge: SiO2
germanosilicate fibers give better photosensitivity and thermal stability than
Ge: SiO; fibers (with or without boron doping). Many of the developments
have concentrated on germanosilicate fibers (Table 3.1), but of course, pho-
tosensitivity is not restricted to them.

3.3.2 Main Properties of FBG

The light guided along the core of an SM fiber normally travels as a plane
“inhomogeneous” wave perpendicular to the axis: This corresponds to the
“single mode” of propagation. Most of the power travels in the core with a
small part corresponding to the evanescent wave that travels outside near the

Table 3.1
Photosensitivity with or Without Boron Codoping in Germanosilicate Fibers
(Writing 1 W/cm2 Doubled CW Ar Laser)

Maximum Time for
Saturated Index Reflectivity for Reflectivity to

Fiber Type Fiber An Modulation 2 mm Gratings (%) Saturate
Standard 0.005 34x107 1.2 2 hours
4 mol% Ge
High index 0.03 25x107 45 [ hours
20 mol% Ge
Reduced fiber ~ 0.01 5x 107" 78 01 hour
110 mol% Ge
Boron codoped  0.003 7x107 95 10 min
15 mol% Ge

(After: Williams, et al. [22].)
Note: An exhaustive analysis of FBG is given in [23].
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core in the cladding. This wave is perturbed by the constant index-grating
planes perpendicular to the axis (Figure 3.5). A weak reflection at each grat-
ing plane takes place. The contributions of each reflection add constructively
in the backward direction for wavelengths defined by the grating period d,
the order 7 (an integer 1, 2...). And the effective index in the core 7,:

Ay = 2n€ﬁrd/m (3.8)
From coupled mode theory [19] the reflection R(4,) at the maximum is:
R(@4,1) = tanh® (QL) where L is the grating length and Q = Az M,/A.

M, is the fraction of mode power in the core. For constant parameters along
the grating, and without saturated reflection, the spectrum is a sinc func-
tion of A: We get a Fourier transform relationship between L and 4. When
L becomes larger the spectral width of the reflection becomes smaller. The
FWHM (function width at half maximum) [from 24] is:

802,y @20, )* + (N ] (3.9)

Where N is the number of periods and s is a parameter varying between 0.5
for weak reflections to 1 for strong reflections.
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Period d DE
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—

Figure 3.5 FBG.
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However, in case of saturated reflection, the reflection spectrum broad-
ens and becomes “flat top.” The grating period d(z) can be varied monotoni-
cally along the core, so that the Bragg wavelength A varies along the grating:

Ay(2)= Zneﬂpd(z)/m

This method is used for manufacturing WDM components with broad-
band flat-top channels. Of course, such components are more tolerant to
laser wavelength drifts.

Apodization of the reflection spectrum can be obtained by varying the
coupling along the grating, weighting the modulation amplitude. This can
be done using a phase mask [25, 26] or other solutions, which modify the
diffraction efficiency along the grating. This method is especially effective for
side mode suppression. With a particular refractive index correction (modu-
lation of the refractive index varying as a Gaussian profile along the grating
around a mean value), symmetric transmission profiles with side mode sup-
pressed are obtained [27].

Blue-side loss: Normally, a highly reflective BG filter made from a
standard SM fiber shows undesirable losses in a wavelength region a few
namometers under its Bragg wavelength. It was shown that this defect is due
to the coupling to cladding and leaky modes by diffraction of the LPO1 mode
at the boundary between core and cladding. The LPO1 mode field, that is
larger than the core, is perturbed at the interface of the grating and is limited
in the core. Different methods exist to reduce this effect. A very efficient
method is to expand the photosensitive area in an additional Ge + F-doped
inner cladding. The first experimental results of blue-side loss attenuation by
this method were reported by E. Delevaque, et al. [28]. Moreover, the mode
field diameter can be controlled as the refractive index changes with the fluo-
rine concentration. So the splicing losses between the FBG and a standard
SM fiber (G.652 or other) can be minimized to almost negligible values.

3.3.3 Different Types of Bragg Gratings

Bragg gratings are generally classified into several types:

* Type I: Grating written in classical photosensitive fibers with mod-
erate powers. They can be used in the =40°C to +80°C tempera-
ture range necessary in telecommunications but are erased at about
200°C. They have small losses.
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» Type IIA: Grating written with relatively long exposure duration.
The main cause of index variation corresponds here to glass compac-
tion. They can be used at higher temperatures. They are erased at
about 500°C.

« Type II: Grating written with single high-power pulse (>0.5 J/cm?).
They couple light into the cladding at 4 <A They can be used at
higher temperatures (800°C to 1,000°C), but their mechanical reli-
ability can sometimes be an issue.

For WDM and DWDM components type I is generally preferred. Several
gratings with different periods can be written at different places along the
fiber or superimposed at the same location, so that multiwavelength compo-
nents can be made.

3.3.4 Drift with Temperature

From derivation of (3.8) we get:

a3 y1dT = 1, (g )dn g 1T +¢) (3.10)

In which € is the thermal expansion coefficient.
With germanium-doped silica fibers:

dA 4ldT =0.014 nm/°C at 1,550 nm.
This gives in frequency:
av z1dT =-1.75 GHz/°C.

The main drift comes from the variation of index dng/dT. This drift
can be compensated by mechanical length compensation in a package made
of two materials with different thermal expansions.

3.35 Typical Specifications of Available Bragg Grating DWDM

Some typical specifications of commercially available products are given
in Table 3.2 and in Figures 3.6 and 3.7. These DWDM components are
thermally compensated. The residual wavelength shift with temperature is
smaller than 50 pm/80°C.
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Table 3.2
Typical Specifications of FBG
Specifications ITU (GHz) |50 100
—0.5 dB-bandwidth (nm) 0.15 0.3
-15 dB-bandwidth (nm) 0.4 0.5
Inband isolation (dB) 30 30
Outband isolation (dB) 25 25
Package size (mm) 62x7x95  32x7x65
(After: E. Delevaque and D. Pureur [29]).
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Figure 3.6 Typical transmission FBG 100-GHz spacing. (Source: HighWave Optical Tech-

nologies.)

3.4 Optical Multidielectric Filters

3.41 General Principles

3.4.1.1 Long-Wavelength and Short-Wavelength Pass Filters

Multidielectric filters produce a light-beam angular separation in reflecting
a given spectral range and transmitting the complementary part. These two
spectral ranges can be very large, particularly with current edge filters: long-
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Figure 3.7 Typical transmission FBG 50-GHz spacing. (Source: HighWave Optical Tech-
nologies.)

wavelength pass filter (LWPF) and short-wavelength pass filter (SWPF).
These filters consist of stacks of alternatively high (H) and low (L) index
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layers on a substrate (S). Each layer has an optical thickness such that
ne=Ay/4 in order 0 filters and ne = 31,/4 in order 1 filter. Often, stack struc-
tures (H/2 L H/2)* [30] are used and the main problem is to obtain sharp-
edge and high-reflectivity power filters (R > 99%) in a given spectral range,
and simultaneously to obtain a good transmission in the complementary
spectral range (T > 99%). If the (H/2 L H/2) elementary sequence is
rigorously repetitive, we obtain reflection curves such as those shown in
Figures 3.8 and 3.9, with oscillations on edges that can be corrected by an
admittance adaptation on the first and last few layers; unfortunately, this is
detrimental to the relative sharpness of the transmission edge.

R%‘
S(H/2,LH/2)

Order 0

ne=»1,/4

100 |

50

1 »

06 08 1 12 um

Figure 3.8 LWPF theoretical reflection curve without adaptation.

R%
A 9
S(H/2,LH/2)
100 Order 1
ne=3A,/4
50 |

09 10 11 12 13 14  15um

Figure 3.9 SWPF theoretical reflection curve without adaptation.
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In Figure 3.10, LWPF theoretical and experimental transmission
curves (31 layers), in the “first window” for 0.82/0.85 um separation, of
a filter consisting of a stack of modified thickness layers are presented. In
Figure 3.11, the same curves and the theoretical curve of an equivalent filter
with nonmodified layers are shown for 1.3/1.5 ym separation.

T%

A
00f |

«— Experimental
Theoretical
50
1 1 1 1 |;
08 10 12 1.4 m

Figure 3.10 LWPF theoretical, and experimental, curves (H/2 L H/2)'® with adaptation.
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(H2,LH/2)° 0.95]S
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Theoretical
25
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Figure 3.11 1.3/1.5 um filter transmission curves, theoretical without adaptation, theo-
retical with adaptation, experimental with adaptation.



36 DWDM Fundamentals, Components, and Applications

The manufacturing of SWPF is more delicate, as order 1 filters
(ne = 3 A¢/4) with corrected entrance and exit layers are again required, and,
consequently, the total coating is thicker. In any case, stringent control rules
must be applied with longer deposition durations in the SWPF case. In prac-
tice, a spectral separation, AA = 0,02 A between channels can be obtained,
but to take into account possible manufacturing defects, we prefer to recom-
mend a larger spectral separation, A4 > 0,05 A. It must also be pointed out
that the thermal stability of traditional filters is 2 X 107 to 10™' nm/°C (for
enhanced performance see below).

3.4.1.2 Narrow Bandpass Filters

For multichannel dense WDM, a third filter type is often used in devices in
which the multiplexing (or demultiplexing) is carried out through successive
injections (or extractions) by transmission of a thin spectral band and reflec-
tion of the complementary spectral domain. It consists of multiple cavity
filters used as bandpass filters (BPF). In Figure 3.12, theoretical and experi-
mental reflection curves obtained with a stack of 23 layers and 3 cavities with
TiO, and SiO,, respectively, high and low index layers are shown [30-33].
Using more cavities allows a dramatic bandpass narrowing that is necessary
for dense multiplexing. The bandpass width is reproducible within few
percentages (10% to 20% difference is typical between different batch-
processings; however, a better specification can be obtained at higher cost).

A
R %
100

75
50

25

Figure 3.12 Theoretical and experimental curves of a 23-layer multicavity BP filter (high
index 2.45, low index 1.47, substrate index 1.563).
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The center wavelength is also quite sensitive to process parameters but can be
adjusted later, if necessary, with a change of the incidence angle. The wave-
length shifts almost linearly at low incidence angles.

3.42 Materials and Processes for Enhanced Performances

Conventional filters are manufactured with Zinc sulfide (ZnS) or Zinc selen-
ide (ZnSe) and cryolite. However, these coatings are hygroscopic and they
must be protected from the environment with an epoxy housing. They are
relatively cheap, as the manufacturing is easy. The evaporation can be made
from simple filament-heated crucible sources. But they suffer from poor tem-
perature stability and low transmission. They need to be used with Peltier
thermal housing or other temperature controllers adding cost, size, and
power requirements. For ZnS/cryolithe made with a conventional thermal
evaporation the thermal drift is about 20 pm/°C.

Of course this is not fully compatible with adequate DWDM devices.
Metal oxides (“hard coatings”) have much improved temperature stability.
They are generally evaporated in vacuum chambers through an electron-
beam gun heating. But the evaporated films generally grow in columns corre-
sponding to porous and stressy films. These coatings are very sensitive to
humidity-inducing wavelength shifts. New methods such as ion beam
sputtering, reactive ion plating, and MicroPlasma (Corning OCA patented
method [34]) produce a tightly packed structure preventing water from
entering the metal oxide layers.

The theoretical thermal shift is:

A = /1[8 + (l/ndn)/dT]AT

Typical temperature dependence of ion-assisted deposited coating at
1.5 um is less than 0.003 nm/°C. This corresponds to a lower than 0.3-nm
drift in a =20°C to +80°C operating temperature range [35].

Very sharp cut-off characteristics can be obtained adding a feedback
route to the resonators [36]. It is desirable to get flat passband and wide
stop-band of such multi-FP filters. This can be done by adjustment of
the different cavity lengths: Using this technique, a 4-THz stop-band and
28-GHz passband was claimed in the 1,550-nm wavelength region by
H. Furuta, et al. [37]. Stop-band could be further expanded by using optical
directional coupler type multiresonators [38].
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3.43 Practical Narrow Bandpass Filters DWDM

Among others, typical results for DWDM using filters with up to 150
quarter-wavelength layers and up to 9 optical cavities on practical micro-
optics devices were reported in [39]. The typical performance of a com-
ponent with 16 channels, 100-GHz spacing was: bandwidth at =0.5 dB =
0.22 nm, insertion loss < 6 dB, isolation between adjacent channels =22 dB,
PDL < 0.3 dB, temperature range 0°C to 50°C. On commercially available
8 channels, 200-GHz products, typical specifications could be for example:
bandwidth at —0.5 dB = 0.5 nm, insertion loss < 4 dB, isolation between
adjacent channels: 2 25 dB, PDL: 0.1 dB, temperature range: 0°C to —65°C.
Narrow filters for a few 50-GHz-spacing channels can be made.

3.5 Diffraction Gratings

3.5.1 Introduction

Wavelength division multiplexers using filters cannot be used when the
number of channels is too high or when the wavelengths are too close. The
main advantage of the grating is the simultaneous diffraction of all wave-
lengths, so that it is possible to construct simple devices with a large number
of channels.

A diffraction grating [40—49] is an optical surface, which transmits or
reflects light and on which a large number of grooves N, (several tens to sev-
eral thousands per millimeter) are ruled by a diamond tool or obtained by
holographic photoetching. The grating has the property of diffracting light
in a direction related to its wavelength (Figure 3.13). Hence an incident
beam with several wavelengths is angularly separated in different direc-
tions. Conversely, several wavelengths 4, 45, ... 4, coming from different
directions can be combined in the same direction. The diffraction angle
depends on the groove spacing and on the incidence angle.

In Figure 3.14, let us consider a transparent and equidistant slit array
and an incident plane wave at an angle with the perpendicular to the grating.
Each slit diffracts light in transmission. The optical path difference disper-
sion and resolution are given in Table 3.3.

In the direction &', measured from the perpendicular to the grating,
the waves coming from the different slits are in phase if the path difference
Ao between the successive optical paths (L; My) (L, M,) is:

A, =d(sina +sina') = kA (3.11)
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Table 3.3
Order Position—Dispersion—Grating Resolution

Periodicity: d

Optical path difference:

Ay =d(sina +sine’) =kA
do! k

Dispersion: —- =
dA  dcosa’

Resolution: Rs = kN,

Ay Ay g
Grating

Figure 3.13 Principle of multiplexing by diffraction on an optical grating: Wavelengths
A Ay, A5 coming from different directions are diffracted in the same direc-
tion into a single transmission fiber.

Ay=AB+CD

Figure 3.14 Calculation of the diffraction order angles.
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k is an integer, A is the wavelength, and d the distance between two successive
slits. #= 0 corresponds to direct transmission, #= %1 corresponds to the first
diffraction orders on each side of the direct transmission.

It is easily demonstrated that the angular dispersion, corresponding to
the wavelength variation is:

da’ _ k.
dA  dcosa’

Consequently, the wavelengths can be angularly separated. The limit corre-
sponds to the angular width of the diffraction of the whole surface of the
grating projected in the &' direction. One can show that the maximum reso-
lution that can be obtained is:

A
Rsmax=ﬂ=/eNo

Where NV, is the total number of grooves. IV, is usually very large; hence very
small distances between channels can be obtained. In practice, spacing of
0.5 nm between channels has been obtained with grating multiplexers but
the theoretical limit is far from being reached. In spectroscopy, resolution
AldA =0.5 x 10° are now standard with commonly used reflection gratings.

The reflection grating case is described in Figure 3.15. If the index out-
side the grating is n, the former law becomes:

nd(sina +sina') = kA

\+

R Y
N\ T\
-—

Figure 3.15 Diffraction plane grating.
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In which d is the periodic distance between the grooves and a/a’ the inci-
dent/diffracted angles measured from the perpendicular N to the mean grat-
ing surface.

3.5.2 Efficiency Versus Wavelength
The groove shape allows the concentration of the diffracted energy in a given

spectral range: The grating is then said to be “blazed.”

3.5.2.1 Plane Reflection Grating Study

N: Perpendicular to the mean grating surface;
M: Perpendicular to the facet;

a: Incident angle (from N);

a': Diffracted angle (from N);

i: Incident angle (from M);

i": Diffraction angle (from M);

d: Groove spacing;

y: Blaze angle.

A. Case in Which the Groove Spacing is Much Larger Than the Wavelength and
with Small Angles, Scalar Approximation

We will use a small angle approximation for &, &' and y and assume that the
number of grooves is large enough to have an angular width of the diffraction
by the total grating surface much smaller than the angular width of the dif-
fraction by a facet.

We will get rough results, but this analysis is a very useful starting point.

Let us mention that the diffracted energy is maximum in the direction
corresponding to a reflexion on each grating facet (i.e., when 7=7").

From the relations i=a —y and 7' =a' —, we get the blaze angle value

ata'
2

This y angle determines the shape of the diamond to be used for the
ruling of the grating master.
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The grating relation, d(sin & + sin @') = kA becomes:
2dsiny cos (0!—20!) = kA

For reflection gratings, the blaze angle is generally calculated in the Littrow
conditions, in which @ = a’, corresponding to an incident and exit beam in
the same direction.

In the first order and Littrow condition:

j’1 blazed = 2d Sin y
Withaza':

(@-a’) _
2

~ ““1Blazed

2dsiny cos

In the second order and Littrow condition:
2.2 = d Sin y

In the order £ and Littrow condition:

2d

=—siny

A

Each facet of the plane grating gives a diffraction phenomenon that is charac-
terized by the distributed amplitude A:

sin Zd (sinz +sinz")

A=A,

n—d sinZ +sinz’
A

For A=41 i’ the blaze wavelength, the intensity is maximum and

equal to:
Le=(4:)
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Let us calculate the ratio:

7, OO
— =000
1, 040

Which represents the spectral distribution of the diffracted intensities. The
intensity Z corresponding to the wavelength 4 is:

O 0 n&lgmﬂ
Ginlkr ——07
o O A O
I, =1
» e &, O
O kt-—° O
= H

For each wavelength @ =¢a’, k is the diffracted order considered at 4, §
is the diffracted order for which the grating is blazed at the wavelength A;.
Figure 3.16 shows the spectral distribution of the diffracted energy in the
first order from a grating blazed in the first order (4 s 1)

B. General Case

With gratings having a small groove spacing (d = a few 4 or less), the results
of section A are no longer valid. Anomalies appear in the efficiency curves
and the spectral distribution of the diffracted energy depends on the

Ly 4
’I =

>

Figure 3.16 First-order Echelette grating efficiency (approximation of small blaze angle).
(Normalized abscissa 4,/1.)
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polarization. The formula 4, ;. = 2 dsiny is no longer valid. The maximum
efficiency with unpolarized incident light is lower than 4, given by this for-
mula. The corresponding curves were fully calculated from Maxwell’s equa-
tions (M. Petit, thesis, Faculté d’Orsay, France, 1966 and [41]). These curves
give the efficiencies of perfectly conducting sinusoidal gratings (Figure 3.17)
or perfectly conducting triangular profile gratings (Figure 3.18).

1 A B e et T
m=0.05 h/d=0.10

—— TM polarization
------- TE polarization

JANVARVANVA

| =
i »

VARV

d

Figure 3.17 Efficiencies as function of the ratio A/d of sinusoidal profile reflexion grat-
ings with different depths. Electromagnetic theory [41] of perfect
conductors.
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Figure 3.18 Efficiencies versus wavelength/spacing ratio A/d for different blaze-angle

triangular profiles y between 5° and 25°. Electromagnetic theory [41].

3.5.2.2 Transmission Grating Study

The grating grooves are transferred onto a resin coating on a blank glass with

both faces polished within a quarter of a fringe. The grooves can be consid-
ered as a set of small diffracting prisms.

Let us consider:

n resin index;

y facet angle;

d grating period (see Figure 3.19).
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Y
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Figure 3.19 Transmission grating.

A. Gratings with Groove Spacing Much Larger Than One Wavelength and Small
Blaze Angle (Scalar Approximation)

When the incident light is perpendicular to the blank (Figure 3.19), the blaze

wavelength A is given by the formula:
A, =d(n=1)siny (3.12)

B. General Case

Here again, it is necessary to use the electromagnetic theory to obtain the
correct efficiency value. However, it can be demonstrated that one can
obtain 100% efficiency by using the formula given above, with a metallic
coating on the small facet of the grooves. This is obtained with an electro-
magpnetic field perpendicular to the conductive facet [45].

3.5.2.3 Concave Grating Study

CGs are generally used in reflection; therefore, their blaze angles are calcu-
lated like those of plane reflexion gratings. Within the scalar theory, the blaze
angle of such gratings has to be changed continuously in order to keep them
perpendicular to each facet, bisector of ABC, the angle between incident and
diffracted order 1, at all locations of B on the grating surface (Figure 3.20).
However, this is not usually necessary, and, in most cases, it is the angle
between each facet and the plane tangent at the center P that is kept
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x >

Figure 3.20 Concave grating.

constant. However, on ruled or holographic gratings, a profile variation with
surface location can be obtained by variable incidence ion etching. On classi-
cally ruled gratings, one can rule three or four zones with a constant but opti-
mized angle, and with a corresponding loss of resolution, in cases in which
the efficiency variation would be too large from the center to the edge. The
resolution of such a grating ruled in three parts will be at least three times
less than that of the same grating ruled as a single part, but, in most cases, it
will have an efficiency approximately equal to the efficiency of the equivalent
plane grating [46].

The possibility of controlling the focal properties of CGs by a proper
distribution of the grooves has been known for a long time. This can be done
on computerized ruling engines. However, this is more easily obtained with
holographic techniques. During the last 25 years, holographic gratings have
evolved drastically. They are capable of stigmatic imaging without the need
for auxiliary focusing optics. Ion etching provides a means of blazing and
optimizing these gratings. Following production of the holographic master,
which has pseudosinusoidal groove profiles, the grating is then used as a
mask subjected to an argon laser beam to remove surface atoms until the
groove structure presented by the surface hologram is brought into the sub-
strate itself. To “shape” the grooves, the angle of incidence of the ions to
the substrate can be adjusted to produce triangular blazed-grating profiles.
High efficiencies have been achieved with concave aberration-corrected holo-
graphic gratings [47]. Typically 60% to 80% efficiencies and subnanometer
wavelength resolution from 1,500 to 1,560 nm on all single-mode concave
holographic grating tunable demultiplexers are obtainable.
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3.5.2.4 Practical Efficiency

With echelette gratings such as that of Figures 3.21 and 3.22, practically
85% to 90% efficiency with unpolarized incident light is obtained at the
blaze wavelength. Polarization by the grating remains small if the blaze angle
is small enough (here [5% on several tens of nanometers). This efficiency is
increased by multidielectric coatings [48].

3.5.3 Bandwidth of Grating Devices
3.5.3.1 Devices with Input and Output SM Fibers

For the theoretical analysis, we use the general case of Figure 3.23; we calcu-
late the transmission function from the entrance fiber F, towards the exit
fiber F,.

Let us consider a fiber F; with a polished end-face in the plane xy per-
pendicular to the direction zz" axis of the fiber. The focal plane of an optical
system L, is on the xy plane. The end-face of F, is imaged in the focal plane of
L, x'y', which contains the polished end-face of the fiber F, after an angular
dispersion by disperser R (generally a grating). xyz and x"y'z" are local right-
angled trihedrals.

* We will calculate the energy transmitted through F; as a function of

the wavelength 4 of the light delivered by L.

Absolute efficiency

% A
100 — ™
50
1 [ Ly
1,500 1,520 1,540 1,560 nm

Figure 3.21 Transverse electric (TE) and transverse magnetic (TM) efficiencies mea-
sured on a small blaze-angle grating.
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Figure 3.22 Grating profile, tunnel microscope view.
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Figure 3.23 Theoretical device.

* We assume hereafter that the magnification of the optical system is
1 and that the couple L; and L, is afocal. As a matter of fact, that
condition is necessary to avoid a coupling loss. (An afocal coupling
with a unit magnification keeps an identity between entrance
and exit angles. This is the case with the Stimax configuration [see
Figure 3.36], but this is not always verified with other configurations.)

We show what happens in the plane x'y’ on Figures 3.24 and 3.25.
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~<\

Figure 3.24 Transmission in the exit plane, general case.

ds=dx' dy'

Figure 3.25 Transmission in the exit plane, SM fiber.

The function A(x'y"), limited to S;, corresponds to the incident amplitude
in the plane x'y". The function T(x'y") limited to S,, corresponds to the
amplitude transmission function of the fiber F,. Therefore, the amplitude ZA
induced in F, for an elementary spectral width 44 will be:

dA = Ax'y' )T (x'y")dA
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When 4 varies, the function A is translated in the plane x'y".
If we assume that the dispersion is linear along x':

A=4,=alx"-x})
This is only an approximation in which the sine of the diffraction angle is

approximated to the angle, for small angles.
The flux F is the squared modulus of the correlation of A with T:

=I[LAG =000 ) T (v )

Let us assume that, in the Gaussian approximation, with a mode radius o,
corresponding to the half width of the amplitude distribution A at 1/e:

o' O

A=exp— -0
[,
With

7‘12 :x12 +}/12

2

o DCIZ )/12 D X’_X')z +y12 |:| ' ’

F=K([ PO 3 o' dy

w, 0 g W, g

From which:

W) 12 o Dx'z A Y 0
KJ’ CXP[‘ILW)’J- exp[q zEFXPgX ,fO) [’
0% o O 3

It can be seen that only the second integral depends on x'. Its direct calcula-
tion is relatively easy. But it is easier to consider this second integral as an
autocorrelation function:

x'2 0 Ox'?

@XPBTHD CXPET% =[¢() D¢,
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It is well known that, £(x) being a function and f (u) being its Fourier trans-
form, the Fourier transform of the function g(x) = £ (x/a) isg(u) =1al f (au)
(“dilation” theorem), then:

glx)= f(x' 1 w)) = exp- ﬁ%g

and

fle)=e

As the Fourier transform of exp (-J‘Ex'z) is f (w) = exp(—n u ) the Fourier
transform of g(x') is:

-7 oy’

HOERNETY

In the case of symmetrical functions, the correlation and the convolution
are identical. Moreover, it is known that the Fourier transform of the auto-
convolution product of a function g(x") is the squared modulus of the Fou-
rier transform of that function:

TF[g(+") 0 g(x)] =[g()f
‘g(u)‘z =aw!’ exp(—2n w,’ 2) W)’ exp— (tha) u)

Then, if we go back to the initial function through an inverse Fourier
transform:

[0 g()] = 77 = [ g |

and if we use again the dilation theorem on the inverse Fourier transform,
we get:

[e) 0 e)] = w2 5
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or:

F = kexp— ﬁ%ﬁ
0

Thus, the intensity transmission function F (/1) is identical to the function
representing the amplitude distribution A (x") when the two functions are
drawn on the same graph using abscissas (ﬂ. -4, )/a for F (/1) and (x' - x('))
for A (x") (Figure 3.26).

The total width at half maximum of F is:

20 \1n2 =1,6651w),

3.5.3.2 Devices with an SM Entrance Fiber and an Exit Slit or a Diode
Array with Rectangular Pixels

Let us consider Figures 3.27 and 3.28. We assume that the coupling device is
similar to that of Figure 3.23, but an exit slit is placed at x' =0, y' =0, the
height of the slit being parallel to the grating grooves and y'.

We assume that the transmission P (x', y') is uniform and equal to 1
inside the slit, which is considered to have a height much larger than the fiber
core diameter, corresponding to an intensity distribution I (x', y ').

The elementary intensity &1 transmitted through the slit for an elemen-
tary spectral width 44 will be:

dl =I(x',y')T(x',y')dl

AAat05h

»
'

0 10 20 um

Figure 3.26 Transmission versus distance between the exit fiber center and the
entrance fiber image center.
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I(x',y')

\4 Tix', y')

>

Figure 3.27 Exit slit and image of the entrance fiber in the exit plane.
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[ €—— ¢ —P] Entrance fiber image

Figure 3.28 Notations in the exit plane.

As above, when A varies,  is translated nearly linearly (same approximation as
in Section 3.4.3.1). The transmitted flux is the modulus of the correlation of

I with T:
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F= KJ]'I(x' —x('),y')T(x',y')dx'dy'
F=10T

The intensity distribution in the image (assumed perfect) of the SM fiber
end-face is:

2
2r
12
0

I=1,exp—

The double integral can be decomposed into simple integrals on 7. Those
integrals can be calculated using the Simpson method. We used only 11 ele-
ments, which correspond to a precision better than the measurement pre-
cision coming from experimental uncertainties. The maximum integration
radius is 20 um. We used slit widths of 5, 10, 12, 14, and 20 um. Only for
e =5 um, is the integration method slightly different, and hence more pre-
cise. The results are given on the curves in Figure 3.29 for e = 5, 10, 12, and
20 um, Figure 3.30, and Figure 3.31 for e = 10, 12, and 14 ytm compared to
the results obtained with devices using input and output SM fibers.
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Figure 3.29 Intensity transmission functions. SM fiber to exit slit. SM fiber, mode radius
wq=4,573 um in slit F, slit width: e.
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Transmission

Single-mode to single-mode (w0 = 4.573 um)

Single-mode to slit 10 um -
Single-mode to slit 12 um —,:'),'

Single-mode to slit 14 um >

.
’
.
.
I

A

Figure 3.30 Intensity transmission functions. SM fiber in, exit slit. SM fiber, mode radius
wy=4,573 um in an identical SM fiber and in slits with width e.

A 10um

A
w, =457 um

12um
w, =457 um

Intensity in the entrance fiber: | =10 exp

10" at12um
0
A SMto SM
wy=4.57 um
0 5 0

2
Wy

Figure 3.31 Comparison of intensity transmission function of an SM fiber with a mode
radius wy = 4,573 um, through another SM fiber with a mode radius w,, or
through exit slits with different widths: 10 um, 12 um, 14 um, 20 zem.
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3.5.3.3 Devices with an SM Entrance Fiber and Multimode Step Index
Exit Fibers

We consider that a multimode fiber with a numerical aperture that is always
larger than the numerical aperture of the SM fiber collects all the available
intensity in its core having a radius R, (Figure 3.32). The integration is lim-
ited to a domain of radius R, much larger than w| but with R, < R,.

Let us consider an elementary surface ds = 2a rdr. We must identify
four cases:

1) x,>R +R, F=0
2) R <x! <R +R,
F :J’x’_R1 2r expﬁ_zfrjﬁr‘lrm:ﬁu%ﬂ
= W, 2rx,
3) R, -R, <x! <R,

R O0-2-* 0 0 +x =R’ O
F= N 2rexprArcosWBch
u 2(R1 +x('))2 [

: - °7
2§CXPD w,’ %

exp (-2 rz/wn’z)

Figure 3.32 Multimode fiber core intercepting an SM fiber intensity distribution.
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4) xy<R —-R,

o) O 0 2R; (I

0

Fergrery

12
(1)0

We calculated these functions for the different cases (see Figure 3.33).

3.5.3.4 Devices with an SM Entrance Fiber and Multimode Graded Index
Exit Fibers

A similar mathematical development leads to the following transmission

curves (see Figure 3.34 and Table 3.4):

F

0 30 60 90 120 um

Figure 3.33 Entrance SM fiber. Exit step index fiber. (Curve 1: Rj/w'y = 9.09, Curve 2:
R/w',=18.18, Curve 3: R,/w', = 36.36.)

Al at05h
e

Figure 3.34 SM entrance fiber and graded-index exit fiber.



Dense WDM and Demultiplexers 59

Table 3.4
Parameters of the Curves in Figure 3.34
Curve 1 2
Entrance core 8 8

Diameter in «m
Exit core 50 85
Diameter in «m

3.5.3.5 Coupling in a Device with Small Aberration

In such a case, from a point located at the center of the entrance fiber core,
the device gives an image spot that is well focused within a few micrometers.
Thus, the coupling losses are negligible in the single-mode to multimode case
(usual demultiplexer: SM - 50 X 125 um, for example) and the F function
is not modified much.

This is not true when coupling between SM fibers (multiplexer) is con-
sidered. In the entrance fiber image spot, the amplitude distribution A" is
modified by the aberrations. The new distribution A" will be the convolution
product of A by the instrumental response P of the system to an elementary
source:

A'= [ADP](X(,))

We will obtain:
2
F=k[APOA],

The calculation is generally easier when done in the exit pupil plane. It can
be demonstrated that the coupling losses remain smaller than 1 dB as long
as the sum of the different aberrations measured in the exit pupil remains

smaller than 1/3 [49].

3.5.4 Grating Micro-Optic Devices

Generally, grating multiplexers or demultiplexers consist of three main parts:
entrance and exit elements (fiber array or transmission-line fiber and emitters
or receivers), focusing optics, and dispersive grating. The grating is often a
plane grating [50-58].
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For instance, the Finke, et al. setup is very simple in principle. The
fiber array extremity is at the object focus of a ball lens, the grating being
located at the image focus. The system is afocal, with magnification 1, so that
all ray angles from and to the fibers are identical, as originally proposed for
the configuration of Figure 3.36. The authors claim 1.2- to 1.7-dB demulti-
plexer losses with four to six channels. Demultiplexers with up to 10 chan-
nels with multimode fibers were designed around such a configuration.

In 1977, another configuration was proposed by Tomlinson (Figure 3.35)
[52, 55], and it is still often used. It consists of a graded index lens placed in
front of a plane grating prism. In Europe, Mannschke obtained interesting
results with a five-channel multimode fiber demultiplexer; losses were 0.9 to
2 dB [59-60].

In 1980, we published the configuration of Figure 3.36: A fiber array is
placed in front of a slit, photo etched on a plane reflection grating, perpen-
dicular to the grooves. A concave parabolic mirror transforms the diverging
beam coming from any fiber into a parallel beam; this beam coming to
the grating is angularly dispersed back to the concave mirror and is imaged
on the fiber array extremity in a position that depends on its wavelength.
This configuration is aplanetic, afocal, and has a magnification of 1. Thus, all
angles from and to the fibers are identical, and we obtain the best conditions
for a high coupling efficiency. The achromatism is perfect and aberrations
are almost nil when the mirror is parabolic. Indeed, a spherical mirror is
often used because the aberrations remain very small. In each case, with
monochromatic sources centered on the multiplexer transmission bands,
the losses remain smaller than 2 dB and may reach 0.5 dB, as in the

Graded index lens

Grating

Figure 3.35 Multiplexer with a plane grating and a graded-index lens. (After: Tomlinson
[52-55].)
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Figure 3.36 Multiplexer using SM or multimode fibers. (After: J. P. Laude [57].)

1.54/1.56 um single-mode device of [61]. In many cases, for cost saving, a
spherical mirror with a Mangin-type aberration correction is preferred here
over the parabolic mirror solution [62]. Using two materials with identical
chromatic dispersion, the geometrical aberration can be corrected without
introducing chromatism.

The use of dedicated CGs [57, 63-65], simplifies the device. For exam-
ple, in the early Harada, et al. configuration (Figure 3.37) in which 2.6-dB
losses are reached on a four-channel multiplexer at 821.5, 841.3, 860.9, and
871 nm with 60/125 um multimode fibers. However, it is impossible to
retain aberration-free focusing over a large spectral range with such

Concave grating
300 lines/mm

850 n\rﬁ\/%ﬁ Input fiber

\ Output fibers

Perpendicular to grating
surface in the center

Radius 50 mm

90° -6

Figure 3.37 Aberration-corrected grating multiplexer. (After: [63, 65].)
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configurations. The devices from [66, 67] are also interesting multiplexer
examples from the early 1980s.

The multiplexer is always more difficult to manufacture than the
demultiplexer because the core diameters are small and the highest optical
quality is essential. This is particularly true when all SM fiber arrays are used.
For example, if a A/10 defect of spherical aberration, coma, and astigmatism
is allowed, the cumulative losses are 1 dB [49, 68]. Moreover, in order
to obtain a channel spectral width large enough, as compared with channel
spacing, the geometrical distance between fiber cores must be small. The
pass-bands are practically adjacent for a distance between fibers of 22 um
when a 11 um diameter core is used (Figure 3.38). Fibers with a small clad-
ding are necessary. This can be obtained by chemical etching of larger core
fibers. As early as 1984, Hegarty, et al. [69] manufactured a nine-channel
SM multiplexer, with a distance between fibers of 36 m. The width of each
channel was 0.2 nm at a wavelength about 1.5 ym, with 1.5 dB losses.

Figure 3.38 SM fibers at the focal plane: One 11/125 #m and two 11/20 um, fibers spaced
at 22 um. (Source: HighWave Optical Technologies.)
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In the ideal case, (zero aberration device, all SM demultiplexer, the
adjustments being assumed perfect) and in the Gaussian approximation
of the single-mode fiber electric-field description, the ratio R, between the
width at half-maximum 44 £, of the transmission functions and the spectral
distance between channels AA is

R = A .., _ L66w;,
v JAV) Ax'

(Ax" is the distance between fibers at the focus and w, is the mode radius).

On practical stigmatic DWDMs the agreement between this theoreti-
cal value and the experimental results is quite good (within a few percent-
ages) (70, 71].

In order to obtain optimized spectral pass-bands without requiring a
small distance between fiber cores (as is necessary in simple devices), differ-
ent solutions have been proposed, such as a spectral recombination within
each channel via an intermediate spectrum image, through microprisms or
through a microlens array, as in [72], in which R, = 0.7 is obtained with up
to 32 channels. However, the manufacturing cost and the additive losses of
such devices remain a drawback.

3.5.5 Thermal Drift of Grating Micro-Optic Devices

Thermal drift depends on the thermal expansion coefficients (of the different
materials and on the index variation @n/dt. For monoblock grating WDM, it
has been shown [73] that the wavelength shift is given by:

AAIA = (& + ndnldr) D

AA =12 pm/°C with silica at 1,550 nm.
For some devices using a grating in air, the thermal drift can be reduced to
about 1 pm/°C.

For monoblock grating DWDMs, the thermal expansion of the grat-
ing in silica can be compensated by a negative dn/ds of the optical block
(Figure 3.39). Let us give two typical results from the HighWave laboratory:

* On a 35 channel, 25-GHz-spacing athermal DWDM, the passive
drift was reduced down to 0.4 pm/°C. (Figure 3.40).
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Figure 3.39 High Littrow angle-grating configuration for very dense WDM.
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Figure 3.40 0G athermal DWDM transmission functions: 35 channels, 25-GHz spacing.
(Source: J. P. Laude [74].)

¢ On a 160 channel, 25-GHz-spacing athermal DWDM, built from
two individual interleaved 80 channel, 50-GHz-spacing compo-
nents shifted by 25 GHz, the passive drift was reduced to
0.35 pm/°C. (Figure 3.41 and Table 3.5).

3.6 Cascaded Mach-Zehnder Interferometers

Mach-Zehnder (MZ) devices are based on interference between two light
beams with optical path length difference #» AL between both arms. The
interferometer consists of two fibers with different lengths coupled together
at each end with a 3-dB coupler, or can be preferably built with two
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Figure 3.41 ITU 25-GHz spacing, 160-channel VD-WDM with two interleaved DWDM
units: (a) details of three adjacent channels of one DWDM unit, and (b) 160
channels of two interleaved DWDM units. Left side details three adjacent
channels of one of the interleaved units. (Source: J. P. Laude [75].)
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Table 3.5
Monoblock Grating DWDMs: Typical Data
Parameter Data Unit Notes
Number of channels 80 160 — ITU 195.600 to
191.625
Wavelength spacing 50 25 GHz =0.4nm/=0.2 nm
Insertion loss 5 8.5 dB 50-GHz/25-GHz
spacing
3-dB passband * 0.12 0.12 nm *Up 0.18 with
added loss
Crosstalk, adjacent channels <-33 <-35 dB 50-GHz/25-GHz
spacing
Polarization dependent shift <<0.1* GHz *Not measurable
Polarization dependent loss  0.7to 1 ** dB **Feasibility < 0.5 dB
Passive thermal drift <1 pm/°C  Down 0.35 pm/°C
obtained

(Source: HighWave Optical Technologies.)

waveguides and two couplers integrated on an optical chip. The wavelength
transmission functions of such devices are periodic, 90 degrees out of phase
with one another on the two branches of the exit coupler.

In the first two chips (Figure 3.42), when the length difference
between the two paths is AL, the index is 7, the transmission function is:
T(2) = cos’ (:rmAL//l).

We get a periodic filter in frequency v: 7'(v) = cos’ (m/t) where 7 is
the time difference between the 2 arms: #AL/c.

In order to get narrow bandpasses, MZ interferometers with optical
paths #AL, 2#AL, 4nAL, ... MnAL can be cascaded [76]. For M stages
we can isolate one channel among N channels with N = 2™ = 1 equidistant
channels, with a spacing Av.

The transmission function is:

O sin(JTVnALAV) ﬁ
EN 5 O
sm(NﬂV nlAL AV) 0

T(f)=

As the number of stages increases the function approximates the transmission
function of an FP filter.
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Figure 3.42 Cascaded MZ interferometers.

For simultaneously demultiplexing all N channels, the demultiplexer
would require (2™ = 1) MZ units. Therefore, the device is generally used
with few channels only, or as a tunable filter.

Following are a few examples of practical design performances. Takato,
et al. designed up to 16-channel WDM using cascaded integrated optics (10)
MZ interferometers [77]. The devices are said to have insertion losses of
approximately 0.5 dB in the WDM region (a few THz spacing) and 2 to 5
dB losses in the FDM region (a few gigahertz spacing). The same NTT team
[78, 79] designed a 128-channel DWDM device with seven-cascaded MZ, on
a 5- by 6-cm silica silicon substrate with 6.7 loss and —1-dB crosstalk.

In the ACTS European research COBNET, IBM Zurich laboratory
designed an optical add-drop subsystem with cascaded MZ elements on a
high-index-contrast silica on silicon technology based on PECVD-deposited
siliconoxynitride (SiON) allowing a small bending radius (1.5 mm). The
FWHM was 1.1 and 1.6 nm (add and drop, respectively) for a 75- mm-long,
4-channel device working at 1.6-nm spacing. The fiber to fiber losses were
5.41t0 6.8 dB, 6.0 to 7.0 dB, and 8.2 to 9.0 dB, for an input to drop path, an
input to through path, and an add to through path, respectively. The isola-
tion was 28 to 33 dB and 22 to 33 dB, for drop channel and transit channel,
respectively.

3.7 Other Devices: FBG/MZ Interferometer Devices

The idea of placing FBG inside the two arms of a Mach-Zehnder interfer-
ometer (MZI) to make a wavelength-selective coupler was first proposed in
the 1980s by a team from the Canadian Communication Research Center.
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Since then, many other groups designed such components in both fiber and
IO form [80]. In principle, these devices have less insertion loss and poten-
tial cost than FBG using circulators for wavelength extraction. A 50%
coupler splits the incoming light into the two arms of the interferometer
(Figure 3.43). In each arm an identical Bragg grating reflects one wavelength
of the incoming channels while passing all the other channels. Of course,
Bragg gratings with different periods can reflect several wavelengths. Another
coupler combines the transmitted channels. A phase shift between the two
reflected signals is such that the reflected signals are out of phase, canceled,
on the input arm of the first coupler, and added in phase in the second arm.
So the reflected signals appear on its “drop” port. The transmitted signals are
added in phase in the “through” port of the second coupler.

3.8 Methods for Broadening and Flattening the Spectral Shape of
the Transmission Channels of Grating WDM

3.8.1 Introduction

Let us consider the case of grating WDM using integrated optics (I0G):
AWGs, and CG solutions, or three-dimensional optics components (bulk
optics or aerial configurations with a classical or holographic diffraction grat-
ing). In these grating devices the spectral response is theoretically a Gaussian
function for low-loss coupling devices [73] imposing some constraints on
wavelength control. Different solutions were proposed for flattening the
spectral response of AWG: using a multimode interference coupler in the

Through
I Drop | —
1. | [
Fiber gratings
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—
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Input

\_I_H_U’ 50% couplers
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Figure 3.43 FBG/MZI.
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input waveguide [81], using two focal points in the input and output star
couplers [82], a double-phase array [83], or a phase filter on the grating [84].
The fundamental limits and conditions on the phase filters that must be real-
ized to approach rectangular passbands on AWG were derived [85]. All these
methods for broadening and flattening the passband that can be applied to
AWG as well as to IOG, bulk or aerial optics grating devices for flattening
the spectral response. They can be generalized to all grating solutions [86],
and are not only applicable to gratings but also to any WDM component
with angular dispersion of wavelengths.

3.82 Principle

In the most general case, the WDM multi/demultipler or router is the device
in Figure 3.44. We have at least one fiber F1 (the line) located at the object
plane (xy), one fiber F2 (one of the fibers supporting the different wave-
lengths) at the image plane (x'y'), a coupling device with a grating or a
wavelength disperser R located at the pupil, (@'8'). Our calculations are
made for three-dimensional devices but lead to similar conclusions for AWG
and IOG. Let us calculate the transmission function F from F1 towards F2.
Let us consider a fiber F1 with a polished end-face in the plane xy perpen-
dicular to the direction zz" axis of the fiber. The end-face of F1 is imaged on
the plane (x'y'), which contains the polished end-face of fiber F2, after
an angular dispersion on R (generally a classical grating or a phase array
grating). We will calculate the energy transmitted through F2 as a function
of the wavelength of the light delivered by L2. We assume hereafter that the
magnification is 1 and that the coupling is afocal. As a matter of fact, this
condition is necessary to avoid mode-coupling loss between identical fibers.

L, R L,

Figure 3.44 Notations: (xy) entrance plane, (¢'8) exit pupil plane, (x'y') exit plane. F1
and F2 in and out fibers.
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Let A (x y) be the incident amplitude in the x y plane, and T (x y)
be the amplitude transmission function of the exit fiber F2. Therefore, the
amplitude 4A induced in F2 for an elementary spectral width 44 will be:
dA = A(x'y' )T (x'y')dA.

When A varies, the function A (x'y') is translated in the plane x'y". If
we assume that the dispersion is linear along x: 4 =4, = a(x' - x(')) This is
only an approximation in which, for small angles, the sine of the diffraction
angle is approximated to the angle. The flux F will be the squared modulus of
the correlation of A with T, with identical fibers:

F=lkla04l,[
with SM fibers, A (x'y") and T (x'y") are Gaussian functions in a “perfect”
optical system with no limitation at the pupil, then F is a Gaussian function
of x', and then also of 4 [78].

Now we can introduce a spatial filtering in the pupil plane [86]. It can
be, for instance, a variation in the optical path. Let us suppose that the filter-
ing function is S = sinc(l_l aq '). Its Fourier transform in the image plane will

be: P (x') = 1/a Rect (x'/a). The new amplitude distribution in the image is
the convolution product ALP so we get a transmission:

F=[K[APOA] )|

F becomes a flat-top function, with the width of the top depending on .
There are no secondary lobes.

Realistically, it is very difficult to design such a filter, but the effect of S
on the Gaussian field G in the pupil can be approximated. We can manufac-
ture a filter with one or several IT phase difference zones in the plane (a'B"),
approximately simulating the effect of the first lobes of the sinc (ﬂ aa'
function (Figure 3.45) when combined with the Gaussian field in (a'8").

Preliminary good results were obtained with a pure dephasing mask
with a phase transition variation along B'. The first negative lobe being
located in the foot of the electrical field incident in the (a ',3') plane, the
amplitude of the product can be adjusted to the mean value of the first
negative lobe of sinc (rl aa'). However, the steep variation of phase in '
produces small secondary lobes in the diffraction function that gives inter-

channel crosstalk, typically =25 dB at 0.4 nm (50 GHz) and —42 dB at
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Figure 3.45 Filtering functions in the pupil plane: Sinc (l‘la(x') would be the ideal filter-
ing; however, a IT dephasing filter reproducing the sign of the ideal function
combined with incident field G already gives interesting results.
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Figure 3.46 Theoretical wavelength response with 100-GHz channel spacing with and
without IT filter.

0.8 nm (100 GHz). The theoretical curves given in Figure 3.46 give a com-
parison of transmission functions of a 100-GHz channel-spacing grating
WDM with a theoretically nonlimiting pupil, with or without the filtering. It
will be possible to modify the phase transitions further in order to get better
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results. (All these results are given for identical input and output SM fibers. Of
course, they can be dissimilar: For instance, it is always possible to manufacture a
demultiplexer with a SM fiber input and MM fiber outputs. In such a case, it is
much easier to get very flat passbands with or without a phase filter.)

3.83 Experimental Example

Let us take a 3D-WDM all-single-mode fiber device using plane reflection
grating in Littrow configuration (Stimax [61]) with 32 channels at 100-GHz
spacing with a IT phase mask with phase transitions made with a dielectric
coating, corresponding to the calculations above. On this real configuration
we also have to take into account the finite width of the pupil and the
masking effect of the lithographed window typical of this configuration.
In Figure 3.47 we compare the experimental results of devices with and with-
out the IT spatial frequency mask. Without filtering we get Gaussian func-
tions and bandwidths of 0.11 and 0.19 nm at —1 and =3 dB, respectively, to
be compared with a much flatter transmission with filtering and bandwidths
at —1 and =3 dB of 0.26 and 0.35 nm, respectively. The agreement between
theoretical and experimental results is within a few percentages. The main
differences between theory and experiment come from approximating the
electrical field amplitude as a perfect Gaussian field in our calculations, and
from the effect of the finite width of the pupil. Calculations taking into
account the real pupil give much better agreement at larger distances from
the maximum: —49 and —43 dB at 1.6 nm (200 GHz), respectively, for
theory and experiment.

3.8.4 Conclusion

In this chapter we described a method for flattening the transmission
channels of WDM components. This method gives interesting experimental
results on bulk optic devices but can also be applied to many other configura-
tions, such as IOG, in which the spatial phase modification can be applied
on the grating, or anywhere far enough from the spectral plane. Or it can be
applied on AWG, for instance, by modification of the length of the discrete
waveguides following a phase law in sinc (I_l a a’) that can be approximated
easily.
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Figure 3.47 Experimental results with 100-GHz channel spacing: (a) without a filter, (b)
with a IT filter, as in Figure 3.45.
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3.9 Comparison of the Different Solutions

3.9.1 Some Remarks

3D optics filters (OF)

OFs can be made virtually temperature insensitive (< 2 pm/°C) but have
higher and higher losses and complexity increasing with the number of chan-
nels.

Integrated optics AWG

AWG patents are awarded to large telecommunication companies. AWGs
are claimed to be excellent for very close spacing. However, they suffer from
larger losses, low free-spectral range, and relatively high crosstalk which lim-
its the practical number of channels and restricts the AWG devices to mono-
directional use. Their intrinsic thermal drift is 12 pm/°C for AWG on silica,
and an order of magnitude more with AWG on InP. Some scientific papers
show how to compensate this, lowering it to about 2 pm/°C, but these solu-
tions could be considered rather academic. The practical solution for AWG
remains the use of Peltier or other thermal stabilization.

Integrated optics concave gratings (CG)

To our knowledge there are no commercial devices available. These devices
seem to have relatively large polarization effects, large crosstalk, and large
losses.

FBG

FBG is generally preferred when just a few channels have to be extracted
along the link. A good square wavelength filter shape can be created. The
main problem is that FBG must be used with circulators or MZ couplers (as
many couplers as wavelengths are to be extracted or inserted separately) add-
ing losses and costs.

3D 0G

3D OGs have tremendous capability in a number of channels (160 and more
with bidirectionality commercially available). Small spacing such as 25 GHz
is commercially available and 5-GHz feasibility was demonstrated in 1997.
In the ACTS WOTAN research contract a 6.25-GHz spacing, 804-
wavelength router was calculated. Athermal glass components down 25-GHz
spacing are manufactured with uncontrolled drifts as low as 0.35 pm/°C
using commonly available glasses.
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These solutions are based on the traditional and mature optics technol-
ogy used to manufacture millions of diffraction-limited reliable optics at low
costs. The unique three-dimensional nature of OG is exploited for advanced
features requested by network designers such as add/drops, cross connects,
and routing devices.

3.9.2 Device Polarization Sensitivity

Critical to all devices is polarization sensitivity. It must be small, since trans-
mission lines generally do not maintain the polarization state. In I0G
devices, birefringence causes wavelength shifts: Even for the best new
germanium-doped waveguides from NTT, the birefringence remains about
10~ However, polarization compensation can be designed.

Some three-dimensional optics devices show very low birefringence
(e.g., 5 x 107 in pure silica). Consequently, the polarization mode dispersion
(PMD) can be very small and there is no wavelength shift of the channel cen-
ter with polarization. But the grating can induce polarization dispersion loss
(PDL). PDL is lower than 0.5 dB with adequate special profile gratings.
Moreover, PDL can be canceled by different means, such as a second pass on
the grating after 90 degree rotation of the electric field.

3.9.3 Conclusion

Each solution has an application domain. For a low number of channels, fil-
ter and Bragg gratings have some advantages. AWGs are useful for monodi-
rectional links. In the long run, if the AWGs can be integrated with active
optoelectronics devices, they could become one of the most competitive solu-
tions for local networks. Three-dimensional optics gratings can be used for
high quality bidirectional links. For monodirectional or bidirectional links,
three-dimensional optics gratings have virtually unlimited numbers of chan-
nels and provide the lowest crosstalk for the highest number of channels. For
low-cost mass production the problems of fiber handling, which are the same
with any solution, remain to be solved. In Table 3.6, typical performances of
DWDM components available in 2001 are given.



Table 3.6
Typical DWDM Performances in 2001

Free Polarization

Number of Channel Spacing Typical  Xtalk Spectral Sensitivity Intrinsic Temperature
Solutions Channels (nm) LossdB  dB Range nm % of A1 Drift nm/°C (typical)
AWG (NEC, NTT Electronics  Available up to 80 Down to 0.4 (But lower 61010 -25 Limited Typical 2% Si:0.0121InP: 0.1 (At
Corp., Lucent, Nortel, Pirelli, spacing already tested typical 40 research stage only: Si+
Corning, Hitachi, PIRI. ..) at research stage) organic material 0.0015

InP +Ti 0.01)

|0G. Concave Gratings Laboratory solutions ~ Down to 0.8 10to 16 -10to  Good 2% to 50% 0.1
(Siemens, IBM,..) only upto 78 =30
FBG (QPS Tech., Bragg Torafew 0.4 (But lower spacing 1 per =25 Good 0% 0.01
Photonics, lonas, Alcatel, channels available already tested in lab.) circulator
Lucent, HighWave..)
3D Optics filters (JDS Fitel,  Available up to 16 (32) Down to 0.8 1t06 -10to Good 0% 0.0005
E-Teck, Santec, OCA Corning =25
Div, Dicon, HighWave...)
3D optics grating Available up to 160 Down to 0.2 2t06 -30to High 0% Si:0.01 Si/Glass or
(HighWave, JDS Fitel, Feasibility more than (Feasibility down to =55 Typical 775 aerial: 0.0003

262 demonstrated 0.05 proved)

Photonetics.. .)
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Sources and Wavelength Converters for
DWDM

4.1 Introduction

The light sources used in DWDM are light-emitting diodes (LEDs), semi-
conductor lasers, or glass-doped lasers of different types. Some of these
sources are wavelength tunable. The emitters can be directly or externally
modulated. For high bit rates an external modulation is generally necessary.
Bit rates in excess of 40 Gbps can be obtained from a CW source followed
by an external modulator [1, 2]. Publications on external modulation are
numerous. For instance, typical examples of high-speed LINbO3 modulators
and a typical application are reported in [1, 2], respectively. But we will not
further discuss external modulation, which is outside of the scope of this
book. WDM channels can be made from well-separated spectral slices
selected in the spectrum of LEDs, superluminescent diodes, doped fiber
amplifiers, or other coherent sources. All optical processing in the future tele-
communication networks will need wavelength converters that can shift an
optical signal from one wavelength to another. In this chapter, we review the
main light sources and wavelength-converter techniques for DWDM.
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4.2 Semiconductor Lasers

421 Laser Material

In direct-bandgap semiconductors, electron and hole populations with the
same average momenta can be created by an electrical excitation. They can
generate light in the recombination of the electrons and holes. “Compound
semiconductors” with two or more elements in a crystalline structure equiva-
lent to the structure of silicon can be used. The first problem is to get a
semiconductor with large bandgap energy. A second problem is to match the
lattice constant of the atoms to that of the substrate. In the III-V material
Gallium Arsenide (GaAs) the bandgap is 1.42 Ev (Figure 4.1). This corre-
sponds to a lasing wavelength of 905 nm. Other III-V semiconductor materi-
als with Ga, In (III) and As, P (V) can be created showing other bandgaps
corresponding to the wavelengths used in telecommunication. However, the
lattice constant needs to be matched in any case to that of the substrate. In a
quaternary compound such as InGaAsP, adding phosphorus atoms raises the
bandgap but also reduces the lattice, as the atom P is smaller than the atom
As that it partly replaces. The lattice can be matched by adding “large” In
atoms replacing smaller Ga atoms.

InGaAsP/InP can provide varying bandgaps from 1.2 to 1.6 um suit-
able for transmission on silica fibers. An InP substrate is generally used.
However, a Si/InP substrate can be manufactured in specific cases. In this
process the problems of lattice-constant mismatches between Si and InP is
solved by specific methods, for instance a low temperature growth of a first
InP layer on the Si substrate followed by the growth of a thick InP layer [3].
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Figure 4.1 Bandgap energy versus lattice constant with IlI-V materials.
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42.2 Quantum Well Lasers

The main problems with past devices were related to heating. In order to
reduce the threshold current and then in order to reduce heating problems,
the gain region was made thinner. However, below a junction thickness
of about 0.2 um in the common heterostructure the threshold current no
longer decreases but increases again, due to diffraction losses in the narrow
width of the gain layer. The quantum well (QW) design, first demonstrated
in 1978 by Holonyak and now used in almost all devices, is a solution to this
problem. In a QW structure the electron-hole pairs are confined in a thin
junction region, and the photons emitted in the recombination are confined
in a thicker region. The electron-hole confinement layer(s) can be made less
than 50 nm thick, causing the bandgap to split into discrete subbands that
help to further lower the threshold, and improve gain and coherence. The
lattice-matching constraints are also relaxed with such thin layers.

In MQW lasers the threshold can be quite small (for example, a few
mA in 670-nm Galn P/AlGalnP ridge-waveguide lasers for short-range data
transmission via optical fiber [4], down to 1 mA in narrow-beam laser arrays
at 1.3 um for parallel interconnections [5]).

42.3 Quantum Dot Lasers

Quantum dot (QD) lasers [6] have extremely small physical dimensions
and low atom-like density of states associated to a strong confinement of
electrons and holes. Compared to QW lasers, they can have low threshold-
currents with weaker temperature sensitivity. The tuning range of QD lasers
can be broad making them potentially useful for WDM applications. QD
lasers with emission wavelengths of 1,300 nm and shorter wavelengths have
been reported in different places [7]. QD lasers with a continuous tuning
range from 1,400 to 1,650 nm became available recently. QD lasers are good
candidates for ultra-short pulse generation (for example, 7ps, 7 GHz in [8]).

Potentially these lasers have an ultra-low frequency chirp so they will
keep a sharp line-width at high bit rates.

In addition, an amplifier medium can be created by dispersing QDs in
an optical waveguide: In January 2001, researchers at Universita di Trento
and at Universita di Catania in Italy reported amplification with silicon
QDs in a silica matrix on silicon (for more information, see pavesi@sci-
ence.unitm.it).
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424 Edge-Emitting Semiconductor Lasers

4241 FP Lasers

The early laser diodes used FP cavities: the two mirrors of the cavity being
obtained from cleaving the external facets of the chip (Figure 4.2). In the
manufacturing process, the active strip (generally a MQW structure) needs
to be etched. The etching (generally the reactive ion etching (RIE) process) is
followed by a selective regrowth.

InP—based FP MQW lasers can obtained using an in-situ etching tech-
nique avoiding RIE that may damage the interface [9]. In this process, the
active strip of a semi-insulating-buried heterostructure laser is made using
2-chloropropane as etchant in a MOCVD reactor, followed by a selective
Fe-doped InP regrowth.

The FP devices oscillate in several longitudinal modes corresponding
to the different FP peaks of reflection located in the broad gain spectrum of
the active material. These modes are emitted in a bandwidth of about 2 nm
at half maximum. Consequently these lasers are not suitable for DWDM.
Different methods can be used to get a single-frequency (single-mode longi-
tudinal) operation, including distributed-feedback (DFB), distributed-Bragg
reflector (DBR), cleaved-coupled cavity (C%), or external wavelength selec-
tive feedback (Figure 4.3).

4242 DFB Grating Lasers

These structures were proposed in the early 1970s. The first DFB effect was
demonstrated on dye lasers. But soon the principle was applied to semicon-
ductor lasers. Today, DFB lasers are used in almost all installed DWDM net-
works. In these lasers a grating is formed along the active layer (Figure 4.4).
The wavelength at which the feedback occurs is given by the grating step. A

guiding layer transparent to the laser wavelength is grown over the grating.
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Figure 4.2 FP laser.
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Figure 4.4 Multisection tunable DFB laser for 1.5 um.

The grating coupling coefficient has a strong influence on the threshold cur-
rent, on the quantum efficiency, on the high temperature performance, on
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the analog distortion, and on the SM lasing conditions. F. Pusa, et al. have
proposed a method to extract this coefficient from measurements of the
spontaneous emission spectrum of fabricated MQW-DEFB lasers at 1.3 and
1.55 um [10].

For each wavelength such that 4 = 2a na/k (where a is the grating
period, k is an integer, and n. is the effective index in the guiding structure)
a feedback coupling through the grating is made possible. The lasing can
occur if this wavelength is within the active material gain band. In general,
for higher stability on single longitudinal-mode DFB lasers, the grating
is made of two periodic structures of identical periods with a quarter-
wavelength phase shift between the two structures. DFB lasers with this
phase shift but also using asymmetrically pitch-modulated gratings (typical
periods a = 240.5 nm and a — Aa = 240 nm) have been proposed in order to
improve the slope-efficiency [11].

DEFB lasers for DWDM with the frequencies specified on the ITU grid
in the C band are commercially available from different manufacturers.
A laser with a MQW electroabsorption (EA) modulator can be integrated
on the same chip. Such light source modules demonstrated 40 Gbps NRZ
operations [12]. They are suitable for 10-Gbps bit-rate transmissions over
40 to 100 km and for 2.5 Gbps over several hundreds of kilometers [13, 14].

A strong demand exists for L-band high-speed devices. Recently
L-band EA-modulators integrated DFB-LD covering an 8-nm wavelength
range on a single wafer were demonstrated. DWDM transmission at
10.66 Gbps per channel over 400 km was reported [15].

All DFBs developed today use variations of the QW active structure. In
[16] the authors analyze the effects of nonhomogeneous carrier distribution
in 1.55-um lasers with seven 4.5 nm, 1% strained quantum-wells in which
the top three wells are periodically etched. They show how to optimize
such a device from a trade-off between high yield and low-threshold current
density.

High-power (typically 100 mW) and high-fiber coupling efficiencies
have been obtained with DFB-MQW single longitudinal-mode lasers at
1.55 um. (See, for example, [17, 18]). A very-highpower and narrow line-
width at 1.3 um has important applications in analog cable-television broad-
casting. Power above 220 mW maintaining single-longitudinal-mode opera-
tion has been obtained with DFB-MQW ridge waveguide structures [19].

For use in metropolitan area networks and gigabit Ethernet links such a
high power is not necessary but there is an obvious demand for uncooled
devices with direct modulation at high bit rates. InGaAlAs MQW lasers with
a high SM yield at 1.3 um can be designed. For example, in [20] a DFB laser
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was designed with 10 QWs and a reversed-mesa ridge waveguide structure. It
can be modulated at 10 Gbps at 85°C and have a few milliwatts of power.
Similar devices are reported in [21, 22] and in other papers.

Several DFB lasers can be integrated on a planar lighwave circuit (PLC)
with a N to 1 star coupler to form a multiwavelength DWDM source. In
[23] eight lasers at 200-GHz-spacing are integrated on a silica planar circuit.
The authors demonstrate 2.5-Gbps operation with low thermal interference
between channels.

Simultaneous fabrication of DFBs with different wavelengths on a sin-
gle wafer is possible [24]. For instance, in [25] the manufacturing process
of a set of 40 wavelength DFB-LDs and their characteristics are described.
These lasers operate over a range of 75 nm from 1,518.2 to 1,593.2 nm. All
threshold currents are below 12 mA. DFB arrays have been integrated with
a power combiner and optical amplifiers [26]. Semiconductor amplifiers
on InP can be efficiently integrated with an AWG [27]. The wavelengths of
these devices can be locked to the same intracavity element. This guarantees a
precise wavelength positioning [27, 28].

4243 DBR Lasers

In the DBR, the grating is also integrated on the chip but the grating(s)
is (are) placed outside of the active region. This simplifies the epitaxy. The
device may use two gratings or only one grating and a reflection on a cleaved
facet on the other side of the cavity. In a typical DBR tunable structure the
index of the grating section can be controlled, and there is a phase section
control between the grating section and the gain section (Figure 4.5). The
wavelength can be tuned by the refraction index change by current injection

ly l, 13
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Figure 45 Typical DBR laser.
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or thermal control. Several DBR lasers and electroabsorption modulators
can be integrated for DWDM applications [29]. Various types of DBR lasers
have been commercialized. They often use additional structures such as C’
cavities (see Section 4.2.4.4) or super-structure gratings (see Section 4.2.4.5)
that have a larger tunability than the conventional DBR lasers.

4244 C’lasers

C’ lasers are designed with three sections with independent drive currents.
Changing the gain controlled by the carrier density in the active section and
independently changing the wavelength with an index variation controlled
by the current in a different section are made possible. A third section is used
for a matched optical coupling between these two sections. The laser emis-
sion can be obtained on a wavelength corresponding to modes of the three
cavities being in phase somewhere in the gain profile. The C’ lasers can be
made tunable with a control of the optical lengths of the three cavities. This
design can be combined with the DBR design.

4245 Grating-Coupled Sampled Reflector Lasers

Of course many variants of coupled cavity devices exhibit two, three, or
four integrated sections. The grating-coupled sampled reflector (GCSR) laser
incorporates four sections. The tunability can be improved in these particular
laser cavity structures. They can provide a large tuning range on any wave-
length over the entire C band. The four sections “superstructure-grating”
(S8SG) or “sampled grating” (SG) DBR can cover a range of 30 to 100 nm
[30—41], (Figure 4.6).

The sampled-grating distributed-Bragg-reflector laser consists of an
active region, a phase region, and two SSG regions with one Bragg grating on
each side of the device. These sections have comb-like reflection properties
with different spacing between the peaks. By controlling the currents in these
two sections, two peaks can be aligned and the laser oscillates on the
| | |
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Figure 4.6 Four-section tunable SSG laser.
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corresponding wavelength. The alignment can be obtained in a wide tuning
range with only a small shift of the combs. In [38], F. Delorme gives the
characteristics of the gratings of a widely tunable 1.55-um SSG DBR: “The
two reflectors consist of a periodic succession of grating bursts followed
by uncorrugated regions. The length of the grating areas is 3.5 um for both
reflectors, and the uncorrugated complementary section length, different for
both sides, is 28.5 and 30.5 um, leading, respectively, to 32- and 34-um SG
period.” The frequencies of the SSG DBR tunable lasers can be controlled by
an external demultiplexer [40]. These lasers will become increasingly impor-
tant in wavelength-agile DWDM optical networks.

4246 External Cavity Lasers

The two reflectors of the cavity consist of a cleaved facet on one side and
an external wavelength selective reflector (generally a grating) on the other
side. These lasers, with a long cavity, have the narrowest line-width and can
be easily tuned over the entire gain spectrum of the active material. They
are widely used in instrumentation. However, as telecommunication sources,
their reliability would be questionable until progress could be made on new
microelectro-mechanical (MEM) designs now under development. Another
potentially interesting design is the hybrid integration of multiwavelength
lasers using gratings UV written with different periods on a planar waveguide

[42] (Figure 4.7). The active chips are “flip-chip” bonded on terraces formed

Laser diodes on
Siterrace

UV-written gratings

Si Substrate

Figure 4.7 Hybrid integrated multiwavelength laser. (After: K. Okamoto [42].)
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under an RIE process on a silicon substrate in front of optical waveguides
with different periods Bragg gratings written under an UV beam. The cavity
is shorter and is, in principle, more stable than equivalent devices with classi-
cal gratings.

Concurrently, a fiber grating can be used as the external wavelength
selective feedback element [43, 44]. A hybrid semiconductor laser with an
erbium fiber-based external cavity, on which a Bragg grating was written, has
been proposed. This laser demonstrates a high SM stability [45].

4.25 Vertical-Cavity Surface Emitting Lasers

4251 Principle and Main Practical Characteristics

Vertical-cavity surface emitting lasers (VCSELs) (Figure 4.8) are based on a
QW active region inside a short cavity consisting of multiple-layer quarter-
wavelength-stacked mirrors (DBRs). The typical threshold current of
VCSELs is on the order of 1 mA. They generally emit a circular diffraction-
limited light beam with a low numerical aperture. Single-transverse-mode
operation can be obtained with different techniques.

The QW active layers are inside the optical cavity between DBRs. The
higher order transverse-modes can be eliminated by an increase of losses
using an annular etched-surface relief on the top facet [Figure 4.8(a)], a
longer optical cavity [Figure 4.8(b)], or a tapered oxide aperture [Figure
4.8(c)]. The gain can also be preferentially provided to the fundamental
mode with a specific central quantum gain region [Figure 4.8(d)]. (A refer-
ence on selective oxidation and additional references are available in [46, 47].)

VCSELs have shown important improvements over the last decade.
They can have low submilliamp threshold currents (with proton or prefera-
bly oxygen implantation for current confinement [48, 49]), and a high
electrical-to-optical conversion efficiency in excess of 15%. They emit in low
divergence circular beam.

VCSELs at 1,550 nm are hampered by thermal problems on InP (i.e.,
the significant threshold current dependence on temperature), and the low
thermal conductivity of the Bragg mirrors. However different solutions were
proposed allowing to increase CW operation up to 90°C [50, 51].

Generally, the feedback sensitivity is not larger than in DFB laser
diodes. These sources can be made tunable [52]. They can be integrated with
refractive microlenses [53, 54]. Today, much work is devoted to microcavity
effects and photonic bandgap structures including QD and quantum wire
configurations.
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Figure 4.8 Different VCEL structures with: (a) annular etched-surface relief on the top
facet, (b) extended optical cavity, (c) tapered oxide aperture, and (d) specific
central quantum gain region.

VCSEL high-speed modules are commercially available from different
manufacturers. One manufacturer claimed in 1998 [55] to be able to provide
AlGaAs-based (near 850 nm) VCSELs for use in high-speed data-link
modules with lifetimes exceeding 10” hours MTBF, and modulation speeds
exceeding 1 Gbps. Of course, advanced VCSELs allowing WDM transmis-
sions at 10 Gbps and above, and reducing the leakage current by various cur-
rent aperture implantations, are studied in different laboratories (wavelength
at 850 nm [56], at 1,550 nm [57], and at 825 nm [58]). For instance, a
WDM transmission at aggregate capacity of 40 Gbps over four wavelengths
at 814.7, 822.1, 828.0, and 835.0 nm over 310m of multimode fiber was
recently demonstrated [58].

4.25.2 Temperature Effects on the Wavelength in VCSEL

There are two main effects: cavity length variation with index variation,
and gain spectrum shift. In strain-compensated InGaAsP/InP multiquantum
wells VCSEL for 1,550 nm, the corresponding wavelength drifts were shown
to be dA/dT = 0.1 nm/°C and 0.6 nm/°C, respectively [59].



94 DWDM Fundamentals, Components, and Applications

4253 VSCEL Arrays

Much work was devoted to VSCEL arrays. They are one of the key com-
ponents in optical interconnect devices including crossbar switches. Much
work was devoted to this subject in Europe [60] and elsewhere [61-64] dur-
ing the last 10 years.

The VCSEL is also a natural candidate for coherent coupling of two or
more elementary sources in laser arrays. This is a way to increase the power in
a low divergence beam array. Researchers from the University of Wisconsin
presented at the IEEE International Semiconductor Laser Conference (Mon-
terey, California, Sept. 24-28, 2000) such devices with 4 X 4 arrays emitting
coherently 2 mW of power at 980 nm, a wavelength that is suitable for Er
fiber amplifier pumping. According to the authors, 40 x 40 arrays as well as
emissions at 1.3 or 1.5 um would be feasible.

4.25.4 Microcavity Structures

Semiconductor microcavities including special VCSELs, photonic-band
crystals, and whispering-gallery-mode cavities are good candidates for very-
low-threshold very-small source integration [65].

Among them, particular microstructured emitters using photonic crys-
tals do not allow spontaneous emission to be emitted in all directions but to
be channeled in adequate modes. New microlasers and microLEDs based on
photonic crystals with very-high quantum efficiencies can be obtained [66].
For instance, an efficient SM laser operation at 10 Gbps was obtained into
a standard FP diode laser with two-dimensional photonic crystals imple-
mented on either side of the laser waveguide [67].

426 Wavelength Tunability in Semiconductor Lasers

Following is a comparison of the tunability of the different technologies
discussed in the previous sections.

4.26.1 Continuous Wavelength Tuning

The external cavity wavelength selective feedback gives a wide continuous
tunability of the semiconductor in the gain bandwidth. This solution is often
used in instrumentation applications, however its thermal and mechanical
stability may be questionable in network applications, with perhaps the
noticeable exception of VSCELs that can be tuned externally with MEMS in
hybrid microconfigurations.
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At the present time, DFB and DBR lasers are generally preferred as
tunable sources in most network applications. However, their continuous
wavelength tuning range is limited to values significantly lower than the gain
bandwidth [68].

DFB and DBR laser wavelengths can be controlled by the temperature
and by the currents in different sections, with tuning of the index of refrac-
tion resulting in the tuning of the wavelength: AA/A = An/n. The maximum
values of A7/ and the switching time delay are given in Table 4.1 [38].

In theory, this gives a tuning range extending from 10 to 17 nm. In
practice, lasers with 20 channels and more in the C band were announced to
become commercially available in 2000 [69-71]. Every day the laboratories
of different manufacturers demonstrate reliable module-packaged devices
with more and more channels. (For instance, three-sections gain-coupled
DEFB lasers integrated with a semiconductor optical amplifier (SOA) with
33 channels over 12.8 nm on the 50-GHz ITU grid [72].)

Systematic investigations of aging of two-section butt-jointed DBR
lasers, grown in three metal-organic vapor phase epitaxy (MOVPE) steps,
tunable over 12 nm, have been performed [73]. It was concluded that the
reliability was high enough for practical implementation in telecommunica-
tion systems.

4.2.6.2 Discontinuous Wavelength Tuning

We have seen that special configurations using interference effects in differ-
ent sections of the cavity, SSG, or sampled-grating distributed-Bragg reflec-
tors (SSG-DBR and SG-DBR) allow tuning on extended ranges in the
discontinuous mode. SSG-DBR and SG-DBR seem to be the most attractive
devices. Multiple-section lasers with sampled grating DBR designs allow a
wide tuning range up to 75 nm and more.

Table 4.1
Relative Refraction Index Modulation and Switching Speed

Index Modulation An/n  Switching Speed

Carrier injection [D.01 Few ns
Thermal heating [D.01 Few ms
Electrorefraction  [D.002 (7100 ps

(Source:[38].)
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4.3 Glass-Doped-Based Lasers with Narrow Line-Widths
43.1 Principle

So far, semiconductor lasers have been used as CW or pulsed-light sources in
multiwavelength networks. Er fiber lasers with different wavelength selective
feedback devices such as diffraction gratings, AWGs, Bragg gratings, and
FP cavities have been used for lasing operations in the 1.5-um wavelength
region. Generally, due to a long cavity, these lasers have many closely spaced
longitudinal modes in a broad spectral range in which the wavelengths could
be selected. It is difficult to solve the problem of residual noise due to the
selection in each channel of several modes.

However, fiber-ring lasers with a highly reflective FBGs permit stable
narrow-line-width operations at relatively high power. For example, a
ring laser with a 3.7-m long Er’*-doped fiber demonstrated a line-width
<0.056nm (limited by resolution of test instrumentation) at 19 mW of out-
put power with 70 mW of pump power [74].

A special resonator with two Bragg gratings, one being 7/2-phase-
shifted designed for longitudinal-mode discrimination, has been proposed
to achieve single-frequency operation, with an output power of several
milliwatts, on a laser having a relatively long cavity (30 cm in the experi-
ment) [75].

A single-frequency fiber laser can be obtained more easily using a
shorter cavity. The use of ytterbium-codoped erbium (Yb/Er) phosphate-
glass or alumino-phosphosilicate fibers or planar Yb/Er waveguides [70],
which are capable of high pump absorption over short distances with small
absorption of the Er ions at the laser wavelength, allows a reduction of
the cavity length. The pump absorption in doped fibers can be about
0.2 dB/mm at 980 nm with a typical stimulated emission absorption of
30 dB/m. The pump absorption is about 100 times larger than what can be
obtained with Er fibers. For example, in 1997 efficient and tunable single-
frequency operations over 11 and 25 nm in both 1,535 and 1,550 nm were
demonstrated with novel short cavity Yb/Er fiber grating lasers with fiber
gain section of 3 to 25 mm [77]. Another example of an Er/Yb codoped fiber
single frequency laser with an output power of =10 dBm was successfully
demonstrated in 1998. The cavity was a fiber loop of about 11 cm and a fiber
grating was used for wavelength selection [78].

As an example of a compact waveguide laser, a research team obtained
2 mW of output power at 1,535 nm, with a signal-to-noise ratio of 53 dB,
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from a subcentimeter-long waveguide laser. This laser used a planar 9-mm-
long Er/Yb waveguide obtained by ion exchange in phosphate glass, and a
10-mm-long FBG. The same team reported a pump efficiency of 27% for
another 43-mm-long waveguide laser [79] (Figure 4.9).

The wavelength can be made tunable, the grating period being modi-
fied by compression or stretching of the fiber, or multiple-fiber lasers emit-
ting at different wavelengths being used. (An example of multiple-fiber laser
is given in [80].)

43.2 Fiber-Based Short-Pulse Laser Sources

A way to design a pulsed multiwavelength light source is to use the
multiwavelength spectrum of mode-locked semiconductors or ring-fiber
lasers. Such periodic lasers can be used as short-pulse sources in soliton
transmission.

Active mode-locking based on a nonlinear-optical loop mirror (NOLM)
gives a low interpulse-stream timing jitter (900 fs) [81].

Mode locking with a fiber acoustooptic frequency shifter has been used
in a soliton laser [82]. This laser was configured in a ring geometry (cavity
length 25m) using 7m of Er/Yb fiber. It delivered 18 ps transform-limited
laser pulses at an output power of 20 mW.

In principle, fiber-based devices can offer high power ultrashort (< 5ps)
pulse generation with broadband tunability. The active mode locking seems
by far the best technique for telecommunication applications. However, the
practical field usage of mode-locked fiber lasers may be delayed by their rela-
tive complexity [83].
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Figure 4.9 Typical short-glass waveguide laser. (After: D. Barbier, et al. [79].)
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4.4 Spectral Slicing of Sources
441 Principle

The use of WDM generally provides flexibility in the elaboration of solu-
tions and the evolution of networks. But the cost saving related to reducing
the number of fibers (this may result in further civil engineering, cable, and
connection cost savings) is sometimes counterbalanced by extra costs result-
ing from more stringent specifications of optical sources. If the bit rate of
each elementary signal is not too large and if the transmission lengths are
short enough, it is nevertheless possible to use low-cost LEDs (up to some
tens of megabits per second over a few kilometers; typical applications:
process control networks, telephone links, etc.). The choice of LEDs with
well-separated wavelengths is limited, but the LED spectral-slicing tech-
nique, that we will discuss now, allows a large increase in the number of
channels. In this technique, a set of LEDs, identical or with adequate spectral
shifts are typically connected to the multiplexer entrances. The multiplexer
cuts well-separated spectral slices, one different slice for each entrance. For
example, in the case of a grating multiplexer, the spectrum of each identical
source connected to a given input fiber is imaged on the output fiber with
a position shift, depending on the input fiber position in the object plane.
A slice of wavelengths that is different for each input fiber is selected in the
output fiber. Coherent superluminescent diodes [84], amplified spontaneous
emission from doped fibers [85], supercontinuum (SC) generation in fibers
[86], and femtosecond lasers [87] offer more coupled power with a high
signal-to-noise ratio.

442 Typical Examples
The first reports on LED slicing in optical fiber networks (1982 to 1985) did

not receive much attention. It was pointed out that for short-distance links
and low bit rates, one could tolerate a specified spectral overlap or even mul-
tiplex signals from identical diodes. The multiplexing of 20 identical LEDs
could be obtained with —45 dBm signals at the receivers for 2 km and
50/125 um fiber links with the low power LEDs available at that time
[88, 89]. This was not enough for telecommunication applications with the
optical sources available at that time, but it was adequate for multiplexed
optical sensor networks. Such a network for process control using only one
LED and wavelength-sliced signals reflected from different optical sensors
was described [90]. Framatome installed such systems in different industrial
sites from 1985 to 1990. The specifications of a 42-channel multiplexer
obtained with 1 nm slice-widths, cut in a LED emitting around 820 nm and
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used in a process control network with 100/140 um fibers, were given in
1984 [91]. It soon became possible to use the LED-slicing technique on SM
fibers in some telecommunication network applications: M. H. Reeve, et al.
[92] described a four-channel network with 20-nm spacing between chan-
nels around 1,300 nm and at 2 Mbps. The use of this technique in the U.K.
loop network has been reported by Hunwicks, et al. [93]. The use of superlu-
minescent diodes allowed the extension of the spectral slicing up to 16 chan-
nels as early as 1990 [94].

The effect of source temperature variation (an example is given in
Figure 4.10) was analyzed in detail by Hunwicks [95] at 1,300 nm.

A

T=10°C

Ao =1,200 nm, A4 =86 nm
T=20°C

Ap=1,300 nm, AL =92 nm
T=30°C

Ao =1,302 nm, AA =94 nm
T=40°C

Ay =1,306 nm, A1 =96 nm
T=50°C

Ap=1,308 nm, AL =102 nm
T=60°C

Ay =1,313 nm, A1 =104 nm
T=170°C

2,=1,318 nm, AA =104 nm

l i i l

\

I l 80 nm l I

Figure 410 Typical emission spectrum at different temperatures of a 1,300-nm LED.
(Source: CIT Alcatel.)
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Considering a 0.54 nm/°C thermal shift from 0°C to 70°C, he showed that
additional losses appear up to 3.8 dB for a four-channel multiplexed system,
and 4.7 dB for 10 channels (SM fiber case). Over the last decade, much work
has been devoted to the impact of the thermal drift on the optical crosstalk
of spectrally sliced WDM networks with the conclusion that this technique
can work without thermal stabilization under certain conditions in local
access networks [96]. Calculations on interchannel interference effects and
their influence on system specifications were published [97].

Bersiner and Rund [98] demonstrated bidirectional transmission in
five channels over 8 km of standard GI fibers at bit rates of 167 Mbps per
channel in the 1.3 um domain using InGaAs avalanche photodiodes.

The characteristics of a typical multiplexer for LED slicing are given in
[99] (Figure 4.11). For example, with 10 SM fiber channels, a spectral spac-
ing between channels of 9 nm at 1,300 nm and a FWHM of the wavelength
transmission functions of 1.6 nm on the multiplexer and 6 nm on the
demultiplexer, the combined losses for the multiplexer and the demultiplexer
are under 5 dB, and the optical crosstalk is lower than —31 dB.

The use of spectral slicing for wavelength-routed subscriber loops, with
superluminescent diodes at 150 Mbps over 10 channels or 50 Mbps over
16 channels and 7 km in a first demonstration, and with LEDs over 4 chan-
nels, without optical amplification, was experimented by T. E. Chapuran,

LED

¥

Demultiplexer

\
e

1,220 1,260 1,300 1,340 1,380 nm

Figure 4.11 Characteristics of the emitter and passbands in the slices (fiber with mode
diameter 10.8 and 47.5 um between fibers).
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et al. [84]. In a third experiment, these authors showed how erbium-doped
fiber amplifiers could greatly alleviate the power-budget constraints of
spectral slicing, as it is possible to keep the same performance in networks
connecting splitter-based fiber-loop architectures to a broadband switching
hub. These experiments show how the amplifiers can mitigate the effects of
splitting losses as well as other sources of attenuation. G. J. Lampard [100]
arrived at an equivalent conclusion: In networks using spectral slicing and
optical amplification, the capacity can be increased to 30 channels operating
at 60 Mbps.

A spectrum-sliced fiber amplifier source was used to transmit 15 down-
stream channels operating at 500 Mps each with LED’s at the subscriber for
upstream channels [101]. After about 20 km of SM fiber, the power is still
acceptable (=43 dBm level).

4.4.3 Calculation of Spectral Filtering Losses

Let us assume that the transmission fiber is SM along with all entrance fibers
of the multiplexer. We have seen that the multiplexer spectral transmission
function is Gaussian if the system has no aberrations. We assume, in addi-
tion, that the diode spectrum can be approximated by a Gaussian function
(Figure 4.12). These functions have the following expressions:

ime
1
GI
Al g
5 < =
A
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Almux

Figure 412 Theoretical losses in LED slicing. G': LED emission curve, F': Multiplexer
channel transmission.
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In these equations, we introduced the FWHM, A4, for the multiplexer and
AA., for the emitter. 4,, is the wavelength at a specific passband maximum of
the multiplexer and 4, is the wavelength at the emitter maximum.

The transmission is given by the convolution product:

[F'oG7]

If the demultiplexer is identical to the multiplexer, we will obtain a demulti-
plexer additional loss related to the cross correlation of the Gaussian func-
tions of the multiplexer and of the demultiplexer. The total transmission is
reduced by a factor:

a1 0

=07071
H2H

If the demultiplexer uses multimode exit fibers, the transmission functions
are larger and the theoretical loss contribution of the demultiplexer is

negligible.

4.44 Calculation of the Spectral Filtering Losses of Real Systems

Let us consider the actual case of Figure 4.13. Four channels are sliced in two
LEDs (two channels in each LED) through an all-single-mode fiber multi-
plexer with the following characteristic ratio:

M
o =044

Channel spectral distance
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T7701 EXT 1300

22 nm

1,300
<— 50 nm —»

Figure 413 Typical spectral slicing multiplexing: Two LEDs, four channels. Upper curves:
Emission spectra. Lower curves: Multiplexer transmission channels. On right,
between upper and lower curves: Product of emission x transmission.

The emitter emission curve is approximated to a Gaussian function with a
FWHM of A/, = 61 nm; the multiplexer has a Gaussian transmission func-
tion with A, =22 nm. With A,, =4, = 25 nm, the power in a slice is typi-
cally 10 dB below the launch power (including the component-defect losses).

Let us consider now M. H. Reeve, et al.’s device [92]. This is an
SM, four-channel muldplexer at 1,270, 1,290, 1,310, and 1,330 nm,
Al = 3.65 nm, Al = 63 nm. For the worst channel, A.—A,, = 30 nm, the
multiplexing slicing losses are 16 dB. With a launch power of =26.7 dBm, a
multiplexer and demultiplexer total excess loss of 9 dB, a fiber and splice loss
of 2.4 dB, and a receiver sensitivity of =56 dBm, a margin of 2.4 dB is still
available.

Let us now assume that the devices are those of [99]. The multiplexer
is an all-single-mode fiber, 10-channel component. On the demultiplexer,
multimode 50/125 um fibers are used, so the “shaping” losses due to the
demultiplexer can be neglected. The multiplexer and the demultiplexer have
FWHMs of 1.6 and 6 nm, respectively. If an emitter with A, = 90 nm
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is used, a transmission T = 0.02 to 0.01 from the channel near the emitter
maximum to the edge channels is obtained; this corresponds to 20 to17-dB
losses. As powers of 10 to 20 uW (=20 dBm to =17 dBm) can be injected
with typical diodes, =40 to =34 dBm can be obtained in the worst channel
with such devices. With a receiver of =56.5 dBm (10~ BER) sensitivity at
2 Mbps, a 16.5 to 22.5 dB margin remains available for the transmission
line, including 4 to 6 dB of multiplexer plus demultiplexer typical loss.

In 1992, an LED specially designed for spectral slicing became avail-
able (mean wavelength: 830 nm, FWHM: 120 nm, power coupled in
400 um core: 400 u'W). Today, efficient superluminescent diodes at 1.5 um,
and other wavelengths, designed for spectrum slicing, are also available from
different laboratories and manufacturers (1.5 #gm, 200 mW in [102]).

445 Combining Spectral Slicing and TDM

This solution has been proposed for simple and efficient use in access
networks (typically 10- to 20-km distances). A semiconductor amplifier-
modulator monolithically integrated with a broadband LED is used to gen-
erate and amplify pulses at high bit rates. The short broadband pulses are
amplified in an erbium-doped fiber amplifier (EDFA) and bit interleaved
in a WDM/TDM modulation format through a static wavelength router
equipped with passive delay lines (“loop-back multiplexing”). At the
receiver end the signals are wavelength demultiplexed and detected with
commercial receivers. Twenty-four channels with 200-GHz spacing were
encoded at 50 Mbps per channel in an amplifier modulator after the router.
An excellent bit-error-rate level in experimental access systems was demon-

strated [103].

446 SC Lightwave Optical Sources: Coherent Sources for Spectrum
Slicing WDM

The SC source was invented in 1970 [104], and has been used first in ultra-
fast spectroscopy.

This is a coherent source; as such, it greatly reduces the spontaneous-
emission beat noise that limits the spectral efficiency in the classical LED
slicing [105]. In SC generation a high-power pump-pulse spectrum is broad-
ened over a continuous frequency range while maintaining its pulse nature.
A mode-locked laser generates short periodic pulses corresponding to a
spectrum of equidistant frequencies. The temporal width of these pulses is
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reduced, and consequently the spectrum is broadened, by nonlinear effects in
a dispersion-shifted fiber [100].

The effect can be analyzed using the Fourier transform (FT) relation
between time and frequency. Of course, the FT is the “mathematical
embodiment” of the uncertainty principle: localizing in time corresponds to
spreading in frequency. A signal () corresponds to its transform F (w):

F(w) = \/;TTJ’:: f(t)(exp— ) t)dt

A short pulse gives a broad frequency spectrum. For instance, a Gaussian
pulse of temporal width Az at 1/e corresponds to a Gaussian optical-
frequency spectrum of width Av at 1/e with the relation AvAz = 1/ [107].

The FT of a sampled time function of period (t in the time domain is a
periodic function of period 1/At in the frequency domain (and conversely).
Short pulses of width At emitted periodically at Az time intervals correspond
to periodic frequencies at 1/Az frequency intervals in an envelope of width
k/At in the frequency domain. The factor k depends of the pulse shape.

In practice, the spectrum of mode-locked laser seed pulses has few dis-
crete channels when it enters in the device and many over a wide frequency
range at the output of the nonlinear fiber that reduces the pulse width
and consequently broadens the spectrum. The distance between the different
channels is that of the repetition rate.

In ultra-fast spectroscopy applications, mode-locked YAG SHG or
color-center lasers were generally used. In telecommunications applications
the pump can be a mode-locked fiberlaser as in [108], in which pulses with a
spectral width of about 70 nm are extracted from a 36.7-MHz femtosecond
laser and chirped through a dispersive fiber.

Recently, picosecond pulses from amplified laser diodes at around
10-GHz repetition rates were used with good stability and reliability. After
spectral expansion in a nonlinear fiber, the different channels are separated
into multiple pulses of different carrier wavelengths. For instance, an SC
source with over 1,000 channels, at 12.5-GHz spacing from 1,500 to
1,600 nm, ranged from —15 to =23 dBm, has been obtained from a diode
laser mode-locked at 12.5 GHz [109]. The fiber was a polarization maintain-
ing dispersion-flattened fiber, designed such that the wavelength-dispersion
characteristics are in the form of a convex function, with a decrease from the
input to the output of the fiber.
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4.4.7 Comparison of Different Technologies

We reviewed the main different technologies used for wavelength sources.
A continuous tunability over a wide spectral range has substantial benefits
in DWDM applications. The investment in inventory can be reduced, as
few tunable lasers can replace multitudes of fixed-wavelength lasers. Arrays of
fixed-wavelength lasers instead of individual lasers can also be used. Above
all, a wide tunability allows routing and add/dropping on a large scale, while
a fast tuning will also allow full packet switching. Table 4.2 compares the
main typical characteristics of different solutions that are well established or
still at the research stage. It may help in choosing the most appropriate solu-
tion for a given application. However, it was not possible to be fully exhaus-
tive as the figures change every day.

45 Wavelength Converters

451 Introduction

Different techniques have been proposed to perform wavelength conversion.
An ideal converter should have the following performances:

* High signal-to-noise ratio;
* Low-chirp of output signal;
+ High data rate;

 Fast setup time;

* Bit-rate transparency to intensity modulated signals, and more gen-
erally amplitude frequency and phase transparency to signals with
any modulation format;

¢ Cascadability;
* Signal reshaping;
* DPolarization insensivity;

» Large wavelength range with conversion to both shorter and longer
wavelengths;

+ Simultaneous conversion of a set of input wavelengths;

* Ability to give identical input and output wavelength when no con-
version is required;

 Easy implementation and low power consumption.
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Table 4.2

Comparison of Various Different Technologies for DWDM Tunable Sources

Side Mode Typical
Typical Output Suppression Wavelength
Power MW Ratio (SMRS) dB Tunability = Remarks
DFB 2/30 (lower with  33/38 5nm Well-established

tunable DFB) manufacturing
process.
40-Gbps integrated
electroabsorption
modulator reported.

DFB laser arrays ~ 2/10 40/50 Discrete fixed 8 channels

with multiplexer channels 3.2-nm spacing
available.

More than 40
channels at research
stage.

DBR 2/10 30/35 17 nm Well established
manufacturing
process

c3 2/10 20/25 16/30 nm

GCSR 10/15 30/40 40/60 nm Fast 5/30-ns response

100 nm time

feasible Relatively complex
drive
Not fully continuous
tuning

Microexternal 10/20 50 40 nm Low switching speed

cavity laser Vibration sensitivity

VCSEL with 1 35/40 14 nm and Fast

MEMS more 3/10 Gbps
850/1,300 nm
1,500 nm is becoming
available

Spectrum sliced  —5/-10 30 Discrete 40 channels 0.4-nm

channels spacing at research

stage
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Different solutions are available. None of them has all these desired features.
We will concentrate on:

* Optoelectronic conversion;
* All-optical conversion;

 Cross-modulation techniques including cross-gain modulation
(XGM), and XPM,;

* Cobherent techniques including FWM and difference frequency gen-
eration (DFQG).

The reader is referred to [110—-120] and to the other references given in the
following text.

452 Optoelectronic Conversion

The optical signal is first converted to an electronic signal by a photo-
receiver. After amplification, regeneration (2R regeneration: amplifying
and reshaping; or 3R regeneration: amplifying, reshaping, and retiming), and
buffering in the electronic domain, the signal drives the input of a tunable
laser or the input of an integrated laser array delivering the required wave-
length from a set of predetermined wavelengths (Figure 4.14).

The emitter may be a single laser with a single wavelength, a tunable
laser, multiwavelength lasers integrated monolithically with a space switch
[121], or a set of discrete DFB lasers with a coupling switch [122].

Electronic regenerator

Agin
|
Receiver CW/, laser Modulator

Figure 4.14 Optoelectronic converter. The wavelength 4, of the incoming signal is con-
verted to the wavelength A, of a CW laser. The signal is applied to an optical
modulator after electronic regeneration. The modulation is transferred to 4.
In other versions, this signal directly modulates the laser.
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453 XGM

This wavelength conversion principle is based on nonlinearities in SOAs. In
an SOA the amplification is correlated with carrier depletion in the amplifier
material. The modulated input signal saturates the gain of the SOA that in
turn modulates the transmission of a CW source set at the assigned wave-
length (Figure 4.15). The incoming signal is translated to the CW source
wavelength and inverted (a maximum of the incoming signal corresponds to
a minimum of the converted signal output). A higher extinction ratio con-
version for very low input power can be obtained, replacing the SOA by an
integrated SOA/DFB laser [123].

XGM is very simple and can operate at high bit rate (the carrier
dynamic allows conversion bit rates of 80 Gbps and more). At very-high bit
rates, it is necessary to reduce the signal-pattern effects induced in the SOA
by the finite gain recovery time. This can be done using a filtering by a fiber
grating on the converted signal in XGM [124] or XPM [125].

With an interferometric compensation, even an ultra-fast XGM con-
version of picosecond RZ pulses [126], or an ultra-high bit rate (168 Gbps)
optical TDM XPM wavelength conversion [127], were made possible.

The XGM process is polarization independent. The main problems
of practical devices remain the spectral chirp in the converted signal due to
index modulation, and some degradation of the extinction ratio.

454 XPM

In these devices the index is modulated through the carrier density variation
induced by the incoming signal in one of the arms of an interferometer. A
phase difference between the two arms of the interferometer is created by the
input signal at 4., A CW light at A, transmitted through the interferometer is

| bias
e |
Input signal I |
) CW laser

<:—Q <A,‘C:|

Output signal
A L

SOA

Figure 415 XGM in an SOA.
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in turn modulated by this phase modulation. The interferometers are in gen-
eral of MZ (Figure 4.16) [128-131], or of Michelson types (Figure 4.17)
(132, 133]. L. H. Spiekman, et al. designed an MZ converter with a DFB
source and a SOA preamplifier integrated on-chip (Figure 4.18).

All these interferometers can be made polarization insensitive. The
chirp is generally very small because the phase modulation is obtained
with very-small gain variations. The devices are fast, allowing bit rates well in
excess of 10 Gbps. Copropagating schemes have the faster responses (see for
instance [134]).

New configurations of XPM conversion using Kerr-induced phase
modulation in optical fiber interferometers are under investigation [135]. A
tunable range of 30 nm was demonstrated.

Conversions using NOLM configurations with SOAs or fibers have
been reported. NOLMs based on silica fibers can potentially attain Tbps
bit rates in NZ or NRZ format due to their ultra-fast optical nonlinearity
[136, 137].

Input signal 4,

>

SO0A

— <
Output signal 4, CW laser4,
SOA

Figure 416 Wavelength conversion using a counter-propagating MZI configuration.

CW laser 4, Input signal 4,
—

Reflection
on cleaved

Filter facet (36%)

-

Output signal 4,

Figure 417 Wavelength conversion using a Michelson interferometer configuration.



Sources and Wavelength Converters for DWDM m

Input
signal
—>
A
Output
signal
A
AR AR
coating coating

Figure 418 Wavelength converter with a DFB and SOA preamplifier monolithically inte-
grated on-chip. (After: Spiekmann, et al. [138].)

XPM converters can be used for suppression of the accumulated noise
of concatenated EDFAs [139]. One possible drawback is the limited input
power dynamic. These converters are not transparent to the signal phase.
But for digital signals cross-phase modulators are know to be among the best
solutions for all-optical conversion.

455 FWM

In Section 7.4, we discuss FWM frequency generation in fibers as a possible
source of crosstalk. However, this effect in nonlinear fibers or in SOAs can
also be used for wavelength conversion [140, 141]. In FWM conversion, the
input signal at frequency w; is added to a CW pump at frequency w, in a
nonlinear optical medium. A signal at frequency w. =2 w, — w; is generated
(Figure 4.19). The conversion efficiency can be high in a SOA with very long
cavity [142].

FWM is a good candidate for fully transparent wavelength conversion,
as it preserves both phase and amplitude. It allows simultaneous conversion
of a set of multiple wavelengths to another set (see, for instance, [143]). A
wide pump tunability is possible in SOA [144].

Conversion can be obtained over a large detuning band in special
highly nonlinear fibers (34 nm in [145, 146]). Moreover as it gives a spectral
inversion FWM can also be applied for dispersion compensation when used
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Figure 419 FWM and difference frequency generation for wavelength conversion.

at midspan. In order to get polarization insensitivity, two pumps or other
compensations are required. An example is given in [147]. In conventional
FWM converters the conversion range is limited to 15 nm at 10 Gbps [148].
More valuable information can be found in [149-154].

456 Difference Frequency Generation

DEFG, also called three-wave mixing, allows for multichannel wavelength
conversion with low crosstalk [155]. The converters are insensitive to polari-
zation variations and are fully transparent. In [156] simultaneous DFG
conversion in an AlGaAs waveguide of eight input wavelengths (1,546 to
1,560 nm, 2-nm spacing) to a set of eight output wavelengths (1,538 to
1,524 nm, 2-nm spacing) is demonstrated. The pump power was approxi-
mately 65 mW at 780 nm. In [157] a periodically poled LINbO3 substrate
is used. A multiring configuration is proposed to get a conversion without
polarization sensitivity. A normalized conversion efficiency of 44%/Wcm® is
obtained.
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45.7 State of the Art in Wavelength Conversion in 2001

The optoelectronic method is a mature technology generally used for ampli-
tude transparent conversion at bit rates up to 2.5 Gbps. For higher speed
operations all-optical technologies are advantageous. At 10 Gbps and above
the XPM may be preferred. XPM on SOA allows 2R regeneration of the
signal. The coherent methods, still under development at the time of this
writing, are very attractive. They allow ultra-fast conversions; they are poten-
tially fully transparent; and they are able to convert simultaneously multiple
wavelengths. For multichannel wavelength conversion DFG at the present
time seems to be potentially the technique of choice. However, its efficiency
and the pump tunability need to be improved.
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WDM and Optical Amplification

5.1 Introduction

At the time of this writing, the solution most frequently used in commercial
applications is amplification in erbium-doped single-mode fibers (EDFA).
Today, such amplifiers allow error-free DWDM terabit transmissions in
the 1,530- to 1,605-nm range over transoceanic distances. However, other
rare Earth ions are candidates for WDM and DWDM amplification at other
wavelengths and other amplification solutions, such as amplification in semi-
conductors, amplification through Brillouin and Raman effects in fibers are
developed. Particularly, backward Raman amplification distributed along the
fiber is often used in hybrid configurations with EDFAs.

5.2 SOAs

5.2.1 Introduction

Much work has been done on SOAs for telecommunication in the past
[1-4]. This research field is still very active. In the chapter on active com-
ponents for DWDM, FP (multi) cavity and other types of semiconductor
lasers have been described. Such structures are not adapted to the simultane-
ous amplification of several wavelengths, but they have been used for tun-
able wavelength selection. Semiconductor traveling-wave amplifiers (TWAs)
allow for amplification over a large wavelength range. These amplifiers have
a structure similar to the structure of the FP laser (Figure 5.1), but the
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Figure 5.1 Schematic of an SOA.

reflectivity of the cleaved facets is reduced with antireflection coatings. In
the Fabry-Perot amplifier (FPA) the facet reflectivities are between one and a
few percent, and in a traveling-wave amplifier the reflectivities are as small as
possible.

For a semiconductor of length Z, with input and output reflectivities at
each extremity, R and R, respectively, and round trip gain G, the power
amplification [2, 3, 5] from facet to facet is:

(1 ~ Rl)(1 ~R, )CXPGa
A=
1+R, exp(2G’ﬂ) -2R exp(ZGa ) -2R exp(Ga ) cos(ZﬂL)

with R = /R R, and 8 =27v n/c (v is the optical frequency, n the effective
refractive index, and c the speed of light). It can be seen that we get a higher
optical frequency selectivity with higher reflectivity. In a TWA, the reflec-
tivities are kept small enough (3 X 107 in [6] obtained at 1,310 nm with
10°-angle active waveguide with antireflection coatings) and the light to be
amplified travels through the device only once, consequently the wavelength
range of amplification is wide. The TWA is much more attractive for WDM
applications.

522 FP-Type Amplifiers

As an example of an FPA, using a semiconductor cavity for 1.5 um with a
coated facet at 90% reflectivity, and the other facet without coating,
Kazovsky and Werner [5] demonstrated that a 25-dB gain can be obtained
with approximately 1.5-GHz spectral width and good adjacent channel
suppression (20 dB at 5-GHz frequency offset). The device is tunable over
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150 GHz with a change in current of £10% and a change in temperature of
+7K. The authors predicted the possibility of expanding the tuning range
to over 820 GHz with more complex structures (three-section DBR). The
device is sensitive to polarization. If the state of polarization of the received
signal varies with time, as is generally the case in telecommunications, this
problem must be solved.

523 TWAs

In 1986, Braun, et al. [7] demonstrated that it was possible to use traveling-
wave amplifiers for the simultaneous amplification of 10 wavelengths around
830 nm. In 1989, Coquin, et al. [8] showed the simultaneous amplification
of 20 wavelengths near 1.54 um using a TWA with a GalnAsP heterostruc-
ture. The active length is 508 um and an antireflection coating is used on
both facets. A 6- to 9-dB gain is obtained if the incident signal level is larger
than —32 dBm per channel. In 1990, Koga and Matsumoto [9] demon-
strated how the crosstalk depends on the incident power. Typically, they
gave a dynamic range of 14.5 dB for 20 channels at 200 Mbp/s with an input
power limited to =12 dBm.

5.2.4 Modern Devices

One of the problems with the SOA, when used in WDM amplification, is
the nonlinearity and the crosstalk induced by the dependence of the gain of a
given channel on the intensity of the other channels. An important improve-
ment has been obtained from gain clamping and from electronic compensa-
tion. In gain clamping (B. Bauer, et al. (1994), Keang-Po Ho, et al. (1996),
L. J. Tiemeijer, et al. (1996), and others [10]) the amplifier has a feedback
on a specific wavelength creating a lasing effect outside of the amplification
band. The laser effect clamps the semiconductor carrier concentration. Thus
the gain is made independent of the input power. An electronic compen-
sation can be achieved by driving the amplifier with a constant bias plus
a signal proportional to the input power in a feed-forward principle. Using
this principle, a record total bit rate (160 Gbps) with a SOA gain of 24 dB
was demonstrated on a 16-channel WDM transmission with a commercially
available SOA [11]. Optical gain up to 30 dB and recovery times as low
as 19 ps were obtained [12, 13]. Today, commercially available SOAs find
applications mainly because of their affordable cost in medium-distance net-
works such as access networks in the 1,310-nm window, and as broadband
sources for spectral-slicing applications [14].
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5.3 Brillouin Scattering Amplifiers

Stimulated Brillouin scattering (SBS) is a nonlinear effect encountered in sil-
ica fiber when the power is increased (above a few milliwatts). Frequency-
shifted light is generated (mainly Stokes lines at lower frequencies) which
provides optical gain that can amplify weak signals. The gain bandwidth is
much less than the information bandwidth generally used in telecommuni-
cations. However, this effect is very useful for amplification with a narrow
spectral selection and has been proposed for amplification and spectral selec-
tion. It has been demonstrated [15, 16] that Brillouin scattering amplifica-
tion allows the selection of channels with separations as low as 1.5 GHz, and
a 128-channel, 150-Mbps configuration was tested. However, to our knowl-
edge and up to the time of this writing, SBS amplifiers have not found many
applications in practical networks.

A subcarrier multiplexing optical WDM system in which the first-stage
selection in WDM is based on Brillouin amplification was analyzed in [17].

5.4 Raman Scattering Amplifiers

Raman scattering, like Brillouin scattering, converts a small portion of
an incident frequency into other frequencies. The effect can be stimulated
and used in order to transfer energy from a pump laser to a weak signal. In
Raman scattering, the Stokes shift is much larger and the gain bandwidth is
larger than in Brillouin scattering. Thus, the simultaneous amplification of
several multiplexed wavelengths is possible and was proposed in 1987 [18].
However, the problem of crosstalk between channels is particularly difficult
to solve [19]. The reduction of the channel interspacing, using a sufficient
power and an appropriate pumping wavelength in a “post Raman transmitter
fiber Raman amplifier,” helped reduce the crosstalk [20-22].

Raman amplification can be operated at any wavelength within the
entire window of transparency of silica fibers along the transmission fiber in a
distributed scheme. Amplifiers working around 1.3 and 1.5 m with pumps
at 1.24 and 1.42 pm, respectively, in a counter-propagating scheme showed
bandwidth of 65 and 100 nm, respectively [22].

Fiber Raman amplifiers are commercialized. They generally require
more pump power than EDFAs do. But when used as distributed amplifiers
they provide lower nonlinear crosstalks than EDFAs. They can also be used
in hybrid configurations with EDFAs to tailor the gain spectrum [23]. In
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soliton transmission they are well suited for continuous pulse-attenuation
compensation along the link.

5.5 Rare Earth-Doped Fiber Optic Amplifiers

5.5.1 Introduction

In these devices, the signal to be amplified and an optical pump are super-
posed. The pump excites the doping ions: Rare earth such as erbium
[24-20], praseodymium, and neodymium [27], to a higher energy level from
which amplification takes place by stimulated emission. Among these poten-
tial amplifiers, the erbium-fiber amplifiers, suitable for the 1.5-um trans-
mission window, were extensively studied. Already at ECOC’92, R. Laming,
et al. and, independently, Lumholt, et al. reported a quantum-noise-limited
erbium-doped fiber amplifier with up to 54 dB gain obtained with a special
optical isolator between two amplifier stages. So far the erbium-doped fiber
amplification represents the maturest industrial choice in DWDM telecom-
munications. With Er’* the wavelength range is limited to a range of
about 75 nm from 1,530 to 1,605 nm on commercially available lasers
(about 85 nm at laboratory stage). But other dopants, for example: Nd™, Pr’*
Tm’, give other wavelengths, namely around 1,300 nm (Pr) [28, 29], from
1,610 to 1,650 nm (Pr) [30], 800 to 830 nm (T'm) [31], and 1,470 to 1,540
nm (Tm) [32]. For instance, Thulium- (T'm) doped fluoride fibers have been
used to realize amplifiers in the 800- to 830-nm range with a pump at 785
nm. A gain of 13 dB at 28 mW-launched power was reported [31]. As well
Thulium-doped silica fiber amplifiers with a significant gain over the band-
width 1,470 to 1,540 nm have been demonstrated [32].

5.5.2 Fundamentals of EDFAs
5.5.2.1 Energy Levels

In terms of energy levels, we have a three-level system for the 980-nm pump
(Figure 5.2). A two-level system can be used for the pump at 1,480 nm.

In three-level systems, using the pumping photons energy /v, (where v,
is the optical frequency), the medium reaches the energy state B. By nonra-
diative energy transfer, the medium is brought to level C with a relatively
long relaxation time. The transition from C to ground state corresponds to
spontaneous fluorescence. If C is sufficiently well populated, a population
inversion between C and A is obtained, allowing stimulated emission from C
to A, and hence amplification can take place. Because the ground state is
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highly populated, the population inversion is generally more difficult to
obtain than in four-level systems in which the lower level of the laser transi-
tion is not the ground state. However, a complete inversion can be achieved
with 980 nm pumping. Maiman gave the equations at equilibrium [33].

With 1,480 nm pumping the population inversion occurs in one step
in the “I;3, level. The quantum efficiency is better than with 980-nm pump-
ing but the noise is larger (Figure 5.3).

5.5.2.2 Host Material
Glass

The host material is generally silica for erbium ions. However, the use of
fluoride glasses as host materials has several advantages, among them a lower
phonon energy than that of silica, which increases the lifetime at the highest

2

i H
4 12
S3/2
Fast nonradiative
4
Fyy decay Excited state
absorption
4 (804 nm)
I11/2 2
~lus 4
U P |13/2
532 nm 980-nm 1,489-nm Emissi ~10ms
pump pump MISSION {4 520-1,570 nm
4
I15/2

Figure 5.3 Transitions of erbium-doped fiber laser.
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metastable levels. However, this prevents pumping at 980 nm and these
materials are still difficult to manufacture in volume. So far, ZBLAN fibers
are used for praseodymium (the good candidate from the standpoint of
maximum gain and amplifying wavelength range at 1.3 ym) [34]).

At approximately 1,600 nm the stimulated emission cross-section of
Er’"in telluride glass is twice as large as in fluoride- and silica-based glasses. A
bandwidth with 20-dB gain over 80 nm can be obtained from 1,530 to
1,610 nm in telluride glass amplifiers. Furthermore, they can operate up
to 1,634 nm, whereas silica and fluoride amplifiers are limited at 1,625 and
1,627 nm, respectively [35].

Codoping

In silica glass and other materials the wavelength range can be extended by
codoping with erbium, germanium, phosphorous, and aluminum (Figure 5.4)
[36, 37]. In 1989, W. B. Sessa, et al. [38] indicated the possibility of oper-
ating alumino-silicate erbium-doped fibers over 30 nm. They were using a
fiber doped with 500 ppm of Er’*, on a 1.5-m length with a pumping power
0f 200 mW at 528 nm. They did not really explore a whole 30-nm range but
they came to this conclusion because in their experiment a gain of 22 dB,
between the entrance and the exit, was obtained as far as 10 nm outside of
the peak gain region. In fact, in 1992, J. Boggis, et al. obtained a maximum
gain variation of 2.1 dB over a 30-nm width at about 1,541 nm with an
erbium-aluminum codoping [39].

Fluorescence

(Intensityin 4
arbitrary units)

Doped ErPGeAl

1,500 1,525 1,550 1,575 1,600'nm

Ly,

Figure 5.4 A typical ErPGeAl-doping fluorescence spectrum (approximately 20m-long
fiber).
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More recently, it was shown that a codoping of Er’* and Yb™" gives
higher pump absorption and a broader selection of pump wavelength from
800 to 1,100 nm. High output powers could be obtained. For that reason,
this solution found applications in CATV in which more than 23 dBm pow-
ers are required. For instance, a high output power of 1.2W was obtained
at 1,552 nm from a hybrid Er’"/Er’" = Yb** fiber amplifier with pumps at
980 nm (low-noise preamplifier) and 1,064 nm (high-power section) with a
quantum efficiency of 26% [40]. A very-high output power up 16.8W was
obtained with a cladding-pumped erbium-ytterbium fiber laser [41].

5.5.2.3 Pump Wavelength

In principle, pumping wavelengths at about 535, 980, or 1,489 nm can be
used for erbium [24-26]. Today, EDFAs are usually pumped by semicon-
ductor lasers at 980 and 1,480 nm. In the early days, using a CW argon laser
pumped at 514.5 nm and SM silica fibers doped with Er”, Paynes, et al.
obtained lasing with a threshold of 4 mW.

55.3 Gain Band
5.5.3.1 Wavelength Range

The gain coefficient depends on the inversion level. In erbium-doped silica
fibers with aluminum/germanium codoping, the gain band is flat between
1,540 and 1,560 nm for an inversion level of 40% to 60% [42]. With gain
equalization filters, a flat band can be obtained between 1,530 and 1,565 nm
in the so C band. In two-stage erbium-doped fiber amplifiers the gain equal-
izer is generally placed in-between the two stages (Figure 5.5).
Erbium-doped fiber amplifiers operating at longer wavelengths (1,565
to 1,615 nm in the L band and above) have been developed [43-47]. A flat
gain can be obtained at lower inversion level of about 40%, thus with a
smaller gain coefficient. This means that the doped fiber must be longer, and
the pump power must be larger to overcome the loss in this longer fiber.
Spontaneous emission is larger and thus the noise figure performance is
worse than in C band. For amplification at longer wavelengths (1,570 to
1,630 nm) it was suggested using a pump at 1.53 um instead of 1.48 um.
This gives twice as much power conversion efficiency [48]. An extension of
the useable L band from 1,615 to 1,620 nm was also made possible by com-
positional modifications to the antimony silicate-glass composition [49]. Of
course, erbium fiber-based dual-band fiber amplifiers (DBFA) are proposed
with two amplifiers working in parallel to give simultaneously a flat gain in

the C and L bands [50].
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Figure 5.5 A typical two-stage EDFA.

5.5.3.2 Passive or Dynamic Gain Equalization

The gain spectrum of an optical fiber amplifier can be made generically flat
in a given relatively small wavelength range as seen above. If a wider band-
width is required, gain equalization filters are necessary. This is particularly
important for long-haul systems containing several cascaded amplifiers, in
which a small gain difference within each amplifier would result in large
differences among the WDM channels. An early theoretical analysis of the
gain and noise spectrum properties of gain-shaped erbium-doped fibers with
equalizing filters was given in [51].

A number of approaches to flatten the gain spectrum of erbium-doped
fibers have been proposed, including spectral filtering in fiber with novel
absorbents or a novel geometry or fiber gratings, acousto-optic devices,
and thin film interference filters. We will illustrate these methods with a few
examples.

Sm’"-doped fibers were proposed for gain flattening of erbium-doped
SM fibers in the range 1.53 to 1.57 um [52].

Bragg gratings are easy to manufacture and provide one of the most
effective ways of gain equalization. Two types of Bragg-grating filters can
be used: a cascade of narrow-bandwidth filters on each WDM channels
[53, 54], or a wide-band BGF [54].

Gain equalizers made of long-period gratings were used to obtain gain
flattening over 84 nm in a C and L band EDFA [55]. A noise figure of 6 dB
and an output power of 25 dBm are reported.

S. F. Su, et al. in 1992 [56] already used an acousto-optic tunable filter
(AOTF). H. S. Kim, et al. proposed new devices in 1997 [57]. In these filters
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Bragg conditions are produced by acoustical waves. The periodical Bragg
structures divert partially the light from channels corresponding to their
periods. A single-element thin-film-based component that reduces the gain
excursion of an EDFA to less than 1 dB from 1,530 to 1,565 nm is presented
in [58].

In multichannel networks, fast power transients take place when chan-
nels are removed or added. The equalization needs to be dynamically per-
formed, on individual channels or more globally, to combat these effects.
Active interferometric filter devices such as MZs, AOTFs, or electronically
switchable Bragg gratings (ESBG) can be used to perform a global Fourier-
filtering equalization. For example, in the past, a total gain imbalance of
19.3 dB was successfully reduced to 2.3 dB by employing MZ-filter tunable
gain equalizers by H. Toba, et al. (ECOC92) on 100-channel FSK signals
at 622 Mbps in a 6-cascade in-line amplifier system. Today, ESB gives one
of the best response times (50 us) [59]. However, in a chain of amplifiers
a shorter response time of the order of 1 us for 10 amplifiers will be
required [42].

5.5.4 Historical Notes on Amplification in WDM Transmission

At the OFC’90 conference in San Francisco, California, an experimental
demonstration of wideband optical-fiber amplification was reported by Way,
et al. using 16 DFB lasers with 2-nm spacing for 6 channels at 622 Mbps and
10 FM TV channels. The same year, M. Hill, et al. [60] built a 10-
wavelength, 2-Gbps-per-channel network in the 1,531- to 1,562-nm wave-
length range. They showed, with only one of their doped-fiber amplifiers,
that it is possible to revolutionize telecommunication networks; for example,
sharing a single amplifier between 7,203 customers, to distribute signals at
1.2 Gbps over 30 km. Such solutions led to proposals for broadband net-
works able to broadcast hundreds of broadband signals to thousands of sub-
scribers [61, 62]. In 1991, ATT Network Service Division conducted a field
trial in Roaring Creek, Pennsylvania. Four wavelengths at 17 Gbps were
transmitted through the same 520 miles with amplifiers placed 44 miles
apart [63]. Moreover, it is worthwhile to note that the fiber amplifier allows
the use of the LED-slicing technique (see special section on LED slicing) for
distance and bit-rate transmission that can be acceptable in some applica-
tions (in 1990, three wavelengths at 1,536, 1,548, 1,560 nm, 140 Mbps and
110 km [64]).
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555 Advantages and Drawbacks of EDFAs

The main advantages and drawbacks of EDFAs are as follows.

5.5.5.1

5.5.5.2

Advantages

Commercially available in C band (1,530 to 1,565 nm) and L band
(1,560 to 1,605) and up to 84-nm range at the laboratory stage;

Excellent coupling: The amplifier medium is an SM fiber;
Insensitivity to light polarization state;
Low sensitivity to temperature;

High gain: > 30 dB with gain flatness <+0.8 dB and <+0.5 dB in C
and L band, respectively, in the scientific literature and in the manu-
facturer documentation (for instance [65] and EDFA data sheets
from the HighWave company);

Low noise figure: 4.5 to 6 dB (for instance [66] and the HighWave

company documentation);
No distortion at high bit rates;

Simultaneous amplification of wavelength division multiplexed
signals;

Immunity to crosstalk among wavelength multiplexed channels (to a

large extent) [67].

Drawbacks

Pump laser necessary;
Difficult to integrate with other components;
Need to use a gain equalizer for multistage amplification;

Dropping channels can give rise to errors in surviving channels:
dynamic control of amplifiers is necessary.

We can see that the advantages overcome the drawbacks, so that frequent
and systematic use is likely in multiplexed optical networks.
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5.6 Optical Signal-to-Noise Ratio of Erbium-Doped Fiber and
Hybrid Raman/Erbium-Doped Fiber Amplifier Transmissions

The amplified spontaneous emission (ASE) of the amplifier degrades the
optical signal-to-noise ratio (OSNR). The power spectral density at the out-
put of the ASE noise is:

P 2n,(G=1) hv  (considering both polarizations)

where G is the amplifier gain, v is the optical frequency, and n, is the sponta-
neous emission factor that depends of the inversion population. Its limit is
one for a full inversion.

The gain in dB is:

The optical signal-to-noise ratio corresponds to:

P out

in

OSNR =

The noise figure of the amplifier is defined as:

_(smv)"
(sin)°*

F

There is a theoretical limit of 3 dB to the noise figure. For commercial ampli-
fiers a typical value of NV is 6/7dB (Figure 5.06).

Unfortunately, on a transmission line each amplifier adds its own noise
to the signal. Thus, the optical signal-to-noise ratio of the transmission line
depends of the number of optical amplifiers (equivalent to the number of
spans V) used along the line. This number is function of the noise figure of
the amplifiers.

At the output of a chain of /V optical amplifiers, the OSNR in dB is
given by [68]:

OSNR. o, =P =L - N, —10log N = 10log(hwiv )
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Figure 5.6 Typical gain (a), and noise figure (b) of a L-band booster amplifier. (Source:
HighWave Optical Technologies. Reprinted with permission.)

Where P™ is the channel amplifier output power, L is the span loss between
amplifiers, /Vzis the noise figure of the amplifiers, hv is the photon energy
and A, is the optical bandwidth.

From a practical measurement point of view, it was shown that this
expression agrees completely with the OSNR dc measurement performed
with an optical spectrum analyzer

P

OSNR =

measured

ASEBO

where P is the average signal power for a WDM channel, B, is the optical
resolution bandwidth in the optical spectrum analyzer, and Sy is the spec-
tral density of the accumulated amplified spontaneous emission of the EDFA
close to the WDM channel [69].

With an erbium-doped amplifier having typical 4 to 7 dB noise figures
at 25-dB gain the signal-to-noise ratio as a function of the number of spans is
given in Figure 5.7.
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Figure 5.7 Signal-to-noise ratio as a function of the number of spans with erbium-doped
amplifiers with 25-dB gain.

In WDM amplification the gain varies with the wavelength. This varia-
tion is compensated (see Section 5.5.3.2). In an optical fiber concatenation,
the residual difference in gain AG between channels produces variations
of the OSNR. Typically after 10 equally spaced amplifiers, each with AG =
-1.5 dB, we get A(OSNR) =-8.7 dB [70].

With lower gains (shorter spans) the noise is smaller for a given number
of spans (Figure 5.8).

Hybrid Raman/erbium-doped fiber amplifiers is a promising new tech-
nology for DWDM high bit-rate long-distance links [71, 72]. With an addi-
tional Raman amplification (Figure 5.9 and Chapter 7) it is possible to get
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Figure 5.8 Signal-to-noise ratio as a function of the number of spans with erbium-doped
amplifiers with different gains but with the same 6-dB noise figure.
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Figure 5.9 Hybrid Raman/erbium-doped fiber amplification.

much better optical signal-to-noise ratios. The equivalent noise figure N
of Raman amplifiers is negative. For example, a minimum equivalent Nrof
—2.9 dB for 40 x 40 Gbps (C band) and 82 % 40 Gbps (C+L bands) WDM
channels from 1,530.7 to 1,561.8 nm was obtained with distributed Raman
amplification. This gave more than 3-Tbps capacity and 0.4-bps/Hz spectral
efficiency [73]. Practical OSNR improvements of several dB (or larger fiber
spans) can be obtained in long-distance transmissions with hybrid erbium-
doped fiber amplifier/Raman amplifier chains [74].

The value of the total Vrin the OSNR equation above is reduced. With
6- and 12-dB Raman gains, this lead to the typical curves of Figure 5.10.

5.7 Erbium-Doped Planar Waveguides
These devices, generally called EDWAs, were studied in different places.

These compact new devices begin to find applications in metropolitan area

networks [75-79].

30
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% —— Raman gain =0dB

é 204 ——— Raman gain =6dB

a Raman gain = 13dB
15 1

—10 T
-10 10 30

Number of spans

Figure 5.10 Signal-to-noise ratio as a function of the number of spans with erbium-
doped amplifiers with 25 gains and 6-dB noise figure and Raman gain.
(After: K. Hall [74].)
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High gain amplifiers have been realized in Er-doped P,Os-SiO, planar
waveguides. 27-dB gain was obtained from a 48-cm amplifier waveguide
integrated on a small planar device on silicon of 9 X 5 cm” area [75]. A gain
of 15 dB at peak wavelength, with 4.5-dB noise figure over the entire C band
at 7 dBm output power (up to 12 dBm with a double pumping configura-
tion) was reported [78]. The package size was 130 X 11 X 6 mm. Typical
noise factors of 5 dB with 4-dB-per-centimeter gain were reported [79].

5.8 Distributed Optical Amplification

In metro-access network rings, a single laser can be used to optically pump
several erbium-doped fiber segments located at discrete points along each
ring. A distributed optical fiber amplification (DOFA) takes place at various
points of the ring with an advantage of reduced nonlinearities. The location
of the pump at the central office facilitates the maintenance [80].

5.9 Comparison of Some Typical Characteristics of the Main
Optical Amplifiers

It is rather difficult to compare the characteristics of optical amplifiers.
Table 5.1 provides some typical values collected in the literature. In general

Table 5.1
Comparison of Some Typical Characteristics of the Main Optical Amplifiers
Hybrid

SOA Raman EDFA EDFA/Raman EDWA
Noise figure Nein - 6/10 -1/-3 4/7 3/4 45/7
dB (Negative Theoretical Theoretical
(S/NYin/( S/N)out equivalent N¢) limit 3 dB limit 3 dB
Typical gain band  80-nm wide 1,300-1,700  1,525-1,620 1,525-1,620  C band, L band
nm C+Lbands C+Lbands feasible
Typical pump 100/300 150/1,000 10/100 Raman + EDFA  10/15
power mW electrical  optical optical pumps
Typical gain G= 20/30dB  6/7 dB per 10/40 20/40 4 dB percm
10 log (Pin/Pout) span 10/15 dB
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the SOA amplifiers show larger noise figures but they are cheap, very com-
pact, and they show high extinction rates (above 40 dB) when used as
SOA gates. EDFAs are widely used in long-distance transmission because
they have high gain and moderate noise figure. EDWAs have less gain but
they are more compact and cheaper than EDFAs. With their negative noise
figures the Raman amplifiers are now more often used with the EDFAs in
long-distance transmission.

Different values may be obtained in specific cases and improvements

are announced routinely. Brillouin amplification (unusual) and DOFA (too
recent) were not included.
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Routers, Cross-Connects, and
Add/Drops

6.1 Introduction

6.1.1 Connections in WDM Networks

WDM networks based on wavelength routing and or add/dropping can
offer:

 Optical transparency. This means that a variety of traffic formats
and rates can be transmitted on the physical layer without modifica-
tion to the optical node equipment.

* Smaller processing load and reduced latency in intermediate nodes
by bypassing optical traffic not destined to the node at the WDM

layer level in both circuit and packet-switch networks.

* Terminal equipment savings as only a subset of wavelengths are nec-
essary at each node.

The overall network is generally described as a set of superimposed layers
of connections: physical layer (with fiber sublayer and optical layer), and
logical layer (logical connection and logical path). The “virtual” connections
between the end systems are supported by a network of logical connections
in the logical layer. The connections are one to one, many to one, one
to many, or multicast. In a transparent optical network the routing uses

147
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wavelength paths. If the wavelengths can be changed along an optical path,
the path is called a “virtual” wavelength path.

Designing a full-transparent optical network may imply many
unsolved problems. Full transparency means that no digital electronic proc-
essing is used and that the network optically performs all filtering, and space
and wavelength switching with or without wavelength conversion along all
network routes. It can be penalizing to pass through cascades of multiplexers,
demultiplexers, passive or active routers, cross-connectors, add/droppers, and
different kinds of switches at the different nodes, but moreover, all-optical
operation, administration, and maintenance frameworks could be difficult.
Then, very often, partial or total optical-electrical-optical conversions are
used in the nodes with transponders with or without wavelength translation.
In particular, the use of overheads, similar to TDM overheads, and the signal
buffering in the optical domain is difficult if not impossible in a fully trans-
parent network. Then the network is often partially “opaque” with some
kind of transparency. Electronics are used for complex nonlinear operations
but as much as possible the signals are kept in the optical domain to avoid
the “147 electronic bottleneck” in high-speed, highly loaded networks. In
the long run, all-optical signal processing units (SPUs) will compete with
electronic SPUs that are used today for wavelength processing, signal 2R and
3R regeneration, certification of signals accepted on the network, perform-
ance assessment before signal delivery, optical channel overhead creation and
utilization. Then, very often the nodes use hybrid optoelectronic devices
for routers, add/droppers, and cross-connects. However, in this chapter we
will present mainly optical routers and cross-connects without discussion of

the SPU.

6.1.2 Topological Configurations

6.1.2.1 Introduction

WDM networks generally use star, tree, ring, or mesh topological configu-
rations. Many research projects in different countries have made significant
contributions toward creating the future infrastructure based on optical net-
works using DWDM with time, wavelength, and space switching [1-10].

6.1.2.2 Star Configuration

The star configuration is the usual architecture for the connection between a
central computer and its terminals. In telephone networks, this architecture
is used for routing bidirectional communications, service, signaling, con-
trol, and supervision. In video-communication networks, this topology is
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generally used between the central office, remote terminals, and customers.
In broadband passive optical networks with a multiwavelength star structure,
the network terminals are interconnected through a central star coupler. Spe-
cific wavelength emitters, as well as specific wavelength receivers, can be allo-
cated to each terminal [11]. The tree configuration is often used between a
central computer, data concentrations, and data terminal equipment or, in
many cases, in distribution or broadcasting,.

6.1.2.3 Ring Configuration

The ring configuration can be used between several data terminals connected
to a computer. The FDDI in particular uses this topology, but the ring con-
figuration is used in many other cases.

Interconnected rings

Several rings can be interconnected through optical cross-connects as shown
on Figure 6.1. Such networking providing high-capacity, with a flexible, and
survivable national-scale multiring network for interexchange and local
exchange was demonstrated by the MONET consortium (DARPA funding,
U.S.). It was shown to be able of supporting 8-wavelengths, transparently, at
2.5-Gbps modulation rate per wavelength. It used 8-channel wavelength
add/droppers and 4 X 4 wavelength cross connectors (WSXC) [12].

Optical bypass along ring networks with add/drop multiplexers

In WDM rings all wavelengths can be dropped and electronically processed
at each node. However, it is generally much better to provide optical bypass
at the wavelength layer when possible. This saves electronic equipment and
can prevent electronic processing bottlenecks, as it is not necessary to process
all traffic entering and leaving each node. For this, a wavelength add/drop
multiplexer (WADM) is used in the node. The WADM allows each wave-
length to either be dropped and electronically processed or to be bypassed,
each wavelength can be added on the ring as well. Traffic grooming can be
utilized [13-17] to electronically multiplex lower rate circuits according to

BEASN
(x/

Figure 6.1 Interconnected ring networks.
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their destination on dedicated wavelengths, in view of reducing the number
of wavelengths that must be electronically processed at each node. In
packet-switch networks, a logical topology dynamic reconfiguration using
wavelengths may be utilized to reduce the load of the electronic routers. In
a few cases of high bit-rate, high-data volumes, an all-optical connection
bypassing all electronics in the network may be planned.

In [18] the static circuit assignment problem is discussed. The authors
consider a SONET ring using one or two fiber pairs and three wavelengths
between four nodes (Figure 6.2). In each node SONET (electronic)
add/drop multiplexers (ADM) are used. For example, each SONET multi-
plexer isable to aggregate 16 OC-3 circuits into an OC-48 (2.5 Gbps). Each
wavelength may be used in each node to form three independent OC-48
SONET rings. But, in each node, three expensive ADMs will be necessary.
So, 12 ADMs are required in this case. But, as shown on Figure 6.3, it is not
necessary to use every wavelength in each node. One wavelength can be bypassed
in three of the four nodes. With a circuit assignment of traffic such as:

* Node 1 < Node 2 and Node 1 « Node 3 on wavelength 1;
Node 2 - Node 3 and Node 2 « Node 4 on wavelength 2;
Node 1 - Node 4 and Node 3 « Node 4 on wavelength 3.
* Then, only 9, instead of 12, SONET ADMs are necessary.

Figure 6.2 Ring network with three wavelengths and four nodes showing an unneces-
sary use of the three wavelengths at each node (12 SONET ADM).
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Node 1

Node 4

Node 3

Figure 6.3 Ring network with three wavelengths and four nodes where only two of the
three wavelengths need to be used at each node. (9 SONET ADM After:[18].)

6.1.2.4 Mesh Configuration

In the mesh configuration (Figure 6.4), more than one path exists for data
transmission between two points on the network, with the considerable
advantage of reliability and flexibility. The main example is the telephone
network.

6.1.3 An Industrial Point of View on IP Transport Networks

In public Internet protocol (IP) backbones, large routers using SONET
OC-48c and OC-192c interfaces are deployed. OC192 and OC48 corre-
spond to 10 and 2.5 Gbps, respectively. C stands for “concatenated”: all ele-
mentary timeslots used in a single application. An optical mesh architecture
provides an efficient provisioning of ultra-broadband circuits and an

X X

X X

Figure 6.4 Typical mesh network.
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optimum use of spare links needed for restoring the traffic outages. The eco-
nomic advantage of locating the restoration at level 1 (optical level) through
optical switches in the optical mesh is explained in [19]. Optical switch “res-
toration” ports could be substituted for the more expensive IP router ports.

6.1.4 Switching, Routing, and Processing of Signals in the Optical Domain

It is understood that a practical network is very often made up of an asso-
ciation of architectures that constitute the physical medium of the network
between stations. In the local network, simple or double star structures are
often used. According to the star coupler type used in the central node, the
network is called active or passive. The topology is called virtual when it
is concerned only with logical connections between stations. One example
of an optical multiplexing application is to create virtual topologies on
request.

In the network nodes, the function of the switch is to connect any
input channel to specified output channel(s) in such a way that the output
signals are as close as possible to the input signals. The system allowing this
function is a connecting network using time, space, and wavelength switches
[20-23].

In space switching, a route is established through an interconnected
node network. In the interconnection network, the route may be chosen
from many possibilities. Thus, the blocking probability (i. e. the probability
that all possible routes are already in use at a given time) can be reduced. The
switching principle can be applied to analog or digital transmissions. Time
switching is linked to time division multiplexed digital transmissions. In each
of the channels of such a multiplex, a time window is allocated: for instance,
3.9 us in 125 us cycles for an old standard 30-channel telephone network.
The switch modifies the time position of the entrance signal and ensures
that the corresponding information train between multiplexes is synchro-
nous. This kind of switching is typically found in ISDN. The space and time
techniques perform circuit switching. Moreover, electronic message switch-
ing or packet switching allows temporary storage and speedy routing of data
messages with their addresses.

In the early 1980s, the great advantages of switching, routing, and
processing of signals in the optical domain were increasingly considered. The
wavelength dimension could be added. Several groups were pursuing plans to
increase the number of multiplexed wavelengths and, should the occasion
arise, to use wavelength tunable sources and receivers. A better understand-
ing emerged of the fact that the optical networks could remain totally passive
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and, for instance, that switching and routing could also use wavelength rout-
ers, wavelength-space switches, waveband-space switches, or wavelength-
space-time switches in the optical network nodes. This stimulated research
on components. It was understood that channel management, provisioning,
protection, restoration, routing, and switching of optical channels could
migrate progressively from the electronic layer to the optical layer, avoiding
optical-to-electronic-to-optical conversions when possible. In some cases,
this dramatically reduces the cost of the optical networks. In this chapter,
we review the design and performances of DWDM routers, optical cross-
connectors, and ADMs enabling interconnection of thousands of inputs
with thousands of outputs, with or without tunable sources, and wave-
length converters discussed in Chapter 4.

6.2 Wavelength Conversion

6.2.1 Introduction

In all-optical “wavelength continuous” networks, the light-path between two
stations is set on a given wavelength that cannot be changed along the route.
A new connection requiring a wavelength already allocated to another con-
nection on a given portion of light-path is blocked: Two connections cannot
use the same wavelength on the same fiber. This constraint is known as the
“wavelength-continuity constraint.” Wavelength conversion at the nodes of
the network enables the system to avoid this constraint, improving flexibility
and efficiency.

If optoelectronic conversion is accepted, the optical signal can be trans-
lated in the electronic domain and a tunable laser is set to the new wave-
length [24]. For all-optical wavelength conversion, the main technological
options are:

* Optical-gating with cross-gain or XPM in semiconductor amplifiers
and lasers;

* Wave mixing in a nonlinear medium such as FWM in a SOA or fre-
quency shift in dispersion-shifted doped fibers.

The XPM in an MZ structure appears very promising [25, 26].
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6.2.2 Influence of Wavelength Conversion on Network Performances

It is very important to evaluate the potential benefit of wavelength conver-
sion or wavelength interchange within the optical networks through wave-
length interchange optical cross-connects (WIXC) [27-35]. No consensus
has been reached so far.

Several groups studied the influence of a limited wavelength conver-
sion on WDM network performance under dynamic traffic condition. It was
shown that the influence on network blocking limitation could be relatively
small above a few wavelength converters per fiber, for Poisson or non-
Poisson traffic characteristics, on national-scale long-distance networks with
typically 8 wavelengths and 9 nodes [29].

Within the Multiwavelength Optical Networking (MONET) pro-
gram, several real local-exchange carrier LATA topologies were studied con-
sidering the projected traffic requirement using the currently available fiber
routes [36]. It was concluded that WDM could “save 25% of the installed
equipment costs (with limited configurability) in cases where insufficient
fiber is available to support traffic growth or in cases where traffic growth by
a factor of five in a few years is needed.” For long distances the need of very
large WSXC was demonstrated, but with an almost insignificant improve-
ment in throughput by adding wavelength interchange [37].

While there is little difference between wavelength interchange or
wavelength selective cross-connection for static traffic demand, it was shown
that wavelength interchange improves resource utilization in networks pro-
viding restoration or traffic growth capability. The improvement is particu-
larly important in networks with many wavelengths and few fiber links [38].

6.3 Network Architecture Classification

In order to efficiently use the huge bandwidth that optical channels can
support, it is necessary to use, in synergy, wavelength, and time and space divi-
sion multiplexing. In order to establish a circuit connection between two users,
a path, time slot(s), and wavelength(s) have to be allocated, avoiding collision
(blocking) with other simultaneous connections. The blocking probability is
the main measure of quality of service in circuit-switched network [39—-41].
The architecture may be purely optical or may include one or more
logical network overlays. In the first case, it may use a simple passive broad-
cast star and a tree topology, or each connection can be routed independently
through the network on its own optical frequency through static or dynamic
optical routers, WSCX, or wavelength reuse through WICX. In the second
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case, electronically switched overlays are used on the transparent optical
physical network.

The evident explosion in interest in the Internet creates a demand for
a considerable increase of capacity and quality in international networking.
Much work is devoted to switched DWDM networks with or without wave-
length translations. Work is still underway to reach a consensus on what is
really required and feasible. Among many other interesting publications see
for instance [42, 43].

6.3.1 Broadcast and Select Networks

In many applications, it is possible to use static optical “broadcast and select”
networks with switching in the electronic domain only. For instance differ-
ent stations emit specific wavelengths into a static optical network, through a
central star coupler or a bus [44], all optical signals emitted in the networks
reach each node where they are optically demultiplexed and electronically
switched.

6.3.2 Wavelength Routed Networks

In wavelength routing networks, cross-connection of wavelength division
multiplexed signals is obtained through static or dynamic wavelength selec-
tivity in the network nodes. For instance, in a passive star optical fiber
network, the N X N central coupler can be replaced by a wavelength permu-
tation switch, that can be a passive matrix of cross-connections based on
WDM [45, 46]. The signal is addressed to a predetermined node, emitted in
the network from any given node, on the wavelength corresponding to the
destination node. It was shown that for a set of N nodes connected to the
central star coupler-multiplexer, it is necessary to have in each node N — 1
wavelengths chosen from a set of N-fixed wavelengths.

6.3.3 Linear Lightwave Networks

Linear lightwave networks are wavelength-routed networks with optical
nodes using wave-band (with several wavelengths in each wave-band) selec-
tive linear divider combiners rather than permutation switches.

6.3.4 Logically Routed Network

On larger networks, when the limits of optics are exceeded, it becomes neces-
sary to add electronic switching in the “logically routed networks.” At least
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one part of the traffic arriving on the node is demultiplexed into small units,
electronically processed, routed, converted, and multiplexed again to the out-
put fibers. A logical switching corresponding to a switching at the electronic
level helps to keep a full connectivity on complex networks with many nodes
in which a fully transparent optical approach is no longer possible or too
expensive, requiring too many wavelengths and too many transceivers.
SONET networks, ATM networks, and IP networks are typical examples of
logically routed networks.

6.3.5 Multigranularity Cross-Connect Architecture

The cross-connect can be made of layers operating at different granularity

[47] (Figure 6.5).

* First layer: Fiber cross-connect (FXC) with fibers from and to the
network, local fibers added and dropped, and fibers communicating
with the wavelength cross-connect layer above.

* Second layer: Wavelength cross-connect (wavelength selective
WSXC, or wavelength interchanging WIXC) communicating with
the electronic cross-connect layer above. This layer may be divided
in two sublayers: waveband cross-connect (WBXC) and wavelength
cross-connect.

* Last layer: Electronic cross-connect.

Electrical add Electrical drop
> —
l f ELECTRICAL XC _'jJ T

==

Fiber XC =
Fiber in from network Fiber out to network

Local fiber/
add/drop

Figure 6.5 Multigranularity cross-connect. (After: [47].)
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Such a cross-connect can be used in a dynamic grooming architecture in
which the best packing of bands of wavelengths onto fibers, the best packing
of wavelengths into bands, and the best packing of tributaries onto wave-
lengths allow an efficient routing in a layer as low as possible, bypassing the
layer above without unnecessary demultiplexing and multiplexing.

6.4 Some Definitions Used for Interconnection Performance
Characterization

We use the definitions given in [48] for the interconnects.

6.41 Bandwidth, Effective Bandwidth, Aggregate Bandwidth

The bandwidth is the maximum number of bits that can be transmitted per
unit of time. This is the effective bandwidth of the useful data bits, not
including the redundant information (logic-level error correction). The
aggregate bandwidth is the total bandwidth of the parallel interconnects:
2 bandwidths (bandwidth of individual interconnect X number of intercon-
nects, for interconnects with identical bandwidths).

6.4.2 Signaling Rate

It is the maximum number of transitions that can take place per unit of time.
It is expressed in bauds. Without data encoding (nonreturn-to-zero, NRZ
signaling) bandwidth and signaling rate are equal. But if there is clock or
low-level redundant information encoded in the transmitted signal, and with
other encoding, it is no longer true. For example, with Manchester encoding
the peak signaling rate is twice the bandwidth.

6.4.3 Latency

The latency is the time spent to get the electrical information bit input at
the sender location (at the output of a standard cell logic gate) available as
an electrical information bit output at the receiver end (at a standard logic
level). For NRZ, it consists of the delay of the driver circuit, the opto-
electronic delay of the light source modulation, the duration of light
propagation, and the optoelectronic delay at the receiving end, including the
electrical amplifier delay.
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6.5 Interoperability in Optical Routed DWDM Networks

The problem is analyzed by Ram Palissery in much detail in [49]. Some of
the recommendations corresponding to some specific systems and devices
discussed in this chapter are given in the following documents:

* Draft ITU-T Recommendation G.959.1, “Optical Networking
Physical Layer Interfaces,” Geneva, July 1999;

* GR-1230-CORE, SONET “Bidirectional Line Switched-Ring
Equipment Generic Criteria (a Module of TSGR, FR-440),”
Issue 4, Bellcore, December 1998;

* GR-1312-CORE, “Generic Requirements for Optical Fiber Amplifi-
ers and Proprietary Dense Wavelength Division Multiplexed Sys-
tems,” Issue 3, April 1999;

e GR-1400-CORE, “SONET Dual-Fed Unidirectional Path Switched
ring (UPSR) Equipment Generic Criteria (a Module of TSGR,
FR-440),” Issue 2, Bellcore, January 1999;

* GR-2918-CORE, “Generic Requirements for DWDM Systems
with Digital Tributary for Use in Metropolitan Area Applications:
Common Physical Layer Generic Criteria,” Issue 3, Bellcore,

March 1999;

* GR-2979-CORE, “Common Generic Requirements for Optical
Add/Drop Multiplexers (OADMs) and Optical Terminal Multi-
plexers (OTMs),” Issue 2, Bellcore, December 1998;

*  GR-2999-CORE, “Generic Requirements for WDM Network Man-
agement Systems (NMSs),” Issue 1, Bellcore, January 1999;

*  GR-3009-CORE, “Optical Cross-Connect Generic Requirements,”
Issue 1, Bellcore, January 1999;

* GR-2869-CORE, “Generic Requirements for Operations Based
on the Telecommunications Management Network Architecture,”
Issue 1, Bellcore, October 1995.

6.6 Space Switches

The space-switch cross-connects (or interconnects [50]) fibers connected to
the optical node without regard to the attributes of the optical signals. It can
be used for traffic routing, reconfiguration, and restoration at the fiber level.
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Used with wavelength (or waveband) division demultiplexer/multiplexers
and/or static routers it allows wavelength (or waveband) switching.

6.6.1 Crosshar Switches

A fully optical space switch can be realized as a very simple crossbar configu-
ration (Figure 6.6) with three stages that consist of an area of passive splitters,
a matrix of controllable on/off switches, and an area of combiners. With N
fiber inputs and N fiber outputs it needs N (1 to R) splitters, N X R on-off
switches, and R (N to 1) optical combiners. In such a device, the output
power is only 1/NR without taking into account any practical losses. High
bit-rate hybrid crossbar switches using electrical/optical/electrical (E/O/E)
conversion have been proposed.

For example, a cross-bar switch, using the free space optical fan-out of a
8 x 8 VCSEL array, providing 64 replicas of 64-bit serial optical input signals
generated by the VCSEL array was reported in [51-54]. A full evaluation of

this system is continuing at the time of this writing.

6.6.2 Routers/Selectors Switches and Benes Switches

Large switch matrices can be built using simple y-branched 1 % 2 switches.
For example the 4 X 4 switch of Figure 6.7 consists of four switching-
unit areas interconnected by three wiring units. This component can be

N input /

fibers

R output

=

£=7 R x N ON-OFF switches
) N to 1 combiners

< 1to R splitters

Figure 6.6 Typical crosshar switch architecture.
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Figure 6.7 4 x 4 router/selector switch and 8 x 8 Benes switch: (a) Y-branched 1 x 2
switch element, and (b) 2 x 2 permutation switch.

integrated and is generally called a router/selector switch. As shown in the
figure, a special connection rule allows nonblocking permutation connec-
tions. On this device there are no theoretical splitting losses as on the former
crossbar device.

The Benes switches use 2 X 2 elementary permutation switches. An
N x N router/selector requires 2N (N — 1) elementary switches compared
to N? for the crossbar and a N x N-dilated Benes architecture switch fabric
requires 2N log,N switch elements.
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Switch Expansion

A large N x N switch can be made with smaller N/2 x N/2 modules. The
design is called switch expansion. In Figure 6.8, an 8 X 8 switch is obtained
from four 4 x 4 switches connected through Y couplers. For example, this
configuration was used by L. Gillner and G. Gustavson for an amplifier gate
switch array [55].

6.6.3 Enabling Technologies

In optical switching several technologies are proposed:

* Optomechanical switching;

* Thermo-optic modifications;

* Liquid-crystal effects;

¢ Voltage-induced modifications in optical waveguides;
* Cross-gain, XPM in SOAs;

¢ Acousto-optic effects.

Complementary information is given in [56-58].
6.6.3.1 Optomechanical Switching

Beam Steering

For nonblocking switches with a large number of ports the use of
cascades of many 1 X 2 or 2 X 2 elementary switches would give complex

4x4

4x4

4x4

Figure 6.8 Switch expansion: 8 x 8 switch from four 4 x 4 switches. (After: [55].)
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interconnections and high insertion loss. In beam-steering switches, the
complexity of the switch does not increase much with the number of ports.

The configuration of the switch [59, 60] is given in Figure 6.9. Two
sets of servo-controlled collimators can be utilized. B. H. Lee and R. J. Capik
demonstrated a 576 X 576 device using two-axes positioning of collimators
with a total steering angle +8° with 0.0016° resolution. The insertion loss
was 0.7 dB and the isolation 110 dB [59]. In specific cases, phase holograms
written on liquid crystals may be utilized to steer the optical beams.

Microelectro-Mechanical Systems (MEMS)

MEMS have progressively emerged as a means of implementing optical
mechanical and electrical components on a single wafer [61-68]. It has
shown scalability to high port-count and submillisecond switching times
[69]. The small mirrors can be 100% reflective or with partial transmission.
The losses can be rather small [63, 67]. For example, a free-space micro-
mechanical optical cross-connect with bridging functionality for optical-
layer restoration developed by L. Y. Lin, et al. [67] shows very-low excess
losses: 0.1 and 0.3 dB in the service path and in the restoration path, respec-
tively (Figure 6.10). A free-space add/drop multiplexer with a bulk grating
and a micromirror array with good performance has been reported in [65].

6.6.3.2 Thermo-Optic Modifications

Thermo-optic modifications in polymers can be used to realize relatively
low-cost optical-switching matrices. For instance, a prototype 8 X 8 non-
blocking cross-connect based on polymer switching technology was

Figure 6.9 Configuration of a beam-steering switch.
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Figure 6.10 MEMS cross-connect for optical-layer restoration of reference. (After: [20].)

developed by a large telecommunication component manufacturer [70].
Thermo-optic switches using vertically coupled polymer/silica waveguides
combine the advantages of ultra-low-loss silica waveguides and low power
consumption of thermo-optic effects [71, 72]. Fluoracrylate composed of
pentafluorstyrene, trifluorethylmethacrylate, and glycidylmethacrylate has
been used in this application. Acceptable performance on 1 X 2 and 2 X 2
switches (crosstalk =32 and —23 dB in bar and cross-state, respectively,
switching power less than 80 mW) was obtained. The crosstalk can be fur-
ther reduced: for instance, down —42 dB in [73]. Silicone can also be used
with good results: extinction ratio up to 30 dB [74], operation even at 80°C.

In [75], results obtained with thermo-optic 8 X 8 matrix switches based
on silica-based lightwave circuits are reported. Guided MZ interferometers
with thermo-optic phase shift on one arm are used for switching. The aver-
age loss and extinction ratio were 5.1 and 60.3 dB, respectively.

Switching using movement by thermo-capillarity of an index matching
liquid between two crossed waveguides was also proposed [76].

All these experiments are very interesting (see also [77]), but in our
opinion, the practical network applications of thermo-optic switching are
still unclear.

6.6.3.3 Liquid-Crystal Effects

Liquid crystal is a material widely used in different commercial applications
including high-reliability military applications. For example, commercial
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liquid-crystal switching elements were tested for over 12,000 hours at 90°C
without degradation in optical performance, and optical switch fabrics have
been constructed with < 1dB loss and > 50 dB extinction ratios in 1,250- to
1,650-nm wavelength range [78].

Free-Space Switches Using Liquid-Crystal Switching Stages

There are several types of switches based on liquid crystals. They can use
reconfigurable gratings based on liquid crystal (Figure 6.11) or polarization
manipulation on addressable liquid-crystal arrays placed between birefrin-
gent devices. An example of realization of a reconfigurable grating switch is
given in [79]. Local spatial frequency holographic recordings on ferroelectric
liquid crystal (FLC) are used. An interference pattern can be stored on the
FLC by applying a short voltage pulse. A 4 x 1,204 switch was demonstrated.
The spatial frequency recorded on this ferroelectric liquid-crystal spatial-light
modulator (FLC-SLM) was 37 to 98 lines/mm. It would be a very interesting
device for large switching matrices. Unfortunately, the losses are relatively

high (28 to 36 dB).

Local low frequency grating induced by
a controllable interference pattern

Figure 6.11 Principle of steering in an holographic switch based on ferroelectric liquid-
crystal spatial-light modulator. (The collimating devices and the holographic
pattern generation means on the reverse side of the FLC-SLM are not
shown.)
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A different example of reconfigurable grating switch was given in [80].
Here, high-resolution nematic LCs were used, with gratings in tandem
(Figure 6.12). An 8 x 8 switch with about 9-dB loss and an isolation higher
than 29 dB was demonstrated. The response time was lower than 50 ms.

In the second type, liquid-crystal free-space switches are made of
liquid-crystal transmission-array switches sitting between birefringent
spatial-routing stages, arranged between input and output collimating arrays
(Figure 6.13). The routing is performed by manipulating the state of polari-
zation of the incoming optical signals in the liquid-crystal pixels placed

Hologram arrays

Array of microlenses
s
y gy
:"' "
y

Array of microlenses
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~~~~~~
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K - Y
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Figure 6.12 Reconfigurable LC grating switch. (After: [80].)

Input collimating array

Routing stages: In each, _
birefringent crystal + /2 +
birefringent crystal with axis

in opposite direction Liquid crystal

switching stages

Output collimating array

Figure 6.13 Typical liquid-crystal free-space switches.
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between the birefringent stages. A change of polarization corresponds to a
change in the refraction angle in the birefringent stages.

A 4 x 4 free-space switch for optical cross-connect, designed for a wave-
length of 850 nm, was described in [81]. It consists of four polarization con-
trol elements, three routing elements, and an optical coupling system. Each
polarization control element is a 1 X 4 array of ferroelectric crystal changing
polarization state by 90°. Each routing element uses two calcite birefringent
crystals, with opposed axis, separated by a 4/2 wave plate. The array of ferro-
electric crystal has four 500 um % 500 um cells. The loss was 6 dB and the
maximum interchannel crosstalk was —22.8 dB. The response time was
0.2 ms. Cross-connection with 10-Gbps WDM signals using a 64-port
liquid-crystal switch was demonstrated in [82] with an insertion loss of
13.2 dB and a crosstalk of about =30 dB.

The performance of an add/drop wavelength-routing switch integrat-
ing wavelength filtering and spatial routing with liquid crystal was reported
in [83]. 1 x 2,2 % 2, and 1 x 4 switches using high-speed ferroelectric
liquid-crystal shows switching speeds of less than 100 ms and crosstalks
better than —40 dB.

6.6.3.4 Voltage-Induced Modifications in Optical Waveguides

Switches on semiconductors

Switch arrays using InP/InGaAsP waveguide Y coupling structures were
reported more than 10 years ago. High-speed operation up to 10 GHz was
demonstrated in 1995 [84]. These devices can be compact (millimeter size)
[85]. Electrorefraction and electroabsorption may be combined to reduce
the crosstalk: =40 dB was demonstrated on a 2 X 2-space switch in a dilated
Benes structure [86]. For additional information, see also [87].

Switch on lithium niobate

The electro-optic effect in lithium niobate can be used to build many port N
X N optical switches with submicrosecond switching time units. The tech-
nology is rather mature. However, the thermal sensitivity and the extinction
ratios in these devices may sometimes be an issue. An example of realization
of an excellent strictly nonblocking 16 X 16 electro-optic photonic switch
module was reported in [88]. The device is almost polarization independent.
The minimum loss is about 12 dB. The typical extinction ratios are 12 to

17 dB.
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6.6.3.5 Cross-Gain, XPM in SOAs

Switch matrices with integrated SOAs have been suggested as they include
internal loss compensation. Such 4 X 4 InGaAsP/InP with fiber-to-fiber gain
have been realized (Figure 6.14). Spontaneous emission amplification and
dynamic gain saturation cause the main limitations. The first effect penalizes
the devices at low input levels. The second effect reduces the dynamic range
[89-92].

An 8 x 8 SOA gate cross-connector system was developed in 1997 [93]
to demonstrate network self-healing. The experiment showed that 20-Gbps
signals could be reconfigured in the optical layer within 0.8 ms.

Simultaneous wavelength conversion and routing of 10Gbps optical
packets have been demonstrated in a semiconductor vertical coupler optical
space switch [94]. The 4 X 4 space switch is fabricated on an InGaAsP/InP
wafer. Wavelength conversion of the incoming signals is obtained through
XGM of CW sources at determined wavelengths, while the switching
is obtained through carrier induced refractive index and gain changes
in vertical directional couplers. Outstanding results are also reported in

[95-97]. Such devices seem promising for future wavelength/packet
switched OXCs.

6.6.3.6 Acousto-Optics Switching

The tunable acousto-optic filter was proposed by Harris and Wallace in 1969
(Figure 6.15) [98]. In the initial experiment, a LiNbO; crystal was set
between a crossed polarizer and analyzer. The incident electric field after
transmittance through the polarizer is parallel to the crystal optical axis z
and propagates at an extraordinary index. Without the acoustic wave, there is

— SOA gates

Figure 6.14 Typical layout of an integrated 4 x 4 SOA gate switch matrix.



168 DWDM Fundamentals, Components, and Applications

| £= 7|

=

Figure 6.15 Harris and Wallace acousto-optic filter. (After:[98].)

extinction through the analyzer at the crystal exit. When an acoustic wave is
applied in A and directed in the light-propagation direction y, an interaction
between the light and the acoustic wave takes place in the crystal.

Wex, Wor and @, being, respectively, the incident optical angular velocity
(“ex” for extraordinary), the emerging optical angular velocity “or” for ordi-
nary) and the angular velocity (the angular velocity is related to the frequency
v by v = w/27, we obtain:

Incident optical wave: ﬁz(}/t) = [Ez()/) /2] exp ](a) oItk y)

Acoustic wave: g(y,t) = E‘IS%%

xpj(w,r —k, )
0

The acoustic wave interacts with the incident optical wave to produce
forced optical waves at pulsations W, + @, and W — @,. In lithium niobate,
Ny > N, in case of phase matching such that ke, + k, = k,,, additive diffrac-
tion effects will be obtained such that:

. Ex(y)O
Ex(y.7) = DE%” E#fxpj(w Stk y)

This corresponds to the cross-polarization state and therefore, light passes
through the analyzer if the wavelength corresponds to k., + k, = k,, or
A=V, (n o — D )/ f, where f; is the acoustic frequency and V; the acoustic
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velocity in the substrate; A is tunable with f. At the beginning, such filters
were manufactured with small crystals and, later, on integrated optic devices.

The spectral width is such that:
/*{2

L(nl)l' - nCX)

Integrated filters with an interaction length L = 4 mm with A4 = 2.5 nm
were obtained [99], as well as with A4 =1 nm [100, 101]. Applications of
acousto-optic tunable filters were proposed for wavelength selective circuit
switching and packet switching [101]. (A few other references are given in
our reference section [102—-109].)

It was shown that integrated devices in LINbO; could be used to design
multiwavelength large tuning range switches [110-111]. However, these
devices, in general, have much crosstalk and high PDL. The crosstalk can be
reduced by dilatation [112]. An example of the realization of an add/drop
multiplexer for wavelengths ranging from 1,530 to 1,570 nm is given in [113].
The unpolarized loss is 4.5 dB, the PDL is 2.3 dB and crosstalk is =25 dB.

M =038

6.7 Passive Wavelength Router

In a node with input ports (1, 2, 3, ...1, ...N) and output ports (1, 2, 3, ..., j,
...M), passive components allowing a wavelength selective cross-connection
from N input ports to M outputs can be utilized. These components can
connect any input i to any output j at a given wavelength 4; [114-117].

6.7.1 Node with Interconnected Demultiplexer/Multiplexers

The cross-connection can be made with WDM demultipler/multiplexers
utilized in a back-to-back configuration as shown in Figure 6.16. In such a
node it is possible to interchange wavelengths between any input and any
output fibers. For instance, with Ay input port 1 is connected to output port
N. As well with the same wavelength A the input port N can be connected
to the output port 1 without collision. The optical path is determined
uniquely by its input port and by its wavelength: A signal arriving on input i,
carried on wavelength 4,, is routed to outport j where

k=i+j-1fori+j<N+landk=i+j—-1-Nfori+j=N+2

See Table 6.1.
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Figure 6.16 Typical WDM cross-connection made with back-to-back demultiplex-
ers/multiplexer.

Table 6.1
Four Wavelengths Used to Connect Any Input Port 1 to 4 to Any Output Port 1 to 4

Input/OQutput 1 2 3 4

1 Moo A M
2 Ay A3 A M
3 A3 A M A
4 Ay A A2 A3

Here, the routing is fixed without rearrangeability, but we will see later
how the addition of a space-division switch allows rearrangeability. We will
also see in Section 6.7.2 that passive grating routers, with analogous connect-
ing functions, but avoiding the double losses of demultiplexing before multi-
plexing of these structures, can be designed in most cases.

The wavelength-routed 4 X 4 star in Figure 6.17 is a particular case
of the back-to-back demultiplexer/multiplexer devices. This node is made of
eight identical three-wavelength WDMs interconnected as shown. It allows
the design of survivable WDM star networks. The connections from four
transmitters, T to T4, to 4 receivers R, to R4 can be obtained using only three
wavelengths as given in Table 6.2 [118].
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Figure 6.17 Wavelength-routed star. (After:[118].)

Table 6.2
Wavelength Routed 4 x 4 Star, Wavelengths Used to
Connect Any Transmitter Ty to T4 to Any Receiver Ry to R

Rl R2 R3 R4

m — A& A A
7 A3 — M A
T A2 A3 — M1

™ M A A3 —

Remark: Use of multiple multiplexers [119].

It is worth underlining that the eight WDMs of Figure 6.17 can be
replaced by a single multiple multiplexer using only two dielectric filters or
by a grating multiple multiplexer obtained with a bulk grating or an AWG
with 32 fibers connected as explained in [119]. Of course, more generally, a
single multiple multiplexer using various wavelength selective functions can
always be used to realize the design showed in Figure 6.16.

A coupling function or a wavelength multiplexing function through
an optical system, with two or three dimensions, generally sets a relation
between a transmission fiber and an entrance or exit fiber set. Thus, for
instance, in a Y-coupler, the transmission-line fiber is imaged onto two other
fibers through an optical divider (semitransparent mirror or pupil divider)
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and one or more focusing optics. In a wavelength division multiplexer, the
transmission fiber is imaged according to the wavelength at different focal
plane locations with a grating (arrayed waveguide grating in AWG or diffrac-
tion grating in three-dimensional configuration) and/or a set of multidielec-
tric filters or other wavelength separating means; these locations are
associated with one or several focusing optics (except in the concave grating
case which combines dispersion and focusing functions). As a matter of fact,
all these devices provide a relation between object and image fields (in so far
as the stigmatism is sufficient and the relative fiber positions in the different
fields are controlled, one could realize several couplers and/or several elemen-
tary multiplexers, through the same dividing and focusing optics). In such a
component, one coupling optic is used on a set of p fibers arranged in subsets
of n + 1 fibers.

6.7.2 Static Grating Routers
6.7.2.1 Principle

A single grating component can connect n inputs to n outputs, each connec-
tion from input i to output j requiring a given wavelength A; (Figure 6.18).
For instance, in a diffraction grating configuration working in a fixed diffrac-
tion order, this wavelength is 4; =4, + (i +j) AA, where A/ is the channel-
spacing constant and 4, is a constant wavelength (see Section 6.7.2.3). A
complete nonblocking connectivity between every input and output port is

Rx

!

!

Rx

!

BT

j
—>» Rx [—>»
n
—>

!

Rx

!

PWRN

Figure 6.18 Passive wavelength routing node with a diffraction grating configuration
working in a fixed diffraction order: 4; =4, + (i +j) AA. Using two different
diffraction orders, a cyclic permutation of wavelengths can be obtained: A;=
Ay +(i+)Adwheni+j<N+1andA;= Ay +(i+j—N) Al wheni+j2
N+2.
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provided. Nonblocking in that case means that two connections from two
different inputs to the same output cannot be obtained through the same
wavelength. Passive optical network architectures based on such components
were designed to establish virtual topologies (see, for example, [120]).

6.7.2.2 Typical Applications

This static router is more faults-tolerant than the cross-connectors that also
use active devices such as space-division switches. However, the routing of
light-paths between fibers through a static router depends only on the wave-
length corresponding to a reduced freedom in rearrangeability.

Waveguide-grating routers have been used in the design of access net-
works [121-123]. A simplified example of a network using static routers is
given in Figure 6.19. The 3 X 3 static routers are located in each node of a
bidirectional ring connecting three nodes. The connections are AB, AC, BA,
BC, CA, and CB (also superfluous connections AA, BB, and CC) [120].

Networks with switching functionality relegated to the edges can be
designed with passive components with a high interest for metropolitan area
networks (MANs) and wide area networks (WANs). A star network inter-
connecting N major switch nodes in a national-scale telecommunication net-
work is given in [124].

Figure 6.19 A typical application of 3 x 3 static routers in a bidirectional ring connecting
three nodes. In each node a three-wavelength laser array and a three-
wavelength receiver array are used. (After:[120].)
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A metro-scale full-mesh network with a single-star topology with
1,024 paths at 10 Gbps each with a 32 x 32 AWG (aggregate capacity
10 Tbps, scalability to 92 Tbps, 9,200 paths) on a 10-km radius was demon-
strated in September 2000 [125].

These routers can also be used in particular configurations, for exam-
ple, to realize optical amplification on bidirectional links. In [126] the
authors showed how to amplify 16 channels along a bidirectional link with
8 channels in each direction. The component made of two symmetric router
groups all upstream and downstream channels, in the same direction inside
the same amplifier, then reinject them in their initial direction in the bidirec-
tional transmission fiber.

6.7.2.3 Static Wavelength Router Based on “Free Space” Diffraction Grating
Configuration

Principle

Dense and very dense NN wavelength routers based on diffraction grating
technology are currently available (typical example in Figure 6.20).
These devices make use of highly dispersive planes [127-129] or concave
[130, 131] gratings to spatially position and separate discrete wavelengths
having subnanometer spacing, on a double fiber array figure (Figure 6.21) or
even a single fiber array (Figure 6.22).

Figure 6.20 Typical diffraction grating router. 22 x 22 Input/Output ports. Spacing
between channels: 1.6, 0.8, or 0.4 nm. Physical size 234 x 35 x 35. (Source:
HighWave Optical Technology. Reprinted with permission).
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Figure 6.21 Diffraction grating router with a double fiber array at spectral focus.
(Remark: When the grating is used in a single diffraction order, 2N — 1 wave-
lengths are necessary to connect N inputs to N outputs, here 7 wavelengths
for a 4 x 4 router. Using different orders N — 1 wavelengths can be enough
for nonblocking connectivity. New designs will allow N x N cyclic routing
with N wavelengths only.

Figure 6.22 Diffraction grating router with a single fiber array at spectral focus (same
remark on wavelengths as in Figure 6.21).
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We first assume a single array of fibers (Figures 6.22 and 6.23). A set of
p fibers is located in the focal plane F of an optical system composed of a
focusing lens and a grating, the fibers are numbered from 1 to p, i and j are
the references of any fiber pair. If 4;, the wavelength in the medium in front
of the grating, corresponds to the coupling between the entrance fiber i and
the exit fiber j in the first order of the grating in a diffraction order 7, consid-
ering a distance between grooves on the grating a, we obtain:

al(sinoci +sinaj) = mﬂ.ii

If the position of the fibers in the focal plane is such that: sin @;, | = sin @; +
u, and sin a. =sina;+u where u is a constant, then we obtain with a grat-
ing working in a fixed diffraction order: 4; =4, + (i +j) AA. Itis easily dem-
onstrated that A; =4; and that4; =4, , ;- . Thus, Table 6.3, corresponding
to A; in a given order m, is symmetrical relative to its diagonal and the wave-
lengths corresponding to the straight lines such as i + j = constant are equal.
Note that the wavelengths such as 4, ; are given by an arithmetical progres-
sion of a X u difference.

Figure 6.23 Schematic view of a grating wavelength router (multiplexer) with its focus-
ing lens and the fiber plane. In mountings with a plane grating, the rays
coming from each fiber are generally parallel in front of the grating. In
mountings with a concave grating, the focusing lens is replaced by the grat-
ing itself. This is also the case in AWG in which the grating is replaced by
the waveguide array.



Routers, Cross-Connects, and Add/Drops 177

Using two different diffraction orders, a cyclic permutation of wave-
lengths can be obtained: 4; =4, + (i +j) AA wheni+j<N+1andi;=4, +
(i+j—N)AA wheni+j=N +2. So instead of 2N — 1 wavelengths for a
N % N router N wavelengths would be enough. However, this needs to work
in high orders (typically 59 and 60 in C band).

Table 6.3 gives entrance to exit fiber wavelength relation in a static
router with constant spacing between fibers in the focal plane. Note the
symmetry relative to the diagonal i =j =1 to i =j = p and the fact that the
wavelength is unchanged along straight lines perpendicular to the diagonal.
Ajlinearly increases with i +j.

A Typical Plane Grating Device

In [127, 128] 22 % 22 and 25 X 26 static routers using diffraction gratings
with 0.8-nm channel spacing were demonstrated. They were interleaved, in
order to get 47 X 48 routers working on a 0.4-nm wavelength grid. In these
devices the double fiber array is arranged in silicon V grooves. The entire
device is constructed in a solid silica block (Figure 6.24). A plane diffraction
grating inserted inside the silica block positions the wavelengths coming
from any input fiber of the first row of fibers to any output fiber of the sec-
ond row of fibers (as in Figure 6.20).

A double array of 25[26 SM fibers with 42-mm spacing on both sides
of silicon chips is shown in Figure 6.25. A fiber-positioning accuracy better
than 1 pm was demonstrated. The contribution of V groove error of position
was less than 0.5 mm. The main error came from the core-to-cladding off-
set tolerance of the fibers. This gave measured wavelength accuracy for each

Table 6.3
Wavelength Used to Connect Any Input Fiber to Any Output Fiber

Fiber Fiber Fiber Fiber Fiber
OQut1 Out2 Out3 — Outj —  Outp
FIBER IN 1 At Az A3

FIBERIN2  Arp A3 Ag
FIBERIN 3 A3 M4 A5

FIBER INi Aij

FIBER IN p Aop
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7 Fiber array

Concave mirror

Grating

Figure 6.24 Diffraction grating router configuration. A plane diffraction grating inserted
inside the silica block positions the wavelengths coming from any input fiber
of the first row of fibers to any output fiber of the second row of fibers. Here,
a first fiber row (i = 1 to 4) is imaged through a grating to a second fiber row
(1=1tod):A;=Ag+ (i +])AL.

Figure 6.25 Microscope view of a double array of 25[26 SM fibers in silicon V grooves,
with 42-mm spacing. (Source: Highwave Optical Technologies.)

channel of 0.025 nm for 0.4-nm spacing. The housing dimensions of the
device was 234[B5[B5 mm. The FWHM of transmission channels was
0.22 nm, and the insertion losses was 2.4 dB, with a crosstalk of =45 dB. All
650 bandpasses from any 25 inputs to any 26 outputs had low losses and
almost identical Gaussian shapes as calculated [119]. Lateral aberrations in
the field were less than 0.3 gm. It was demonstrated that routers with wave-
length spacing as small as 0.05 nm and with more than 100 % 100 ports
could be made in this configuration.
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A Typical Concave Grating Device

Impressive results were published in [130]. A 91 X 91, 0.33-nm spacing,
free-space WDM router based on a new concave grating configuration giving
a loss of less than 1 dB and crosstalk level lower than =52 dB was reported
(Figure 6.20).

All these results show that free-space or monoblock diffraction-grating
technology with simple or double arrays of fibers can be used for manufac-
turing very dense static NCM wavelength routers, with very small channel
spacing. Down 0.05-nm spacing with wavelength interleaving and perhaps
less would be feasible but other problems such as nonlinear crosstalk, sources
and other device stability, wavelength line-width enlargement with modula-
tion, and so on, limit the interest in such ultra-dense routers.

6.7.2.4 Static Wavelength Router Based on AWG Configuration

Using N input ports and M output ports with an AWG [132, 133] an
N X M static wavelength router can be obtained [134, 135].

With an input fiber i corresponding to an angle ®; in the input slab
waveguide and an output fiber j corresponding to an angle 6; in the output
slab waveguide (see Figure 6.27), the wavelength selected in the output fiber
is Ay = 1/m[nd (sin®; + sin6)) + n, AL] where m is the diffraction order, n, is
the effective index of the arrayed waveguides, n; is the effective index of the
slab waveguides, d is the distance between two adjacent waveguides in the
array, and AL is the length difference between adjacent guides.

91 x 91 fiber array

NN
AR
\\\\\\

N

N\
N
N
\\\

R=118 mm

O

Concave
holographic
grating

Figure 6.26 Free-space concave holographic grating router configuration. (After:[130].)
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A=1/mInd (sin® + sind) +n, AL]

Figure 6.27 Static wavelength router based on AWG configuration.

As for diffraction-grating devices, if the position of the fibers in the
focal plane is such that sin ®;+, = sin ®; + u, and sin 6;+, = sin 6, + u where
u is a constant, then we obtain with a grating, working in a fixed diffrac-
tion order: A; =4 + (i +j) AA. As with diffraction gratings we get 4;; =4; and
Ai =i+ j - p- Thus, the table corresponding to 4; in a given order m is
symmetrical relative to its diagonal and the wavelengths corresponding to the
straight lines such as i + j = constant are equal.

Using two different diffraction orders a cyclic permutation of wave-
lengths can be obtained: ;= Ao+ (i+j) AA wheni+j<N+1andi; =4, +
(i+j—N)AA wheni+j2=N + 2. With the high diffraction orders used in
AWG it is easy to get these conditions without additional losses [136].

But it is not possible to obtain a perfect cyclic wavelength or frequency
response because the free-spectral range varies between the different orders.
This problem can be reduced with specific adjustments of fiber spacing
in the input and output fiber arrays. For example in [137] a cyclic 16 % 32
AWG router at 100-GHz spacing with a center wavelength deviation
reduced down to +0.05 nm is reported. This is obtained with two sets of
fiber spacing in the input and in the output fiber arrays: in this component,
in the input array 30.74 and 31.02 #m from input 1 to 11 and from input 11
to 16, respectively, and in the output array 30.60 and 30.85 4m from output
1 to 18 and from output 18 to 32, respectively.

6.7.2.5 Interleaving of Passive Wavelength Routers

As with elementary wavelength multiplexer/demultiplexers, it is possible to
associate static wavelength routers working on interleaved wavelength grids.
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With two N X N routers working with the same Af frequency spacing
but with an Af/2 shift between the two grids, it becomes possible to design
2 N X 2 N-routing devices working on an Af/2 frequency grid [Figure 6.28(a)].
This architecture is useful but not fully nonblocking. With four N x N rout-
ers in a switch-expansion architecture (see Figure 6.8), 2 N x 2 N—fully non-
blocking can be designed. Two N x N routers working one in each direction
can be made with the two N X N interleaved routers [Figure 6.28(b)]. This
architecture is also fully nonblocking.

6.7.2.6 Static Waveband Routers and Application to Waveband
Cross-Connection

In high-transmission-capacity large telecommunication networks, peta-
bit/s-aggregate-capacity cross-connection between many fibers (100 and
more) with many wavelengths (100 and more) per fiber, each at high bit-
rates (10 Gbps and more), will have to be done. 1,000 X 1,000 to
10,000 % 10,000 switches may be necessary if the switching is to be done at
the individual wavelength-fiber level. In the “multigranularity” approach,
grouping as many wavelengths which have a common destination as possible,

PWR

PWR
S+ AL

(a)

PWR
Sk + AL

(b)

Figure 6.28 Interleaving of routers. In (a), an 8 x 8 router is made with two 4 x 4 inter-
leaved routers. In (b), two 4 x 4 routers, one working in each direction, are
made with the same two 4 x 4 interleaved routers; (b) is fully nonblocking.
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allows reduction of the number of ports of the cross-connector switches
[138-141]. This WDM grooming is to some extent equivalent to the TDM
grooming: The optical granularity can be considered as an extension of the
electrical granularity. The routing and wavelength assignment process will
try to avoid unnecessary demultiplexing of the fibers in their individual
bands of wavelengths, and the bands of wavelengths in their individual wave-
lengths at the nodes.

A typical optical cross-connector in big nodes will be made of an asso-
ciation of a fiber cross-connector, a waveband cross-connector (with a differ-
ent set of wavelengths in each waveband), and a wavelength cross-connector.

A diffraction grating or an AWG static router with input fiber spacing
larger than output fiber spacing, corresponding to wavelength spacing A4
and dA = AA/m, respectively, can be used to address predetermined sets
of wavelengths from any input to any output as shown in Table 6.4 and
Figure 6.29.

This component can also be used as a demultiplexer/multiplexer of
bundles of wavelengths as shown on Figure 6.29. Such components can be
used as static routers in passive optical-network architectures with switching
functionality relegated to the periphery or associated with active space
switches in the design of waveband cross-connectors.

6.7.2.7 Problems in Getting All Channels on the ITU Grid

We have seen above that wavelength A; from input i to output j is given by a
similar law in a diffraction grating and in an AWG device:

Ay = (llm)[a(sinoci +sin Ocj)] for a diffraction-grating WDM.

Ay = (llm)[nsd sin®, +sin9j) +naAL] for an AWG WDM.

Table 6.4
Static “Waveband” Router
In OQut A B C
A A+AL/3 A+2A1/3
B A+AL A+AL+AA/3 A+AL+2AM/3
C A+2A4  A+2AA+AN3 A+2A0+2AA/3
D A+3AL  A+3AA+AA/3 A+3AA+2AA/3
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Figure 6.29 Static “waveband” router used to demultiplex groups of wavelengths. A 1/N
divider or a wavelength interleaver (lower losses) is located between the
input and ABCD.

Then, in the approximation of small angles for equidistant fibers, we
have A; =4, + (i +j) AA in a given order on both devices. In the table of
wavelengths A; we get channels equally spaced in wavelength, in a given
order, in this approximation. However, the ITU channels are defined as
equally spaced in frequency ( f ) For this, it is possible to design fiber arrays
with nonequidistant fibers. For instance, we can position the fibers in order
to get f; on the ITU grid for all i = j, but for all other f;j we get a mismatch
from the ITU grid. The mismatch is maximum on fix and fy. Other
arrangements of fibers can be used, but it is not possible to get all channels of
the router perfectly on the ITU grid. This is why, for large number of ports,
the N optical channels (typically 80 x 80, 0.4-nm spacing) should be chosen
equally spaced in wavelength and not in frequency [142].

We have also in any case m'A;,, = mA;,, for wavelengths from the same
input i to the same output j in two different orders 7 and #'. So, for a given
couple of input to output fibers, we get the frequencies f, on a grid with Af
constant. In other words, the free-frequency range Af'is proportional to the
diffraction order but the free-spectral range A4 is in inverse proportion of the
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diffraction order. So it is not possible to design large cyclic-grating routers,
using two diffraction orders, with the same wavelength spacing in the two
different orders, nor static grating routers (cyclic or not) equally spaced in
frequency for any (i,j) couple. In a given order it is possible to get a constant
spacing in wavelength with a very good approximation. This approximation
is sin o = o, for small « angles. As it is possible to keep the same angular
dispersion, with smaller angles and a larger focal length, the spacing in wave-
length can be made as constant as necessary for all (i, j) couples. Static grating
routers, equally spaced in frequency in a given order on the diagonal (i =),
are feasible. Some mismatch with the ITU grid is unavoidable for the other
(i, j) couples, with a maximum error on (1, N) and (N,1) couples of input to
output. Another solution is an equal frequency spacing on the ITU grid for
all outputs corresponding to a given input, and for all inputs corresponding
to a given output. Again, a mismatch with the ITU grid is unavoidable for
the other (i, j) couples.

6.8 Optical Cross-Connector

The key role of the optical cross-connector (OXC) is to reconfigure the net-
work at the fiber and wavelength level, for restoration or to accommodate
change in traffic demand. The OXC plays a role in the optical domain simi-
lar to the role of the digital cross-connect systems (DCS) in the electronic
domain. The OXC is utilized to interconnect rings or different nodes in a
mesh network. There is now wide agreement that the big revolution in opti-
cal networking will occur in the form of optical-switching equipment [143].

Today, the hybrid OXC first converts the optical data to electronic
data and uses DCS for the practical cross-connection. There is no other solu-
tion for very high numbers of input to output ports N X N cross-connection.
N may be on the order of thousands in a DCS, but only on the order of tens
in all-optical switches today. But N is already on the order of a few hundreds
in optical switches at the laboratory stage.

The OXC is based on a space switch, or on a wavelength space switch:
WSXC or WIXC.

6.8.1 WSXC
6.8.1.1 Principle

Sometimes they are also called wavelength selective switches. One of the
wavelengths arriving on one of the N ports is demultiplexed, and goes to the
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N x N switch working on this specific wavelength. This wavelength can be
switched to any chosen output port after multiplexing. N demultiplexers,
J switches, and N multiplexers are used in an N X N node with up to ] wave-
lengths on each fiber (Figure 6.30).

6.8.1.2 Enabling Technology

This component can be made of individual optical multiplexers, demulti-
plexers, and switches. WSXC can be designed with different kinds of WDM
components. It may use a multimultiplexer that replaces all multiplexers
and demultiplexers in a single smaller and cheaper component using three-
dimensional optics (still necessary for large N and or J) or integrated optics.
For small N x J values, integrated optics components including the switches
with some limitations are already available. For high values of N and ],
the “free-space” optics are generally the preferred solution. Integrated WSXC
can be manufactured with AWG and optical switches [144, 145]. In [146], a
modular WSXC with a 256 X 256 crossbar switch consisting of 16 integrated
broadcast modules and 16 integrated switch modules is proposed. Each
broadcast module uses an AWG 16-wavelength multiplexer and a splitter.
Each switch module uses 1 x 16 splitters, 256 SOA gates, static AWG rout-
ers, and combiners.

N demultiplexers N multiplexers
—
N* N switch )
. —> 1
A /
—
i - .
N* N switch ‘ )
j’2 /
\
-| N* N switch > 3
Ay
/
\
—» N
N* N switch
i —
i

Figure 6.30 A wavelength selective cross-connector.
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In [147], a 2 X 2 port, 16 wavelength 0.8-nm spacing integrated
WSXC is reported. The insertion loss is 8 to 10 dB and the crosstalk is
—28 dB. Details on this device are given in [148]. Two couples of AWGs and
MZ-type thermo-optic switches are monolithically integrated on a common
silicon substrate. This component was used as an ADM.

A very compact (6 X 6 mm) polarization-independent integrated four-
channel 2 x 2-optical cross-connect on InP is reported in [149, 150]. It
works on four frequencies spaced at 400 GHz. The device uses two
8 x 8-polarization-dispersion-compensated AWG, and four 2 X 2 electro-
optical switches. The total loss is below 13 and 16 dB for TE and TM polari-
zation, respectively. The crosstalk, determined by the performance of the
switches, is lower than =16 dB.

In particular architectures, the switches can be replaced by active wave-
length routers. For example, in [151] an active electro-optic section over an
arrayed waveguide enables the AWG to become a space-wavelength switch.

Much information on integrated WSXC and other advanced devices
for WDM applications is given in [152]. In particular, results with 4 x 4
four-wavelength compact devices are presented:

e 1.5 X 3-mm’ chip with four 1 X 4 AWG and four push-pull MZI’s:
total on-chip loss (TE) < 12 dB, interchannel crosstalk <—18 dB.

9 x 12-mm’ chip with a single 4 X 16 phasar (static router used as
multimultiplexer) replacing the four AWGs and MZIs, total on-
chip loss (TE) 12 to 16 dB, interchannel crosstalk <—13 dB.

It can be seen that the crosstalk is larger in the second configuration.

¢ 8X12-mm’ chip with dilated switches, made of two 2 X 8 AWGs, a
4-wavelength 2 x 2 WSXCs, showing total on-chip loss < 16 dB,
and interchannel crosstalk < =20 dB. This illustrates the interest of
dilated switches to reduce the crosstalk.

WSXC with few ports and few wavelengths based on FBGs and circulators
were proposed. S. -K. Liaw, S. Chi, and K. -P Ho [153] propose the four
configurations of Figure 6.31 corresponding to 2 X 2 cross-connectors work-
ing in “transmission” (a), or in reflection (b), unidirectionaly, or working in
“transmission” (c), or in reflection (d), bidirectionally. Strain-tunable FBGs
are used for wavelength selection.
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Figure 6.31 Four configurations of WSXC using FBGs: (a) unidirectional “transmission”
type, (b) unidirectional “reflection” type, (c) bidirectional “transmission”
type, and (d) bidirectional “reflection” type. (After: [153].)

Note that in specific fiber-wireless networks, T. Koonen, et al. demon-
strated the use of a flexible wavelength routing using polarization-
independent reflective modulators at the ONUs [154]. The system uses
8-wavelengths HDWDMs, power splitters, and thermo-optics MZ 1 X 8
switches in glass-integrated optics. The polarization dependency is less than 1
dB and the extinction ratio better than 20 dB.

Also note that a specific wavelength selective cross-connect using tun-
able filters and equalizers in front of space-switches between splitters and
combiners is shown in Figure 6.32. In such devices with large splitting/com-
bining losses, it is in general necessary to use optical amplifiers at each input
and output.

6.8.1.3 Wavelength-Dilated Switches

Wavelength-dilated switches [155, 156] can relax the crosstalk requirement
of wavelength-routing devices. In these devices, the optical switch matrix is
divided into several subswitch matrices working on subsets of wavelengths
with spacings that are multiples of those in the whole channel set. For exam-
ple, in Figure 6.33, with a set of eight wavelengths (4, 4,, 45, A4, A5, A4 4, A)

in an 8-input ports to 8-output ports node, three elementary 8 X 8 switches



188 DWDM Fundamentals, Components, and Applications

Tunable filters

Optical
amplifiers

— Space switches

P

Combiners

Tunable sources

} Receivers

| Electronic cross-connect |
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working on (A, A4 4,), (A, A5 Ag), and (A5 A), respectively, are used to design
the wavelength space switch. Then each subswitch matrix operates on a
reduced number of wavelengths with larger wavelength spacing, thus reduc-
ing interchannel crosstalks.

6.8.1.4 WSXCs in a Series

In practical networks, the WSXCs are generally used in series. The polariza-
tion defects and crosstalk are generally added. However, with adequate com-
ponents the penalty can be relatively low even at high bit rates. For instance,
in [157] a 10-Gbps transmission through four WSXCs spaced by 70 km each
on a link of 200 km of TrueWave fiber showed a measured power penalty of
1.8 dB only.

6.8.1.5 Reliability of WSXCs

In WSXGCs, it is important to detect and repair any routing failure at the ear-
liest stage. Some Bellcore or ITU documents specify the reliability-assurance
requirements of given networks.

In 1999:

* GR-418 “Generic Reliability Assurance Requirements for Fiber
Optics Transport Systems”;

* GR-2979 “Common Generic Requirements for OADMs and
OTMs”;

» G.873 “Working List Contribution T1X1.5/99-111.”

R. Holmstrom and L. Wosinska [158] evaluated the failure rates of some
components used in cross-connects in FITs (failures per 10” hours): 1:2 split-
ter 50, tunable transmitter 745, tunable receiver 470, WDM 8 channels 360,
transmitter 186, receiver 70, 16 X 16 optical matrix switch 1,000, 16 % 16
cross-point switch 320, thermoelectric cooler 1500. Of course, these values
were given for typical components commercially available in 1999 and prog-
ress was expected. This gave a mean time between failure (MTBF) of about
12 years, and 6 years on 128 x 128 WSXCs without or with OEO conver-
sion, respectively. So redundant equipment or cross-connectors with redun-
dant paths (less expensive) were needed. They showed how the MTBF could
be ameliorated with a shared redundancy: The new MTBF of the 128 x 128
WSXC was about 66 years with or without OEO conversion.

It is also very important to detect and repair any routing failure locally.
For these devices, supervisory wavelength channels were proposed. In [159]
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or [160] the supervision is based on demultiplexing without additional losses
of channels in a diffraction order 7 + 1, m being the diffraction order used
for the transmission channels. In [161], one wavelength channel is reserved
for transmission of the optical supervision channel and protection-switching
actions in case of failure are initiated locally.

From the management system point of view, informative concepts and
design for management of connection services with fast-path provisioning
and restoration in the event of a failure in dynamic optical networks using
cross-connects was given in [162].

6.8.2 Cross-Connect with Wavelength Conversion

6.8.2.1 Principle

The condition of wavelength continuity along the optical path, necessary
in all-optical networks, may lead to a blocking when two signals with the
same wavelength need to take the same fiber route. Let us take the example of
Figure 6.34. It is necessary to change the original wavelength of the signal
going from A to F: A, needs to be converted to 4, in the WXC in order to
avoid a conflict along their common path with the signal from C to E also
at ;. The wavelength assignment policies and routing strategy in all-optical
networks with limited-range wavelength conversion will not be discussed
here. See, for instance, [163]. We will only describe some cross-connect
architectures allowing full or limited wavelength conversion.

6.8.2.2 Enabling Technology

In these devices, very often the optical wavelength conversion uses MZI
devices. In addition, the conversion can help reduce source chirp and amelio-
rate the extinction ratio.

Figure 6.34 Simplified example of wavelength cross-connect with wavelength conversion.
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In [164], it is emphasized that the optical wavelength conversion using
InP MZI such as those reported in [165] reduced the input signal chirp and
increased the extinction ratio. A chip of 0.16 nm from 2.5-Gbps DFB-laser
input was reduced below the detection limit (< 0.08 nm) by wavelength con-
version, and the extinction ratio was increased from 8 dB at the input to
11 dB after wavelength conversion.

Other solutions for wavelength conversion exist, such as conversion in
a DBR laser. A typical example of conversion with a DBR laser is given in
[166] in which four-channel 1,546.6 to 1,552.6 1-nm spacing are obtained
from a signal input at 1,538 nm and routed through a phasar.

The suitability of programmable widely tunable laser transmitters for
application in reconfigurable networks was tested in [167]. Tunable trans-
mitters with an absolute frequency accuracy better than #5 GHz reproduc-
ible over several months of testing were obtained from three manufacturers
[168-170]. More than 100 channels, 50-GHz spacing were available with a
tuning range of 30 nm in the wavelength range 1,530 to 1,560 nm. The
power of each source was —3 dBm with a stability of +0.5 dB (short and long
term).

6.8.2.3 Architectures of Cross-Connects with Wavelength Conversion

Architectures with a Large Switch

The concept of Figure 6.34 can be generalized. With several fibers and sev-
eral wavelengths used at a typical node, a single large switch can replace the
different wavelength switches of the WSXC with a wavelength converter on
all exit ports as shown on Figure 6.35. This is the more conventional wave-
length interchangeable cross-connect architecture. (Transmitter and receiver
ports connected to a local digital cross-connect are also generally added.)
With N inputs, N outputs with ] wavelengths each, the dimension of the
switch is NJ % JN. So the switch in this architecture needs to be very large
[164, 171].

However, very large switches would be unpractical. Different solutions
were proposed to reduce the complexity of this solution [172-174].

Modular Architectures

Other architectures avoiding large dimension cross-connects have been pro-
posed, for example, in the structure of Figure 6.36. Here, the light arriving at
each input port is amplified and split between small space switches (4 X 4 in
our example). Tunable filters (with optional equalizers) accomplish the chan-
nel selection. At the exit ports of the space switches, wavelength converters
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are used and the different paths are recombined and amplified on the differ-
ent output fibers connected to the node. Of course, in general, signals need
to be added and dropped locally through an electronic cross-connect.

Another example is given in Figure 6.37, in which the J-incoming
wavelengths in each N-input fibers are demultiplexed with one demulti-
plexer 1 x J per fiber, switched by a space switch ] X N (with one space switch
per input fiber) and combined through N, N to 1 combiners to the
N-output fibers.

Such an architecture was used in [175], demonstrating a 320-Gbps
aggregate capacity cross-connect system with N = 16 input and output fibers,
8 wavelengths spaced at 100 GHz, and 2.5 Gbps per channel. 1 x 8 AWG
demultiplexers, 8 X 16 delivery and coupling switches, and 16 X 1 combiners
are used. An O/E/O conversion with DBR lasers modulated by external
modulators is used between the demultiplexers and the switches. Error-free
transmission in this 5-node virtual-wavelength-path network was proved
with 8-channel wavelength converted signals over 160 km without repeaters
and 480 km with three repeaters.

Another version of this WIXC exists (Figure 6.38), in which splitters
are used at the inputs and in which a wavelength conversion after wavelength
filtering is done in the last part of the device, in front of multiplexers. This
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Figure 6.37 “Input-converter” WIXC with demultiplexers and combiners.
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version can be called “output-converter” architecture in opposition to the
“input-converter” architecture of Figure 6.37 described above. Some advan-
tages of the “output-converter” architectures in monitoring the switch per-
formance are pointed out in [176].

All these structures can be modular:

* Modularity at the link level with switch, filters, and wavelength con-
verters in each elementary module (N modules);

* Modularity at the path level with a filter and a wavelength converter
in each elementary module (J X N modules). The granularity is finer
but many more modules are necessary. This needs compact and
affordable components. In these modules AWG or free-space rout-
ers can be used for the design of compact tunable filters that can
integrate switching and wavelength filtering functions. For example,
in [176], a path module for N X 1-space switching and ] X 1 tunable
filtering using an AWG static router with N-input ports and
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(J + N — 1)-output ports, integrated with an array of 2N + ] — 1 gate
switches, and with a N + ] — 1 combiner is proposed.

A multimodular architecture for opaque networks that is at the same time
wavelength and fiber modular is presented in [177]. The possibility of intro-
ducing limited wavelength converter ability adds a flexibility degree to this
design.

A practical “output-converter” cross-connect prototyped by Alcatel a
few years ago is shown in Figure 6.39. It is reported in [178] that before
1997, two prototypes were manufactured. The first using proved tech-
nologies with four wavelengths each modulated at 2.5 Gbps in a 3-node self-
healing network were presented in numerous exhibitions. The second with
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Figure 6.39 Practical “output-converter” cross-connect. (After:[178, 179].)
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an aggregate capacity of 640 Gbps, under test in different places at that time,
was a cross-connect with 4 X 4 ports, with 4-wavelengths 400-GHz spacing
each at 2.5 Gbps. It used optical semiconductor gates and all optical wave-
length converters (SOA-based interferometric wavelength converters) [179].

6.8.3 Layered-Switch Architecture

In fully connected WXCs, a large number of switch points could be required
in the main nodes of high-capacity optical-transport networks working with
tens of fibers with tens of wavelengths. However, these nodes have to con-
nect many signals distributed in a small number of routes linked to them. It
was shown that a layered-switch architecture (taking into account that a sig-
nal arriving at the node does not need full access to every signal path but only
to any route) could reduce the switch size and, moreover, give a high-design
flexibility and expandability. In each node the switch fabric can be separated
into different layers and the layers of adjacent network nodes are cross-
connected. The number of layers does not depend on the number of wave-
lengths as above. “The dimension of each switch can be greatly reduced to a
manageable size, and the switch fabric is readily scaleable by inserting more
layers” [180]. See Figure 6.40.

Crosstalk Limitations in WSXCs

Optical cross-connects generate crosstalks on the signal. If the crosstalks
come from channels at the wavelength of this signal, they are generally called
intraband crosstalks. If they come from other wavelengths then they are
called interband crosstalks. This problem received much attention (see, for
instance, [181-189]).

A typical WSXC with ] wavelengths, N inputs and N outputs is shown in
Figure 6.41. It consists of N demultiplexers, ] N X N switches, and N demulti-
plexers. On a wavelength A;; coming from port i on wavelength q and connected
to a given output, different crosstalks are superimposed. Crosstalks in each
demultiplexer give ] — 1 interband crosstalks on the signal output. For
instance, on 4;; we get a crosstalk Z; 414 (q from 2 to J) in the demultiplexer
connected to input 1. These interband crosstalks will be double filtered in
the demultiplexer and in the multiplexer in this device, but sometimes star
couplers are used in place of the demultiplexers, so that there is no filtering
in the second part of the system. N — 1 intraband crosstalks are generated
directly in switch A, and additionally J — 1 intraband crosstalks ;; on signals
Aiq coming from the crosstalk in the demultiplexers connected to the multi-
plexer used by A, are added at the output port 1. They are also generally
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double filtered in the demultiplexer and in the multiplexer. The typical
crosstalk of some components that are used in WSXCs is given in Table 6.5.

Unfortunately, the intraband crosstalk is accumulated at each node of
the network. Consequently, in networks with some nodes the total crosstalk
coming from each cross-connect needs to be very small: < —40 to < —-60 dB
depending of the type of network, number of nodes, and overall
specifications.

However, sometimes the crosstalk arising from the limited wave-band
rejection in the wavelength selectors of the WSXC and WIXC can be mea-
sured and partially canceled. For example, in [190] the optical carrier at each
wavelength is modulated with a subcarrier tone unique to that wavelength.
Measured on their tones, the crosstalks coming from all adjacent channels
can be canceled by weighting and summing the interfering photocurrents.
With Gaussian passbands, an increase of 30% to 50% of channel density can
be achieved at BER < 10™ even if the initial crosstalk was higher than =10 dB.

6.9 OADMs

6.9.1 Introduction

The OADM (Figure 6.42) is a unit that selectively removes one wavelength
A; from a multiplicity of wavelengths 4, 4, ... 4; ... Ay multiplexed on
an incoming fiber, bypasses all other wavelengths, and adds the same wave-
length generally with another data content on the transmission fiber.

More generally, the OADM can be defined as a component that:

* Demultiplexes some wavelengths from an incoming fiber and drops
them locally with or without optoelectronic conversion;

Table 6.5
Typical Components Used in a WSXC
Component Adjacent Channel dB  Other Channels dB
Filter 100-GHz spacing =25 =35
AWG 100-GHz spacing -30 =30
Free-space static router 100-GHz spacing —45 —-bb
Mechanical switch —-60 —-65
4x4 active InP switch (scalable) —-40 —-40
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* Bypasses the other wavelengths arriving from the incoming fiber to
an outgoing fiber;

« Adds wavelengths from local subscribers on the outgoing fiber
through a wavelength division multiplexer or a combiner;

* Demultiplexing and multiplexing of the bypassed wavelengths with
the dropped wavelengths and/or with the added wavelengths is often
necessary (Figure 6.43).

The OADM is either dynamically wavelength-selectable or the wavelength is
fixed.

Of course, the most general OXC also includes similar functions and
many of the enabling-technologies for OADM and OXC are equivalent.
They will not be explained again when unnecessary.

These technologies take advantage of dielectric multilayer coatings,
bulk-type or AWG devices, BGF, grating coupled waveguides, MZ, FP, and
other interferometric devices.

The first OADM prototypes were designed in approximately 1980, but
the early commercial OADM networks were deployed only a few years ago.
Until 2000, they were mainly used on terrestrial interexchange and sub-
marine networks. However, they now find increasing applications in
metro/access networks. They are often used to bypass local exchanges.
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The global consumption evaluated by Electronicast was $17.22 million in
1998, with an expected growth rate of more than 100% during the next
5 years [191].

6.9.2 OADM with FBGs and Circulators

A few channel OADMs can be made with FBGs inserted between circula-
tors as shown for a single channel in Figure 6.44. The WDM input passes
through a first circulator. A wavelength channel is reflected by a Bragg
grating and dropped by this first circulator. Similarly, a channel at the same
wavelength can be added through the second circulator to the fiber grating
which couples the signal back to the outgoing fiber.

Circulator Circulator

Fiber grating

Drop Add

Figure 6.44 Fiber grating/circulators OADM.
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Low insertion loss (2.5 dB typical) can be obtained [192] (see other ref-
erences in Chapter 3). A practical application of such devices in metropolitan
networks is described in [193].

The main technical problem is that the thermal drift, which is about
12 pm/°C for silica, needs to be compensated for if the temperature is not
stabilized.

The channel passband can be broadened with a chirp along the grating.
This chirp as well as the mean wavelength may be tunable with piezoelectric,
magnetostrictive, or thermal gradient transducers. An example of the last
type is given in [194], which describes an 8-channel 100-GHz-spacing tun-
able drop module. The chirp is achieved by two thermoelectric Peltier units
set at different temperatures at the extremities of the FBG. A wavelength
shift of 0.4 nm and a broadening to 0.25 nm is reported. Over the adjacent
channel passband, isolation was reported as being better than 22 dB.

A technical issue of these OADMs is the crosstalk on the added chan-
nel, arising from the light remaining in the transmission path after an unper-
fected grating reflection R of the drop channel. The transmitted crosstalk is
T'=1 - R, so the ratio of crosstalk to add signal is (1 = R)/R.

The corresponding power penalty is [195]:

Interferometric crosstalk P = —IOlog(l - 4\/(7 /R))
Noninterferometric crosstalk P = —1010g(1 - 2(T/R))

The interferometric crosstalk is much larger than the noninterferometric
crosstalk. W. Bo, et al. demonstrated that a reflectivity of the grating of
99.7%, which is quite difficult to achieve, would already give a 1 dB power
penalty. They discuss how to increase the reflectivity and how to reduce the
crosstalk with cascaded gratings. With two gratings with a peak reflectivity of
95% each, only T = 0.25% of the drop channel goes through the gratings
onto the add channel. The measured crosstalk was less than =35 dB.

6.9.3 Acousto-Optic Add/Drop

The general principle of acousto-optics used in switching devices was given
in Section 6.6.3.6. In add/drop filters in general, a surface acoustic wave is
applied on two transparent optical waveguides placed side by side in close
proximity (Figure 6.45). A periodic modulation of the optical index is cre-
ated along the waveguides by the acoustic wave. Light with wavelengths 4,
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Az oo Ais ... Ay arriving in the first guide in a given polarization (here, TE for
instance), is converted in the other polarization, and coupled in the second
waveguide for wavelengths that comply to the Bragg condition in the peri-
odical index structure. Acousto-optic OADMs can be made polarization-
independent in more complex designs. The devices are generally tunable.

An issue to be addressed is the quasi-coherent “intraband” crosstalk on
the added signal coming from the small part of the dropped signal that can
pass to the exit line directly through the component.

Different solutions were proposed to solve this problem. In [196], for
instance, a special dilated double-Y structure reduces the intraband crosstalk
below =30 dB on 400-GHz (and smaller) spacing OADMs. Another exam-
ple is reported in [197]. It consists of a 400-GHz acousto-optic tunable filter
in LINbO3, used with a 25-GHz interleaver. Here a reduction of crosstalk
below —35 dB is achieved with a double pass configuration.

6.9.4 Add/Drop with AWG

Of course, the general OADM design of Figure 6.43 can be made with two
AWGs [198, 199], or a single double AWG, with a static router (see multiple
multiplexers and static routers in Section 6.7), or with a single AWG in dou-
ble pass.

An example of the use of static routers is given in [200]. A transmission
network over 500 km with 3 nodes and an aggregate capacity of 100 Gbps
uses a 32 X 32 static router in each node: Ten channels, 100-GHz-spaced,
can be added or dropped in the intermediate node distant of 320 and 180
km from the two other nodes.

In a unique configuration, Y. Zhao, et al. [201] demonstrated how to
eliminate the intraband crosstalk using a double-pass AWG, fiber gratings,
and circulators. Through the additional filtering of the fiber gratings the
accumulated amplified emission of the EDFAs is suppressed. The intraband
crosstalk is =47 dB, small enough to accommodate 100 nodes (Figure 6.46).
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6.9.5 Add/Drop with Free-Space Grating Solutions

In general, the designs described for AWG are also valid for diffraction grat-
ings including solutions with static routers and multiple WDMs. The three
dimensions of diffraction-grating solutions compared to the two dimensions
of AWG adds other facilities. For instance, free-space grating wavelength-
selectable add/drops with tilting micromirrors were proposed. They allow a
fast (ms) dynamic reconfiguration of add/drop nodes. In [202], a 16-channel
OADM using a 600-lines/mm diffraction-grating device with a selectable
micromirror array (MEM) in the spectral plane allows a selectable transmis-
sion of signals from an input to an output line or local add/dropping depend-
ing of the micromirrors angles. Circulators are used on the output ports to
separate light coming from or going to the device: A first circulator separates
the incoming and the outgoing signals, and another circulator separates the
add and the drop channels. (For a review on MEMs, see [203].) Similar devices
using a holographic switch [204] would be feasible and potentially faster.

6.9.6 Tunability of OADM

An important factor is the tunability of the devices. In [205], the perform-
ance of an integrated optical tunable add/drop filter (tuning over few tens of
nanometers) in LPCVD SiO2 technology was reported. The losses are small
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enough (2 dB), however the crosstalk isolation of passing channels, =20 dB,
needed further improvements.

MZI cascaded in silicon oxynitride (SION) waveguides in a 75-mm-
long device [206] give a true wavelength tunability (free-spectral range
19.2 nm) based on thermo-optic effect, and low intrachannel crosstalk
(=55 dB).

The integrated OADM using grating-coupled semiconductor wave-
guides described in [207] demonstrates stable characteristics over 11-nm tun-
ing range. The losses are quite high (9 dB) but very stable over tuning.

6.9.7 Cascading of OADM

In real networks such as SONET ring networks, these components have
to be cascaded, generally one in each node. Problems may then arise from
the additive loss, the additive crosstalk, the polarization-dispersion loss, the
polarization-mode dispersion, and from the decrease of channel spectral
width in each unit.

The ability of different OADMs with four channels at 400-GHz spac-
ing to be cascaded was investigated in a recirculating loop with optical ampli-
fiers within the European research program ACTS [208, 209]. Devices based
on multilayer and FP filters, bulk grating, fiber grating, acousto-optic filters,
Si02-Si MZI filters with grating, InP devices, either built in the ACTS
(METON) project or commercial were tested. In most cases, more than
10 OADMs could be cascaded. Among the commercial components, the
bulk grating OADM gave the best crosstalk performances: < —60 dB
inter-channel and < =55 dB intrachannel crosstalks with total in/out loss
of 7 to 9 dB. The fiber grating OADM gave the lowest loss: total in/out
loss of 4 to 5 dB with < =50dB interchannel and < =25dB intrachannel
crosstalks.

Very promising results have been obtained with silica on silicon
waveguide grating filters. In [210], OADM with flattened passband MZIs
incorporating FBGs, and OADM with AWGs were compared in a
4-wavelength channel transmission at 10 Gbps over 400 km through four
OAMD nodes. In this configuration the losses are compensated using optical
add/drop switches that have an amplifying function: Two cascaded erbium-
doped fiber amplifiers are used in each OAMD. The comparison of the
author is reported in Table 6.6.
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Table 6.6
Comparison of Two Types of OAMD

Mach-Zehnder/Bragg AWG
Channel spacing 100 GHz 100 GHz
Maximum insertion loss 5.5dB 7.0dB
3-dB bandwidth 0.49 nm 0.33nm
Minimum channel isolation 30 dB 22dB
Typical thermal drift 0.001 nm/°C 0.01 nm
From: [210].

With the components available in this experiment, it is evident that the
OADM using MZIs incorporating FBG are much better for cascading.

They have a larger FWHM, a better isolation; moreover, the thermal
drift is smaller. After four nodes the power penalty with these devices was less
than half that with the AWG devices. However, other devices with much
better crosstalk and drift figures exist, especially AWG and free-space grating
devices (down =55 dB/=60 dB crosstalk and 0.0005 nm/°C passive drift for
the latter). Consequently, the technological choice is rather complex. Many
aspects need to be evaluated in the design of a specific network. Of course,
there is not a unique answer for all networks.

6.9.8 Optical Time Division Multiplexing Add/Drop

In this chapter we have presented up to this point only wavelength add/drop-
ping. Fast interferometric add/drop switching for optical time division mul-
tiplexing (OTDM) is also feasible but will not be discussed. Semiconductor
amplifiers have been widely investigated for this application. An example and
more references are given in [211].
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WDM Limits Caused by Optical
Nonlinearities in Optical Fibers

7.1 Introduction

Considering that optical sources with wavelength specifications enabling
smaller and smaller channel spacings are becoming available, and that com-
ponents with almost arbitrarily high-channel counts are feasible, one could
think that the number of channels would not be limited. Of course, this is
not true: Optical nonlinearities set limits on the optical power that can be
transmitted on the wavelength channels of the optical fiber.

The nonlinearities are related to:

¢ Index variation caused by intense electrical fields such as:
¢ Self-phase modulation (SPM);
« XPM;
« FWM;

¢ Scattering effects such as:
+ Stimulated Brillouin scattering (SBS);
¢ Stimulated Raman scattering (SRS).

All these nonlinear effects are locally rather small, but they become impor-
tant by accumulation over long fiber lengths. They generally degrade the
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transmission quality through signal losses, intra- or interchannel crosstalks,
pulse broadening or induced jitters. Of course the nonlinear effects can be
advantageous in other cases such as: soliton transmission, amplification, and
wavelength conversion. In this chapter, we consider the limiting effects only.
The other effects are discussed in different chapters of this book (soliton:
Section 2.9, amplification: Sections 5.2 to 5.9, conversion: Section 4.5).

12 SPM

In long-haul systems high powers are required to reach reasonable optical
amplifier spacing at high bit rate. Index variations, due to the intense electri-
cal field of the light signals, cause the Kerr effect to occur, and thus induces
changes in the signal phase, leading to SPM. This index variation modulates
the signal phase, which, in turn, modifies the signal spectrum. The pulse is
broadened by SPM with a negative dispersion (“normal dispersion regime,”
Figure 7.1) and shortened by SPM with a positive dispersion (“anomalous
dispersion regime”). In this later case, the temporal broadening due to chro-
matic dispersion is reduced by SPM. The phase change is about 7z rad for one
watt of launched power after a propagation of 1 km on a typical classical SM
fiber at 1.55 um [1].

Of course, SPM raises problems in monochannel transmission as well
as in multiplexed transmission, except in soliton transmissions and in a few
other specific cases to the contrary, in which this effect is used (for instance
the Kerr nonlinearity in normal dispersion fibers can be used for improving
the phase margin in optical RZ receivers [2]).

Intensity
A Normal dispersion regime

Broadened pulse
Original pulse

B
. ..
-
-------

Figure 7.1 The pulse is broadened by SPM in a negative dispersion fiber.
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The electrical field (£) intensity-dependent refractive index is
described as:

n=n, +n, ‘E‘z

where 7 is the perturbed index in the fiber core, n, is the unperturbed index,
n, is the nonlinear-field-dependent refractive index coefficient. The refractive
index change induces a time phase-shift across the pulse as it propagates
along the fiber:

Ap = AnL
The instantaneous angular frequency, @ is changed according to:
dw = AP/ dt
For Gaussian pulses with initial width Aw the width broadening is:

aw = 086 A('0Agbmax(Radians)

Due to this effect, the rising edge of a Gaussian pulse is “red”shifted while
the trailing edge is “blue” shifted. This frequency chirp can be used in nega-
tive group-velocity dispersion fibers in which it can compensate the effect of
dispersion (“blue” traveling faster than “red”) under certain conditions (see
Section 2.9). However, most often, SPM will set limits on the transmission
quality. Nonlinear coefficient round-robin measurements were performed in
Japan and in the United Kingdom for various nonzero dispersion-shifted
fibers (NZDSF) and large effective area (Ay) dispersion-shifted fibers
(LEDSF) [3]. The averaged values of n,/Ay at random polarization states
were measured to be = — 4.7, = — 4.0, and = — 3.0 x 10"° W' for DSF,
NZDSF, and LEDSF, respectively. The coefficient n, was the same for each
fiber type: n, = = 2.20 x 107" m*> W '. Measurements on Corning SMF
28 fibers over the wavelength range 1,534 to 1,560 nm [4] give an average
value of: n, = — (2.53 £0.09) X 107° m* W . Other information on nonlin-
ear coefficients is given in [5-8].

The nonlinear coefficient isy = 27tn, /(A Aex). This coefficient decreases
when the effective fiber core increases. The nonlinear threshold is about 1.1

W.km for G.653 and G.655 fibers and 1.6 W.km for G.652 fibers.
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Note that the effective area A of an SM optical fiber is defined in ITU
standards [9, 10] as:

i 0
2%% E, (7’)‘2 rdr ]
- O

Ay =

K . U
gliﬂ ()" rdr0
B

where E(7) is the mode-field distribution on a radius 7.

Typical values of A at 1.5 um are 80, 54, 83, 46, and 68 um’ for
attenuation flattened fibers, dispersion flattened fibers, matched cladding
fibers, dispersion-shifted fibers, and LEAF fibers, respectively.

In today’s high-transmission distance links, the effects of dispersion
and self-phase modulation have to be considered together for system optimi-
zation by proper dispersion management [11].

It was shown that duobinary modulations offer large dispersion toler-
ance, increase the bandwidth efficiency, and eliminate SBS effects (see
Section 7.5) [12-15]. However, it was also demonstrated, in a comparison of
the SPM limits of duobinary and binary codings in dispersion-managed and
uncompensated systems, that “beyond a critical power level the advantage of
the duobinary format with respect to dispersion tolerance was substantially
reduced” [16].

SPM limits the maximum link length at high bit rates. For a given
bandwidth and distance, the optical signal-to-noise ratio can always be
increased with more launch power but only up to the point where the fiber
nonlinearity begins to penalize the signal. The transmission limits imposed
by SPM on single-channel multispan transmission links for return-to-zero
(RZ), and nonreturn-to-zero (NRZ) data format from 10 to 80 Gbps were
investigated by G. Mohs, et al. [17].

RZ seems advantageous for systems that are limited by single-channel
effects such as SPM. However, considering other nonlinear interchannel
crosstalks occurring in WDM systems (namely, XPM, FWM, and SRS: see
Sections 7.3, 7.4, and 7.6), NRZ performs equally or better than RZ cod-
ing [18].

Remark: SPM is not always a problem. We have already seen that SPM
could be very useful in some cases such as soliton propagation. It is also
worth noting that SPM in dispersion-shifted fibers can be used for the regen-
eration of high bit-rates signals [19]. It is possible to suppress the noise in the
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“zeros” and the amplitude fluctuation in the “ones” of RZ optical TDM data
streams using SPM.

Using this effect, simultaneous time demultiplexing and regeneration
was achieved from 40 Gbs OTDM signals [20]. Also, SPM in a SOA was
used for pulse extinction ratio improvement in 40 Gbps OTDM applica-
tions [21].

1.3 XPM

71.3.1 Interchannel XPM

Interchannel XPM corresponds to the phase variation arising from the index
variation induced by one signal at wavelength Ai in another codirectionnal
channel at wavelength 4j. This effect sets a limit to the peak power that
can be coupled to the fiber. For instance, a set of 2.5-Gbps channels around
1,550 nm, with a spacing of about 0.5 nm, cannot be used with more than
10 mW per channel, on a standard SMF fiber (without dispersion shift) on a
long-distance (720 km) good-quality link. The XPM interference is almost
proportional to 1/A4 as calculated and experimentally demonstrated by Yu,
Jeppesen, and others. (A4 is the spacing between channels). This was verified
numerically with bit rates as high as 40 Gbps. They also demonstrate that the
difference in crosstalk between NRZ and RZ modulation format with a duty
cycle larger than a given value is quite small [22]. These conclusions were
verified for standard SMF fibers (dispersion 17 ps/nm/km at 1,560 nm) and
TrueWave fibers (dispersion 5 ps/nm/km at 1,560 nm).

In point-to-point links, the effect of XPM can be minimized by con-
trolling the phases between the clock signals of the different channels [23].
Quite fortunately, XPM saturates with increasing channel numbers due to
velocity mismatch along the fiber [24]. R. A. Saunders, et al. have shown
how to compensate in part the XPM in a 10 Gbps system over nonzero
dispersion-shifted fibers using a phase prechirp on the interfering chan-

nel [25].

7.3.2 Intrachannel Cross-Phase Modulation

In addition to XPM between channels, intrachannel cross-phase modulation
(IXPM) has been shown to lead to pulse timing jitter at high bit rates.
The intrachannel nonlinear effect in 40-Gbps WDM transmission over
standard-fiber links can be potentially more harmful than XPM between
channels [26]. However, the problem can be limited by a precompensation
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with dispersion Dygg; (ps/nm). Killey, et al. proposed a simple analytical rule
to calculate the optimum dispersion map for practical systems [20]:

-D 2
Dppe = SME 1nD O

a H+e B

Where « is the fiber loss, Dgy; is the fiber dispersion, and L is the span
length. In their practical system they showed that both IXPM and IFWM
were minimized with D = =200 ps/nm.

It was shown that all Kerr nonlinearities in long fiber spans could be
canceled using a LiINbO; phase conjugator and Raman amplification [27].
Ultra-low duty-cycle RZ transmission has a very-high tolerance to the fiber
nonlinearities [28, 29]. Clausen, et al. demonstrated that the penalties reduce
with the decrease of the pulse width and with the increase of the fiber dis-
persion and that a proper predispersion combined with counter-propagating
Raman amplification can reduce significantly the nonlinear impairments [30].

In dense dispersion-management soliton, WDM transmission periodic
spans of an SM fiber followed by reverse-dispersion fiber, plus a single span
of an SM fiber to adjust the path-averaged dispersion can be used. The span-
averaged dispersion can be tuned in each span to control the interchannel
XPM, while intrachannel interactions may be reduced by polarization multi-
plexing [31].

1.3.3 Nonlinear Channel Depolarization Through XPM

A nonlinear channel depolarization through XPM was first observed in
very-long-haul (a few thousand kms) soliton transmission at 10 Gbps [32].
In general, the linear polarization along the transmission line induced by
PMD and PLD can be compensated to some extent as they produce rela-
tively slow or static changes. In contrast, the timescale of nonlinear polariza-
tion changes is very short (bit-period) scale. It cannot be easily compensated
for. If polarization-sensitive receivers are used, the polarization variations are
converted into amplitude fluctuations reducing the performances of the sys-
tem. In polarization-state multiplexing in which orthogonally polarized adja-
cent channels are used in order to push the spectral efficiency of DWDM,
polarization-sensitive receivers are used. In such systems, the nonlinear depo-
larization through XPM set limits to the performances. For example, B. C.

Collings and L. Boivin observed a substantial reduction in the power mar-
gin by this effect, in a five-channel spaced by 50 GHz, 10 Gbps, NRZ,
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only 360-km system using orthogonally launched adjacent signals (at about
4 dBm per channel) and polarization-sensitive receivers [33].

7.4 FWM
7.41 Interchannel FWM

Three signal frequencies v;, Vi, Vi closely spaced can generate a mixing prod-
uct at a fourth frequency v; +v; — v. This effect is called four-wave mixing.
In principle, FWM may be caused by the mixing of only two frequencies.
However, two-frequency-mixing products have a weaker intensity than
three-frequency-mixing products. FWM corresponds to beatings between
signals at different frequencies. Two signals at frequencies ¥; and v; generate
harmonics at frequencies v; = (v; =) and v; + (v; = v,), (Figure 7.2). These
harmonics lead to additional noise that was particularly harmful if they
landed on other adjacent WDM channels. From N original wavelengths
N*(N - 1)/2 new wavelength are created.

If v; = v; = Av, the first harmonics are at frequencies v — Av and
v + Av; consequently, the crosstalk is maximum when WDM channels are
equally spaced in frequencies (Figure 7.3).

Unfortunately, the ITU standard sets a grid of frequencies with a con-
stant Av spacing (100 GHz). But it is still possible to use unequally spaced
channels selected on the ITU grid to reduce the FWM crosstalk. It was
shown that a slight detuning of about 5 GHz from the center frequency of a
given channel in a 100-GHz-spacing 16-channel multiplexing can decrease
the bit error rate (BER) significantly. Such a detuning is compatible with the
ITU recommendations on frequency tolerance over the frequency grid [34].

The FWM efficiency is proportional to P/ (AA* D?). (Where Py, is the
power in the interfering channels, A4 is the spacing and D is the dispersion).
The power generated in the adjacent channels is also proportional to

A

vi=l,=v) v v, v,—(v,=v)

Figure 7.2 Signals at frequencies v, v, and their FWM harmonics.
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Figure 7.3 Signals at frequencies v; v, v, and their 9 FWM harmonics, (a) with a con-
stant spacing three FWM products generated fall on signal channels, and
(b) with frequency spacing Av and 2Av no products generated fall on signal
channels.

(1/A«5)’. The EWM is an issue for G.653 fibers but less of an issue for
G.655 with larger A. The FWM is generally not an issue for G.655 fibers.

* FWM increases with the optical signal power so, in practice, the
maximum distance usable between repeater amplifiers is reduced by

FWM.

» FWM increases when the frequency spacing decreases so it sets prac-
tical limits to this spacing. FWM corresponds to real limitations in
coherent multiplexing. For instance, Waart and Braun [35], tackling
the FWM problem, demonstrated that, with a multiplexed link at
100 channels, 5-GHz-spaced, where it is intended to limit the cross-
talk at =20 dB, the input power must be limited from 0 to =5 dBm
for 5 km, and to =10 dBm for 100 km. D. A. Cleland, et al. showed
that FWM is the dominant consideration for the determination of
channel spacing in long-distance links (typically 560 km, 2.4 Gbps)
[36].

« FWM depends on the relative polarization of the beating signals.
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¢ The effect of fiber-chromatic dispersion on FWM is critical [37] and
a negligible penalty with conventional step index fiber may become

high with dispersion-shifted fibers [38].

Actually, FWM is the main limitation in DWDM systems using dispersion-
shifted fibers near the zero-dispersion wavelength region, because in such a
case the harmonics remain in phase over long distances with the original sig-
nals: The effect is cumulative. With standard fibers used on most networks
(dispersion 16 ps/nm/km) the FWM effect is much less important.

In a bidirectional zero-dispersion fiber, the number of channels that
can be used in a given spectral region with low-enough nonlinearity can be
increased using sets of frequencies, different in both directions, with unequal
spacing, on the constant-spacing I'TU grid.

For example, T. Sato and T. Horiguchi transmitted good quality sig-
nals at 10 GB/s over 2[70 km using five frequencies unequally spaced in
both directions on a grid of 11 equally spaced frequencies with 200-GHz
spacing [39].

Fibers with small but nonzero chromatic dispersion can be used in
order to reduce the nonlinear effects. For instance, commercially available
fibers show the following median values (in C band):

+ TrueWave Fibers (Corning):
e Attenuation 0.20 dB/km;
* Chromatics dispersion 2.4 ps/nm-km;
* Polarization-mode dispersion 0.05 ps/km;
e Nonlinear effective area 54 ,umZ;

* Core/clad concentricity 0.2 ym.

* TrueWave Fibers-RS (Corning):
 Chromatics dispersion 3.7 ps/nm-km;
« Slope 0.058 ps/nm’km;

« Nonlinear effective area 65 m”.

» E-LEAF (Corning):
* Chromatics dispersion 4.2 ps/nm-km;
« Slope 0.084 ps/nm’km;

« Nonlinear effective area 72 ym’.
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* Teralight fibers (Alcatel):
 Chromatics dispersion 8.0 ps/nm-km;
« Slope 0.058 ps/nm’km;
« Nonlinear Effective Area 65 um”.

(Note: Other fibers with reduced nonlinear effects are available.)

For example, in 1995 Chraplyvy and Tkach demonstrated that four
channels spaced at 2, 1, and 1.5 nm near 1,546 nm with a launch power of
3 dBm per channel gave redhibitory FWM after 25 km of dispersion-shifted
fiber but did not showed noticeable FWM after 50 km of TW. It was
reported that TW’s dispersion is large enough to suppress FWM, but small
enough to allow 8 wavelengths, each at 2.5 Gbps to be transmitted 1,000 km
without dispersion.

Conversely, since 1998, on fibers with zero dispersion at 1,550 nm
already installed, FWM had been reduced using sources with longer wave-
lengths well adapted to new amplifiers with gain in the 1,570- to 1,600-nm
region. For a standard 1,550-nm zero-dispersion fiber the group-velocity dis-
persion is 2.0 to 2.9 ps/nm/km in the 1,570- to 1,600-nm region.

For instance, M. Jinno, et al. were able to design a high-quality multi-
plexed link with 8 channels equally spaced at 200 GHz, each at 10 Gbps bit
rate, without repeater over 160 km [40].

In a very significant experiment, A. K. Srivastava, et al. [41] were able
to transmit 64 channels, at 10 Gbps each, 50 GHz spaced over 500 km
in the 1,570- to 1,610-nm band (L band of Erbium-doped amplifiers) with
bit error rates smaller than 10™. Moreover the XPM, normally significant,
remains small enough in this demonstration.

7.4.2 Intrachannel FWM

In very-high bit-rate dispersion-managed transmissions IXFWM is one of
the limiting factors [26, 42]. It leads to overlapping of the pulses broadened
by the fiber dispersion generating “shadow” or ghost pulses in the zeros. As
IXPM, IXFWM can be reduced with the design of an optimum-dispersion
map. Normally the same value of dispersion precompensation reduces these
two distortions.

In [43], rules are derived for an optimized design of WDM links at
10 Gbps per channel, considering XPM and SRS. The optimum design will take
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into account the fact that XPM saturates due to group-velocity mismatch,
but that conversely SRS increases, when the number of channels is increased.

15 SBS

SBS corresponds to the interaction of the optical waves with the acoustic
waves that occur in the fiber. A contradirectional scattering at frequencies
smaller than the incident frequency takes place. The threshold of this non-
linear effect depends on the source spectral width and on the power density
in the fiber. The launch power limitation due to SBS does not depend
on the number of channels and is more than a few dBm in typical applica-
tions [44].
The SBS threshold power as given by Y. Aoki, et al. [45] is:
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where Av, and Avy are the line-widths of the input laser and of the Brillouin
line, As and L are the effective core area and the effective length of the
fiber, and gy is the Brillouin gain in the fiber.

In G.652 fibers the shift is approximately 11 GHz (+0.088 nm) and
Avy=30MHz. The gain coefficient is about 4 10~ cm/W. In G.653 fibers
the shift is approximately 10.7 GHz (+0.085 nm) and Avg=80MHz. The
gain coefficient is about 3 107 cm/W [46].

In the large effective core area fibers in which the power density is
smaller that in standard fibers, the threshold is larger and the SBS effect
is smaller. The typical SBS threshold is about 10 dBm for a CW source. The
threshold increases by 3 dB when the source is externally modulated.

It is also often possible to broaden the laser line-width by direct or
external modulation when necessary: In that way, the SBS threshold can
generally be increased by several decibels. The SBS threshold can also be
increased by 3 dB by a polarization-multiplexing technique [47].

A duobinary modulation has proven to be a simple and efficient way to
increase the SBS threshold [48].

As its threshold can be increased by different ways, generally SBS is not
a big problem in wavelength-division multiplexed transmission links, and the
impact on the system performance is relatively small.
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16 SRS

Raman scattering is related to the absorption of energy from a photon fol-
lowed by loss of a part of its energy to a mechanical vibrational state in the
medium and a reradiation of light at longer wavelength (lower energy pho-
ton) (Figure 7.4). The process can be stimulated when another photon at this
longer wavelength is incident on the excited molecule. From this incident
photon a second photon will be emitted. This process corresponds to the
stimulated Raman amplification, used in some lightwave amplifiers.

The problem of limitation of launch power by SBS is being solved
by different means such as line broadening and/or by other means, SRS sets
another limit [49-54].

In Raman scattering, the fiber, excited at a given wavelength, reemits a
scattering spectrum at the same wavelength (Rayleigh scattering), which is
not a problem, but also at other wavelengths, longer or shorter than the exci-
tation wavelength, which are termed, respectively, Stokes and anti-Stokes
Raman scattering. The Stokes spectrum only has enough intensity to become
a constraint with cumulative effects along the fiber. The Raman peak is
about at a 13.2-THz distance from the excitation line (Figure 7.5). SRS has
two negative impacts: It induces crosstalk between channels by power
exchange, and it limits the maximum launched power in WDM channels
through power depletion. This happens at power above the SRS threshold
(=1W).

Phonon

Incident photon ’:g
hv

i Stokes photon

A Y W \
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Pump
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Lower energy level

Figure 7.4 Stokes Raman scattering and stimulated Raman scattering energy levels.
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Figure 7.5 Raman gain coefficient of silica glasses in the 1,500-nm region.

The Raman gain coefficient and the Raman threshold were measured
for different practical transmission fibers [55, 56]: standard single-mode fiber
(SSME), pure silica-core fiber (PSCF), LS fiber, and TrueWave fiber (TW),
as shown in Table 7.1.

The combination of the different parameters gives different thresholds
from 30.2 dBm on the standard fiber down to 26.6 dBm on the TW.

Raman crosstalk may not result in practical consequences in some
cases. P. Niay, et al. [57], working at about 1.3 um, with two 430 cm-
spaced channels (not far from the worst case), for =3 dBm injected powers
(in such a case, stimulated Brillouin and Raman effects are negligible) and a
100% analogic modulation rate, showed that the crosstalk is about -30 dB
for 15 km of SM fiber. It would reach =25 dB for an analogous system at
1.5 um on 25 km in the same conditions. However, the SRS crosstalk can
become a problem at total input powers of about 100 mW and above. For
example, on 32-channels transmission with 100-GHz spacing in C-band
DWDM over 100 km, the transmitted power penalty on the lower wave-
length channel is 0.7 and 2.3 dB with =10 and 5.6 dBm per channel, respec-
tively [58].

Table 7.1
Raman Gain Coefficients, Losses, and Mode Areas of a Few Fibers

Fiber Type SSMF PSCF LS ™

Mode area um?/loss dB/km ~ 78/0.21  75/0.17  53/0.22  53/0.22
Raman coef. 107" m/W 5.3 6.0 6.5 6.0
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S. Chiand S. C. Wang [59] calculated the limitation in bit rate X maxi-
mum length of high-density, optically multiplexed links related to Raman
scattering on fibers with dispersion shifted at 1.55 um only. With 107" Joule
input pulses, they found a bit rate X maximum length of 3.27 10” km Gbps.
This best case could be obtained with 0.2-nm-channel spacing and
240 wavelengths. See also [60].

In SRS [61, 62], the high-frequency channels act as pumps for smaller
frequency channels. The effect depends on the distance between channels.
The effect is maximized with a frequency distance of = 13.2 THz (= 100 nm
in the 1.5 um wavelength region) between the sources. This corresponds to
the distance between the Rayleigh line and the main Raman peaks of the sil-
ica material. As the distances in DWDM are much smaller (0.4 to 10 nm),
SBS has, in general, a very little impact on the signal quality [63].

However, in case of many-channel WDM, the total power and the
spectral range become large enough to induce significant SRS. The SRS cou-
pling can be calculated from the following equation [64]:

dl . V.
721 = Z g (v, =v,)[I, - z th(vj v I, —al,

Where v; >v;> v, Lis the intensity at frequency v; gg (v;,—v)) is the Raman
gain profile in Figure 7.5. The first sum is the gain of beam j from beams at
higher frequencies. The second sum is the loss to beams at lower frequen-
cies. The third term is the attenuation along the fiber. Using this equation
Mclntosh, et al. observed “significant channel depletion due to the SRS noise
above 1W of total input power.” However, they also showed that “inclusion
of a high-frequency pass filter greatly increases the SRS threshold of the
Raman noise that causes the channel depletion.”

Of course, in a very wide WDM window (100 nm and above), the SRS
needs to be compensated. With the new gain-shifted thulium-doped fiber
amplifier, the transmission window can be extended towards lower wave-
lengths of 1.48 um. Using, simultaneously, S band (1,478 to 1,512 nm),
C band (1,531 t01,563 nm), and L band (1,568 to 1,605 nm) becomes
feasible. One hundred thirty-nm-wide WDM transmission over 125 km of
SMF fiber with 400-GHz-spaced 10 Gbps signals was demonstrated [65]. In
this experiment, the SRS needed to be compensated mainly in the S band
(Raman scattering is more important at shorter wavelengths). This was done
with a distributed Raman amplification with a counter-propagating pump at
1.4 um in a thulium-doped fiber.
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In [66] Keang-PoHo evaluates both power penalty and power limit
induced by Raman crosstalk in single- and multispan WDM systems.

1.7 Conclusions

In optical-fiber transmission systems an increase in capacity is obtained via
an increase of the channel data rate and the number of wavelength channels.
Both correspond, necessarily, to an increase in the required launch power.
However, this power is limited by nonlinearities.

Today in very-high data rate 40 Gbps links, on standard SM fibers, the
main theoretical limitation is SPM. SPM is a major problem on monochan-
nel as well as on WDM optical transmission. (However, in most cases the
polarization-mode dispersion of practical fibers limits the data rate to lower
values.)

In DWDM systems operating at smaller data rates, the main penalty
arising from nonlinerarities is related to FWM in fibers when used near zero
of dispersion. This limits the launch power. FWM has a smaller impact on
standard nondispersion-shifted SM fiber. But FWM becomes a problem
with dispersion-compensated fibers. XPM, SBS, and SRS need also to be
taken into account. As XPM saturates with an increasing number of chan-
nels, SRS increases with wider wavelength range. SBS has a small impact as
the line-width of the sources that can generally be broadened in order to
reduce this particular nonlinear effect.

In order to reduce the launched power, the use of a contrapropagating
pump-distributed Raman gain optical amplification is recommended
(Figure 7.6). In such a case it can be necessary to reduce the spontaneous
Raman scattering in the pump laser itself by insertion of filters on the
line [67].

Fibers with larger effective core areas allow lower power density and
thus lower nonlinear effects for a given transmitted power. However, the
chromatic dispersion of the line needs to be managed: hybrid fiber spans
with a large area, non-zero dispersion fiber, and a dispersion-compensat-
ing fiber is often the best choice for high data-rate WDM-TDM links
(Figure 7.7).

In a given system architecture, the best solution will correspond to
a trade-off between the dispersion compensation of the fibers, the signal
launch powers, and the cumulative nonlinear crosstalks [68-76]. Each
month, better multi-Tbps long-distance DWDM links, with more wave-
lengths, higher bit rates, longer spans, and in which the nonlinearities
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Figure 7.6 Lower launch power from the transmitter TX, reduces nonlinear effects.
However, it is necessary to get enough power at the input of the optical
amplifier to reduce noise effects on the receiver RX. Adding distributed gain
from a contrapropagating Raman pump in EDFA amplifier links allows much
longer DWDM transmission spans (typically three times longer).
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Figure 7.7 Dispersion management. This is a powerful technique for nonlinearity effect
limitation. Long spans of standard fibers or fibers with a low average disper-
sion (NZDSF), and segments of fibers with a high local dispersion of opposite
sign, give only weak signal distortions while reducing the nonlinear
impairments.

problems find adequate solutions, are tested. Some examples given during
the post-deadline session of the European Conference on Optical Commu-
nication in September 2000 give an idea of the performances at this time

(77— 84].
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7.8 Additional Note

See other useful references on nonlinear effects not directly cited above:

« XPM [85];

« FWM, unequal spacing [86-91];
. FWM, effect of dispersion [92];
o FWM, intrachannel effects [93];
¢ SPM and XPM [94].
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Application of DWDM to
Telecommunication Networks

8.1 Some of the Earlier Applications

8.1.1 Introduction

The first WDM applications to customer-premise networks (CPN) appeared
in the early 1980s. The first networks used multimode fibers and very often
two wavelengths, 0.8 and 1.3 um, or sometimes three or four wavelengths in
WDM configurations. It soon became obvious that the use of SM fibers was
necessary to achieve the bandwidth required on high bit-rate trunks. In the
1980s, the great advantages of SM fibers for local networks, when switching,
routing, and processing of signals had to be done in the optical domain, were
increasingly considered. Several groups were pursuing plans to increase the
number of multiplexed wavelengths and, should the occasion arise, to use
wavelength tunable sources and receivers. A better understanding emerged of
the fact that optical networks could remain totally passive and, for instance,
that switching and routing could use the wavelength at the terminal level. In
the following part of Section 8.1 we will present only a few typical network-
ing examples published over the last two decades. This does not mean that
other examples not mentioned would be neither less interesting nor less
important; they are simply too numerous to mention them all.
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8.1.2 First Broadband Multiwavelength Passive Optical Networks

Typically, different stations emitted specific wavelengths into the optical net-
work, through a central star coupler or a bus, for instance. All optical signals
emitted in the networks reached each station. A wavelength division multi-
plexer at each station was able to separate in parallel the different wavelength
signals from the different network emitters. In general, the routing was elec-
tronic as in “classical networks,” using time switching with a selection done
through the address coded on the message header. These networks demon-
strated many advantages, in particular, few or no blocking possibilities
and either multipoint-to-multipoint link, point-to-point link, or point-to-
multipoint link.

Between 1985 and 1990, many demonstrations confirmed that band-
width x distance products larger than 1.5 Tbps ' km were obtained easily
without repeaters, with the components already available at that time, in
broadcast and select networks using star structures.

e In 1985, British Telecom Research Laboratories (BTRL) introduced
a new wavelength switched local network [1]. The network termi-
nals were interconnected through a central star coupler. A specific
wavelength emitter, as well as a tunable wavelength filter receiver,
was allocated to each terminal. A network control station operated at
its own allocated wavelength, polling each terminal in turn. In the
free state, the stations were tuned to the control wavelength. Polling
and selecting any terminal on a given optical wavelength was under
the control of this station. Other versions were proposed in which
each terminal had a tunable rather than a fixed wavelength optical
source.

+ In 1986, Bell Communication Research introduced the Lambdanet
network [2], interconnecting 16 stations through a “transparent,”
SM, optical-fiber star network. A 16 X 16 star coupler was used;
each station was emitting its own wavelength and receiving all the

other wavelengths on a 16-channel WDM.

 DPublished a few years later, the WTDM program managed by
the BBC (U.K.) was another application of a similar passive star
network to the development of a broadband customer-premises net-
work (BCPN), for the internal routing network of a television studio
center [3, 4].

e In 1991, another TV studio network had also been built in
Japan [5].
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* Reported in 1988, the Bell Communication Research’s Passive Pho-
tonic Loop (PPL) network is another example of a star structure.
This network used a double passive star of SM fibers between the
central office (CO) and the remote terminals (RT) [6]. In such a
network, the switched services to the different subscribers were mul-
tiplexed on a fiber installed between the CO and the RTs. The sig-
nals were switched and routed to their intended destinations in a
terminal. In the direction RT to CO, the reverse occurred. These
functions could be fulfilled using time multiplexing exclusively, but
with sophisticated electronics in the RT. WDM eliminated this
drawback and made it possible to build such a network with passive
optical components.

8.1.3 One of the First Access Networks Using a Multiwavelength Passive Tree

Studied before 1990, the British Telecom’s broadband passive optical net-
work (BPON) proposed an SM passive tree structure between the exchange
and the customer terminals. Prior to any other consideration, the economic
justification took into account the basis of known revenue earnings from
telephone services, but the network was prepared for a later requirement for
broadband services that will use other wavelengths. These networks fully
illustrated early on one of the most interesting characteristics of wavelength
division multiplexing: It allows network evolution without questions about
the infrastructure [7, 8]. A wavelength filter was included first in the cus-
tomer equipment for the selection of the telephone service. The other serv-
ices, and in particular the broadband services, could be added on the other
wavelengths later on. In these networks, the time-multiplexed signals were
broadcast from the exchange to all customers through several passive optical
splitters. The whole system involved time management and switching that
was controlled by the customer destination encoded on the data prior to
transmission. As in all telecommunications systems, the quality of the time
management was one of the key features of the system.

8.1.4 Some of the Earlier DWDM Virtual Topologies

In a logical-topology multiwavelength architecture, electronic logical net-
work overlays are used over the optical network. The topology is called
virtual when it is concerned only with logical connections between stations.
One example of an optical multiplexing application is to create virtual
topologies on request so that the network configuration can be modified
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independently of its physical topology by modification of the emitted or
received optical frequencies. The Shuffle Net, a multiwavelength bus [9, 10]
and the WON [11], a wavelength-division optical network that is a generali-
zation of ShuffleNet, were early interesting examples of this ability to create a
virtual topology adjustable through wavelength division multiplexing. Shuf-
fleNet was a unidirectional optical bus connecting a set of network interface
units (NIU), each with two fixed emission wavelengths and two fixed receiv-
ing wavelengths. This architecture could be applied to packet switching. A
message from any NIU to any other NIU could be addressed. In each unit,
the transmitter and receiver wavelengths were necessarily different; for exam-
ple, 16 wavelengths were used for eight NIUs. They were interleaved as in a
shuffled pack of cards. It was possible to go from one NIU to another NIU
either directly or by multihops at different wavelength of the data packet
with its own address code. The path could be modified: In case of conges-
tion, an alternative path of hops could be used. The design was proposed
for MAN implementation. In the WON network the product propagation
delay X throughput was optimized. The concept was later generalized to the
control of other types of optical networks.

8.2 Today's DWDM Networks

8.2.1 Introduction

At the present time, telecommunication networks are relatively heterogene-
ous. This is the consequence of an evolution, during the course of which the
transmission hardware as well as the operation methods were progressively
modified to meet ever-changing service requirements.

New services have to be introduced by traditional and new operators.
We see a tremendous growth of the Internet. New services such as video
conferencing, entertainment, interactive video training, teleworking, bank
information service, data transfer between computers, teledistribution, and
generally all ISDN, and broadband networks, need or will need bit rates
from 1 to 100 Mbps and above. The new networks require a real flexibility
and a kind of distributed intelligence.

822 Networks' Topologies and Transfer Modes

The different network types may be sorted according to their size, their
topology, or according to their transfer mode. However, the limits of the
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different categories are not always well defined and a given network may
superpose different topologies and formats.
According to the network size, the following terms are often used:

Local area network (LAN);
Metropolitan area network (MAN);
Access network;

Wide area network (WAN);

Transport network.

According to their topologies, the networks are called:

Static broadcast and select networks;
Wavelength routed networks;
Linear lightwave networks;

Logically routed networks.

The main standard transfer modes are:

IP: IP control cards read the destination in the packet header
and transmit the packet of data in the next available time-slot in the
direction given as the most appropriate. The packets have variable
lengths.

Synchronous digital hierarchy (SDH): Signals arranged with the
data in 810-byte frames with an header of 18 bytes of network-
ing information used in circuit-switched networks optimized in the
past for voice traffic. The line rate is in hierarchies: STM-1 (155.84
Mbps), STM-2 (622.08 Mbps), STM-16 (2488.32 Mbps, STM-64
(9953.28 Mbps).

SONET: Like SDH, SONET was designed primarily for digital
telephone optical network transmission with a centralized manage-
ment system. Like SDH it uses standard time division multiplex-
ing with optical carriers (OC) at hierarchical bit rates from OC-1
(51.48 Mbps), OC-2 (155.52 Mbps) to OC-192 (9953.84 Mbps).
Standards for maintenance and protection are included. The quality
of service is better than that of IP, but the use of resources is less
effective.
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 Asynchronous transfer mode (ATM): ATM was developed for
broadband ISDN (B-ISDN). It uses packets of uniform length of
53 bytes.

 Ethernet: This format was developed for local-area networks. It
includes “basic,” “fast,” and “Gigabit” Ethernet at 10 Mbps,
100 Mbps and 1 Gbps, respectively.

+ Simple data link (SDL).

* Multprotocol label switching (MPLS): MPLS can adapt data of any
type into one packet format. It does not need a centralized manage-
ment. It has a set of protocols simpler than in ATM. In fact, MPLS
was primarily developed for IP networks. It implements electroni-
cally label-switched paths (virtual connections) in the network
through label-switching routers. Multiprotocol lambda switching
(MPAS) is a current extension of MPLS to manage optical-network
connections.

* Frame relay: Packet-based data-oriented protocol typically used for
interconnection of local-area networks.

8.23 WDM for Optical Switching and Routing

Traditionally, network architectures are schematically stacked in different
layers (Figure 8.1). We have, at the upper levels: services and applications
layers; at the intermediate levels: electrical switch/multiplex layers such as an
ATM layer on a SDH/SONET layer; and at the first level the transport net-
work with its DWDM optical transmission layer. In a network node, the
function of the switch is to connect an input channel to a specified output
channel in such a way that the output signals are as close as possible to the
input signals.

The devices allowing for this function traditionally use space and time
switches in the electrical layers. Today, most of the switching and routing
operations are done in the electronics layers. In the ATM electronic
layer, ATM cross-connect/switches operate on the ATM cells. In the
SDH/SONET electronic layer the digital cross-connects (DXC) operate
on semipermanent synchronous virtual containers (VC). Time switching
is linked to time division multiplexed digital transmissions. In each of the
channels of such a multiplex, a time window is allocated. The switch modi-
fies the time position of the entrance signal and ensures that the correspond-
ing information train between multiplexes is synchronous.
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In principle, in the photonic WDM networks, space, time, and wave-
length switching can be added. Thus, a new dimension, allowing for new
capabilities and flexibility, becomes available. Interestingly, the aggregate
capacity can be increased and the blocking probability (i. e., the probability
that all possible routes are already in use at a given time), can be reduced.
Optical switching, in a first step through OADM s in ring networks, and pro-
gressively with larger and larger optical routers and cross-connects (OXC) in
interconnected ring and meshed networks, allows for optical protection, path
restoration, and/or network reconfiguration in the photonic transport layer.
In many cases, the current IP-backbone is provided by SONET/SDH
systems on point-to-point WDM links. OADMs and OXCs with fixed
wavelengths are already available and just beginning to be deployed in the
network nodes. They help avoid unnecessary O-E-O conversions, bypassing
as much as possible in the optical layer all traffic that does not directly con-
cern the node (Figure 8.1).

8.2.4 Evolution Towards IP Over DWDM

In the beginning of the twenty-first century, the well-standardized
SDH/SONET protocol still dominated in medium- and long-haul transmis-
sions that were optimized for voice traffic. As new networks are aggressively
deployed, the other standard protocols are also employed according to the
specific needs. IP becomes more and more the dominant technology.

WDM and DWDM, that is of course compatible with TDM, is used
in networks of all size, but now predominantly in WANs. WDM/DWDM,
compatible with any transfer mode, is not fully standardized. With a granu-
larity of 10 Gbps per channel, one can envisage future standard hierarchies
corresponding to a capacity of 320 Gbps with 32 wavelengths, to 1.6 Tbps
with 160 wavelengths. Already higher capacities are obtained at the labora-
tory stage. The management of IP over DWDM seems one of the most inter-
esting options for the near future [12]. In principle, it allows dealing with
hundreds of OC-192 channels in the optical layer. It can be implemented
with an intermediate simple Ethernet layer or with a superposition of differ-
ent layers using SONET, ATM, SDL, MPLS, and/or other options.

8.25 Optical Packet Switching

In the future, active DWDM may evolve towards a true fast optical switch-
ing, such as optical packet switching [13—16]. However, at the present time,
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the lack of adequate optical memories and optical programmable delay lines
is still a problem delaying the introduction of full optical switching.

An optical packet network consists of optical packet switches inter-
connected with WDM links. The user data is transmitted in packet payload,
which are switched entirely in the optical domain. The payload doesn’t expe-
rience optical-to-electrical or electrical-to-optical conversion between source
and destination. The move from circuit-based switching towards packet-
based switching has been a general trend in datacom and telecom networks
for many years. Indeed, by allowing the sharing of the available bandwidth
with a very-fine granularity, using packets results in much better band-
width efficiency. This becomes particularly true in modern telecom net-
works, where Internet traffic becomes largely predominant. Moreover, a
significant increase in statistical multiplexing gain may be achieved by con-
sidering the entire fiber bandwidth, or at least parts of this bandwidth, as a
shared resource, instead of considering a WDM link a collection of inde-
pendent transmission channels. A further advantage of optical packet switch-
ing is bit-rate transparency, giving the possibility to support, with minor
impact on the switching nodes, successive increases of the transmission link
bit rate. This approach could lead to dissociate efficiently transmis-
sion/switching functions (carried in optical domain to access the overall fiber
bandwidth) and routing/forwarding functions (based on header processing
in the electronic domain). Further information on optical packet switching
may be found in [17-20].

Packet switching not only includes purely optical packet switches
(according to our previous definition) but also schemes, such as hybrid
packet switches (with electronic buffers) or burst switches (possibly without
buffers). Optical burst switching (OBS) [21, 22] is a technique for transmit-
ting bursts of traffic through an optical transport network by setting up a
connection and reserving end-to-end resources for the duration of the burst.
Buffering at the WDM layer is not required. For instance, OBS facilitates
[P-over-WDM integration under the MPLS protocol [23].

In the optical packet node, besides the electronic control subsystem,
the main blocks are the packet-synchronization interfaces, a fast space-
switch, and a fiber delay line-based buffer (not necessary in hybrid packet
switching or in optical burst switching) allowing a solution to contention
between packets targeted towards the same output port. High-capacity wave-
length routers, fast tunable lasers, and fast optical space-switching matrices
are key enabling devices for the realization of optical packet switches. Large
routers (48 X 48 and more, see Chapter 6) are already commercially avail-
able. Lasers tunable over 60 nm with less than 5 ns switching times (See
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Chapter 4 and [24]), and switches based on such technology as SOAs, or
electroholography with 10-ns response times (physical limit down 1 ns, see
Chapter 6 and [25]) are becoming available. This means that optical packet-
switching networks, in particular using MPAS [26], can be designed for the
next-generation optical Internet.

8.3 Long-Distance Transmission

In this section we will limit our comments to systems used in ultra-long-
distance submarine and moderate-length terrestrial DWDM transmissions.

Some of the characteristics of different systems, published at the time
of this writing, are compared in Table 8.1 [27-36]. Developments in this
area are moving so fast that the practical solutions the installed links will
take are still not clear. Also, we could not be exhaustive, other important and
good results from other laboratories and other manufacturers could not be
reported in this chapter. More fundamental aspects of soliton transmissions
are presented in Chapter 2.

The ultimate capacity will depend on the spectral efficiency defined as
the aggregate capacity divided by the optical bandwidth of the system (in
bps/Hz) [27]. To our knowledge, in the best ultra-long-distance experimen-
tal systems the spectral efficiency is typically 0.2 to 0.4 bps/Hz. The spec-
tral efficiencies can be about 1 bps/Hz for shorter distances (for instance
0.8 bps/Hz, 160 km in [35]).

Table 8.1 illustrates how the addition of Raman amplification to
EDFA amplification allowing for an increase of the span length (up to 160 or
200 km at 40 Gbps in [34]). A very dense channel spacing can be used. A
channel spacing as low as 25 GHz was proposed in advanced systems using
soliton transmissions. Traditionally, dispersion-managed solitons have
allowed the longest transmissions at 10 to 80 Gbps without regeneration
[37-39]. 16,000 km at 10 Gbps and 1,000 km at 40 Gbps with a standard
fiber have been obtained. DWDM transmissions using nonlinearity-
controlled RZ formats (in particular dispersion-managed solitons) allow for
multiterabit capacities beyond 1,000 km. Soliton or quasi-soliton (NRZ)
solutions plus EDFA/Raman amplification have been implemented in all-
optical ultra-long-haul transmissions by several carriers. However, other
solutions, with other formats, with or without Raman amplification, could
be preferred sometimes. Use of a spectrum-broadening modulation format
like chirped RZ is effective [40]. For instance the full-spectrum WDM [41]
technology allows for the launching of signals at higher average power per
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Table 8.1
Typical Characteristics in Ultra-Long-Distance DWDM Transmission
Reference é\ggreg:ltt;h/ .[:is:taln'((:e \éVavdeIength Channel Modulation
Number of apacity 1b/s otal Km an Spacing  Format
Channels Bit rate Gb/s Span Km Fiber Type Amplifiers GHz Correction
[30] 2.1 7,221 Positive and C+L, EDFA + 375 RZ
211 10 80 negative- Distributed C
dispersion fibers ~ Raman FE
[27] 1.8 7,000 not given C About 33 Chirped RZ
180 10 not given not given notgiven  FEC
[32] 1.12 6,200 LEA C 85t0170  Chirped RZ
56 20 49 RDF FEC
[28] 1 4,000 NZDSF+ LEA C+L 44 Amplitude NRZ
100 10 48 +PSCF+RDF  EDFA +Intensity RZ
shaping, FEC
[31] 1 4,000 SMF + 50 Rz, CS-RZ,
50 20 415 RDF EDFA SSB-RZ
(CS-Rz
preferred)
[29] 0.8 3,200 Low dispersion C 50 NRZ
80 10 100 slope EDFA + Raman FEC
TrueWave + DCF
[33] 2 2,700 SMF based PDF+ C 35 Rz
100 20 395 SCF not given
[34] 1.28 1,000 NDSF 2 stage EDFA+ 100 CS-Rz
32 40 160 DCM Raman not given
[36] 5.1 300 TeralLight EDFA 50and75 NRZ
128 40 100 DCF Raman alternate 3B filtering
[35] 6.4 186 SMF,RDF,DCF C+L 50 NRZ
160 40 46.6 EDFA Polarization
interleaving
[37] 1(4) 4,000 Different fibers Extended C 50 Soliton
100 10 100 with dispersion (C+L) EDFA FEC
management Raman
[39] 3.2(2.8) 800 (3,200) Different fibers C+L 25 Soliton
320 10 not given with dispersion Not given
management
[41-43] 0.4(1.6) 4,000 (6,800)  Various types C.(C+L) 100 RZ, FSWDM
40 (160) 10 80-120 Special EDFA  (50) FEC

NZDSF: Non-zero dispersion shifted fiber
LEA: Large effective area fiber (70um?)
SCF: Slope compensating fibers

PSCF: Positive slope compensating fibers
RDF Reverse dispersion fiber

DCF: Dispersion-compensating fiber
DCM: Dispersion compensation module
EDFA: Erbium doped fiber amplifier

NRZ: Non-return-to zero

FEC: Forward error correction

FSWDM: Full-Spectrum WDM
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channel without an increase of FWM and cross-modulation, as a wider spec-
trum in each channel (typically 30 to 40 GHz width for 100-GHz-channel
spacing) reduces the spectral density. The accumulated effects of self-phase
modulation are compensated with appropriate control of frequency and
time-domain modulations. Such systems are claimed to be “capable of
propagating signals over distances of 6,800 km in SMF without Raman
amplification and without precise span-by-span dispersion tuning” [42, 43].
Sometimes, conversely, it can be interesting to reduce the channel spacing
with a spectral-width-reducing modulation format in order to increase the
total transmission capacity. For this the carrier-suppressed return-to-zero
(CS-RZ) modulation format is unique to have a relatively high nonlinearity
tolerance with a narrow spectrum [44]. In CS-RZ modulation the optical
pulses have a phase 0 or 7 alternatively, which reduces the pulses interac-

tions [45].

8.4 Other DWDM Applications

At the present time, DWDM is also efficient in analog video transport net-
works (such as hybrid fiber/coax CATV/data networks [46]). DWDM is
compatible with broadband distribution using subcarrier multiplexing
(SCM), that is, an electronic frequency modulation technique. DWDM is
also used in various specific networks such as sensor networks, remote radar
networks, and telespectroscopic process control networks. Many examples
can be added to each of the above categories.

8.5 Conclusion

The transmission and, above all, the switching of a larger and larger number
of signals that are increasingly diversified, and with aggregate bandwidths
now larger than 1 Tbps for several applications, lead to a bottleneck on the
lines and electronic circuits which only optical transmission and processing
can relieve. DWDM allows for a linear increase in the number of channels;
this number having its own limits, namely the total power that can be trans-
mitted in the fiber without redhibitory nonlinear effects or damages. It
contributes to more flexibility in system design and, moreover, it allows new
switching and routing facilities in the optical domain. Besides, the optical
multiplexer allows for the evolution of existing systems and can contribute to
incredible network cost saving.
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Conclusion

Thousand centuries completed, the opportunity will not be closed for anyone
to contribute again. All furure generations will still find something ro dis-
cover. In any matter the beginning was far from the achievement, how many
objects abour which our age hasn'’t the slightest idea.

—Seneque, Letters to Lucillius

“Many books and periodicals contain detailed writings on scientific topics
and an increasing amount of technological gadgetry impinges on our daily
lives” [1]. In this work, we tried to avoid exclusively giving the tricks of the
trade. However we could not avoid being strongly focused on only a small
part of the larger optical-telecommunications domain. It is sometimes diffi-
cult to step back and see the panorama. At this point we might ask: Where
do we go from here? In our domain of DWDM, we have seen during
the last few years a bandwagon effect of the business community, after much
mistrust in the early 1980s. Today, many venture-capital firms have invested
billions of dollars in DWDM and optical telecommunication. But there are
likely false trails, on which we are going along, that will be abandoned. The
problem is not, as sometimes asked, what will replace DWDM in the
long-term? Analysis has shown that satellite communications including
low-earth-orbit satellite communications are generally more expensive and
capacity limited compared to fiber communications for long-distance high-
capacity links. New concepts and new devices will be discovered in the ages
to come but it is unlikely that the photonic technologies will be abandoned.
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In photonic technologies, using as many frequencies as possible is fundamen-
tal. This is fundamental not only because it allows more bandwidth at lower
cost but also because DWDM routing and switching already offer the best
solution for protection and reconfiguration of large networks. Thus, the
progress that is being made on tunable lasers will be one of the main driving
factors. In the longer term, packet switching in the optical domain may
become a key technology. Optical packet switching would be efficiently
combined with Internet and other protocols. DWDM is already widely used
in the transport networks and in advanced access networks. It migrates pro-
gressively to the metropolitan networks. How to do the migration? We need
an effective problem-solving approach. Thus the first step is to ask the right
questions. What are the problems to be solved? But unfortunately, “a fool
can raise more questions than seven wise men can answer” (proverb). No one
expects from me neither to be the only fool raising questions, nor to be one
of the seven sages. Instead, to answer the first question: How can we keep in
pace with the need for a greater and greater volume of information transfer
fueled by the development of communication services moving ever forward?
I tried in this book to remain plugged in to the ongoing consensus of the
optical-telecommunications community that will progressively decide what
are the best solutions.

In the meantime the beautiful and useful scientific research being done
in the field excites me. Socrates would have said: “Whatever is useful is beau-
tiful ... All that is beautiful is difficult.” This is not so different from what
was written by William Ralph Inge: “The air that blows around science is like
the air of mountain tops, cold and thin, but pure and bracing” [2].

References
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Institute of Physics Publishing, 1996.
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pp- 307-317.
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SM fibers (continued)
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