
W D M a n d O p t i c a l N e t w o r k s : 

MARKET 

DIRECTIONS 

The quest is on to identify the key elements of optical technology that will 

enable telecommunication systems to extract as much as possible of the 

multiterabit/second theoretical transmission capabilities of optical fiber. 

This has been the subject of much work for the better part of a decade. But 

now, and rather suddenly, while the quest remains the same, the pressure 

has intensified because the stakes have changed. The last three years have 

seen the explosion of wavelength division multiplexing (WDM) technology 

from a minor pond to the mainstream of telecommunications. Underscoring 

this as more than industry-boosting hyperbole is the radically new interest 

in photonics by the investment community. 
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The authors discuss WDM and its components, both in terms of future technology and markets. 

Last year's roaring success of Ciena Corp's initial public 
offering (IPO) led to some breathtaking developments: 

Ciena's market capitalization on the day of the IPO 
made it the largest startup public offering in history— 
and the firm's first-year earnings of close to $200 million 
stand as the fastest revenue track in corporate history. 
The acquisition of United Technologies' external 
modulator technology and later of IBM Zurich's 
980-nm laser technology helped transform Uniphase 
from a vendor of helium-neon gas lasers to another 
favorite of some analysts in the investment commu
nity. So, too, is JDS Fitel in Canada, offering WDM 
components and optical switch elements. 
The 1997 OFC® conference in Dallas had among its 
traditional audience of laboratory engineers and sci
entists from around the world, a significant number 
attending their first-ever OFC—representatives of 
the venture capital community, looking for technolo
gies that can create a high market capitalization. 

The investment community remains keenly focused on 
fiber optic startups, both at the components and system 
level, as they look for the next big opportunity to score a 
home run with a massively successful IPO in fiber optics. 

Behind all this is the investment community's keen 
observation that WDM and the optical networks they 
presage are no longer just another obscure footnote in 
the annals of optical science. Instead, as one investment 
banking firm writes: "The market for WDM will be one 
of the largest new markets to emerge in telecom equip
ment in the next several years."1 In a supporting state
ment, WDM is described as "a critical new technology 
that will help reshape broadband telecommunications 
networks. The success of WDM could ultimately shift 
the entire telecommunications equipment industry from 
a digital electronic world to a digital photonic world."2 

It is not sufficient to only note that this has been 
enabled by critical developments in optical component 
technology; instead, the optical component develop
ments within the new WDM systems are essential to the 
value they provide to the telecommunications customer. 
Furthermore, the story is far from over. The future of 
optical networks requires the further rapid evolution of 
optical component technologies. 

This article reviews the status of WDM deployment 
today and looks ahead to the future of optical networks. 
Particular attention is paid to the critical underlying tech
nologies and the companies pushing their development. 

A WDM primer 
At its simplest level, WDM is the set of techniques that 
combines signals—each on a separate wavelength— 

onto a single fiber, and then isolates them again for dis
crete detection. Some level of WDM has been in use for 
over a decade. Previously two-wavelength WDM com
bined transmission at 1310 nm (the wavelength regime 
where traditional single-mode fiber has zero dispersion) 
with transmission near 1530 nm (the wavelength region 
where silica-based single-mode fibers have their lowest 
attenuation). However, most carriers and vendors found 
that the limitations of this non-scalable technology pre
vented widespread use. 

During the past two years, WDM has blossomed 
into a more mature technology. In a typical current 
product incarnation, as many as 16 distinct wave
lengths are used at one time on one fiber. Each chan
nel typically carries data at rates as high as 2.5 Gb/s. 
And this is just the beginning: products expected to 
enter the market in 1998 will expand the channel 
count to 32 or even 40 wavelengths on one fiber, and 
some systems will support single-channel capacities as 
high as 10 Gb/s. In this way, WDM is providing the 
essential underpinning of the expansion of network 
capacity. A fiber that in 1994 could carry only 2.5 Gb/s 
(or 5.0 Gb/s with two-wavelength WDM, then state-
of-the-art) could soon become the conduit for as 
much as 160 Gb/s. It is the design of the components 
to fulfill these high capacity systems that are fueling 
its emergence as a rapidly expanding, billion-dollar 
business. 

So what makes up a WDM system? In traditional 
time-division multiplexing (TDM) information from 
various tributaries is combined in the time domain, so 
that adding more voice or data signals requires the 
modulation of the signal at ever-higher bit rates. 

What are the critical enabling component advances? 
Table 1 (page 26) summarizes the evolution of some 
of the component-level contributions to WDM. As 
these technologies advanced, the number of wave
lengths that could be supported within the 1550-nm 
transmission band of a single fiber soared. In 1994/5, 
Pirelli and Nortel supplied four-channel systems; 1996 
saw the introduction of Ciena's 16-channel system, 
with other firms subsequently rising to the same 
channel count. More recently, 32- and 40-channel sys
tems have been announced by several firms for 1998 
availability. 

At the same time, the capacity of each channel is ris
ing slowly, from 2.5-10 Gb/s. The result is that the real
izable transmission capacity of a single fiber will have 
soared from 2.5 Gb/s in early 1994 to 40 Gb/s in 1996 to 
as much as 160 Gb/s in 1998. 
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Technology What it does Advance that enabled WDM Role(s) in WDM 

Erbium-doped fiber amplifier (EDFA) Overcomes losses of combiners 
and splitters without electronic 
intervention, as in regenerators. 

Gain stage for multiple wavelengths 
in the 1,525—1,550-nm band 
invented in the 1980s, EDFA systems 
became thoroughly engineered for 
mass deployment by 1995, 
improvements in pump lasers and 
erbium-doped fiber was important. 

Fundamental to economics of long 
haul WDM: critical to enabling 
multi-stage optical networks. 

Wavelength-specific distributed 
feedback (DFB) lasers 

Provides stable monochromatic 
output at a specific wavelength. 

DFB lasers came into widespread 
use in early 1990s to drive OC-48 
systems: the design combined with 
more predictable epitaxy and better 
quality control, enabled fabrication of 
wavelength specific devices. 

Each wavelength in a WDM 
system needs its own laser source, 
which requires slightly different 
epitaxial constitution and DFB 
patterning than its neighbor in the 
wavelength grid. 

External modulators Separates the modulation of the 
laser output from the creation of 
that output. 

External modulators had been used 
with early, single-wavelength 
2.5 G b / s systems: their value was 
in lowering chirp. Now their value is 
sustaining narrow frequency bands 
for each laser, critical to containing 
cross talk between signals. 

External modulation provides a 
cleaner modulated signal than 
direct laser modulation: less chirp 
and a narrower spectrum. 

Fiber Bragg gratings 
Relatively efficient means of 
separating the individual 
wavelengths. 

Prior techniques were too lossy, 
not stable, or did not provide the 
appropriate accuracy of wavelength 
separation. 

This and other techniques are 
critical to separating the signals 
for detection. 

Table I. A s u m m a r y of the evolut ion of s o m e of the component - leve l contr ibut ions to W D M . 

DBF lasers 
Distributed feedback lasers (DFB) have a form of grating 
built into their structures. This provides feedback within 
the laser structure that reinforces laser action at one spe
cific longitudinal mode, providing the devices with the 
pure output spectrum needed for long-haul, high-speed 
telecommunications. DFB lasers end up costing more 
than their less controlled, Fabry-Perot counterparts, and 
adding the extra constraint of tight control on the epitaxy 
to control the center wavelength, which adds to the cost. 

External modulation 
Most semiconductor lasers in telecommunications have 
used direct modulation, meaning the drive current is 
modulated. This applies as much to the Fabry-Perot lasers 
used in low-speed or short-haul applications as to the 
DFB lasers used in 2.5-Gb/s systems. However, the direct 
modulation process ends up slightly distorting the spec
trum, adding chirp (in which the lasers output frequency 
changes during the duration of a modulation pulse). 
External modulation leaves the lasers spectrum 
untouched, enables nearly ideal spectral output, and aids 
in long-distance transmission. However, the additional 
modulator (typically lithium niobate) adds cost, complex
ity, and can make the product more difficult to control. 

EDFAs 
The erbium-doped fiber amplifier (EDFA) is frequently 
used to extend the distance of a fiber span. This role for
merly fell to regenerators, in which the incoming optical 
signal, weakened by passage through many kilometers of 
fiber, was terminated at a detector, then the electrical 
signal was processed and the "cleaned up" signal used to 
modulate the output of another laser. A length of fiber 
doped with (among other things) the rare earth erbium 

is at the heart of the EDFA. Light from high-power, con
tinuously operating semiconductor lasers (typically at 
980 nm) illuminates this stretch of fiber and the result is 
that the erbium ions in the glass matrix move into pop
ulation inversion, creating gain in the 1550-nm region. 
Completing the optical parts of the EDFA are couplers 
that bring the incoming (weak) signal into the gain 
region and extract it after boosting, and isolators that 
prevent unwanted light from passing toward the pump 
lasers. Pump lasers themselves have posed significant 
challenges, requiring a strained-lattice quantum well 
design that proved beyond the capabilities of many 
manufacturers. IBM's Zurich laboratories made the 
major advances in manufacturing these exotic lasers in 
large quantities. Additional effort has gone into increas
ing the gain flatness of the amplifier in the 1550-nm 
region. This would allow for more channels and, thus, 
greater bandwidth to be transmitted. 

Enhanced filter technology 
Broadband WDM at 1310 and 1550 nm with fused 
biconic tapered couplers have been available for a num
ber of years. However, a number of technologies have 
matured to combine and demultiplex signals at narrow 
spacings to allow for dense WDM (DWDM). The three 
primary technologies that matured to allow DWDM are 
dichronic filters, fiber Bragg gratings, and waveguide 
arrays. Each allows wavelengths to be combined and 
separated at spacings of at least 100 Ghz (0.8 nm). 

What is next for optical network technologies? Where 
are the key new opportunities? 
While it is far from clear that any company trying to 
emulate Ciena's IPO can hope to achieve that extraordi
nary level of success, the maturing of WDM systems 
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What goes into a WDM system? 
A diagram of one type of current-generation WDM system is shown below. It func
tions as follows: Signals enter the WDM system from other network elements; typi
cally now SONET elements, but in the future these could be ATM switches or Inter
net routers. The connections are short-haul (1310 nm) fiber optic links. 

• Signals are independently received and detected at the transponder. The digital 
signals are then used to modulate the output of the wavelength-specific Users 
(typically using external modulators to preserve the spectral integrity of each 
laser). 

• The output of the lasers is combined and amplified using an EDFA. (Optical 
isolators are likely to be used to prevent light from the amplifier from straying 
back to the source lasers.) 

• The amplified light is then launched onto the link fiber, passing, in long-dis
tance applications, through multiple line amplifiers (not shown here) before arriv
ing at the receiver end. 

• The receive end mirrors the functionality of the transmit end, with separate 
receivers for each wavelength and short-haul fiber links to the next set of network 
elements. However, the component used to separate the wavelengths from each 
other is typically significantly more complex (e.g. a fiber Bragg grating) than the 
component used to combine them (i.e., a 1:N coupler). 

Another approach that has its own adherents and large commercial contracts 
embeds the wavelength-specific lasers in the SONET terminals, omitting the 
transponder as a separate network element. This is the approach reflected in 
Nortels shipments, for example. The approach shown in the figure is representa
tive of products from Pirelli and Ciena. Some vendors—Lucent and Alcatel, for 
example—support both approaches. 

WDMs markets 
DWDM—with more than four wavelengths co-existing within the 1550-nm gain 
band of EDFAs—entered commercial application in mid-1995, with AT&T buying 
DWDM equipment from its then-sister company, now Lucent Technologies. In 
1996 sales rose to hundreds of millions of dollars. It is expected that North Amer
ican system sales will exceed $4 billion by 2001. This may make WDM the fastest-
growing technology ever. 

While WDM was a rare bird in 1995, by the end of 1997 every major U.S. long 
distance service provider was using the technology—and every major vendor of 
lightwave transmission systems was supplying the components. This includes 
industry giants Lucent, Nortel, and Alcatel, and startups and new entrants like 
Pirelli (which changed its corporate name in 1997 to reflect the new importance 
of its systems business), Ciena, Cambrian (an affiliate of the Canadian TDM and 
ATM networking firm Newbridge Networks), and Tellium (started by engineers 
from Bellcore). 

and emergence of true optical networking will surely 
bring about multiple new opportunities. For example, 
an unsolved problem is created by DWDM. Each of the 
many wavelengths in a WDM system is launched by a 
laser that is dedicated to that wavelength and capable of 
emitting only that one wavelength. When this year's 32-

wavelength systems reach the market, it means that 32 
"flavors" of laser must be maintained at all points in the 
entire process chain—from chip manufacturer and laser 
packager to systems manufacturing, and from field dis
tribution to repair and maintenance. Ultimately, this is 
an effective 32-fold increase in the number (and cost) of 
parts needed to make the chain operational. Can this be 
reduced or solved with new component inventions? 

Even as this problem continues to vex WDM systems 
engineers, the push is on to lower the costs of the sys
tems with a goal of increasing their applicability. With 
WDM now poised to enter the domain of short-haul 
applications, there will be demand for approaches that 
significantly cut the cost of the technology. Key 
advances could include 

laser arrays, providing their yields and costs reach the 
right levels; 
efficient, low-cost optical amplifiers; and 
components that enable the cost-effective and low-
loss adding of a wavelength or two to (or extraction 
of wavelengths from) a fiber carrying dozens. Acous-
to-optic tunable filters are a leading candidate for this 
area, but other technologies are under investigation. 
Optical switches, for years the domain of theoretical 

papers and hero experiments at the engineering confer
ences, are about to break through into commercial reali
ty; trials have been underway in Europe and the U.S. for 
several years. Worldcom has one early variety of optical 
switch at work in a dozen sites in its network, and other 
major carriers in the U.S. are now studying their archi
tectural approaches. 

Which of the many possible optical matrix technolo
gies will be successful? If several succeed, which will be 
best for each type of switching application? Optome
chanical switches, a variety of planar waveguide 
approaches, liquid-crystal gates, semiconductor optical 
amplifiers, and micromechanical devices all are vying for 
a major role in what many see as the next critical advance 
in optical network technologies. Factors that will decide 
the fate of these technologies include loss, stability and 
reliability, power consumption, and crosstalk. 

What's to come? 
DWDM emerged as the result of the maturing of a 
number of key technologies, most notably: DFB lasers, 
external modulation, EDFAs, and enhanced filter tech
nology. The technologies matured just as the long dis
tance network was facing critical fiber exhaust. This led 
to the creation of a billion dollar industry in just three 
short years. The initial systems were point-to-point to 
meet bandwidth demand. New WDM systems, however, 
will be combined with maturing optical switch and 
routing technologies to further develop the optical net
work. 
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