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Snapshot: Fan and Clark discuss selection criteria for 
continuously upgrading network infrastructures. They 
recommend a technology platform based on optical 
amplifiers and wavelength multiplexing for upgrading 
existing networks, and consider the planning process and 
related issues. 

O ne decade after the introduction of competi
tion in domestic U.S. long-distance services, 
optical fiber technologies have been widely 
and successfully deployed in the transport net

work. This has enabled inter-exchange carriers to com
plete their nationwide network digitization and is con
tinuing to make a significant impact in offering con
sumers improved service quality and cost savings. 

The deployment of 
optical transmission 
technologies has met 
with similar success in 
many other countries. 
The rush to widespread 
deployment of optical 
fiber has parallels to 
railway construction in 
the last century. The 
availability of a fiber 
network as a telecom
munications infra
structure greatly influ
ences the economic 
transformation of a 

developing nation.1 For industrialized nations, with 
established networks that represent billions of dollars' 
investment in optical fiber buried underground or 
undersea, the major question now is how to upgrade 
this existing infrastructure so that new capabilities and 
functions can be extracted to add even more economic 
value to the network. The potential of using this 
embedded fiber network infrastructure to support 
emerging broadband networking services and multime
dia applications provides the motivation to press on 
further in fiber optics and photonics R&D activities. 

We introduce how a specific combination of new 
lightwave technologies provide a platform to upgrade 
the existing long-haul fiber network into a next-genera
tion lightwave network. The selection criteria for the 
technologies and the benefits that can be derived from 
their application are discussed. The related standardiza
tion efforts in the area of optical communications by the 
international community, supporting the global applica
tion of wavelength-division-multiplexed (WDM) (for 
this and other terms see glossary, page 29) networking 
architectures, is briefly described. Finally, some observa
tions are made on what lies ahead in the planning of a 
transport network based on W D M technology. 

Technology planning 
Historically, network upgrade programs were driven by a 
long-term planning process based on an extrapolated 
forecast of network traffic patterns. Appropriate technolo
gies were then developed and deployed to expand network 
capacity in anticipation of economic growth. Now, the 
task of network planning is complicated by the dynamic 
force of competition in a highly deregulated market. It 
must be tightly coupled to the business planning process 
for new services. Intense competition, in both business 
services (e.g., private lease line and 800 services) and con
sumer communications services, such as domestic and 
international residential long-distance services, has driven 
the industry into sharply lower pricing levels. Accordingly, 
network infrastructure upgrade planning activities must 

also meet planning 
objectives. 

A metamorphosis 
in R&D support has 
also occurred in the 
telecommunications 
industry as a result of 
the many corporate-
level business restruc
turings. The organiza
tion structures of 
industrial research lab
oratories have been 
generally realigned and 
streamlined; projects 
have been reoriented, 

Figure 1. Impact of compression technology on transmission. 10
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and the R&D mission and role rela
tive to their business sponsors has 
been redefined and clarified. In the 
new environment, R&D staff is con
sidered a vital source of new con
cepts and technology innovations 
for network planners. A partnership 
between research and planning has 
been forged to enable the rapid 
transfer of new technologies into the 
network in response to changing 
business needs. 

Another factor that has brought 
complexity into network planning 
is the uncertainty in the following 
three areas: customer market in 
telecommunications services, 
advances in technology and the 
evolution of international stan
dards. Movements in these areas are 
closely interrelated. For instance, 
the growing needs from business 
users for global networking data 
services provided the impetus for 
establishing open systems intercon
nection (OSI) standards. Mean
while, the acceptance of the trans
mission control protocol/ internet 
protocol (TCP/IP) and UNIX open 
platforms and the dynamic growth 
in personal computing and distrib
uted workstation processing in the 
U.S. has boosted data networks as a 
means to provide easy access to the 
emerging services for the general 
public. In the special leased-line 
services for large users, many long
distance carriers are now consider
ing synchronous optical network 
(SONET) and asynchronous trans
fer mode (ATM) as the networking 
technologies to provide expanded 
broadband transport capabilities. 

Planning for the lightwave net
work is further complicated by the 
uncertainty in demand forecasts for 
bandwidth and capacity, due to 
advances in digital compression 
technologies for all types of trans
missions. As shown in Figure 1, use 
of coding schemes of increasing 
sophistication can drastically 
reduce the data rate required for 
transmission. High-definition TV 
(HDTV) images can be transmitted 
through Digital Signal Level 3 
(DS3) (45-Mbps) by applying the 

motion picture expert group 
(MPEG) standard, while copper 
twisted pair can be used to support 
video telephony. The growth in the 
use of wireless technology products 
for network access also adds to the 
uncertainty of bandwidth require
ments and traffic patterns. One 
issue facing network planners now 
is whether the aggregation of large 
numbers of low bit-rate tributaries 
or the delivery of large pipelines to 
customers to enable high-perfor
mance desktop networking will 
drive the design and development 
of new transport services. 

Another trend impacting 
telecommunications network plan
ning is the simultaneous movement 
toward globalization of services by 
service providers and privatization of 
government regulated monopolies in 
many of the public telecommunica
tions administrations (PTAs) around 
the globe. In addition to the industri
alized nations in both Europe and 
Asia, developing nations in South 
America, East Asia, as well as Eastern 
Europe are exploring opportunities 
to exploit new technologies to mod
ernize their telecommunication net
work infrastructure as a means to 
stimulate economic growth. This 
demands that the scope of technolo
gy planning for service providers 
include a broad perspective that sup
ports cost effective applications of 
lightwave and photonics technolo
gies to benefit a wide spectrum of 
global customers. 

Transport infrastructure upgrade 
In general, for a service provider, two 
major business objectives will drive 
any infrastructure upgrades for the 
next-generation lightwave network. 

Core Network Transport 
To allow communications services 
to compete in the marketplace on 
price, the network operations orga
nization must provide a lower-cost 
facility transport network. To 
achieve this goal, not only must the 
first-time cost for developing, engi
neering, and installing the new net
work elements for the capacity 

upgrade be much lower than what 
the existing system can offer, but 
the life-cycle cost associated with all 
the operational, administrative, and 
maintenance expenses must also be 
minimized. The perceived advan
tage of the embedded fiber network 
infrastructure has to be carefully 
analyzed in light of the opportuni
ties created by the availability of 
new transmission technologies. 

Emerging New Services 
A variety of new services in differ
ent stages of maturity (e.g., high-
performance data networking, 
video conferencing, graphic trans
mission, cable TV, multimedia 
applications, and wireless access) 
are being considered by service 
planners. These network services 
may become increasingly significant 
additions to the traditional tele
phone service revenue stream. Each 
of these emerging services has 
attributes unique to its application 
scenario (i.e., time to market, entry 
barrier, technology differentiation, 
and market segmentation) that will 
impose requirements on the infra
structure upgrade. As a result, one 
of the major capabilities demanded 
of the underlying transport net
work by the new service planning 
efforts is a dynamic and flexible 
response in capacity growth to 
changes in market conditions. 

To meet these objectives, tech
nology planning for the next gener
ation lightwave network will con
sider two approaches. 

Capacity Upgrade. This is mainly 
supported by increasing the capaci
ty of the facility transport network 
through a technology upgrade of 
the lightwave transmission system. 
It is targeted to reduce the unit cost 
for transporting the traffic between 
end offices. 

Networking Upgrade. An improve
ment in networking capabilities must 
follow the deployment of new trans
mission technologies in the lightwave 
transport system. Central offices, 
network restoration approaches, and 
operations system infrastructures 
must be upgraded to support the 
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development of 
new services. 

This article 
focuses mainly on 
technology plan
ning for the light
wave transmission 
system. The issues 
regarding the ap
plication of ATM 
networking to the 
service nodes, and 
the impact of nationwide SONET/ 
SDH deployment to the long-haul 
transport network are not dis
cussed. 

New technology selection criteria 
To meet the objectives as delineated 
above, a simple set of selection cri
teria for new technologies can be 
formulated: 
• Reuse Embedded Fiber to Save Cost. 
More than 50 million km of optical 
fiber have been deployed worldwide. 
In the U.S., major long-haul carriers 
have made multi-billion-dollar 
investments in the construction of 
nationwide networks. With this 
huge embedded base of fiber and its 
vast bandwidth potential, new route 
construction demanding millions of 
dollars of additional expense should 
be considered with extreme caution. 
Enhanced use of this inherent 
capacity of the embedded base 
using new multiplexing technolo
gies is more attractive. A close ana
log to this cost-saving approach can 
be found in railway transportation, 
where any move to lay new track as 
the means to expand capacity with
out first increasing the scheduling 
efficiency or train speed 
would seem absurd. Only in 
special cases dictated by 
unique economic condi
tions or deployment con
straints should new fiber 
route construction be con
sidered. 

• Grow Capacity Incre
mentally. The addition of 
capacity to each transmis
sion link must be planned 
carefully to avoid over
build, while still providing 

for the uncertainty of capacity 
demands on the long-haul network. 
This may be accomplished through 
a strategy of adding modular units 
at moderate speed for the terminal 
equipment instead of increasing the 
transmission speed in a large single 
increment. Fiber routes may be 
upgraded gradually to adapt to their 
particular traffic requirements. 
There should not be a requirement 
for a uniform step change on tech
nology or capacity across the 
nationwide network. A means must 
be devised to grow the infrastruc
ture smoothly, yet quickly to accom
modate the dynamic changes in the 
economic environment. 
• Support Industry Standards. 
Despite the time-consuming nego
tiation and consensus building 
required by the international stan
dards development process, the 
telecommunications industry, 
including both equipment manu
facturing and service providing sec
tors, is increasingly moving toward 
acceptance and implementation of 
open systems standards. The bene
fits of this approach (for example, 
equipment interoperability and 

enhanced reliabili
ty and cost perfor
mance) are well 
recognized. The 
direct advantage 
to a user in pro
curing standards-
based technology 
systems and prod
ucts may vary in 
its extent by appli
cation, but it is 

generally quantifiable and substan
tial. The continuing use of light
wave systems with proprietary pro
tocols and interfaces is, therefore, 
no longer considered acceptable. 

• Exploit Mature Technologies. One 
of the tasks for technology planning 
is to assess the feasibility of new 
technologies made available by 
R&D. The criteria for selecting 
appropriate technology subjects for 
research investigation and network 
application are quite different. 
Many areas of technology are suit
able for creative, forward-looking 
work and may benefit the enterprise 
in the long term. However, tech
nologies targeted for transfer into 
the long-haul network must have 
reached a maturity level beyond the 
stage of exploratory prototype 
demonstration. Technology intend
ed for network application must 
have proven its reliability and man
ufacturability to satisfy the strin
gent requirements for field deploy
ment. The feasibility of commercial 
volume production of an integrated 
system at reasonable cost is a major 
factor during the planning process. 

• Simplify the Network. A common 
pitfall in introducing any 
new technology into the 
network is failure by tech
nologists to consider the 
impact on the management 
and operations systems by 
the new network element. It 
may add protocols and 
interfaces incompatible 
with existing equipment, so 
special modification or 
adaptation may be required 
to interconnect the new 
and old elements of the 

Figure 2. The enabling technologies for next-generation lightwave network. 

Figure 3. Lightwave capacity upgrade strategies. 
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• Conform to International 
Standards 

• Enable Multiple Sourcing 

• Support Broadband Services 
and Global Networking 

• Extend Repeater Span Distance 

• Reduce Electronic Components 

• Enable Graceful Upgrades at Terminals 

• Add a New Dimension for 
Network Planning 

• Take Advantage of Optical 
Transparency 

• Grow Capacity Modularty 
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network. New technology must 
simplify the existing network so 
that operations and maintenance 
costs can be significantly reduced. 

Enhance Reliability. With new 
technology, there is always a risk of 
failure. Whether the innovation is 
in the form of a totally new physical 
material or device or a process or 
system architecture, its ultimate 
influence over network reliability is 
difficult to assess. Since a long-dis
tance transmission network sup
porting both voice and data closely 
affects the daily lives of the public, 
its unavailability can cause enor
mous economic damages and other 
consequences. Therefore, one of the 
most important criteria for intro
ducing new lightwave and fiber 
optics technologies into the net
work is that they must enhance the 
overall reliability of the network 
rather than reduce it. A well-con
structed reliability assurance pro
gram, including a quantitative 
analysis of failure modes and 
effects, must be carried out as a part 
of the technology transfer process 
to ensure its success. 

The technology platform 
The most obvious strategy to 
reduce the unit cost for point-to-
point transmission between neigh
boring transport nodes is to 
increase both the capacity of the 
physical facility and the span of its 
transport distance. Within a decade 
of its introduction, the transmis
sion rate for the digital signal has 
increased by two orders of magni
tude into the gigabit per second 
range. The distance between adja
cent regenerators has been 
increased. Improvement in the opti
cal fiber loss and dispersion charac
teristics has also occurred. However, 
there are inherent limitations and 
constraints with the current tech
nology that prevent capacity 
upgrades in a cost-effective manner. 
For example: 

Regenerators at 40-km Spacings. 
Due to the loss of the optical fiber 
for 1.3-μm transmission, the signal 
needs to be regenerated after a dis

tance of approximately 40 km. It 
must be processed through optical-
electronic-optical conversion at each 
regenerator location complete with 
amplification, reshaping, and timing 
recovery circuits to produce an 
acceptable regenerated signal to con
tinue onto the receiving terminal. 

One or Two Wavelengths per Fiber. 
By adding a second signal channel 
within the 1.5-μm window of the sil
ica fiber, signals at two wavelengths 
can be multiplexed together for 
transmission on a single fiber to 
double its capacity. This convention
al wavelength-division-multiplexing 
bridging across 200-nm is not con
sidered a viable alternative to provide 
widespread capacity relief because it 
requires a separate regenerator for 
each wavelength. In this case, time-
division-multiplexing at a higher 
speed appears more attractive. 

Asynchronous Digital Hierarchy. A 
major problem with the existing 
lightwave systems in the long-haul 
networks lies in the proprietary 
nature of the transmission equip
ment above the DS3 level. Because of 
this incompatibility, the various 
long-distance networks of different 
inter-exchange and local exchange 
carriers are not interoperable above 
the DS3 rate at the equipment level. 
Thus, a service provider cannot enjoy 
cost savings or other advantages real
ized by integrating standard-based 
elements from different suppliers 
into a single reliable network. 

The advent of the erbium-doped 
fiber amplifier (EDFA) and its rapid 
development into a commercial 
product has influenced the industry 
on a revolutionary scale.2 In addi
tion, dense wavelength-division-
multiplexing (DWDM) broadens 
the capacity planning horizon by 
introducing a new dimension for 
capacity growth. These two tech
nologies, when applied together, can 
remove the limitations of the cur
rent lightwave technologies and offer 
a smooth evolutionary path for net
work upgrade. (See Figure 2.) When 
coupled with the new emphasis on 
using network elements compliant 
with international standards, this 

technology platform generates a 
paradigm shift from the tradition of 
increasing the channel speed only 
through proprietary means. 

The Benefits of the Enabling Technologies 
Erbium-doped Fiber Amplifier 

(EDFA). By using a short length of 
fiber doped with a low concentra
tion of erbium ions and a pump 
laser to excite these ions to provide 
gain for the 1.55 μm carrier light, 
EDFAs offer a simple and elegant 
means to remove the fiber attenua
tion as a limiting factor to lightwave 
transmission. The benefits of using 
the EDFA are threefold. First, it 
boosts the power of optical signals 
so that the span distance between 
repeaters can be extended, creating 
significant reductions in main
tainence expenses. Second, by 
removing the need for optoelectron
ic conversion and subsequent elec
tronic amplification at each repeater, 
the number of electronic compo
nents is reduced and the reliability 
of the transmission link enhanced. 
Third, EDFAs can simultaneously 
amplify many wavelength channels 
within its pass band, thereby allow
ing graceful upgrades of the existing 
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Glossary 

Asynchronous Transfer Mode (ATM): A standardized 
method of transporting information in short fixed-length cells 
of 53 bytes, designed to integrate the transport of all 
services on a single network. 

Attenuation: Loss of signal power. 

Dense Wavelength Division Multiplexing (DWDM): A 
form of WDM where the spacing of the wavelength channels is 
on the order of 1 to 5 nm, and tens of channels can be packed 
inside the same optical window (1.5 or 1.3 μm of the fiber). 

Digital Signal Level 3 (DS3): The standard rate of trans
port at 45 Mbps used in North America. 

Dispersion Shifted Fiber A fiber designed with zero chro
matic dispersion zero centered at 1,550 nm according to 
International Standard ITU-T Rec. G.653. 

Inter-exchange carriers: Providers of long distance service. 

Motion Picture Expert Group (MPEG): The standard 
defined by the expert group of ISO for the compression algo
rithm to support full-motion video transmission. 

Open System Intercourse (OSI): The series of global 
standards established by International Standards 
Organization (ISO) for interworking among communications 
and computing systems. 

Synchronous Optical Network (SONET): North 
American standards for synchronous fiber optical networking 
established by the T1 Committee, with line rate starting at 
51.84 Mbps. 

Wavelength Division Multiplexing (WDM): A scheme 
of combining many signals on a single optical fiber using 
multiple wavelength channels. 
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fiber routes at the terminals 
by creating a purely optical 
path transparent to signal 
bit rate and format. 

Dense Wavelength-divi
sion-multiplexing (DWDM). 
For many years, D W D M 3 

has been suggested as the 
most direct means of access 
to fiber's enormous inherent 
bandwidth capacity. The 
recent maturity of support
ing technologies such as the 
EDFA and narrow linewidth 
lasers have made possible the realiza
tion of this vision. One salient 
advantage of applying D W D M is 
that it creates a new dimension to 
expand network capacity. The capac
ity of a transmission line is no longer 
characterized only by the bit-rate of 
the individual signal channel, but, 
instead, by its multiple with a num
ber of DWDM channels multiplexed 
into the same fiber. To increase sys
tem capacity, a two-dimensional 
perspective must be applied to reach 
an optimal solution for the evolu
tion path. This can be used to cir
cumvent the limitation on higher 
speed imposed by the chromatic dis
persion in the embedded fiber base. 
As shown in Figure 3, several alter
native paths are now available to the 
network planners. Another benefit 
offered by DWDM is the potential 
for networking in the wavelength 
dimension, including routing, add-
drop multiplexing, crossconnect, 
and switching in the future. DWDM 
answers the immediate business 
need for flexible 
growth by allowing 
the addition of 
capacity in modu
lar increments (e.g., 
OC-48) at different 
wavelengths. 

Technologies for 
New Route 
Construction and 
Service Expansion 
Other new tech
nologies may find 
application where 
system planners are 

not constrained by the use of exist
ing fiber plant. Opportunities exist 
in network expansion for advanced 
telecommunications services in the 
industrialized nations and in fiber 
network infrastructure programs in 
fast developing regions. 

Non-zero Dispersion Fiber for 
Multichannel Systems. When select
ing a fiber for use in new long-haul 
terrestrial routes, the nonlinear 
fiber behavior must be considered 
as a potential obstacle to the imple
mentation of high-capacity trans
port systems. Studies have shown 
that implementation of multiple 
channel transmission over disper
sion-shifted fiber (glossary) might 
require reduction of input power 
levels to avoid significant system 
impairments due to fiber nonlineri
ties. This might compromise the the 
economic advantage of optical 
amplification. 4 To significantly 
reduce the impact of fiber nonlin
earities on system performance, 
non-zero dispersion fiber with a 

small amount of dispersion 
within the optical amplifier 
passband may be used.5 The 
dispersion will suppress 
generation of nonlinear 
mixing products. The 
impact of dispersion on 
achievable system capacity 
for a four-channel system 
over three amplifier spans 
can be seen in Figure 4. The 
capacity limitation is based 
on a calculation of the mix
ing products generated by 

the four-wave mixing process with 
the four channels (8dBm per chan
nel) centered around the dispersion 
value shown. The three curves cor
respond to channel separations of 
1, 1.5, and 2 nm. Actual system 
penalties depend on a number of 
system parameters, including the 
optical power level. 

Non-zero dispersion fiber offers 
the greatest flexibility in network 
upgrade strategies for systems using 
optical amplification to maximize 
span length. It can support both 
single- and multiple-channel trans
port architectures. Figure 5 shows 
the impact of fiber selection on dif
ferent capacity upgrade strategies 
for the lightwave system. The 
advantage of non-zero dispersion 
fiber is gradually being recognized 
in the industry, and commercial 
products are being developed and 
are emerging in the market. 

High Bit-rate Terminals above 
OC-48. As noted previously, the 
most direct and conventional way 

to upgrade the 
lightwave system 
capacity is to rely 
on progress in sili
con- and GaAs-
based high-speed 
electronics to 
increase the chan
nel data rate. For 
transmission above 
OC-48, neither the 
rate and format of 
the signal, nor the 
associated optical 
interface parame
ters are completely 

Figure 4. Effect of d ispers ion of achievable s y s t e m capacity. 

Figure 5. Impact of fiber se lect ion on network upgrade strategies for an 
optically amplif ied s y s t e m . 
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defined by international standards. 
Questions regarding multiplexing 
and framing for the STM-64 signal 
are being discussed. For example, 
the specific selection of a framing 
scheme may impact short-term 
duty cycle heating and result in 
wavelength shifts in directly modu
lated lasers. Efforts in international 
standardization and R&D are being 
pursued by many parties in the 
industry to resolve these challeng
ing issues. In time, OC-192 (9.952-
Gbps) technology will become 
commercially available and viable 
as an option for capacity upgrade. 
When this technology becomes 
available, it can be smoothly 
deployed into the existing fiber net
work within the E D F A / D W D M 
based framework as a means to 
bring additional flexibility to the 
network planners. 

Dispersion Management Tech
niques. Dispersion management 
techniques intended to support 
very high capacity transport sys
tems are currently being investigat
ed by researchers in different labo
ratories. Some approaches are 
aimed at providing an optimum 
environment for single-channel sys
tems at OC-192 and beyond, while 
others are intended to permit use of 
the embedded base or to reduce 
nonlinear fiber behavior while still 
minimizing the distortion due to 
chromatic dispersion. 

Of the former, the most com
mon approach is the use of disper
sion-shifted fiber along with exter
nal modulation to permit the trans
port of a very high bit-rate single 
channel at the dispersion zero over 
significant distances. 

The latter set of techniques allows 
the deployment of very-high-capaci
ty systems (both single- and multi
ple-channel architectures) over dis
persive fiber, where the category of 
dispersive fiber may include both the 
highly dispersive standard fiber of 
the embedded base or non-zero dis
persion fiber in new routes. A num
ber of different implementations 
have been proposed, including pas
sive dispersion compensation, spe

cialized modulation techniques, mid-
span spectral inversion, and electron
ic compensation. Passive dispersion 
compensation refers to any tech
nique that introduces a passive com
pensating component (typically a 
fiber) into the signal path to cause 
the net dispersion of the entire path 
to approach to zero. One specialized 
modulation technique, dispersion 
supported transmission, uses a 
unique modulation approach that 
actually makes use of the dispersion 
in the fiber path to produce a recov
erable signal. In mid-span spectral 
inversion, the signal spectrum is 
inverted at the mid-point of the fiber 
span, thereby allowing the distortion 
introduced in the second half of the 
fiber span to compensate for that in 
the first.6 Chromatic-dispersion-
induced distortion can be treated as 
inter-symbol interference in elec
tronic compensation techniques.7 In 
some of these areas, the research 
investigations have already moved 
into product development with near-
term applications expected. 

Examples of Technology Issues 
In the process of evaluating the 
EDFA and D W D M technologies, 
the following typical examples of 
issues need to be resolved. 

1. Consideration of 980-nm ver
sus 1480-nm Pumping for EDFAs 
field trial in 1991.9 Although the 
EDFA units demonstrated in field 
trial used the 1480-nm pump lasers, 
the early research results indicated 
that the 980-nm pump sources 
offered some distinct performance 
advantages. However, both perfor
mance and reliability factors need to 
be weighed when comparing the 
two pump laser alternatives. To 
allow for the potential use of either 
alternative, the design of the EDFA 
and the associated optical line sys
tem must be independent of the 
pump laser type. 

2. Availability of Modulator and 
DWDM Technologies. The selection 
of modulation technology is another 
subject for technology decision. The 
transient phenomenon of laser chirp 
contributes significantly to the 

linewidth broadening of the trans
mitter laser source. When coupled 
with the chromatic dispersion of the 
optical fiber medium, chirp 
degrades the quality of optical signal 
and impose limitations on transmis
sion distance. To overcome this 
impairment in a direct detection 
system the use of an external modu
lator with a laser source operating at 
continuous wave to eliminate the 
chirp has been proposed. In addi
tion to the conventional method of 
using fused coupler and tunable 
optical filter other innovative tech
nologies are being investigated. 

3. Fiber Dispersion and Nonlin
earity Constraints. With the 
removal of the loss-limited con
straint of the optical fiber by the 
EDFA, the effects of chromatic and 
polarization mode dispersions have 
become very prominent. As a result 
of research work to increase chan
nel number and span distance by 
increasing optical power, the influ
ence of the nonlinear refractive 
index of the fiber as a transmission 
impairment and the associated 
issue of dispersion compensation 
and management as its remedy has 
received much attention in the 
industry recently. In addition to the 
well-known behavior of stimulated 
Brillouin and Raman scatterings, 
the topics of self-phase and cross-
phase modulation, and four wave 
mixing in different types of optical 
fiber must be thoroughly under
stood. 1 0 The concern for resolving 
this issue has led to the conceptual 
development of the non-zero dis
persion fiber as an new innovation. 

The needs for international 
standardization 
One of the limitations of the exist
ing lightwave systems that prevents 
flexible growth for the network has 
been the incompatibility and lack of 
interoperability of proprietary 
equipment and systems supplied by 
different vendors. It is expected that 
the price of OC-48 lightwave termi
nals will decline quickly as the direct 
result of stabilization in internation
al standards and widespread use. In 
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addition to the important benefits of 
enabl ing global network ing and 
s u p p o r t i n g interface access for 
broadband services, cost savings due 
to interoperability and efficient oper
ations, administration and mainte
nance of the synchronous network 
elements are estimated to be signifi
cant. Furthermore, to encourage the 
vendor community to develop the 
new optical line systems based on 
E D F A and D W D M , a service 
provider's perspective on function 
and architecture must be incorporat
ed early into the international stan
dardization process. Recently, many 
standards proposals related to 
D W D M based optical communica
tion have been made to U.S. stan
dardizat ion bodies such as the 
Telecommunications Industry As
sociat ion (T IA) and A m e r i c a n 
National Standards Institute (ANSI) 
and the international working groups 
in International Electrotechnical 
Commission (IEC) and International 
Telecommunication Union (ITU). 

In IEC T C 8 6 W G 6 the generic 
specification for Optical Amplifiers 
emphasized the need for applying 
EDFAs in repeater configurations, in 
addition to booster amplifier and 
preamplifier applications. I T U - T S 
Q u e s t i o n 25/15 W P 4 is in the 
process of preparing new Recom
mendations describing the optical 
interface parameters for both multi
ple- and s ingle-channel systems 
using optical amplification. A num
ber of new parameters unique to 
multiple-channel systems are being 
considered for s tandard izat ion . 
Other topics under d iscuss ion 
inc lude the ident i f ica t ion o f an 
absolute frequency reference for 
multiple-channel systems, superviso
ry channel implementations for sys
tems using line amplifiers, and dis
persion accommodation techniques 
for O C - 1 9 2 systems. Hope fu l l y , 
through a close collaboration among 
all interested and committed parties 
in this industry , a widespread 
deployment of fiber optics and pho
tonic technologies into the long-haul 
networks can be accelerated to 
upgrade network infrastructures. 

Conclusion 
T h i s art ic le covered on ly those 
aspects of technology planning for 
the optical transmission system that 
were impacted by recent advances in 
lightwave and optic fiber research 
and development. Many other rele
vant issues related to technology 
innovation and transfer remain. The 
a p p l i c a t i o n o f f iber opt ics to 
telecommunications can do more 
than just exploit the inherent terabit 
bandwidth of transmission capacity. 
Application of E D F A and D W D M 
actually offers the unique character
istics of flexibililty and transparency 
to long-haul transport. This is par
ticularly useful for response to the 
dynamic environment for new ser
vices development. 

The view of chromatic disper
sion as an intrinsic impairment to 
transmission to be el iminated by 
the use of dispersion-shifted fiber 
for terrestrial routes may also need 
to be revised. Non-zero dispersion 
fiber can suppress the fiber nonlin
earities and offer a smooth path for 
upgrading a multi-channel system 
toward even higher capacity. 

Many research studies have inves
tigated the feasibility of using pho
tonics and lightwave technologies to 
develop a new networking capability 
based on W D M . With the introduc
t ion o f m u l t i - c h a n n e l opt ica l ly 
amplified systems into the long-haul 
transport network, in terrestrial as 
well as submarine communications, 
the first task for building an optical 
networking layer in the transport 
hierarchy has begun. One can fore
see a widespread app l i ca t ion o f 
W D M techno logy by service 
providers to enhance both the eco
nomic value and functional capabili
ties of their networks. In time, inno
vat ions in opt ica l mater ia l and 
device technologies (e.g., i n d i u m 
phosphide-based opto-electronic 
integration, tunable laser sources, 
waveguide routers, wavelength con
verters and switches, and fiber grat
ing filters) may mature to support 
the development of W D M network
ing architectures. Network elements, 
such as W D M add/drop multiplex

ers, W D M crossconnects, which are 
currently considered laboratory nov
elties, will be designed and imple
mented into a variety of networking 
arrangements and provide the foun
dation for the the next-generation 
lightwave network infrastructure. 

This optimistic view is apparent
ly shared by many technology plan
ners both in the U.S. and abroad. 
Besides ARPA-sponsored consortia 
research projects on optical net
work ing in the U.S . , active p r o 
grams on W D M networking exist in 
Europe and Japan. These efforts 
share the goal to develop the tech
nology base with which an optical 
ne twork ing archi tecture can be 
built. On ly by establishing a fully 
connected f ramework for global 
te lecommunicat ions services can 
the full impact of the new lightwave 
and optic fiber technologies be real
ized to the end customers, as well as 
to the photonics industry. 
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