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Communications traffic in the world’s fiber-optic backbone network is

growing more than 10% per year and the growth rate is accelerating. The

ever-increasing bandwidth demands are being met by an array of technological

innovations including higher time-division multiplex (TDM) transmission rates

combined with wavelength-division multiplex (WDM) overlays.

We are living in a revolutionary age. Communications traffic is growing

explosively. In this article we attempt to characterize and quantify this growth,

and then comment on technologies to upgrade the usable bandwidth of the

fiber-optic backbones of the world’s communication networks.

Voice, data, fax, video—these are the forms of electronic communication that

are growing at unprecedented rates. A large and increasing proportion of the

messages are digital. This is because digital signals can be made practically

error-free, and the computers that process them are cheap and getting cheaper

and more powerful.

How can we quantify all this? Since all these signals are digital, the universal

measure is the bit rate: how many bits per second leave the signal source.

The aggregate bit rate of all the sources is the total communications traffic. 
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if that exchange originates in a local access network, a local call to the Internet service provider (ISP) does tie up a cir-
cuit through the telephone company’s central office switch for the duration of the connection. Local telephone compa-
nies have based their service on an economic model that assumes that telephone calls last five minutes on average, and
have not yet absorbed all of the calls to Internet service providers that last an hour or more.15
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Internet backbone traffic growth since 1991.13

To predict Internet traffic growth to the year 2000 and beyond, we must recognize the following Internet traffic growth
drivers:

� Connections worldwide double yearly.

� PCs will continue to proliferate.

� Faster PCs and LANs (1-GHz and 1-Gbit/s) will be widespread by 2000.

� Demand for faster access (ISDN lines, 50-Mbit/s cable modems) is rising.

� Demand for bandwidth-hungry services (3D graphics, video clips) will grow.

� Network software (Java) will increase network average bit rates.

� Lower telecommunications rates will unleash demand.

� Corporate intranets linking sites of the same firm, enabling efficiencies and savings, will proliferate.

Figure 5 shows the predictions of a model that accounts for the yearly doubling of Internet connections and the further,
compounded explosive growth in Internet traffic that is likely to occur as the result of the factors listed above. In this
model, the peak daily worldwide core network Internet traffic rises from 360 Mbits/s in 1996 to 110 Gbits/s in 2000.

To see the effect of the Internet traffic, we plotted the projected U.S. telecommunications peak long-haul traffic with and
without Internet use in Figure 6. The lower curve shows the projected U.S. daily peak core telecommunications traffic
through the year 2000 using a 10% growth rate. The upper curve adds the estimated Internet traffic. The model predicts
that the Internet accounts for 10 to 20 percent of the total core telecommunications network traffic by 2000.
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laser operating at 980 nm or 1480 nm causes the ions to absorb the pump energy. Later, the ions give up the energy to the
incoming 1550-nm wavelength signal, resulting in amplification. Optical gains of 30 dB and noise figures of �5 dB are
routinely achieved from EDFAs, making them nearly ideal devices for overcoming the propagation loss in optical fibers.
For WDM applications, the broad gain bandwidth of the EDFA makes it capable of simultaneous amplification of many
wavelength channels. This is a cost-effective use of the EDFA.

WDM terminals consist of multiple, independent TDM transmitters at different wavelengths in the 1550-nm band and an
equal number of independent TDM receivers, as shown in Figure 12. The outputs of the transmitters are optically multi-
plexed together onto a common output interface to the optical transmission network. The optical input to the WDM
terminal is optically demultiplexed and the separated signals are fed to TDM receivers.
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Wavelength-division multiplexing (WDM).

WDM can be considered as a way of summing together many TDM channels on a single fiber. The alternative solution
would be to lay more fiber, which is costly. Increasing the aggregate transmission rate using WDM is technically viable
and cost-competitive. Increasing TDM rates from say, 10 Gbits/s to 40 Gbits/s is very challenging by today’s technical
standards. On the other hand, using four WDM channels at 10 Gbits/s to achieve an aggregate rate of 40 Gbits/s is
feasible.

WDM is making the “tera era” a reality. Laboratories have already demonstrated transmission capacity beyond 1 Tbits/s
on a single fiber.23,24 In a recent laboratory experiment, 132 lasers were combined onto a single fiber to transmit infor-
mation at a 2.6-terabit-per-second rate.25 The tremendous progress in transmission capacity of a single fiber is shown in
Figure 13, which shows laboratory WDM achievements over the last couple of years. Going beyond 6 Tbits/s on a single
fiber will probably require adding another wavelength band such as 1300 nm, or a significant widening of the 1550-nm
band.

WDM Network Elements. To make WDM systems possible, a number of new components are required to perform optical
amplification, wavelength multiplexing, and routing. For example, wavelengths can be separated from the data stream
using optical add/drop multiplexers (OADMs). OADMs and optical crossconnect switches are also envisioned for future
wavelength-routed networks.

A key element in WDM networks is the EDFA, which provides nearly wavelength-transparent optical gain.4-7 As a result,
the EDFA gain spectrum has determined the wavelength band of WDM systems. The EDFAs are placed along the links at
varying intervals depending on the data rates, system quality, and other factors. A separation of 80 km is very reasonable.
It is important that the EDFA gain response be fairly constant across the wavelength span of interest. If it is not, channel-
by-channel power compensation is required in long-haul networks.

The 1300-nm telecommunications window is also available, since the fiber loss is still quite acceptable there. At this
wavelength, however, optical amplifiers have not been able to achieve the spectacular results obtained by EDFAs at
1550 nm. Some candidates include gain-clamped polarization independent semiconductor amplifiers, praseodymium
or neodymium fiber amplifiers, or Raman-effect fiber amplifiers.26
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Year-to-year demonstrated WDM transmission rates.

While it is beyond the scope of this paper to discuss each element of the WDM network in detail, the summary
in Table III provides a partial list of the network elements available to system designers and the technologies
involved.27,28

Table III
WDM Network Elements

Device Abbreviation Function Technologies

Erbium-doped fiber amplifier EDFA Provides flat gain spectrum to
WDM channels

Silica-based or fluoride-based
fibers, laser pumps

Multiplexer/demultiplexer MUX/DMUX Combines/separates multiple
wavelength channels onto/from
a single fiber

Waveguide arrays, zig-zag filters,
interference filters, diffraction
gratings, fiber gratings, fuse
couplers

Wavelength add/drop
multiplexer

WADM Adds or drops one or more
wavelength channels without
terminating the entire layer

Fused couplers, interference
filters, circulators and fiber
Bragg gratings, Mach-Zehnder
interferometers

Wavelength interchange
crossconnect

WIXC Crossconnects signals with
allowance for wavelength inter-
change

Optoelectronic regeneration,
cross-gain modulation, optical
nonlinearity, mechanical

Wavelength-selective
crossconnect

WSXC Crossconnects individual wave-
lengths without wavelength
interchange

Fused couplers, interference
filters, circulators and fiber
Bragg gratings, Mach-Zehnder
interferometers

Optical crossconnect OXC Optical signal switching Electromechanical, electrooptic
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The use of specific technologies in realizing certain network elements depends on the requirements for network trans-
parency. Ideally, an all-optical network could provide data-rate-transparent operation, allowing easy upgrade to higher
data rates. In such a network, wavelength conversion would have to be performed with all-optical methods. Opto-
electronic regeneration has limits on bandwidth set by the detection and regeneration circuitry and would not be strictly
transparent. Discussion continues on the need for transparency in view of the difficulties of coherent cross talk and
vendor interoperabilty associated with transparent network designs.

WDM Challenges. Other challenges facing WDM networks relate to optical frequency standards and network archi-
tectures. Setting wavelength and frequency standards is challenging in a competitive environment. The stability require-
ment on laser center wavelengths is stringent with narrow channel separations. It is further complicated by physical
phenomena such as four-wave mixing, which discourages the use of uniformly spaced channel frequencies. Currently,
the ITU-T (International Telecommunications Union, under United Nations charter) has allocated wavelength channels
on a frequency grid with 100-GHz spacings referenced to 193.1 THz. This is helpful, but noting the approximately
5000 GHz of available bandwidth, the possibilities are still limited that vendors will choose the same points on the grid
for their 16-channel systems. The ITU-T optical frequencies and their respective wavelengths from 1530 nm to 1560 nm
are shown Table IV.

Four-wave mixing, in which the nonlinear behavior of the optical fiber causes different channels to mix, causes problems
by scattering signal power to other wavelengths.20 Low-dispersion fiber, while helpful for TDM, increases the efficiency
of the undesirable four-wave mixing. Therefore,  WDM links must be designed to have local dispersion to reduce four-
wave mixing but achieve low global dispersion. Dispersion maps showing the dispersion with distance along the link are
commonly used as part of the link design.29

The complexity of network management for WDM systems can vary tremendously depending on the architecture. For
point-to-point WDM systems, the management is not unlike a network that simply added more fibers along a span instead
of using WDM. In transparent networks, on the other hand, signals pass without bandwidth limitations, which implies no
optoelectronic regeneration. Thus, transparent networks require wavelength interchange and switching capability allow-
ing wavelength reuse. The management of transparent networks is considerably more complex and is still in active inves-
tigation.

Conclusion

Communications traffic in the world’s fiber-optic backbone network is growing more than 10% per year. The growth rate
shows promise of accelerating further. Ever-increasing communications bandwidth demands prompted by voice, fax,
video, and Internet activity are being met by an array of technological innovations. Higher TDM transmission rates com-
bined with WDM overlays have provided an economical alternative to putting more fiber in the ground. Development of
standards for WDM networks will allow the possibility of interoperability between equipment from different manufactur-
ers.
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Table IV
ITU-T Standard Optical Frequencies

Frequency
(THz)

Wavelength
(nm)

Frequency
(THz)

Wavelength
(nm)

192.1 1560.61 194.1 1544.53

192.2 1559.79 194.2 1543.73

192.3 1558.98 194.3 1542.94

192.4 1558.17 194.4 1542.14

192.5 1557.36 194.5 1541.35

192.6 1556.55 194.6 1540.56

192.7 1555.75 194.7 1539.77

192.8 1554.94 194.8 1538.98

192.9 1554.13 194.9 1538.19

193.0 1553.33 195.0 1537.40

193.1 1552.52 195.1 1536.61

193.2 1551.72 195.2 1535.82

193.3 1550.92 195.3 1535.04

193.4 1550.12 195.4 1534.25

193.5 1549.32 195.5 1533.47

193.6 1548.51 195.6 1532.68

193.7 1547.72 195.7 1531.90

193.8 1546.92 195.8 1531.12

193.9 1546.12 195.9 1530.33

194.0 1545.32 196.0 1529.55
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