
Erbium-doped fiber amplifiers 

for new generations of 

optical communication systems 

In 1957, a group of scientists—K. Shimoda, H. Takahasi, and C.H. Townes—were 
studying the statistics of quanta amplifications for applications to maser amplifi
ers. In their fundamental paper,1 they reported that: 
"...if an abnormal ensemble [of molecules] can be created in which there are more 

molecules in the upper than in the lower state, a wave packet of photons passing 
through such an ensemble will be amplified rather than attenuated. This type of 
phenomenon ...gives promise of allowing construction of amplifiers which are 
exceptionally free of noise" 

From these pioneering times to now—where this basic principle of optical 
amplification made it possible to demonstrate optical communications at multi-
gigabit rates through distances over 2,000km (ref.2) and potentially 10,000km (ref. 
3)—a considerable evolution in technology has taken place. Following the inven
tion and development of the first lasers and GaAs laser diodes (1958-1962), the idea 
of doping glass fibers with rare-earth ions for achieving traveling-wave amplifying 
devices was soon investigated. In 1963, C.J. Koester and E. Snitzer (himself inventor 
of glass lasers) obtained 47 dB gain at 1.06 µm wavelength, using a 1m-long 
neodymium-doped fiber coiled around a flash lamp.4 

After the demonstration of low-loss single mode fibers 
by Corning in 1970, nonlin ear effects such as stimu
lated Raman (SRS) and Brillouin (SBS) scattering were also shown to offer the 
potential for light amplification (R.H. Stolen and E.P. Ippen, 1972). During the same 
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per iod, J. Stone and C.A. Burrus from A T & T Bel l Laborato
ries studied Nd-doped fiber lasers and real ized the first 
laser-diode pumped device (1974). From this t ime to 1985, 
fiber ampl i f iers based on the opt ical nonl ineari t ies (SRS, 
SBS, and four-photon mixing, SFPM) of the s i l i ca f iber itself 
had been the object of sustained research around the wor ld . 
Using such effects, high gains cou ld be achieved indeed, 
wi th the advantage of tunabi l i ty over the whole infrared 
t ransmission window (1.3-1.5 µm), but wi th the drawbacks 
of high pump power requirements (1W to 1KW for SRS and 
SFPM), or narrow gain bandwidth (SBS). 

Great attention was also given to semiconductor opt ica l 
amplif iers, fol lowing the advances in laser d iode technol
ogy. Opt ical ampli f iers were soon perceived as being key 
elements for non-coherent communicat ion systems: as op
t ical preampli f iers to enhance the signal-to-noise ratio (J.A. 
Arnaud, 1968) or as opt ical repeaters for long-haul appl ica
t ions (S.D. Personick, 1973). 

In 1985-1986, Southampton Univers i ty reported a new 
technique for the fabr icat ion of low-loss rare-earth-doped 
fibers, leading to a prol i f ic generation of novel f iber laser 
sources. In part icular, the element 
Erb ium, wh ich , in the s i l ica host, 
exhibits a broad f luorescence l ine 
centered near 1.55 µm, was im
mediately identif ied as potential ly 
important for appl icat ions in op
tical communicat ions. The advan
tages of fiber ampli f iers include 
both the low pump thresholds 
made possib le in single mode fi
ber w a v e g u i d e s 5 and the l ow 
spl ic ing loss wi th convent ional 
f ibers. The first Er-doped fiber 
ampl i f ier (EDFA) was then re
ported by this group at OFC®/IOOC 
in 1987: 125dB gain for a 1.53 µm 
signal was achieved in a 3m long EDFA pumped wi th 60 mW 
power at 650 nm. 6 These encouraging results tr iggered much 
interest in the research community. 

Our team at A T & T Bel l Laborator ies then investigated the 
potential of using such devices for high-speed communica
t ion by measuring the bit-error-rate of a 2 Gbi t /s ASK signal 
amplif ied by an EDFA pumped at 514 nm (CLEO® '88). 7 , 8 

Error-free t ransmission cou ld easi ly be achieved, but, fur
thermore, the gain was found to be independent of the 
signal polar izat ion, an important advantage over the com
peting semiconductor amplif ier. 

The EDFA gain dynamics were studied thereafter, for 
investigating potential crosstalk l imitat ions. It was found 
that such gain dynamics were very s low, wi th gains satura
t ion and recovery t imes in the 100 µs-1 ms range. A two-
channel experiment at 2 Gbi ts /s under saturat ion condi 
t ions showed indeed negligible crosstalk effects, as we 
reported at OFC® '89. 9 Such s low gain dynamics property is 
highly advantageous, as several ampl i tude-modulated sig
nals could be simul taneously input to the EDFA under 

saturat ion condi t ions without interchannel interference. In 
contrast w i th semiconductor ampli f iers, the gain dynamics 
are in the 100 ps-1 ns t ime range. The same conc lus ion also 
appl ies to the case of f requency-div is ion mult ip lexed (FDM) 
signals, wh ich in semiconductors ampli f iers suffer f rom 
intermodulat ion d istor t ion effect when the channels are 
placed in ≤ 1 GHz frequency spacings. 

It became very clear after these results that wi th such 
assets, the field of Er-fiber ampli f iers was dest ined grow 
rapidly. To be real ly pract ical , however , the EDFA needed a 
compact pump source such as a laser diode. In less than two 
years, this f inal technological gap was br idged, thanks to 
considerable research work by var ious teams around the 
wor ld in both Er-fiber spect roscopy, for the identi f icat ion of 
the most sui table pumping bands, and in semiconductor 
d iode technology to achieve efficient and rel iable pump 
sources. 

Basic physics and characteristics of EDFAs 
A typical absorpt ion spect rum of a si l ica-based Erb ium-
doped fiber is shown in Figure 1. The different absorpt ion 

bands cor respond to the energy 
levels of the 4f electrons of Er3+, the 
ground level being 4I 1 5 / 2. In the 
s i l i ca host, al l possib le transit ions 
between these levels are strongly 
nonradiat ive, due to a process of 
mult iphoton decay, except the last 
transit ion 4I1 3 / 2—4I1 5 / 2 wh ich is 100% 
radiat ive. This t ransi t ion exhibits 
a wide (40 nm) emiss ion spect rum 
centered around 1.55 µm, wh ich is 
e s s e n t i a l l y h o m o g e n e o u s l y 
broadened. The 10 ms fluores
cence l ifetime of the upper laser 
level (4I1 3 / 2) is conduc ive to a low 
medium invers ion threshold. Such 

a gain medium, pumped in any of these energy levels, 
cor responds to a three-level laser system, wi th the ground 
level (4I1 5 / 2), being the terminal level of the 1.5 µm transi t ion. 

Due to the mult ip l ic i ty of energy levels, pump absorpt ion 
can also take place from the upper level 4I 1 3 / 2 (pump excited-
state absorpt ion or ESA), wh i ch results in a decrease in 
pumping eff iciency. The bot tom of Figure 1 shows the 
spectra l regions where pump ESA occurs , wh i ch in part icu
lar makes the 800 nm pump band unattract ive. The two last 
infrared bands near 980 nm and 1480 nm, wh ich are free 
from ESA, are compat ib le w i th InGaAs and InGaAsP laser 
d iodes. This justif ies the interest for these pump wave
lengths. The 1480 nm wavelength cor responds to an opt i
mum value; at shorter wavelengths, pump absorpt ion and 
gain wou ld decrease, whi le at wavelengths c loser to the 
1530 nm peak, the laser medium behaves like a two-level 
system for wh ich no gain cou ld be achieved. 

The EDFA gain plot ted as a funct ion of launched pump 
power (near 1.48 µm) is shown in Figure 2, for two signal 
wavelengths near 1.53 µm and 1.55 µm. The inset, wh ich 

Figure 1. Er-fiber absorption spectrum 
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represents a typical output spect rum, shows a broad ampl i 
fied spontaneous emiss ion (ASE) noise background and 
provides a measure of the amplif ier gain bandwidth. The 
EDFA gain spect rum differs somehow from one glass com
posi t ion to another. The inc lus ion of a luminum as a glass 
network modif ier (as wel l as efficient index-raising co-do
pant for high N.A. f ibers) results in the broadening and 
smoothing of the gain spect rum, wh ich is desirable for 
mult i-channel signal ampl i f icat ion. Other types of glass 
hosts for E r 3 + , such as f luorozirconates (ZBLAN) , offer al
ternate possibi l i t ies for the EDFA gain character is t ics. 

The gain curves in Figure 2 show that be low some pump 
power threshold, i.e., near P = 2 mW, 
the Er-fiber is absorbant, wh ich is 
characteristic of a three-level system. 
Above this value, the gain rises quickly 
to reach a level that is weakly depen
dent of pump power. In this last re
gime, near-complete medium inver
sion is achieved, providing maximum 
gain in a given length of fiber. 

The dashed l ine tangent to one of 
the gain curves in Figure 2 gives a 
measure of the amplif ier eff iciency: 
the slope of this tangent, expressed 
in dB /mW, is usual ly referred to as 
the EDFA gain coefficient. The EDFA 
corresponding to Figure 2 has gain 
coefficients of 5.8 dB /mw for 1.47 µm pump and 6.1 d B / m W 
for 970 pump. 1 0 Such high gain coefficient values, for wh ich 
30 dB gains can be achieved wi th less than 10 mW pump 
power, are the result of an opt imizat ion in fiber design. This 
opt imizat ion consists in reducing the pump mode size, 
wh ich can be done by increasing the fiber numer ical aper
ture (or the core/c ladding refrac
tive index difference), and also in 
confining the Er-doped region near 
the center of the fiber core. The 
first results in a decreased pump 
threshold (as the pump intensity 
is increased), whi le the second 
makes possib le a uni form pump
ing of the E r 3 + ions in the region of 
the core where the pump inten
sity is maximum. 

These two approaches , pro
posed init ial ly by workers at Brit
ish Telecom Research Laborato
ries, led to very rapid progress in 
EDFA gain performance wi th both 
pump wavelengths. Recent ly, a 
10.2 dB /mW gain coefficient wi th 
980 nm pump was reported by workers from N ippon Tele
graph and Te lephone Laborator ies. 1 1 Fur ther improve
ments in fiber design and appropr iate cho ice of glass co-
dopants should lead to improvements, perhaps by a factor 
of two, of these numbers. 

Another important parameter of the EDFA is the satura
t ion output power, i. e., the output power for wh ich the EDFA 
gain decreases by 3 dB due to a saturat ion effect. Figure 3 
shows typ ica l plots of the EDFA gain as a funct ion of the 
output signal power 1 2 for different values of input pump 
powers and fiber lengths. For each pump power, the fiber 
length is opt imized to a value L o p t for wh ich the unsaturated 
gain G is maximized (beyond the length L o p t , the fiber reab
sorbing). The figure shows the typical roll-off of the gain as 
the signal is increased. In this example, a maximum satura
t ion output power, cor responding to a 3 dB gain decrease of 
11.3 d B m or 13.5 mW, is obtained for 53 mW input pump. An 

important property of the EDFA is 
that such saturat ion output power 
can actual ly be increased by in
creasing the pump power, as the 
values indicated in the figure show. 

From a system standpoint, the 
- 3 dB saturat ion power of the EDFA 
represents an important reference 
number, as it tells how much output 
power the amplif ier can attain be
fore its gain character ist ic begin to 
degrade. By contrast, the mere out
put power is not real ly an EDFA 
character ist ic , as it can in pr inc ip le 
be increased as high as the level of 
input pump power, at the expense 

of s ignal gain. As LD-pumps wi th output powers in excess of 
200 mW at b o t h 980 nm and 1480 nm have now been 
demonstrated, the saturat ion output power of the EDFA 
cou ld potent ial ly be increased to at least 50 mW. Through 
the combinat ion of high gains and high output saturat ion 
powers, the EDFA can be used to boost short pulse signals 

generated by gain-switched laser 
d iodes. Pulses of 9 ps durat ion 
wi th 12 W peak power, generated 
by a DFB laser d iode fol lowed wi th 
two LD-pumped EDFAs, were re
cently reported, 1 3 opening new per
spectives to the study of nonlinear 
optics using LD signal sources. 

Final ly, the noise character is
t ics of the EDFA eventual ly l imit 
the system performance, as some 
amount of signal-to-noise rat io 
(SNR) degradat ion occurs in the 
ampl i f icat ion process. Such deg
radat ion is best represented by 
the noise figure parameter or the 
ratio of input to output SNRs. Un
der maximum gain condi t ions, the 

main contr ibut ion to the ampli f ier noise is due to the 
beating between the signal and the ASE. The best or lowest 
noise figure achievable is 3 dB, wh ich is referred to as the 
quantum limit. For the 980 nm pumping, noise figures as low 
as 3.2 dB were measured, 1 4 whi le a best value of 4.1 dB was 

Figure 2. High-efficiency Er-fiber amplifier 
with 1.48 µm pump 

Figure 3. Cain vs. output signal power 
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obtained for the 1.48 µm pump. 1 4 , 1 5 The 1 dB penalty above 
the quantum l imit observed for the 1.48 µm pump is 
explained by the incomplete invers ion that occurs wi th this 
pump band, as opposed to the 980 nm band for wh ich E r 3 + 

behaves as an ideal three-level laser system. Wi th such low 
noise figures, a record sensi t iv i ty of 215 photons/bi t at 1.8 
Gb/s could be demonstrated wi th a 1.49 µm-pumped EDFA 
used as a preamplifier. 1 5 

In summary, the EDFA character ist ics inc lude: low inser
t ion loss (<0.5 dB) , high gains (30-45 dB) wi th polar izat ion 
insensitivity, high saturation output powers (> 10 dBm), s low 
gain dynamics (100 µs-1ms) giving negligible crosstalk at 
frequencies greater than 100 kHz, 
and quantum-limited noise figures. 

EDFA system 
perspectives and applications 
Because of their mult ip le advan
tages, EDFAs are l ikely to have a 
major impact in future opt ica l 
communicat ions 1 6 and even open 
the vistas of new generations of 
l ightwave c o m m u n i c a t i o n sys 
tems. Thus far, the span of con
vent ional l ightwave systems has 
been extended by use of regen
erative repeaters that electroni
cal ly perform the funct ions of 
reshaping, ret iming, and regeneration (3R). The t iming cir
cuits of the repeater are made to funct ion at a speci f ied bit 
rate. For example, the undersea l ightwave systems cross ing 
the At lant ic or the Pacif ic oceans, such as TAT-8 and TPC-3, 
deployed since 1988 by AT&T , are based on this pr inc ip le. 
The increase in traffic demand between cont inents (20 to 
30% per year 1 7) requires that, in the 
near future, the technology of long-
haul digital communications evolve 
to multigigabit rates capability. 

Ult imately, the t ransmiss ion ca
pabi l i ty of such systems wi l l be 
l imited by the speed of electron
ics. In this respect, the advantages 
of opt ica l ampl i f iers over elec
tronic repeaters are twofold. First, 
they offer higher gain and greater 
bandwidth, both being insensit ive 
to bit rates. Second, simultaneous 
ampli f icat ion of mult ip le opt ica l 
channels is possib le, al lowing a 
fuller use of the opt ica l bandwidth avai lable in opt ica l f ibers 
without signif icant increase in system complexi ty. In fact, 
the possibi l i ty of replacing electronics regenerators by 
opt ical amplif iers in t ranscont inental l inks of 7500-9000 km 
spans appears to move to real i ty as A T & T and KDD recent ly 
announced a joint venture to lay a high-capacity undersea 
cable across the Pac i f ic . 1 8 Th is cable wou ld use LD-pumped 
EDFAs spaced every 20-30 miles, al lowing a traffic capaci ty 

Figure 4. Soliton propagation over 10,000 km 

Figure 5. 22 km-distributed Er-fiber amplifier 

of 600,000 simultaneous telephone conversat ions, com
pared to 40,000 conversat ions wi th the electronic repeater 
technology developed so far. 

M u c h attention is given to EDFAs in the research domain. 
At the IOOC '89 conference, EDFA-based system experi
ments at 10-11 Gbi t /s wi th record t ransmiss ion lengths (100-
200 km) were repor ted by NTT and Bel lcore. The first 
transmission experiment of data-encoded solitons (2.8 Gbit/s) 
was also achieved by NTT, using exclusively laser diodes for 
the signal transmitter and the EDFA pumps. By the end of 
the same year, KDD reported at ECOC the error-free trans
miss ion of 1.2 Gbi t /s data over 904 km, using 12 cascaded 

LD-pumped EDFAs. At OFC® '90, 
NTT could present results of a 2.5 
Gbi t /s FSK signal t ransmiss ion 
over 2,223 km, wh ich required 25 
EDFA modules at 80 km spacings. 
In such a very short per iod, fiber 
ampli f iers brought about tremen
dous progress in a the bit-rate/ 
l eng th p r o d u c t c a p a b i l i t y of 
l ightwave systems. 

A n o t h e r b r e a k t h r o u g h was 
achieved at this t ime in the field of 
opt ical sol i tons. Soli tons are short 
(10-50 ps) opt ica l pulses that can 
propagate in a length of opt ica l 
fiber without change in pulse en

velope, due to compensat ing effects of f iber d ispers ion and 
nonl inear self-phase modulat ion. Because of this property, 
mul t ichannel t ransmiss ion of 100 Gbit /s aggregated rate is 
potential ly possible over mult i-thousand kilometer lengths. 1 7 

At ECOC '89, L.F. Mol lenauer and col leagues from A T & T Bel l 
Laborator ies reported a sol i ton t ransmiss ion experiment 

over 6000 km, using distr ibuted 
R a m a n a m p l i f i c a t i o n in a 
recirculat ing fiber loop. At CLEO® 
90, the same group presented re

su l t s o b t a i n e d w i t h l ow-ga in 
EDFAs wi th a t ransmiss ion dis
tance of 200 MHz-rate sol i tons of 
10,000 km. The setup for this ex
periment is shown in Figure 4. The 
inset shows the effect of the sol i ton 
effective pulse wid th broadening 
and corresponding standard de
v iat ion, due to jitter in sol i ton ar
r ival t imes. At present, the trans
miss ion distance was brought by 

the same investigators to 13,000 km wi th 2.5 GHz repeti t ion 
rate signals. 

Such outstanding results i l lustrate the great potential 
offered by the combinat ion of the Er-fiber amplif ier technol
ogy wi th the advantageous propagat ion propert ies of opti
cal sol i tons. A quest ion that st i l l remains is whether signal 
modulat ion formats other than ON-OFF keyed sol i tons (e.g., 
non return-to-zero format or FSK) cou ld eventual ly be 

10 Optics & Photonics News January 1991 



implemented in future ultra-long distance communicat ions. 
Other signif icant progress took place in the field of opt ica l 

frequency-division mult iplexed (FDM) distr ibution networks. 
In 1989, NTT reported a 16-channel F D M network, wi th 622 
Mbi t /s per channel—the first to use an EDFA preampli f ier to 
increase the number of network subscr ibers . At OFC® '90, 
Bel lcore showed, also through an EDFA-based network 
experiment, the simultaneous d is t r ibut ion to 4096 potent ial 
terminals of 100 subcarr ier-mult ip lexed FM-TV channels 
and six 622 Mbi t /s channels, the latter having enough band
width for 24 HDTV signals. BTRL also repor ted that year a 
10-channel W D M broadcast network using a single EDFA as 
a power amplif ier; each channel wou ld transmit 2.2 Gbi t /s 
signals corresponding to 32 mult ip lexed P A L v ideo chan
nels that could be distr ibuted to 7023 potent ial subscr ib
ers. 1 9 These important developments may have consider
able impact on local area networks (LANs ) and digital 
broadband ISDN services. Other potent ial appl icat ions of 
EDFAs, used to compensate for spl i t t ing loss in complex 
network architectures, include opt ical interconnects for 
supercomputers, current ly being investigated at the Uni
versi ty of Colorado. 

Actual ly, the use of low E r 3 + concentrat ions in doped fi
bers (10-100 ppb averaged over the fiber core) makes it 
possible to distr ibute the gain over the t ransmiss ion fiber 
itself, thereby minimiz ing the power excurs ion of the signal. 
Such an approach makes possib le vir tual ly lossless signal 
t ransmission from one fiber network node to the next. 
Figure 5 shows an OTDR measurement of a 22 km-long fiber 

ampli f ier pumped at 1.48 µm (after J.R. S impson et al, 1990.). 
The concept of d ist r ibuted ampl i f icat ion, experimental ly 
demonstrated by A T & T and BTRL in 1990, could have many 
appl icat ions in novel types of lossless network architec
tures, as wel l as sol i ton t ransmiss ion systems. 

There are many other possib le appl icat ions for EDFAs, 
too numerous to be descr ibed in detai l here. For instance, 
femtosecond pulse compress ion can now be achieved 
through sol i ton narrowing, taking advantage of the high 
peak power (30W) that can be achieved through the EDFA 
from gain-switched laser diodes, opening new perspect ives 
to the spect roscopy of ultrafast phenomena and to the 
exploi tat ion of nonl inear effects in single-mode fibers. Other 
potent ial appl icat ions of EDFAs include lossless fiber net
work swi tches, nonl inear Sagnac loop switches, lossless 
star couplers, and recirculat ing fiber delay l ines for time-
slot interchange and opt ical memories. 

Over a very short per iod of t ime, the Erbium-doped fiber 
ampli f ier has made signif icant progress indeed, f rom its 
ini t ial status of "exot ic dev ice" to that of a key component 
that has made many breakthroughs possib le. It has already 
changed the course of opt ica l communicat ions and fiber 
opt ic research. 
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References 
1. K. Sh imoda et al., "Fluctuat ions in ampl i f icat ion of quanta wi th appl icat ion 

to maser ampl i f iers," J . Phys . Soc. of Japan, 12:6, 1957, 686. 
2. S. Saito, et al., "Coherent t ransmiss ion exper iment over 2,223 km at 2.5 

Gbit /s using Erbium-doped fibre ampli f iers," Electron. Lett., 26:10, 1990,669. 
3. L.F. Mol lenauer, et al., "Exper imenta l s tudy of so l i ton t ransmiss ion over 

more than 10,000 km in dispersion-shi f ted fiber, Opt ics Lett., 15:21, 1990, 
1203. 

4. C.J. Koester and E. Snitzer, "Ampl i f icat ion in a f iber laser," A p p l . Opt ics , 
3:10, 1964,1182. 

5. L. Reekie et al., "Tunable single-mode f iber lasers," IEEE J . L ightwave Tech 
nology, 4:7, 1986, 956. 

6. R.J. Mears , etal., "Low-noise Erb ium-doped f ibre ampl i f ier operat ing at 1.54 
µm," E lect ron. Lett. 23:19, 1987, 1026. 

7. E. Desurvire, et al., "High-gain Erb ium-doped travel ing-wave fiber ampl i 
fier," Opt ics Lett., 12:11, 1987, 888. 

8. C.R. Gi les, et al., "2 Gbi t /s s ignal ampl i f icat ion at 1 5 1.53 µm in an Erb ium-
doped single-mode fiber ampli f ier," IEEE J . L ightwave Techno l , 7:4, 1989, 
651. 

9. E. Desurv i re, et al., "Gain saturat ion effects in high-speed, mul t ichannel 
Erb ium-doped fiber ampl i f iers at λ = 1.53 µm," IEEE J . L ightwave Techno l . , 
7:12, 1989, 2095. 

10. J.L. Zysk ind, etal. , "High-per formanceErbium-doped fiber amplif ier pumped 
at 1.48 µm and 0.97 µm," in P roc . Top ica l Meet ing on Opt ica l Ampl i f iers and 
Appl icat ions, Monterey, 1990, paper PDP6. 

11. M. Nakazawa, et al., " A n ultra-efficient Erb ium-doped f iber ampl i f ier of 10.2 
d B / m W at 0.98 µm pumping and 5.1 d B / m W at 1.48 µm pumping, " Ibid, paper 
PDP1. 

12. E. Desurv i re , et al., "Efficient Erb ium-doped fiber ampl i f ier at 1.53 µm 
wavelength wi th a high output saturat ion power , " Opt ics Lett., 14:22, 1989, 
1266. 

13. A . Takada, et al., "P i cosecond laser d iode pulse ampl i f icat ion up to 12W by 
laser-diode pumped Erb ium-doped fiber," IEEE Photon ics Techno l . Lett., 
2:2, 1190, 123. 

14. M . Yamada , et al., "No ise character is t ics of E r 3 + - d o p e d fiber ampl i f iers 
pumped by 0.98 and 1.48 µm laser d iodes, " IEEE Photon ics Techno l . Lett., 
2:3, 1990, 205. 

15. C.R. Gi les, et al., "Noise performance of Erb ium-doped fiber amplif ier pumped 
at 1.49 µm and appl icat ion to signal preampl i f icat ion at 1.8 Gb /s , " IEEE 
Photon ics Techno l . Lett., 1:11, 1989, 367. 

16. S. Sh imada, "Impact of Erb ium-doped ampl i f iers on opt ica l communica t ion 
systems," Opt ics & Photon ics News, January 1990, 6-12. 

17. P.K. Runge, "Undersea l ightwave sys tems," Opt ics and Photon ics News, 
November 1990, 9-12. 

18. The New Y o r k T imes, " A T & T in venture to lay cable to Japan," Oc tober 18, 
1990. 

19. L.F. Mol lenauer , "The future of f iber communica t ions : Sol i tons in an all 
opt ica l sys tem," Opt ics News, M a y 1986, 42-46. 

20. H. Toba , et al., "16-channel opt ica l F D M d is t r ibu t ion / t ransmiss ion exper i 
ment ut i l iz ing E r 3 + -doped f ibre ampl i f ier ," E lec t ron. Lett., 25:14, 1989,885. 

21. A . M . H i l l , et al., "7023-User W D M broadcast network employ ing one Erb ium-
doped f ibre power ampli f ier," E lec t ron. Lett., 26:9, 1990, 605. 

22. M . Nakazawa, et al., "Femtosecond Erb ium-doped opt ica l f iber ampli f ier," 
A p p l . Phys . Lett., 57:7, 1990, 653. 

January 1991 Opt ics & Photon ics News 11 


