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Introduction

It has not been generally appreciated that the erbium-
doped fibre amplifier (EDFA) has both a saturation out-
put power which increases with pump power, as well as
an ability to operate deep in saturation without signal
distortion and interchannel crosstalk. The latter is a con-
sequence of its slow gain dynamics and is quite different
from diode-amplifier behaviour. Most investigations of
the gain-characteristics of EDFAs to date have concen-
trated on the small input signal regime and attempted
to obtain high unsaturated gain for low-pump powers,
an attribute which is required for an in-line amplifier.
By contrast, in this paper we discuss the application of
EDFAs as power (post) amplifiers where the input signal
is large and the amplifier saturation behaviour outlined
above can be exploited. In the highly-saturated regime
we have obtained near-quantum-limited pump to sig-
nal conversion efficiencies, resulting in 55mW (17.4dBm)
of amplified signal for only 100mW of pump power at
978nm. Operating in this mode EDFAs are attractive for
application as power amplifiers to ease power budget re-
strictions in point-to-point digital links, video distribution
networks and LANS.

Experiment

EDFA power amplifier performance was measured in
both the counter- propagating and co-propagating pump
and signal configurations. An LD was used to inject
a large input signal, typically —3 to —2dBm, at a with
wavelength matching the gain peak of the particular fi-
bre under test. Pump light at 978-980nm was from a
Ti:Sapphire laser and the amplified output signal power
was measured as a function of pump power for several
fibre lengths.

Figure 1 shows the results for an erbium-doped fibre with
a germano-alumino-silicate core composition. Here the
input signal was ~—3dBm at a wavelength of 1533.3nm
and the counter-propagating pump at a wavelength of
978nm. The fibre was characterised by an NA of 0.18,
Acutoff ©f 900nm and attenuation at the pump and signal
wavelengths of 6.5dBm and 10dBm respectively. Thus
we estimate the dopant concentration to be 520ppm, (dis-
tributed uniformly across the fibre core). From the figure
itis clear that for all fibre lengths there is a pump threshold
below which no significant pump-to-signal conversion
is obtained, but above which the output signal power
increases approximately linearly with pump power. This
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Figure 1: Dependence of amplifier output power on pump power
for different length counter-propagating amplifiers.

pump threshold is the power required to bleach a given
fibre length and, as expected, increases for longer fibres.
For short fibre lengths (2.75m and 4.25m) there is poor
pump/signal conversion efficiency and theamplified out-
put signal departs from a linear dependence with pump
power. This is because the fibre is too short for all the
available pump power to be absorbed and a low gain
results. For longer fibre lengths, both the pump threshold
and differential efficiency increase and thus for a given
pump power there exists an optimum length for maxi-
mum absolute power conversion efficiency.

Figure 2(a) plots absolute efficiency against fibre length for
pump powers of 50 and 100mW, whilst Figure 2(b) shows
the differential efficiency. It can be seen that a maximum
absolute conversion efficiency of 55% is obtained for a
fibre length of 7m, although longer fibre lengths do not
exhibit a marked decrease in efficiency. The horizontal
offset in the data at short fibre lengths (~1m) arose be-
cause the input signal power (—-3dBm) was only com-
parable with the fibre saturation power (~0dBm). Thus
the signal is amplified exponentially in the first metre of
fibre and does not therefore contribute significantly to the
conversion efficiency. From Figure 2(b) it can be seen that
the differential efficiency tends to the quantum limit with
increasing fibre length, with a maximum efficiency of 63%
being obtained for a fibre length of 9.5m.

Also shown on Figure 2(a) and (b) are similar data ob-
tained for an EDFA operated in the co-propagating pump
and signal configuration. Strikingly one notes the signif-
icant reduction in pump/signal conversion efficiency. A
maximum absolute conversion efficiency of 37% is now
obtained for a reduced optimum length of ~5.5m. Simi-
larly, a reduced slope efficiency of 42% is obtained. The
reasons for this difference between the two configurations
is not yet fully understood, but can be attributed to a a
combination of fibre loss at the pump and signal wave-
lengths and excited-state absorption of pump photons
from the pump-band ‘1 /2 to a higher level ‘I, 12 which
may become significant for saturated amplifiers since the
relative population of ions in the pump band increases.
The counter-propagating configuration gives a higher ef-
ficiency since it maximises the pump power in the region
of high signal intensity.

In further experiments the maximum absolute effi-

ciency was measured as a function of erbium concentra-
tion and host-glass composition employing the counter-



Figure 2: Absolute (a) and differential (b) conversion efficiencies
for different fibre lengths and pumping configurations.

propagating configuration. The results are shown in
Figure 3. Several erbium-doped germano-silicate fibre
types were tested and fibres with concentrations around
100ppm were found to give the highest efficiency. In-
creasing the dopant concentration to ~350ppm resulted
in a severe decrease in conversion efficiency. On the
other hand, near quantum-limited conversion efficien-
cies were obtained for both germano-alumino-silicateand
alumino-silicate fibre types with erbium concentrations
up to 760ppm.

An additional advantage of EDFA power amplifiers op-
erating in the highly-saturated regime is that they can
exhibit nearly-flat, broadband spectral-gain. This is be-
cause their largely-homogeneous line-broadening allows
gain across a large part of the spectrum to contribute to
the signal output.

Figure 3: Dependence of conversion efficiency on erbium
concentration.

Conclusions

Highly-saturated EDFAs have been shown to be efficient
power amplifiers. Maximum absolute pump-to-signal
power conversion efficiencies as high as 55% have been
obtained, whilst the slope efficiency can be near quantum-
limited at 63%. Low erbium concentrations (<100ppm)
are required to obtain high efficiency when employing a
germano-silicate host-glass, whereas germano-alumino-
silicate and alumino-silicate host glasses allow for higher
erbium concentrations. Power amplifiers operating in
this mode have virtually flat spectral-gain characteristics.

Acknowledgements

Thanksare dueto J. D. Minelly for supplying the couplers
and Pirelli General plc for fabricating the fibres.

References

1. Mears, R ], Reekie, L., Jauncey, I. M. & Payne, D. N.: Electron.
Lett., Vol. 23, 1987, pp. 1026-1028.

2. Laming, R. I, Reekie, L., Morkel, P. R. & Payne, D. N.: Electron.
Lett., Vol. 25, 1989, pp. 455-456.

3. Saleh, A. A.M,, Darcie, M. & Joseph, R. M.: Electron. Lett,, Vol. 25,
1989, pp. 79-80.

4. Laming, R I, Shah, V,, Curtis, L., Vodhanel, R. S., Favire, E J.,
Barnes, W. L., Minelly, ]. D., Bour, D. P. & Tarbox, E. J.: Proc.
100C ‘89, Kobe, Japan, 1989, Paper 20PDA-4.

5. Zyskind, J. L., Simpson, J. R, Giles, C. R. & Desurvire, E: Proc.
SPIE, Vol. 1171, 1989, pp. 137-145.

6. Way, W. I, Choy, M. M,, Yi-Yan, A,, Andrejco, M,, Saifi, M. &
Lin, C.: Proc. IOOC “89, Kobe, Japan, 1989, Paper 20PDA-10.

7. Craig-Ryan, S. P, Ainslie, B. J. & Millar, C. A.: Electron. Lett,
Vol. 26, 1990, pp. 185-186.

8. Wyatt, R: Proc. SPIE, Vol. 1171, 1989, pp. 54—64 and Private
Communication.



g 100 Pump & signal

> —— Counter-propagating

c

.g 8of --- Co-propagating

5

s 60 Pump (mwW)
@

2 100
z 4of 50
3 === SIIIIIemee-e 100
L 20 50
=}

2

o 0 1 3
< 0 1 10

Fibre length (m)

Figure 1: Dependence of amplifier output power on pump power
for different length counter-propagating amplifiers.
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Figure 2. Absolute (a) and differential (b) conversion
efficiencies for different fibre lengths and pumping
configurations.
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Figure 3. Dependence of conversion efficiency on erbium
concentration.
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