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Investigation of High-Gain
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Abstract-A full scale numerical model for the erbium-doped fiber
amplifier has been developed, incorporating realistic index and erbiumconcentration profiles as well as the spectral distribution of amplified
spontaneous emission. The high accuracy of the model is demonstrated
by comparison with a comprehensive set of data, including gain, ASE,
and pump power, obtained for a well characterized Er-AI-doped fiber.
An absorption to emission cross section ratio of 1.0 was measured at the
gain peak. Pumping at 654 nm, the excited state absorption was observed to be insignificant. A high gain of 39.6 dB was achieved in the
experiment.
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INTRODUCTION

T

HEORETICAL work on erbium-doped fiber amplifiers
has so far been based on simplifying assumptions such as
small signal power, small amplified spontaneous emission
(ASE) power, step profiles of the index, and erbium-concentration [1]-[3]. Most of these assumptions do not strictly
apply to real fibers with high gain and output power. Therefore, adjustable parameters are required to obtain agreement
with experiment. Thus, for applications where quantitative
predictions are important, full scale calculations based on
realistic index and erbium-concentration profiles as well as
ASE spectral power distribution are necessary.
The present letter describes a detailed numerical model
taking full account of the real LP,,-mode profiles and the
spectral power distribution of the ASE. In order to assess the
accuracy of the model, calculations are compared to results
of a comprehensive experimental investigation of a particular
Er- Al-doped fiber. All basic parameters characterizing the
fiber, i.e., refractive index profile, erbium-concentrationprofile, intrinsic loss, emission and absorption cross sections,
and fluorescence lifetime are experimentally determined to
provide realistic input parameters to the model. The agreement between calculations and measurements is observed to
be excellent over more than four orders of magnitude.
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Fig. 1. Er3+-fiber amplifier: experimental setup for measurement of gain,
attenuated pump power, forward and backward ASE power.

EXPERIMENT
The properties of the fiber amplifier were measured in a
setup as shown in Fig. 1. The coupled pump (A, = 654 nm)
and signal (As = 1530 nm) powers in the undoped launching
fiber were accurately calibrated to the monitor detectors. A
low back-reflection of - 57 dB from the launching setup into
the erbium-doped fiber was measured. The erbium-doped
fiber was fusion spliced to the launching fiber and terminated
with a cut at an oblique angle. Splice losses at signal and
pump wavelengths were measured after each series of measurements. Losses were low, typically 0.3-0.7 dB.
The residual pump power and forward and backward
travelling ASE powers were measured in calibrated detectors
D1, 0 2 , and 0 3 , respectively. Removing 0 3 from the
signal beam path the output signal was measured with 0 2
connected to a lock-in amplifier (input signal < -46 dBm).
The results are estimated to be accurate to within k 0 . 3 dB.
The erbium-doped fiber was prepared by the solution-doping technique [4] with aluminum as the index-raising element. The fiber had an outer diameter of 75 pm. The dopant
concentration profiles of AI and Er were measured in a slice
of the preform by scanning electron microprobe spectroscopy. The attenuation spectrum and tthe fluorescence
spectrum and lifetime were measured by standard techniques

PI.
THEORY
The present model constitutes an extension of the model
described in detail in [6] and is based on a three-level laser
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system with a fourth level added due to the excited state sults for P,(L), P,(L) and SA+SE(u,L ) , together with the
absorption. The population in the ground state, n,, and in the boundary condition SisE(u,L ) = 0 are taken as starting
excited state n2 at any point ( r , 4, z ) in the fiber are point for the following backward integration. Typically, ten
determined by the combined influence of the local intensities iterations are necessary depending on the actual conditions.
of pump, signal and foward (+) and backward ( - ) ASE [6]:
RESULTS
n2(rt 4, 2 )
The shape of the measured index and erbium profiles were
found to be identical and very well approximated by an
a-profile (C(1 - ( r / a ) " )with CY = 3 and a core radius of
a = 2.7 pm. Consequently, this parametrization was used as
where the pumping rate W,, is calculated by summation over a convenient representation of the data in the calculations.
the pump modes and A , , is the spontaneous emission rate The absolute scale was measured to be C =
for the
[6]. Rather than using the equivalent bandwidth approxima- index difference and C = 2.0 x
m-, for the erbium
tion of [6], the stimulated emission W,, and absorption W,, concentration, the latter value with an estimated uncertainty
rates are calculated by integration over the ASE spectral of 10% due to calibration uncertainties. The calculated LP,,
power density SASE:
cutoff wavelength is 947 nm in agreement with the measured
value of 960 nm.
Emission and absorption cross sections are calculated, as
shown in [5] from the measured fluorescence and attenuation
spectra, using a measured fluorescence lifetime of 10.6 ms
and including an empirical correction factor of 1.15 for the
absorption [5]. As an example, the emission cross section as
where U denotes optical frequency, Io's(r ) is the normalized well as the absorption cross section were found to be 5.0 X
m2 at the signal wavelength, A, = 1530 nm. The
signal LP,,-mode intensity [7] and ai, is the wavelength
/a2, = 1.0 is supported by
dependent emission (ij = 21) or absorption ( i j = 12) cross resulting cross section ratio of
the close agreement between the measured asymptotic gain
section. P, is the signal power.
The propagation of pump, signal, and ASE are calculated for heavily pumped fibers and the measured (unpumped) fiber
attenuation of 2.14 dB/m at 1530 nm, in contrast to the
from well known differential equations [6], e.g.,
results of [SI. Based on the fiber attenuation and the absorption cross section a maximum value for the erbium concentration of C = 2.1 x
m-, is calculated in very good
agreement with the measured value. The calculated result is
adopted since it is considered more accurate.
where the emission- or absorption-factor yi, is determined
Knowing the erbium concentration and the attenuation at
from the cross section ai, and from the overlap integral the pump wavelength Ap = 654 nm, the absorption cross
between the signal LP,,-mode and the population concentra- section is found to be U , , = 3.2 x
m2. Furthermore,
tion in the excited or ground state [6]. The calculation of the from the attenuation spectrum the fiber was observed to have
pump propagation further includes the erbium-independent an intrinsic background loss of 0.3 dB/m. The excited state
attenuation (see below). The ASE powers are calculated by absorption cross section u24 was extracted from the pump
spectral integration of SAS,( U).
attenuation in a heavily pumped 5 m long fiber corrected for
The solution is obtained by simultaneous numerical inte- the intrinsic attenuation. An upper limit of 0.06 x
m2
gration of (3) for SLSE(u,z ) and $&(U,
z ) , evaluated in was extracted, somewhat lower than previously reported [9].
100 frequencies with a spacing of 200 GHz, and the analo- In the calculations u2, = 0.
gous equations for P,(z) and P,(z). At each point z along
Visual inspection of the output pump far field indicated
the fiber population inversion over the fiber cross section is that only the LPo, pump mode was excited. The intensity in
obtained from (1) and (2) using pump and signal mode the only other allowed mode LP,, was consequently set to
profiles calculated [7] from the measured index profile. The zero. Still, trial calculations show that even 25% of the pump
overlap integrals of yij are subsequently computed on the power in this mode will influence the results by less than 0.5
basis of the measured erbium profile by numerical integration dB .
of the radial dependence. The azimuthal integration is perThe model predictions are compared with the experimental
formed analytically.
results in Fig. 2 for the small signal gain and in Fig. 3 for the
To fulfil the boundary conditions at both fiber ends, z = residual pump power. As observed, the agreement is excel0, L , an iterative procedure, based on forward and backward lent over more than four orders of magnitude of the gain.
integration through the fiber, was adopted. The starting point The measured maximum gain of 39.6 dB is reached with a
of each forward integration is the input powers P,(O), Pp(0), fiberlength of 30 m and a launched pump power of 115 mW.
SA+SE(
U , 0) and the result of the previous backward integration
The residual pump power tends to be underestimated by the
as the best guess for Sis,( U , 0). At the first pass Sis,( U , 0) is calculations on fiberlengths beyond 20 m. This is attributed
clamped at zero throughout the fiber. Analogously, the re- to minor inaccuracies in the input parameters.
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Comparison of measured (symbols) and calculated gains for different lengths of fibre as a function of launched pump power.
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Comparison of measured (symbols) and calculated output pump
power as a function of fibre length and launched pump power.

Furthermore, an excellent agreement between measured
and calculated forward (a) and backward (b) ASE powers is
observed in Fig. 4. An equally good agreement was observed
between measured and calculated forward and backward ASE
spectra. This will allow straightforward calculation of noise
characteristics at arbitrary signal wavelengths.
The present model constitute a significant improvement of
accuracy and generality as compared to previous calculations
[2], [3], which have to incorporate adjustable parameters in
order to match experimental results. This improvement is
attributed to the proper treatment of the guided-light and
erbium concentration profiles. Also, using the correct spectral shapes of the emission and absorption cross sections, it is
unnecessary to introduce an effective optical bandwidth, the
value of which depends on the actual experimental conditions.
CONCLUSION
A model has been developed, which is able to provide a
comprehensive and highly accurate description of the characteristics of erbium-doped fiber amplifiers, without having to
incorporate adjustable parameters. A model with this accuracy will be valuable in the design and optimization of
practical fiber amplifier.
The erbium-doped fiber was found to have an absorption to
emission cross section ratio of 1.0 at the gain peak and low

Fig. 4 .

(b)

Comparison of measured (symbols) and calculated ASE power for
different fiber lengths and launched pump power.

excited state absorption at the pump wavelength of 654 nm.
A high gain of 39.6 dB was achieved.
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