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Gain evaluation of Silica based Thulium doped fibre
amplifier with triple pump 1050 nm+1400 nm+800 nm
configuration for different values of doping concentration
and doping radius
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In this paper the gain of Silica based Thulium doped fibre amplifier (TDFA) for different values of doping concentrations and
doping radius has evaluated. The considered doping radius range is from 0.3 um to 1.3 um with an increment of 0.2 um and
the doping concentration range is from 20ppm to 140ppn with an increment of 20 ppm. In all considered cases, the best and
almost similar performance has been achieved for 20ppm doping concentration with 0.9um doping radius and for 60 ppm
doping concentration with 0.5um doping radius. The gain as high as 17.71dB has been obtained at 1470nm for 60 ppm

doping concentration and 0.5um doping radius.
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1. Introduction

TDFA is the promising candidate for S-Band
wideband optical amplification, due to low phonon energy
of thulium in fluoride host, fluoride based TDFA provide
better gains at relatively lower pump power [1]. But silica
based TDFA has a few advantages over the fluoride based
TDFA, as the silica based amplifiers are easy to splice
with the standard single mode fibre, nontoxic and
relatively easy to manufacture [2]. Silica host based TDFA
do not provide high gain at lower pump powers due to
high phonon energy [3]. In silica based TDFA, the gain
can be improved by analyzing the effect of various
parameters. In literature, silica based TDFAs with various
pumping techniques have been presented. P. Peterka et. al.
presented the detailed mathematical modelling of silica
based TDFA pumped with 1064nm pump [4]. P. R.
Watekar et. al. presented small signal model of silica
TDFA pumped with 1064 nm [2, 5]. W. Blanc, et. al. have
presented  experimentally and  numerically  the
Characterization of a thulium-doped silica-based optical
fibre for S-band amplification using single pump at
1060nm [6]. J. C. R. F. De Oliveira et. al presented the
dual pumping techniques by using 1058 pump along with
980nm and 1047nm pumps as complimentary pumps [7].
Also, there is an approach with triple pumping of
1050nm+ 1400nm+800nm [8]. The gain characteristics of
TDFA depends on many factors like pumping
wavelengths, pumping powers, doping concentration,
doping radius, etc. So there is a need to observe the effect
of these factors on the gain characteristics of TDFA. The
aim of this paper is to observe the effect of varied doping
radius and doping concentration on the gain characteristics

in silica TDFA with triple pumping by using 1050nm,
1400nm and 800nm wavelengths. In this paper, the gain
performance of TDFA has been evaluated for
20,40,60,80,100 and 120ppm value of Thulium doping
concentration. For each doping concentration value, the
gain characteristics have been plotted for different doping
radius using Optisystem13.0 and Matlab software.

2. Theory

This paper is based on the model presented by P.
Peterka et.al [4]. The energy level diagram of thulium ions
in silica host with the triple pumping has been displayed in
Fig. 1.
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Fig. 1. Energy level diagram for triple pumping

For simplicity the *Hg,>F4,°Hs,®H.,'G, energy levels
are numbered as 0,1,2,3,5 respectively. Because of very
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small energy differences the °F,and F; levels are assumed
as single level labeled as level 4. The population at level 2
and 4 is neglected due to their high decay rates. The
electrons excite from ground level 0 to level 2 by
absorption of 1050nm pump. Due to the very low lifetime
of electrons in level 2 they quickly get migrated by non-
radiative emission to level 1 from which electrons get
raised to level 4 by absorbing 1050nm pump. The lifetime
of an electron at level 4 is very low so the electrons
quickly move to immediately lower level 3. A few
electrons get upraised to level 5 from 3 level by absorption
of 1050 nm pump, but they eventually returned to °H,
level by non-radiative emission. Similarly the absorption
of 800nm pump results in the migration of electrons from
ground level to level 3 directly. The 1400nm pump
upraised electrons from level 0 to level 1 and then from
level 1 to level 3. In this way, all the three pumps create a
population inversion by shifting electrons to level 3. The
rate equation for the population in Thulium doped fiber
can be written as [4]

% = NO.(WO01 + W02) — N1. (W10 + W13 + W14 +
Anrl + A10) + N3. (W31 + W32 + Anr3 + A32) +

N5. (451 + A52)
% = NO.(WO03) + N1.(W13 + W14) — N3.(W35 +
W32 + W31 + W30 + Anrl + A32 + A31 + A30) +

N5. (Anr5 + A54 + A53)

% = NO.(W05) + N3.(W35) — N5. (W50 + Anr5 +

A54 + A53 + A52 + A50)
And Nt=NO+N1+N3+N5

Where N, is total electron density and the parameters
No N1 N3 Ns, are the population densities of sH® sF* sH*,,G*
levels respectively, Wj is the stimulated absorption and
emission rates from i level to j level. The radiative and
non-radiative decay rates are symbolized by Aij and Aq;
respectively the values of radiative and non-radiative
lifetimes along with other parameters are given is Table 1.

Table 1. Simulation parameters

Parameter Value Units
Length 8.1 m
Numerical aperture 0.3 -

Core Radius 1.3 pum

Core doping radius 0.3-1.3 pum

Non radiative lifetime 1 0.00043 Seconds
Non radiative lifetime 3 45.01e-006 Seconds
Non radiative lifetime 5 0.000784 Seconds
Ar10 285.7 1/seconds
Ar30 1353.85 1/seconds
Ar3l 138.46 1/seconds
Ar32 46.153 1/seconds
Ar50 581.4 1/seconds
Ar51 69.767 1/seconds
Ar52 348.84 1/seconds
Ar53 127.91 1/seconds
Ar54 34.883 1/seconds

It has been assumed that the thulium ions are excited
homogeneously across the fiber cross-section, the
transition rates Wj; can be defined by

®0,(v)
Wij (Z)Z .I(Z,U).dv
0o hv
Where I(z,v) = i(r, 8, v). P, (2) (4]

Where h is the Planck constant, v is the frequency, oy is
the transition cross-section and | is the light intensity
distribution.

The normalized optical intensity is defined as Py for
the kth beam

dPy

,30,31.5 2m oo
- = uk.Pk(z).ZSO 3031.50) foﬂfo (O-ij(vk)-Ni(rr 0,z) -

0ji (V). N;(r, 9, z)) Jp(r,@).r.dr.do —

Uy Py (Z).ZSJZ'M'SS) fozn Iy (Gji (W) Ni (1, 9, z)) Je(r, @).7.dr.do +

Uy Pore 25}0’30’31'50) fozn Iy (GU (W) Ni(r, 0, 2). iy (r, @). 7. dr.d® —
a(vy). ug. Pk(z))

Where u,=+1 for forward propagating waves and u,=-1 for
backward propagating waves, Py, means the spontaneous
emission contribution from the local population Ni.
And

o (Pf zD)+P7 (z2)
f;olE(r,Q),l)lzN(T).r.dr
N¢ f;olE(r,(Z),l)lz.r.dr

r@) =

where

The propagation equation of the beams through the
doped fiber is given by

art) _

dz
F(). P*@). 35032 (N 64(2). =N;. 045(2) ) —

I'(1).P*(A). (Np. 692 (2) + Nyo14(2) + N3o35(1)) +
I'(D). 253503 28 Ny .63 (A) — a(A). P*(A)

By setting the time derivativesw, dﬂ, 2% 1o zero, the
dat dat dt

problem is reduced to the steady-state case. With the
specified boundary conditions at z = 0 and z = L the
equations are integrated over space, and frequency, from
the input power and output power gain is obtained.

3. Simulation setup

Fig. 2 shows the simulation setup used, in the
transmitter section a continuous wave laser array of 20
lasers with -20dB power each, with the wavelength
ranging from 1450 nm to 1520 nm, having wavelength
spacing of 5 nm have been placed. The power of each laser
is fixed at -20dB. All the signal wavelengths are
multiplexed together using a multiplexer, the multiplexed
signal is the combined with the co-propagating pump
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signal of 1050nm having 1000mW power. The signal is
then fed to the silica-based thulium doped fibre amplifier.
From counter-propagating direction two pumps of 1400nm
and 800nm having 300mW power each combined together
are fed to the thulium doped fibre amplifier.
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Fig. 2. Simulation setup

In the simulation setup TDFA length of 8.1m, core
radius has been fixed to 1.3 micro meters throughout the
paper. Table 1 shows the parameters used in the
simulation. Gain has been observed with the help of dual
port WDM analyser.

4, Results and discussion

Fig. 3 shows the gain vs wavelength for 20 ppm
doping and varied doping radius, the figure shows that the
maximum gain is obtained at the doping radius of 0.9um.
The maximum gain of 16 dB has been obtained at
1470nm, TDFA provides positive gain till 1510nm
wavelength, at 1520nm only 0.3 um and 0.5 um doping
radius provides positive gain.
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Fig. 3. Gain vs. Wavelength for 20 ppm doping

Fig. 4 is the graphical representation of gain for
40ppm TDFA concentration, the maximum gain has been
observed for doping radius 0.5 um in region 1450nm to
1500 nm. The gain decreases more sharply at higher
wavelengths in the 40ppm case when compared to the
20ppm doping concentration, maximum gain of 15.02dB
has been observed at 1470nm for 0.5 um. In Fig. 5 and 6,
Gain vs. Wavelength has been plotted for 60 ppm and
80ppm doping respectively. For 60 ppm doping
concentration, the maximum gain is observed at the
doping radius of 0.7um, the maximum gain obtained is
17.98dB at 1470nm, and 4.9dB at 1510nm.

Gain Vs. Wavelength for 40 ppm Doping

Gain (dB)

o

—%— Doping Radius=0.3 micro meter
—<4— Doping Radius=0.5 micro meter
—2— Doping Radius=0.7 micro meter
—B— Doping Radius=0.9 micro meter
—&— Doping Radius=1.1 micro meter
—— Doping Radius=1.3 micro meter ;
-1191-50 1460 1470 1480 1490 1500
Wavelength (nm)

én

i
1510 1520

Fig. 4. Gain vs. Wavelength for 40 ppm doping
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Fig. 5. Gain vs. Wavelength for 60 ppm doping
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Gain Vs. Wavelength for 80 ppm Doping
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Fig. 6. Gain vs. Wavelength for 80 ppm doping

In case of 80ppm doping concentration, 0.5 um
doping radius provides the best gain of 15.6 dB at 1470
nm, But at 1510nm gain for all the doping radius values is
negative.
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Fig. 7. Gain vs. Wavelength for 100 ppm doping

Gain vs. Wavelength characteristics for 100 ppm and
120 ppm doping have been shown in Fig. 7 and 8
respectively. From these figures, it has been observed that
gain at the higher wavelengths decreases sharply as the
doping concentration increases. At 1450nm and 1470nm
the maximum gains of 14.19dB and 14.58dB respectively
have been obtained in the case of 100ppm doping for
doping radius 0.3 um, and the positive gain extends up to
1500nm. The most flatten gain curve has been observed
for 0.3 um doping concentration but the maximum gain of
14.62dB has been obtained at 1470nm for 0.5 um doping
radius.

Gain Vs. Wavelength for 120 ppm Doping
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Fig. 8. Gain vs. Wavelength for 120 ppm doping

In 120ppm doping radius case the doping radius value
of 0.3 um comes out as best performing case, the gain of
13.03dB at 1450, 16.30dB at 1470nm and 5 dB at 1510nm
has been observed.
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Fig. 9. Gain vs. Wavelength for 140 ppm doping

Fig. 9 shows the gain characteristics for 140ppm
doping concentration, the best results have been observed
for doping radius value of 0.3 um. The gain of 16.95dB
has been observed at 1450nm, 17.71dB at 1470nm and 5
dB at 1510nm has been observed.
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Fig. 10. Best Gain vs. Wavelength characteristics

Fig. 10 shows best gain characteristics from each case
of doping concentration i.e. 20 ppm to 140ppm. From the
figure it has been observed that the best and almost same
gain has been provided by two cases which are 20ppm
with  0.3um doping radius and 60 ppm doping
concentration with 0.5um doping radius, in both cases, the
gain is around 14 dB at 1460nm and 17.7dB at 1470nm.

5. Conclusion

In this paper, the gain characteristics of silica TDFA
for S-Band systems have been analyzed for varied doping
radius from 0.3um to 1.3 um and doping concentration
from 20ppm to 140ppm. From the results it has been
observed that the doping radius is an important parameter
of TDFA, The different combinations of the doping radius
and doping concentration have been tried to find the
optimum results. It is concluded that with the increase in
both doping concentration and doping radius, the gain at
higher wavelengths decreases very sharply. The best and
almost similar results have been obtained for 20ppm
doping concentration with 0.9um doping radius and 60
ppm doping concentration with 0.5um doping radius. In
both cases the cases the gain is close to 14 dB at 1460nm,
the maximum of 17.71dB at 1470nm has been achieved by
60 ppm doping concentration with 0.5um doping radius.
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