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Experimental and theoretical studies on C-band bismuth-
based erbium doped fiber amplifier
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A performance of the Bismuth-based Erbium-doped fiber amplifier (Bi-EDFA) is experimentally and theoretically
investigated using 1480nm forward pumping scheme. In the theoretical analysis, the rate and power propagation equations
are solved to examine the effect of fiber length on the bandwidth of the gain spectra. At C-band region, the small signal gain
of the Bi-EDFA varies from 20 to 23dB with 49cm long Bi-EDF and 150mW of 1480nm pump power. It is shown that the
calculated gain and noise figure are in good agreement with the experimental results, verifying the feasibility of our
theoretical model. However, the experimental result shows a relatively lower gain and higher noise figure compared to the
theoretical result due to the spurious reflection in the cavity and insertion loss of the Bi-EDF which were neglected in our

theoretical model.
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1. Introduction

Wavelength-Division Multiplexing (WDM)
technologies, which allow many channels with different
wavelengths to be transmitted simultaneously on a single
fiber, are being used for large capacity long-haul optical
transmission systems and networks. The usable spectral
band for a WDM system strongly depends on the gain
bandwidth of the fiber amplifiers. Since silica based
transmission fibers have a wide window from 1.4—1.7 um,
amplification over all these ranges are required for
broader-band WDM systems. C-band amplification from
1.53-1.56 um was first accomplished using silica-based
erbium doped fiber amplifiers (EDFAs) [1-3]. In order to
extend C-band to longer wavelength range, several glass
hosts such as tellurite [4], multi-component silicate [5],
and bismuth oxide based glass [6] have been developed.
So-called L-band amplification was realized by using a
tellurite fiber in the late 1990s [7]. As a promising
candidate for such wideband amplification, it has been
developed Bi203-based Er-doped fibers (Bi-EDFs) [8].
Recently, Bismuth-based erbium-doped fibers (Bi-EDFAs)
have been extensively studied for use in compact
amplifiers with short gain medium lengths. This fiber
incorporation quenching of the erbium ions in the fiber [9],
which allows the erbium ion concentration to be increased
to more than 3000 ppm.

In this paper, the amplification characteristics of the
Bi-EDF are theoretically and experimentally investigated.
In the theoretical study, the energy level, transition
configuration, and numerical model of a Bismuth-based
erbium-doped fiber amplifier are presented. With a three-
level system, the rate and power propagation equations of
the numerical model are solved to examine the effect of
the fiber length on the bandwidth of the gain spectra. To
verify the simulated results, the gain and noise figure

characteristics of the C-band Bi-EDFA is also
experimentally demonstrated.

2. Experimental set up

Fig. 1 depicts the experimental setup of Bi-EDFA
with a forward pumping scheme. Optical isolators are
incorporated at input and output ends of the amplifier to
prevent a spurious reflection from disturbing the operation
of the amplifier. Wavelength division multiplexing
(WDM) coupler is used to combine the pump light from
1480nm laser diode with the input signal. The Bi-EDF
used in this experiment is commercially available from
Asahi Glass Co and has an Er3+ ion concentration of 7.6
x 10® jons/m’ with a Lanthanum ion co-doped
concentration of approximately 4.4 wt%. The fiber used
has a length of 49 cm, a core/cladding refractive index of
2.03/2.02 and a NA of 0.20. It is angle spliced to a single-
mode fiber in order to reduce splice point reflections.
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Fig. 1. Experimental set up of Bi-EDFA.

3. Numerical model

The energy level diagram of the Bi-EDF is shown in
Fig. 2. The electron is excited by the pump from ground
state (4115/2) to excited state (4111/2) and then non-
radioactively transits to the meta-stable energy level
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(4113/2). After that, it transits from the meta-stable level to
the ground state with emission of 1550nm photons.
Assume that the population densities of Er’* ions at the
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*Lisn, L and Ly, are N, , N; and N; , respectively, and
the steady- state rate equations for the Bi-EDFA system
can be written as:
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Fig. 2. Peak energy level diagram of Er’" and the relevant transitions.
where A, is spontaneous emission probability of the 1.55
um-band calculated by Fuchtbauer—Ladenburg formula, Rpigm A ':’LF'{ :'
and W3, is non-radiative decay rate from the 1,12 level that 7
calculated by the measured lifetime [10]. p is total erbium R
ion concentration in the core of the Bi-EDF fiber. We P g
neglected the non-radiative decay rate of the *I13, level and fipgy = AF?P {hgﬂ?f :-:I 2
the spontaneous emission from the 1,1 level because 4, ®)

and W3, were dominant in those levels. In steady state
condition the amount of ion population doesn’t change by
time. C,, is cooperative up conversion coefficient
calculated with Snoek’s method [11]. We assume that all
the Er*" ions excited to the *Iy), levels by the cooperative
up conversion process relax to the Tiup immediately. R
represents the radiative decay late of the signal, pump, and
ASE expressed as follows [12]:
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where &, Aoy and Pp are the plank constant, the effective

. e
area of the core and pump power, respectively. O, and
a . . . .
Op are the emission and absorption cross sections at

pumping wavelength, respectively while 0; and 0; are

the emission and absorption cross sections as a function of
input signals estimated from [9].

The evolution of pumps power, ASE powers and
signal power along the Bi-EDF fiber (z) is given as [12];
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where 7" is the overlap factor of every wavelength [13] and
o is the fiber background loss measured [12]. The
subscripts s and ASE mean the signal and the ASE,
respectively. In the ASE equation, Av represents the
effective ASE bandwidth that is the resolution of the
measuring device such as an optical spectrum analyzer.

4. Numerical calculation

The gain of the Bi-EDFA is calculated by solving
numerically Eq. (1) - (11) above. Parameters used in the
calculations 3 x 10° m/s for the light speed ¢ in vacuum,
6.626 x 107** m%g/s for the Planck’s constant 4, 2.7
107° m for the radius of the optical fiber and 8.5x102* for
the Ccyp, The pump and input signal powers are fixed
150mW and 10 °mW, respectively; and the fiber
background loss is 0.6dB/m. All of equation used for
pump, signal and pump power are first order differential
equations. We have used Pp (z=0) = Pp, Ps (z=0) = Ps and
Pase (z=0) = 0 as the boundary conditions on pump power,
signal power and ASE spectral at input signal wavelength.
To get accurate result a relaxation method is used by
dividing fiber to many small segments of 10cm long. The
noise figure of the Bi-EDFA is calculated by this equation.
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5. Result and discussion

Fig. 3 shows the calculated gain as a function of Bi-
EDF’s length at various input signal wavelength. In this
calculation, the erbium ion concentration and pump power
are set at 7.6 x10% ions/m’ and 150mW, respectively. As
shown in the figure, the maximum gains of 26dB, 20dB
and 15dB are obtained for 1530, 1575 and 1615nm at Bi-
EDF’s length of 1.0m, 1.0 m and 1.5m respectively. At a
long Bi-EDF length, the gain of the Bi-EDFA shifts to a
longer wavelength region (L-band) as depicted in Fig. 3.
This is attributed to the quasi two level system effects in
the Bi-EDFA, which the C-band photons are absorbed to
emit at a longer wavelength. Fig. 4 shows the gain and
noise figure characteristics of the Bi-EDFA at the pump
power of 150mW and the Bi-EDF’s length of 49cm. The
input signal power is fixed at -30dBm. The gains are
observed in both C- and L-band region with the higher
gain is obtained at the C-band region ranging from 1530 to
1560nm. It is shown that the calculated value is in good
agreement with the experimental measured one, verifying
the feasibility of our theoretical model.
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Fig. 3. Variation of gain as a function of Bi-EDF’s length
for three different input signal wavelengths.

The theoretical and experimental gains of the Bi-
EDFA are obtained within 20 to 23dB at C-band region.
The theoretical gain is flat within 35nm bandwidth from
1530nm to 1565nm as shown in Fig. 4. The slightly lower
gain for the experimental results especially at longer
wavelengths is expected due to the effect of multiple
reflections from both the fiber splice points whereby the
signal is reflected back into the Bi-EDF due to the large
refractive index difference. This causes the increased
cavity loss and spurious laser generation which suppresses
the gain of the Bi-EDFA. As shown in Fig. 4. The Bi-
EDFA gain bandwidth covers until the extended L-band
region and is also much wider than that of the standard Si-
EDFA. This is attributed to the suppression of excited state
absorption (ESA) effect by the incorporation of La ions in
the Bi-EDFA. The suppression of ESA reduces the
dissipation of pump energy and increases the population
inversion especially at extended L-band region. The
experimental noise figure is obtained at approximately 7
dB within the C-band region as shown in Fig. 4. The high
erbium ion doping concentration and high insertion loss of
the Bi-EDF incur a high noise figure for the Bi-EDFA.
The theoretical noise figure is lower since the insertion
loss of the Bi-EDF was ignored during simulation.
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Fig. 4. Comparison of calculated gain and noise figure
with experimental results for the Bi-EDFA with 49cm
long Bi-EDF.
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Fig. 5 shows the theoretical gain spectrum of the Bi-
EDF with variation of Bi-EDF length from 0 to 1m. The
input signal and pump powers are set at -30dBm and
150mW, respectively. As shown in Fig. 5, the gain of the
Bi-EDFA is remarkable in C band with a shorter length of
Bi-EDF and as the length increases the gain increment is
more pronounced in L band region. The optimum length
for the Bi-EDFA to operate in C-band is around 0.5 to
0.8m.
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Fig. 5. Theoretical gain vs input signal wavelength and
Bi-EDF’s length for the Bi-EDFA.

5. Conclusions

The gain and noise figure characteristics of the Bi-
EDFA have been experimentally and theoretically
investigated. In the theoretical analysis, the rate and power
propagation equations are solved to examine the effect of
the fiber length on the bandwidth of the gain spectra. The
gain of the Bi-EDFA is remarkable in C band with a
shorter length of Bi-EDF and as the length increases the
gain increment is more pronounced in L band region. The
optimum length for the Bi-EDFA to operate in C-band is
around 0.5 to 0.8m. It is shown that theoretical results are
in good agreement with the experimental results, verifying
the feasibility of our theoretical model.
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