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Abstract

Bi- and Er-codoped germanosilicate optical fibers have been fabricated and studied as
a potential gain medium for fiber-based devices operating in the near infrared region. A
broadband optical amplifier operating in the wavelength range from 1515 to 1775 nm has been
realized using the developed bismuth- and erbium-codoped fibers. The 15 dB small-signal gain
band covers 260 nm when pumped by a laser diode at 1460 nm with an output power of
350 mW.
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1. Introduction

this regard, the development of novel fiber amplifiers operating in this spectral region is of great importance. In recent
years, several Tm-doped and Bi-doped fiber amplifiers for
wavelength bands centered at 1310, 1430, 1700 nm have been
realized [4–7]. However, using a number of separate amplifiers for commercial telecommunication systems is unbeneficial both economically and technically. In this case, a single
fiber amplifier with a large amplification bandwidth covering,
for example, S-, C-, L- (1460–1615 nm) or C-, L-, U- (1530–
1675 nm) bands is preferable.
There have been many efforts to achieve optical amplification using glasses and fibers codoped with Bi and Er having
broadband near IR luminescence [8–14]. Unfortunately, by
now, net gain covering wide spectral range has not been demonstrated in these materials.
It should be noted that the realization of broadband Bi- and
Er-codoped fiber-optic amplifier (BEDFA) with a continuous

Currently, the bit rate in commercial optical communication
systems is up to 10 Tbit s−1 per fiber. Continuous growth of
the value of global internet traffic that reached 30–40% per
year outruns the progress in the current data exchange systems. The quest for increasing transmission capacity of optical communication networks has stimulated a search for new
approaches. One of the possible ways is the widening of a
spectral region used for data transmission in modern systems
based on DWDM technology [1–3]. At present, high-capacity optical communication systems use the narrow spectral
region of 1530–1610 nm, determined by the gain bandwidth
of erbium-doped fiber amplifiers (EDFAs). However, it is
possible to use the whole wavelength region 1300–1700 nm,
where optical losses of telecommunication fibers are less
than 0.4 dB km−1 if appropriate amplifiers are available. In
1612-202X/17/110001+5$33.00
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Figure 1. Typical luminescence spectra of the Bi- and Er-doped

Figure 2. Absorption spectra of the various Bi/Er-codoped
germanosilicate fibers.

fibers.

Table 1. The characteristics of the investigated fibers.

Fiber
#1
#2
#3

Core glass,
mol.%

Bi,a
ppm

Active absorption at
1650 nm, dB m−1

Er,a
ppm

~50GeO2–
50SiO2
~50GeO2–
50SiO2
~50GeO2–
50SiO2

140

1.6

15

150

1.4

100

150

0.85

1500

a
Concentrations were measured in the preforms by means of the electrothermal atomization atomic absorption spectrometry (EA-AAS), and the
inductively coupled plasma atomic emission spectroscopy (ICP-AES).

Figure 3. Energy levels of Er3+ and BAC-Ge [18]. ESA—excited

gain spectrum (S-, C-, L-telecommunication bands) using
luminescence band of Er and short-wavelength bands of Bi
is not possible because of a weak overlap of these bands
(figure 1).
In this respect, the new type of Bi-doped fibers with luminescence band peaked at 1700 nm [15] seems to be more
suitable. As it can be seen from figure 1, the overlap of this
band with the corresponding Er one is stronger than that in the
previous case. This idea was proved by the realization of the
continuous C  +  L  +  U-band amplifier [16].
In this paper we report new results on the characteristics
of Bi- and Er-codoped germanosilicate fibers and development of a wideband optical amplifier for the C-, L- and
U-telecommunication regions (1530–1675 nm and more) with
higher performance [17].

state absorption. Absorption bands of Er3+ and BAC-Ge (right).

2. Bi- and Er- codoped fibers

Figure 4. Net gain spectra of the investigated fibers at pumping

1460 nm.

A series of germanosilicate fiber preforms co-doped with a
various content of Bi and Er were fabricated by the MCVD
(modified chemical vapor deposition) technique. Then, single-mode fibers with the 2 µm core diameter each were drawn
from the preforms possessing characteristics listed in table 1.
As described in [15] to form more BACs responsible for
the 1700 nm luminescence band the host glass has to contain a high concentration (~50%) of GeO2 (BACs associated
with Ge (BACs-Ge)), but Er active ions in germanium silicate
glasses exhibit lower efficiency and narrower gain spectrum

than those in aluminosilicate fibers widely used to make the
EDFAs. However, the addition of aluminium leads to the suppression of the BACs-Ge formation and the appearance of
the BACs-Al with the gain band around 1100 nm instead; so
50GeO2–50SiO2 glass was used as a host.
The bismuth and erbium concentrations in the core of the
fiber preforms were relatively low. While the amount of Bi
is common for efficient fibers used for laser applications, the
concentration of erbium was consciously lowered to solve
2
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Figure 5. Schematic of BEDFA.

the problems associated with concentration quenching and to
equalize its gain level with that of the bismuth-related active
centers (BACs).
Table 1 also contains a small-signal absorption value at
1650 nm without background loss (active absorption) which
allows to estimate the concentration of the the BACs associated with Ge (BACs-Ge) responsible for the gain in the range
1625–1775 nm. The measurements of the background loss
values were carried out by means of a large signal optical
absorption saturation technique. It should be noted that the
amount of the BACs is usually two orders of magnitude lower
than the total concentration of bismuth and strongly depend
on fabrication parameters. That is why the production of a
fiber with an appropriate Bi/Er concentration ratio is one of
the major problems we faced.
The absorption spectra of the fibers investigated are illustrated in figure 2. It is known that the optical properties of
bismuth-doped fibers depend on the chemical glass composition. In our case we can see two distinct absorption bands
at 1650 and 1400 nm belonging to BACs-Ge and BACs-Si,
respectively [18]. The absorption band peaked at 1535 nm is
assigned to Er3+ ions. It is seen that the bands assigned to
the BACs-Ge and Er ions significantly overlap. This fact is
also schematically demonstrated in figure 3 with the energy
level schemes of Er3+ and BAC-Ge. Therefore, it is possible
to excite both active centers by pumping with one wavelength
of 1460 nm. At this excitation which falls into tails of corre
sponding absorption bands as shown in figure 3(right), Er
and BAC-Ge simultaneously populate metastable 4I13/2 and
E2 levels, respectively. This is an indisputable advantage in
comparison with the situation when two pumping sources are
required.
The measurements of luminescence lifetimes of the
BACs-Ge (~500 µs) and Er (~5–7 ms) indicate that energy
transfer between Er3+ and BAC-Ge in the investigated fibers is negligible most likely because of a low concentration
of the activators. Thus, Er3+ and BAC-Ge systems operate
independently. In this case, it was expected that the Er3+ ions,
as a result of 4I13/2  →  4I15/2 transition, would provide gain in
the short-wavelength region (1500–1620 nm), whereas the
BACs-Ge (E2  →  E1) would amplify in the long-wavelength
region (1620–1780 nm).
Figure 4 demonstrates net gain spectra of the investigated
fibers. According to the absorption and gain measurements,
Fiber #2 has the most suitable Er/BAC-Ge concentration
ratio to produce an amplifier with a wide continuous gain
band. In the case of Fiber #3, the gain due to Er3+ ions was
significantly greater than the one due to BACs. As a result, the
system became susceptible to parasitic lasing in the gain band

of Er3+. The opposite situation was for Fiber #1, where the
gain only in the 1620–1775 nm range was observed because of
a low concentration of Er ions in comparison with the BACs
content.
3. Experimental setup
The schematic of the BEDFA is shown in figure 5. The active
fiber was core pumped in a backward-directional configuration by a single mode laser diode (LD) operating at 1460 nm
with an output power up to 350 mW. The length of active
fiber was ~50 m. As a probe signal, we used a home-made
wideband source providing a spectral comb consisting of narrow (about 1 nm) lines in the spectral region ~1500–1800 nm
(figure 6). Pump and signal were split using a 1460/1680 nm
wavelength division multiplexer (WDM). Optical isolators
(ISO) were placed at the both ends of the amplifier to prevent
parasitic lasing. With the exception of Bi/Er-codoped fiber all
the optical components used were commercially available.
The emission spectra of the input and amplified probe signals were measured using an optical spectrum analyzer (OSA)
Agilent 86140B and Spectrometer FLSP920. A power meter
Ophir Nova II with 3A-FS detector was used to measure the
launched pump power. All the measurements were carried out
at room temperature.
4. Results and discussion
Figure 6 shows the experimentally measured spectra of the
input and amplified probe signals. The total power of the input
signal was 30 µW. These results correspond to the BEDFA
consisting of 50 m long Fiber #2 pumped with a power of
~350 mW.
Figure 7 illustrates a calculated small-signal gain spectrum
of the BEDFA (Fiber #2). As can be seen, the gain of 40 dB
is reached at 1535 nm where Er3+ ions amplify. The gain level
not less than 15 dB can be provided in the spectral region
1515–1775 nm (~260 nm) using this type of fibers. In this
case, we did not have a goal to achieve flat gain over the spectral region that is required in a telecom link. No doubt it could
be attained using different possible ways from the appropriate
management of the relative Bi/Er concentration in fiber or the
use of a gain-flattening filter [19, 20].
Figure 7 also shows the gain spectrum of an amplifier based
on a Bi-doped fiber without Er ions. A comparative analysis
of the obtained spectra shows that there is the decrease of
gain between 1650–1750 nm in Bi/Er-codoped fiber. It can be
explained by ESA process of Er ions.
3
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as an active medium for application in optical fiber-based
devices. By using this type of fibers, a broadband optical
amplifier operating in the wavelength range from 1515 to
1775 nm (bandwidth more than 250 nm) with the gain not
less than 15 dB was developed at pumping by a laser diode
at 1460 nm with an output power of 350 mW. The fabrication
of fibers with certain concentration ratio between Bi and Er
could provide a progress in this field.
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Figure 6. Input (blue) and output amplified (red) signal spectra.
Amplified signal was measured at a pump power of 350 mW.
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