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A home-made low loss Bi/P co-doped silica fiber was fabricated using the modified chemical vapor deposition (MCVD)
technique combined with the solution doping method, where the background loss at 1550 nm was as low as 17 dB/km.
We demonstrated for the first time, to the best of our knowledge, an all-fiber amplifier using the home-made Bi/P co-doped
fiber achieving broadband amplification in the E-band. The amplifying performance was evaluated and optimized with differ-
ent pumping patterns and fiber length. A maximum net gain at 1355 nm close to 20 dB and a minimum noise figure of 4.6 dB
were obtained for the first time, to the best of our knowledge, using two 1240 nm laser diodes under bidirectional pumping
with the input pump and signal powers of 870 mW and −30 dBm, respectively.
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1. Introduction

With the rapid development of Internet, cloud computing,
Internet of Things, and other technologies, the conventional
erbium-doped fiber amplifiers (EDFAs), which work mainly
in the C + L band, cannot meet the growing demand from
the capacity of optical fiber communication systems. Thus, it
is urgent to research and develop optical fiber amplifiers outside
the C + L band. At present, some rare earth-doped fiber ampli-
fiers have been developed, such as praseodymium-doped[1],
neodymium-doped[2], and thulium-doped fiber amplifiers[3],
but these fiber amplifiers have a narrow gain bandwidth be-
cause of the limitation of rare earth ions’ 4f−4f transition. In
addition, the Raman fiber amplifier is currently the only fiber
amplifier that can achieve the full-range amplification of
ultra-wideband from 1270 to 1660 nm[4], but its critical draw-
backs of complex structure, high pump power, requiring multi-
ple pump sources to work at the same time, and high cost limit
its commercial use. A Bi-doped fiber is a potential gain medium
for a broadband amplifier because of its broadband near-infra-
red (NIR) emission covering the O, E, and U bands[5].
Studies have shown that luminescence properties of Bi-doped

silica fibers are closely related to the core composition and the
valence state of Bi ions[6]. Over the past few decades, lasing

and optical amplification between 1100–1800 nm have been
reported using the Bi-doped fibers based on different glass
hosts (i.e., aluminosilicate, phosphorsilicate, and germanesili-
cate)[7–11]. Bi-doped fiber amplifiers (BDFAs) operating over
the extended transmission bands have been achieved abroad
with the gain of 11.5 dB at 1180 nm, 40 dB at 1350 nm,
27.9 dB at 1445 nm, and 25 dB at 1725 nm using Bi-doped
aluminosilicate fibers, Bi-doped phosphosilicate fibers, and
Bi-doped high germania silica fibers, respectively[12–15]. The
researches on the luminescence properties of Bi-doped glass
and fibers have been carried out also very early in China. In
2004, Peng et al. reported the discovery of ultra-broadband
NIR luminescence in Bi-doped aluminum–germanium silicate
glass[16]. In 2007, Zhou et al. studied the optical amplification
properties of Bi-doped germanosilicate glass and observed
ultra-broadband optical amplification in the range of 1272–
1560 nm. The highest gain of the bulk glass reached 6.73 dB
at 1272 nm with a 980 nm laser diode (LD)[17]. In 2009, Jiang
modeled a broadband BDFA for the first time, to the best of
our knowledge, and predicted that the amplifier can have
ultra-broad gain at 1.2–1.62 μm with the pump wavelength of
800–900 nm[18]. In 2012, Luo et al. reported a Bi/Er co-doped
germanosilica fiber, which has ultra-broadband luminescence

Vol. 20, No. 10 | October 2022

© 2022 Chinese Optics Letters 100602-1 Chinese Optics Letters 20(10), 100602 (2022)

mailto:sdycllcy@163.com
mailto:hulili@siom.ac.cn
https://doi.org/10.3788/COL202220.100602


in the range of 1000–1570 nm[19]. In brief, Zhou et al. have
already carried out in-depth research on the mechanism, optical
properties, and preparation of Bi-doped glass and fibers[20–27].
However, to the best of our knowledge, there is no report on
the net gain of domestic Bi-doped silica fiber amplifiers.
In this paper, we developed a fiber amplifier operating at

1355–1385 nm using a home-made low-loss Bi/P co-doped
silica fiber (BPDF). The amplifying performance at different
pumping conditions and fiber lengths was compared, and the
gain and noise figure (NF) characteristics with different pump
and signal powers were evaluated. Using a bidirectional pump-
ing configuration with two 1240 nm LDs, the maximum gain
about 20 dB and the minimum NF of 4.6 dB at 1355 nm were
achieved with a total pump power of 870 mW and signal power
of −30 dBm.

2. Experiment and Methods

The BPDF was fabricated by the modified chemical vapor dep-
osition (MCVD) technique combined with the solution doping
method. The core and cladding diameters were 6 and 125 μm,
respectively. The numerical aperture and cutoff wavelength were
0.14 and ∼1050 nm. The core background loss and absorption
spectra of the fiber were measured by the cut-back method with
a white light source (WLS, Thorlabs SLS201L/M).
The experimental setup of the single stage bidirectional

pumping BPDF is schematically shown in Fig. 1. A tunable laser
source (TLS, Santec) operating in the range of 1355–1485 nm
was used as the input signal source with an isolator (ISO) and
attenuator (ATT). Two LDs at 1240 and 1280 nm, each with
up to ∼500mW output power, were used as the pump sources
for the amplifier. Optical ISOs were used to isolate back reflec-
tion and residual pump power, and the fiber ATTs were used
to regulate the pump and signal powers. The pump and signal
lights were coupled into the BPDF through wavelength division
multiplexers (WDMs). The BPDF was fusion spliced with the
WDMs, and points 1 and 2 are fusion splicing joints. The input
and amplified signals were recorded before BPDF (point 1) and
after the second WDM for the gain and NF measurements by
an optical spectrum analyzer (OSA, Yokogawa AQ6370),

respectively. The input insertion loss was measured to be
∼0.5 dB.

3. Result and Discussion

Figure 2(a) shows the background loss of the BPDF. The back-
ground loss at 1550 nm was as low as ∼17 dB=km, which was
lower than that of Ref. [28]. Figure 2(b) shows the absorption
spectrum of BPDF from 950 to 1650 nm. The core absorption
coefficient at 1240 nm was as high as ∼461 dB=km, close to that
previously reported[28]. Meanwhile, the OH absorption peak
at ∼1380 nm was weaker than that previously reported, which
benefits the achievement of a flattop gain profile[29].
As shown in Fig. 3, two amplified spontaneous emission

(ASE) spectra of 190 m BPDF were measured with 1240 and
1280 nm LDs (415 mW pump power). Under the excitation
of 1240 or 1280 nm, the ASE spectra both showed a broad band
with different peak positions. The peak position of the ASE spec-
trum under 1240 nm excitation was at ∼1323 nm, and that
under 1280 nm excitation was at ∼1345 nm, where there was
a red shift with a longer pump wavelength. As reported, it is
due to the strong dependence of the luminescence spectrum
of Bi active centers related to phosphorus (BAC-P) on the exci-
tation wavelength[6]. Therefore, using a 1240 nm LD as the
pump source was beneficial for the higher gain at the short wave-
length, conversely under 1280 nm excitation.
Then, the gain performances of the BPDF pumped by a

1240 nm LD with bidirectional, forward, and backward

Fig. 1. Experimental setup of the single stage BPDF amplifier. Points 1 and 2 are fusion splicing joints between BPDF and WDMs.

Fig. 2. (a) Background loss and (b) absorption spectrum of the BPDF.
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pumping configurations were compared. The total pump and
signal powers of each pumping configuration were 415 mW
and −30 dBm, respectively. The fiber length was optimized to
get maximum gain for each pumping configuration, and the
optimal fiber lengths of bidirectional pumping and forward or
backward pumping were 190 m and 170 m, respectively.
Figure 4 shows the gain spectra from 1355 to 1385 nm with a
step of 5 nm. It can be obviously seen that the net gain with bidi-
rectional pumping was much higher than that with forward or
backward pumping. The bidirectional pumping led to a more
uniform average inversion[30]. Meanwhile, the gain with forward
or backward pumping was similar due to their almost same
upper-state population and inhomogeneous population distri-
bution along the fiber length with the same pump power.
Figure 5 shows the gain performances of three different kinds

of pumping wavelength combinations with the bidirectional
pumping configuration. The total pump power for each combi-
nation was fixed to be 415mW, and the pump power for forward
and backward was equal to a 3 dB optical fiber coupler. For a

given total pump power, the gain from 1355 to 1370 nm was
the highest with two 1240 nm LDs pumping, while that from
1370 to 1385 nm was the highest with two 1280 nm LDs pump-
ing. Therefore, the result illustrated that using two 1280 nm LDs
benefited the achievement of gain at a longer wavelength, whilst
improving gain flatness. Using two 1240 nm LDs was beneficial
for improving the gain at a shorter wavelength, and a maximum
gain of ∼17 dB at 1355 nm was achieved. The result of gain
difference was consistent with ASE spectra in Fig. 3[31].
The optical gain and NF characteristics of BPDF were mea-

sured by bidirectional pumping with two 1240 nm LDs, as
shown in Fig. 6. It was clear that the optimal length of the
fiber was 190 m for getting the maximum gain at 1355 nm
[see Fig. 6(a)]. However, limited by the signal source operating
at shorter wavelength and the matched WDMs, we cannot fur-
ther optimize the maximum gain value at shorter wavelength.
The gain and NF at different input signal powers of 1355 nm
with the fixed pump power of 870 mW are shown in Fig. 6(b).
The input signal was recorded before the BPDF (point 1, see
Fig. 1), and thus the NF was calculated without considering
the insertion loss of the first WDM (0.5 dB). There was no
obvious difference of the gain and NF with different input signal
powers of −40 and −30 dBm, which indicated that the gain was
not saturated. However, as the signal power increased from −30
to −10 dBm, the gain decreased significantly from 19.9 to
17.5 dB, and the NF increased from 4.6 to 5.8 dB because of gain
saturation. The upper-state population will decrease, and the
inversion will be reduced as fast as the input signal power
increases, thus degrading the gain and NF[30]. Figure 6(c) shows
the gain and NF at 1355 nm with different pump powers. With
an increase in pump power from 415 to 870 mW, the gain
increased from 16.9 to 19.9 dB, and NF decreased from 6.8 to
4.6 dB. The highest gain of 19.9 dB and the lowest NF of
4.6 dB were achieved under ∼870mW pump power. The gain
coefficient of pump power at 1355 nm was found to be
∼0.023 dB=mW, and the gain coefficient of fiber length was
∼0.105 dB=m with the pump power of 870 mW.

Fig. 3. ASE spectra of the BPDF at 1240 and 1280 nm pumping.

Fig. 4. Gain characteristics of three pumping configurations, bidirectional
pumping with the fiber length of 190 m and forward and backward pumping
with the fiber length of 170 m.

Fig. 5. Gain characteristics under different pump wavelength combinations at
fixed pump and signal power as well as fiber length.
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4. Conclusion

In this paper, we prepared a low-loss BPDF by MCVD technol-
ogy, where the background loss at 1550 nm was as low as
17 dB/km. We demonstrated for the first time, to the best of
our knowledge, an all-fiber amplifier successfully operating in
the E-band using this home-made BPDF. We systemically com-
pared the gain performance of different pumping methods. The
bidirectional pumping was of great benefit to achieving higher
gain than either forward or backward pumping. The gain char-
acteristics with different pump or signal powers were evaluated.
A maximum gain at 1355 nm close to 20 dB and a minimumNF
of 4.6 dB were obtained using two 1240 nm LDs under bidirec-
tional pumping with the input pump and signal powers of
870 mW and −30 dBm, respectively. To the best of our knowl-
edge, this is the first net gain ever reported in China based on the
home-made BPDF. In future work, the fiber fabrication process
and amplifier configuration need to be further optimized to
improve the performance of the fiber amplifier.
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