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ABSTRACT
Multi-band transmission is one of the key practical solutions to cope with the continuously growing demand on the capacity of optical com-
munication networks without changing the huge existing fiber base. However, ultra-broadband communication requires the development
of novel power efficient optical amplifiers operating beyond C- and L-bands, and this is a major research and technical challenge compa-
rable to the introduction of the seminal erbium-doped fiber amplifiers that dramatically changed the optical communication sector. There
are several types of optical fibers operating beyond C- and L-bands that can be used for the development of such amplifiers, specifically the
fibers doped with neodymium, praseodymium, thulium, and bismuth. However, among these, Bi-doped fibers are of special interest as the
most promising amplification medium because, unlike the others, different Bi-associated active centers allow amplification in an enormous
band of overall width of 700 nm (1100–1800 nm). Such spectral coverage can be obtained by using different host materials, such as alumi-
nosilicate, phosphosilicate, silica, and germanosilicate glasses. Here, we report a novel Bi-doped fiber amplifier with record characteristics
for E-band amplification, including the highest power conversion efficiency among telecom-compatible E-band amplifiers reported to date.
This bismuth-doped fiber amplifier (BDFA) features a maximum gain of 39.8 dB and a minimal noise figure of 4.6 dB enabled by 173 m Bi-
doped fiber length. The maximum achieved power conversion efficiency of 38% is higher than that of L-band Er-doped fiber amplifiers. This
performance demonstrates the high potential of BDFA for becoming the amplifier of choice in modern multi-band optical communication
networks.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0187069

I. INTRODUCTION

The development of novel approaches to increase the through-
put of optical networks to cope with the constantly growing capacity
demand is one of the significant challenges in the communication
industry.1 There are three main approaches to meet this demand.
The first one focuses on the development of more sophisticated data
modulation formats and probabilistic shaping.2 However, this direc-
tion is limited by restrictions on the maximum spectral efficiency
imposed by fiber nonlinearity through the nonlinear Shannon limit3
and the logarithmic scaling of the achievable rates with the linear
increase in signal-to-noise ratio (SNR).3 The second approach

focuses on utilizing spatial division multiplexing (SDM). SDM can
be implemented either by using additional standard single-mode
fibers (SSFM) (including dark fibers) or through the development of
multi-core or multi-mode fiber transmission lines. Although SDM
is important in the long term, both of these approaches require
substantial changes to the existing infrastructure.1,4

The third method to increase the capacity is to utilize the
huge, available spectral bandwidth of the existing fiber base through
multi-band transmission (MBT),4 which, unlike SDM, does not
require a new fiber deployment. The conventional optical networks
exploit a bandwidth of only 10 THz allowed by commercially avail-
able Er-doped fiber amplifiers (EDFAs) in C- and L-optical bands
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(1530–1620 nm).5 The MBT maximizes the return on investments
in the existing infrastructures4 by the transmission in the so-called
O, E, S, and U optical bands. However, it requires a substantial
advance in efficient optical amplifiers for these spectral bands,
similar to a major breakthrough in telecommunications made by the
development of Er-doped fiber amplifiers.6,7

There exist a number of techniques to achieve amplification
beyond the C- and L-bands: Raman amplifiers,8 semiconductor
optical amplifiers (SOAs),9 fiber optical parametric amplifiers
(FOPA),10 and amplifiers based on active optical fibers, i.e., fibers
doped with various chemical elements (mostly, rare-earths). Each
technique has specific advantages and drawbacks; solutions can vary
across the applications from ultra-long-haul systems to metro and
access networks. One of the key specifications for many applica-
tions is power efficiency. The amplifiers based on active fibers are
a promising solution for MBT as they can be potentially comparable
in performance to EDFAs, that is, the amplifier of choice in C- and
L-bands. In comparison to other solutions, active fiber amplifiers
do not require as much pump power as Raman amplifiers, which is
critically important for undersea cables, and are shorter than discrete
Raman amplifiers. In comparison to FOPAs, active fiber amplifiers
have higher power conversion efficiency (PCE); they achieve higher
gain as compared to SOAs and do not have such high nonlinearity
and saturation as SOA.9,11 There are a number of active fiber media
operating beyond C- and L-bands, doped with neodymium (Nd),12
praseodymium (Pr),13 thulium (Tm),14 and bismuth (Bi).15 The
unique advantage of bismuth-doped glasses is that Bi-associated
active centers in different glass hosts have several broad amplifi-
cation bands covering most of ∼1100–1800 nm.15–19 Such spectral
coverage can be achieved with the use of different host materials,
such as aluminosilicate, phosphosilicate, silica, and germanosilicate
glasses. Hence, bismuth-doped fibers (BDFs) could be consid-
ered as the most promising candidate for MBT applications.
The bismuth-doped fiber amplifiers (BDFAs) have shown a great
potential for telecommunication applications and expansion of the
bandwidth of the conventional transmission systems after successful
information transmissions in O-20,21 and E-bands,22,23 coherent
transmission,2425 and the simultaneous signal amplification in dif-
ferent amplification bands.15,26 An important milestone for BDFAs
is to achieve a performance comparable to the EDFAs operating in
the C-band.

In this work, we use germanosilicate BDF to develop an
amplifier operating in the E-band and to demonstrate a record
40-dB gain with 4.6-dB noise figure (NF). The developed single-stage
amplifier features a bandwidth of 80 nm and is based on a single-pass
scheme. The performance of the developed amplifier is optimized
and experimentally characterized in terms of key parameters such
as magnitudes of gain, NF, 3-dB bandwidth, and PCE for different
pump and signal powers. Different pumping schemes (PSs) are
investigated and optimized, targeting the best achievable key
parameters. We would like to stress that the major advancement of
our work is not only the highest gain (the optical gain of 38 dB in the
E-band BDFA has already been reported27) but also the combination
of the highest gain, lowest NF, and the superior power conversion
efficiency. We demonstrate the record PCE of 38% in the amplifier,
which is a critical parameter for utilizing BDFAs in power-efficient
multi-band transmission networks.

II. EXPERIMENTAL SETUP
A schematic of the bismuth-doped fiber amplifier is shown in

Fig. 1(a). The developed amplifier consists of two thin-film filter
wavelength division multiplexers (TFF-WDMs) used for multiplex-
ing and demultiplexing of radiation at the pump (1250–1320 nm)
and signal (1330–1500 nm) wavelengths. The TFF-WDMs have
very steep and flat transmission and reflection bands that enable
consistent loss over the whole operation bandwidth. Two isolators
centered at 1320 nm were used to avoid back reflection of radia-
tion to the pump diodes, and two 1440 nm isolators were used for
unidirectional transmission of the signal.

The Bi-doped germanosilcate fiber used in this work is fab-
ricated in-house using the conventional all-gas modified chemical
vapor deposition (MCVD) doping technique and has a length of
173 m. The fiber has core and cladding diameters of 6 and 125 μm,
respectively. The index difference (Δn) between the core and
cladding is around 0.007. The fiber core consists of 95 mol% SiO2,
5 mol% GeO2, and <0.01 at% of bismuth. The cutoff wavelength
(λc) of the fiber is measured to be around 1060 nm. The splice
loss between SMF and Bi-doped fiber was measured to be 0.5 dB.
The bismuth ions stabilized in the silicate glass hosts (various
germanosilicate, phosphorosilicate, and aluminosilicate glasses) and
associated with the silica glass matrix give rise to the broad absorp-
tion and emission bands peaked in the vicinity of 1400 nm.28–31

The shapes of these absorption and emission bands observed in the
investigated fiber closely resemble the characteristic optical absorp-
tion and emission spectra that can be found, for instance, in Ref. 29
and Ref. 30, respectively. The optical loss in the investigated fiber is
of 0.19 dB/m at the pump wavelength of 1320 nm. The optical loss
level at the wavelength of 1550 nm, which is mainly attributed to the
passive loss in the fiber, is at the level of 0.02 dB/m.

FIG. 1. (a) Schematic bismuth-doped fiber amplifier and (b) schematics of the gain
and NF measurements.
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The schematic of the setup for the gain and NF measurement
is presented in Fig. 1(b). It contains a tunable laser (TL) operating
in the 1384–1484 nm wavelength range that is used as an input sig-
nal. The power of the input signal is controlled by a variable optical
attenuator (VOA). A 70/30 coupler is used to enable the monitoring
of the input signal power with a power meter (PM) at the input of
the developed BDFA in real time: 30% of the total optical signal is
directed to the PM and 70% acts as the input signal for the BDFA.
A 99/1 coupler at the output of the BDFA is used for the simultane-
ous measurements of the optical spectrum with an optical spectrum
analyzer (OSA) and the optical power with another PM. A total of
99% of the output power is used for the pump power measurement,
and 1% tap is used for the spectra measurements.

To determine the optical gain G, the amplified signal power Pout
s

is calculated from the total output power Pout
PM , taking into account

that it makes up a fraction f of the total output power spectrummea-
sured at the PM, which also contains unabsorbed pump radiation
and amplified spontaneous emission. Moreover, the contribution of
the output coupler includes its coupling ratio Rout . The wavelength-
dependent gain G(λ) is obtained as the ratio of the signal output
power to its input power, Pin

s ,

G(λ) = 10 ⋅ log10(
Pout
PM(λ) ⋅ f (λ) ⋅ Rout(λ)
Pin
PM(λ) ⋅ Rin(λ)

), (1)

where Pin
s is determined with readings of the corresponding PM

(Pin
PM) taking into account the coupling ratio of the input coupler,

Rin.
The noise figure (NF) is determined using the noise subtraction

technique,32

NF(λ) = 10 log10(
ρnoise(λ)
G(λ)hν

+
1

G(λ)
), (2)

where ρnoise is the noise spectral density at the output of the amplifier,
h is Planck’s constant, and ν is the frequency of the signal radiation.
The input noise is negligible as compared to other sources of noise
due to a high signal-to-noise ratio at the input (>70 dB). The spectral
noise level at the signal wavelength is determined from the optical
spectrum, and the noise spectral density is calculated by taking into
account the total output power measured by PM. It should be noted
that the noise spectral power density depends on the input signal
power, pump power, and signal wavelengths. Thus, it is determined
independently for every individual measurement.

III. RESULTS
A. Performance of the BDFA

First, we characterize the performance of the developed BDFA
in the bi-directional PS for seven different signal powers from −25
to 5 dBm in steps of 5 dBm. The magnitudes of G and NF for the bi-
directional PS and seven different signal levels are shown in Fig. 2,
while the main characteristics are summarized in Table I. Figure 2(a)
shows the recorded spectra of G for different input signal powers at
a total pump power of 1 W, split equally between the directions. The
amplifier features a maximum gain of 39.8 dB for −25-dBm input
signal power, substantially decreasing to 20.8 dB for 5-dBm input
signal power. On the other hand, the corresponding 3-dB gain band-
width increases from 30.9 to 73.6 nm with an increase in the input
signal power. Figure 2(b) shows the NF spectra for the seven dif-
ferent input signal powers. The minimal NF of 4.6 dB is achieved
with −25-dBm signal power. The minimum NF rises up to 5.3 dB
with the increase in input signal power to 5 dBm. The NFmagnitude
rises almost linearly with a decrease in the wavelength, substantially
increasing at shorter wavelengths. It is worth noting that the NF flat-
tens from 1470 nm. The same behavior was observed in our previous
work17 being mostly pronounced with backward and bi-directional
pumping.

FIG. 2. Spectral dependencies of the BDFA gain (a) and NF (b) at the pump power of 1 W; the dependencies of the gain (c) and NF (d) at 1430 nm on the pump power;
(e) color map of the PCE relative to the input signal and pump powers; and (f) spectra of the power efficiencies.
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TABLE I. Gain and NF for the bi-directional PS with 1 W pump power and seven
different signal levels.

Pin (dBm) Gain (dB) Bandwidth (nm) NF (dB) PCE (%)

−25 39.8 30.9 4.6 3.6
−20 38.3 34.5 4.6 7.6
−15 35.9 39.2 4.7 13.2
−10 32.9 45.2 4.8 19.6
−5 29.2 53.3 4.9 26.3
0 25.7 27.7 5 32.6
5 20.8 73.6 5.3 38

The measured dependencies of G and NF on the pump power
for the range of input signal power described above are qualitatively
similar in the whole investigated spectral range of 1385–1485 nm.
Therefore, only the measurements for the single wavelength of
1430 nm are presented here, as shown in Figs. 2(c) and 2(d). A
gradually saturated rise of the gain magnitude and a gradually sat-
urated reduction of the NF with an increase in the pump power are
observed. The minimal pump power of 50 mW still achieves 5-dB
gain for the 5-dBm signal and 20-dBm gain for the −25-dBm signal.
In this case, NF is substantially higher, with 10 dB for the 5-dBm
signal and 7.5 dB for the −25-dBm signal.

An important (critically important for some applications) para-
meter of an optical amplifier is the optical PCE. To determine the
PCE, the portion of the total output optical power corresponding
to the amplified signal Pout

s is determined from the output optical
spectrum and PM, as described previously. The PCE is determined
as the ratio between Pout

s and the total optical pump power. Themea-
sured PCE dependence on both the pump power and the input signal
power at 1430 nm is represented as the color map shown in Fig. 2(e).
The maximum PCE is 38%, which, to best of our knowledge, is
the highest value for optical communication-compatible Bi-doped
fiber amplifiers reported to date. This value is observed at the maxi-
mum pump and signal powers of 1 W and 5 dBm, respectively. The
PCE clearly saturates at the pump power of 250 mW. The spectral
dependence of the PCE for different input signals is also presented
in Fig. 2(f). A decrease in the input signal power leads to the signifi-
cant decrease in the PCE down to just 3.6% for a −25-dBm signal, as
the ratio of the amplified spontaneous emission (ASE) noise power
to the signal power becomes noticeably higher. To demonstrate
this effect, Fig. 3(a) shows the 1% tap spectra at the output of the
amplifier, including the amplified 1430 nm signal along with the
ASE noise generated in the amplifier for a different input signal
power at 1 W of pump power. The spectra are recorded after.
The ratio of the ASE generated in the amplifier grows significantly
with the decrease in the input signal power, which also leads to a
decrease in the output power of the signal. This effect is explained
by the lower rate of interaction between small signal and bismuth
active centers. Additionally, we present the spectra of the calcu-
lated portion of the signal power (excluding the pump power and
ASE) to the total output power shown in Fig. 3(b). The portion
of the total output power devoted to the signal decreases with the
decrease in the input signal power. Such a decrease can also be
seen when the signal wavelength moves further away from the peak
gain.

FIG. 3. (a) 1% tap spectra at the output of the amplifier for different input signal
powers and (b) schematics of the gain and NF measurements.

Wewould like to emphasize that without imposing the require-
ment of telecom-compatibility, the power conversion efficiency can
be increased further, to about 60% for E-band BDFA; see Ref. 33
However, this further power conversion efficiency would require
changes, making the amplifier not suitable for optical communi-
cations application due to two main reasons. The first issue is that
the amplifier considered in Ref. 33 does not have an output isolator
required to provide protection from any back-scattered signal in the
line and a pump blocker at the output amplifier, leading to the pump
radiation leaking to the transmission fiber, which is unsuitable for
optical communications. The second issue with a further increase
in PCE is that it would require high signal power. For instance, in
Ref. 33, high PCE was achieved for the amplifier operating in the
saturation regime (high signal power of 15 dBm), where the
amplifier provides a very low gain (8 dB).

B. Pumping scheme comparison
As the next step, we investigate the performance of different

PSs. As the dependencies of G and NF on the variation of pump
and signal power have a behavior similar to that of the bi-directional
case, we present the measurements only for three input signal
powers of −25, −10, and 5 dBm. The pump power for all three PSs
(bi-directional, forward, and backward) is fixed to be 500 mW. In
the case of bi-directional pumping, the forward and backward pump
powers are equal to 250 mW each. The comparison of different PSs
in terms of G and NF for 5 dBm input signal power is presented
in Figs. 4(a) and 4(b), while the main characteristics are listed in
Table II. The gain spectra for all PSs are quite similar in shape, except
for the bi-directional pumping, which has a slightly higher optical
gain at a shorter wavelength. The backward PS shows the marginally
highest gain of 17.8 dB at an input signal power of 5 dBm. On the
other hand, the bi-directional PS features the marginally highest
3-dB gain bandwidth of 80.2 nm.

Even though the backward PS produces the minimum NF of
5.21 dB at 1480 nm, the main part of the NF spectra (1384–1460 nm)
lies higher than in the other PSs (marked green). The wavelength is
1460 nmwhere all three graphsmeet and start following significantly
different trends. If the curves on the left-hand side of the spectra are
positioned from forward, bi-directional to backward (from bottom
to top), then on the right-hand side of the spectra, the curves are
in the following order: backward, bi-directional, and forward (from
bottom to top). Such a trend can be explained by the emergence
of four-wave mixing (FWM) components that occur due to the
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FIG. 4. Spectral dependence of the gain and NF for input signal powers of 5-dBm (a) and (b), −10-dBm (c) and (d), and −25-dBm (e) and (f). The green area under the
graphs shows an approximate area of 3 dB gain bandwidth.

transfer of the pump modes toward the signal. This effect is
explained in detail in Sec. IV. It is important to note that the best
overall performance in terms of NF is achieved with forward PS.

In addition to the graphical comparison of different PSs in
terms of G and NF, we compare different parameters of the different
PSs presented in Table II. For 5 dBm input signal power, the
highest bandwidth is achieved with bi-directional PS [also obvious
from Fig. 4(a)]. On the other hand, the highest PCE of 37.9% is
achieved with backward PS, along with the highest G. The mea-
surement method of the amplifier parameters has been analyzed
in terms of the measurement accuracy, and the real values of the
amplifier parameters can be obtained with the following accuracy:
gain ±0.1 dB, NF ±0.2 dB, and bandwidth ±0.5 nm.

TABLE II. Comparison of the main amplifier characteristics for different pumping
schemes and signal powers with total pump power of 0.5 W. G: gain, fw: forward,
bw: backward, bi-dir: bi-directional, Bdw: bandwidth, and PCE: power conversion
efficiency.

Pin (dBm) Pump G (dB) Bdw (nm) NF (dB) PCE (%)

−25
fw 37.3 31.6 4.7 3.5
bw 37.2 32.1 4.7 3.5

bi-dir 37.4 32.8 4.7 3.6

−10
fw 30 46.6 4.9 20.1
bw 30 48.5 4.8 20.2

bi-dir 29.9 49.3 4.9 19.4

5
fw 17.7 77.6 5.6 37.3
bw 17.8 79.7 5.2 37.9

bi-dir 17.55 80.2 5.4 36

The spectra of G and NF for an input signal power of −10 dBm
for different PSs are presented in Figs. 4(c) and 4(d). The maximum
G for all PSs significantly increases at lower signal powers of up to
30 dB, which is the maximum value among all three of them and is
achieved with backward PS. The G, in general, keeps its tendency to
be more pronounced at lower wavelengths in the bi-directional PS,
and the highest bandwidth is 49.3 nm. The minimal NF of 4.8 dB is
achieved for backward PS. However, the difference with other PSs is
only of the order of tenth of a dB, which is comparable to the accu-
racy of the measurement methodology. Moreover, the NF spectral
performance keeps its trend with a lower NF for forward pumping
in the center and long wavelength regions of the operation band-
width (highlighted in green in Fig. 4). The red part of the spectrum
features almost equal values of NF for all three PSs. The achieved
PCE for −10 dBm input signal power are 20.2%, 20.1%, and 19.4%
for backward, forward, and bi-directional PSs, respectively.

Finally, we present the comparison of G and NF for −25-dBm
input signal power and different PSs shown in Figs. 4(e) and 4(f).
The maximum gain is achieved with the bi-directional PS and is
equal to 37.35 dB. However, other PSs show similar gains of 37.3
and 37.2 dB for forward and backward PSs, respectively. For low
signal power, the bi-directional PS enables the widest bandwidth of
32.8 nm and a similar shape to 5 dBm and −10 dBm signal pow-
ers. The NF dependence on wavelength follows a similar trend as
in the case of −10 dBm signal power, with even lower differences
between PSs, forward pumping being the lowest over almost the
whole spectrum. The lowest NF of 4.7 dB is achieved for all pumping
schemes. The small difference in the minimal NF shows an insignifi-
cant advantage of forward PS because the overall performance in the
operating regimes (1410–1460 nm) for all PSs is quite similar with
minimal improvement in the forward PS. The highest PCE of 3.6%
is featured by bi-directional pumping, followed by 3.5% for forward
pumping and 3.46% for backward PS.
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FIG. 5. Power conversion efficiency of the fiber.

C. Quantum efficiency
As the final step, the quantum efficiency of the fiber is deter-

mined for the backward pumping scheme. The quantum efficiency
is an important parameter that shows the ratio of the pump photons
converted into photons at the signal wavelengths to the total amount
of the photons emitted in the active fiber. Measurements similar to
those described in Sec. II are performed by measuring the signal
output and input power and signal optical spectrum. However, an
additional measurement is performed to measure the unabsorbed
pump power. The input signal power of the amplifier is 10 dBm, and
the wavelength of the signal is 1430 nm. Then, the dependency of
the output signal power (including loss on the output TFF-WDM,
isolator, and connector of 0.3, 0.42, and 0.15 dB, respectively) is
plotted against the absorbed pump power (also calculated using the
TFF-WDM, isolator, and connector loss). This dependency is shown

in Fig. 5. The slope of the curve of the output power to the absorbed
pump power is the maximum attainable power efficiency of the
active fiber. In the case of the used BDF, the slope efficiency is 57%.
Quantum efficiency of the fiber can be easily obtained by multiply-
ing the slope efficiency by the ratio between the pump frequency to
signal frequency, which equals 1.075 for 1430 nm signal wavelength
and 1330 nm pump wavelength. Thus, the quantum efficiency of the
fiber is 61%.

It is important to highlight that looking over all input signal
powers, the most favorable PS in terms of the achieved NF is the
forward PS due to a generally better performance in the operational
bandwidth and in the region specifically close to the gain maximum.
Another remark should be made regarding the achieved PCE of
38%, which is the record value for Bi-doped fiber amplifiers, to
the best of our knowledge. The high PCE achieved in this work
indicates significant progress in the manufacture of BDFs. Even
more important is that this magnitude is almost double the typical
PCE of L-band EDFAs of around 20%.34 However, it is still lower
than the PCE of C-band EDFAs with around 50% PCE.35 However,
such a high PCE, along with 40 dB gain and 4.6 dB NF, shows a
great potential for BDFAs for extension of the current infrastruc-
ture bandwidth, while keeping the power consumption at a low
level.

IV. DISCUSSION
A. Four-wave mixing process

As indicated in Subsection III B, a peculiar performance of
NF in the longer wavelength region has been observed, wherein
the NF for the backward PS is better than that for the forward PS,
contradicting the classical performance of doped-fiber amplifiers.

FIG. 6. Comparison of the impact of FWM on the signal spectra for forward, backward, and bi-directional pumping schemes for a signal at 1474 nm (a); the modes of the used
pump laser (b); a comparison of the signal spectra for −25 dBm, −10 dBm, and 5 dBm input signal power (c); magnification of the comparison shown in (a) for wavelength
range of 1474.2–1474.6 nm (d); color map of the peak-to-noise ratio relative to the wavelength and signal power for forward PS and fixed pump power of 1 W (e); and color
map of the peak-to-noise ratio relative to the wavelength and pump power for forward PS and fixed input signal power of 5dBm (f).
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This classical performance can be observed in the whole wavelength
region from 1384 to 1460 nm, where the forward PS shows a better
NF performance. However, starting from 1460 nm and toward a
higher wavelength, the NF for the backward PS is better for both
bi-directional and forward pumping schemes, especially for higher
input signal powers.

To investigate this observation further, the detailed spectra of
the signal for all three PSs were compared to identify the cause of
this behavior. This comparison for a 5 dBm signal at 1474 nm is
presented in Fig. 6(a). Here, it is evident that there are sub-peaks
arising in the spectrum diverging from themain peak for the forward
and bi-directional PSs, unlike the backward PS. Moreover, the peaks
are less pronounced in the case of the bi-directional PS compared
to the forward PS. The spacing between the sub-peaks is 17.74 GHz,
which corresponds to the separation of sub-peaks of the pump laser
diode shown in Fig. 6(b). These numerous spectral modes of the
pump diode arisemostly due to two facts: the diode has a non-single-
frequency, and its emission wavelength is close to the zero dispersion
wavelength of SMF where it is transmitted (1310 nm), which leads
to FWM broadening of the spectrum. Both of these factors lead to
FWM broadening of the diode spectra by multiplication of spec-
tral modes of the pump laser in the SMF, where it is transmitted to
the amplifier. Due to multiple possible combinations of interactions
and different fibers involved, it is challenging to describe the exact
schematic of the created side bands; however, the majority of them
arise from pump–signal–pump interaction. A detailed study with a
schematic representation of the possible FWMproducts and interac-
tions between the signal and the pump are presented in the paper by
Gordienko et al.36 If we change the input signal power to the ampli-
fier, the side peaks are also reduced [shown in Fig. 6(c)]. This spectral
mode transfer from lower wavelengths to higher wavelengths can
happen due to the FWM process occurring between modes of the
pump and the amplified signal. To quantify the effectiveness of the
FWM process, we calculated the peak-to-noise ratio (PNR), a value
that determines the ratio between the highest sub-peak and the noise
floor. An example of this value is shown in Fig. 6(d) based on the
magnification of Fig. 6(a) in the vicinity of 1474.2 and 1474.6 nm. It
should be noted that Fig. 6 also shows the minimal resolution of the
spectrometer that is recorded in relation to the sub-peaks. The reso-
lution window is small enough to determine the sub-peak structure.
However, it might not be good enough to determine the real minima
between the sub-peaks. That might lead to variation in the calculated
NF and small errors when determining the PNR. The color maps
of the recorded PNR for different wavelengths, pump, and signal
powers are shown in Figs. 6(e) and 6(f). The side peaks becomemost
pronounced for wavelengths longer than 1440 nm, and the relative
input signal power threshold for them to arise is between −10 and
−5 dBm. In the case of pump power, side peaks appear at quite a
low pump power of 0.25W for 1480 nm. The structure of the output
spectrum shown in Figs. 6(a), 6(c) and 6(d) and the relative broad-
band (1430–1480 nm) of effective interaction between the signal and
the pump show that the zero dispersion wavelength of the bismuth
fiber is around 1390–1410 nm and might change throughout the
length of the fiber, which leads to the phase-matching conditions
for the effective FWM process between the pump and signal. This
relative estimation of the zero dispersion wavelength can be expected
from the waveguide with such a core diameter and concentration of
germanium.

FIG. 7. Experimental setup for comparison of the impact of different pumping
schemes on the transmitted signal quality.

B. Impact of four-wave mixing on the quality
of data transmission

As the observed FWM process can influence the quality of
transmission, experimental verification of this impact or lack of such
is required. Typically, the transmitted power per channel of the
signal is between −5 and 0 dBm at the input to the line, leading to
−25 to −15 dBm input signal power per channel after transmission
through 50–80 km of SMF with an average loss of 13–20 dB in the
E-band. However, here, we perform the measurements with a higher
input single power between −10 and 4 dBm.

To perform a comparison between different pumping schemes
and determine the impact of four-wave mixing on the signal qual-
ity, a simple experiment of back-to-back transmission of 30 GBaud
16-QAM signal is designed. The experimental setup of the
transceiver is shown in Fig. 7. The data carrier signal is generated
using a TL operating from 1380 to 1480 nm, which is modulated by
a dual-polarization IQ modulator (DP IQ Mod) driven by a digital-
to-analog converter (DAC) to achieve DP 30 GBaud 16-QAM
modulation. The signal after the modulator is amplified by the
booster due to the high loss of the DP IQ modulator. The booster
amplifier is the BDFA reported in the paper17 with backward prop-
agating pumping to allow FWM-free amplification and, thus, to
minimize the possible impact of the booster amplifier on the signal
quality. A variable optical attenuator (VOA) is used to control the
launched signal power to the BDFA under test. The input signal
power is changed in the range of −10 dBm to 4 dBm at 1430 nm
(FWM-free case) and 1480 nm (FWM case). If FWM impacts the
performance of the amplifier, then one can expect a degradation
of forward and bi-directional pumping schemes in comparison to
backward pumping schemes with increases in launch power.

After the BDFA under test, the optical bandpass filter (OBPF)
is used to filter out the data carrier from ASE generated in the two
amplifiers. The filter was set to the maximum bandwidth of 120 GHz
to allow the data carrier to fully pass the filter along with some noise
around it. The use of the OBPF is crucial to enable the receiver
amplifier to provide gains predominant to the data carrier. Another
VOA also controls the power at the input to the receive BDFA to
enable the constant performance of this amplifier throughout the
power sweep and pump scheme variation. The input power to the
receiver amplifier is fixed to −10 dBm. After amplification, the data
carrier power is controlled with another VOA to be 8 dBm (due
to the limitations of the coherent receiver). An attenuated signal
is detected by a coherent receiver, where it is combined with an
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FIG. 8. SNR performance comparison for backward, forward, and bi-directional
pumping schemes of the transmitted 30 GBaud 16 QAM signal at 1430 nm (a) and
1480 nm (b).

external local oscillator (LO). An analog-to-digital converter (ADC)
and digital signal processing (DSP) enable the signal decoding.

The power sweep comparison between the performance of the
three pumping schemes in terms of the signal-to-noise ratio (SNR)
at 1430 and 1480 nm is presented in Fig. 8. The pump power for
all pumping schemes is kept constant and equal to 500 mW. For
small input signal powers (< − 4 dBm for 1430 nm and < − 2 dBm
for 1480 nm), the best performing PS is the forward PS for both the
wavelengths. With the increase in the input signal power, there is
no clear difference between the PSs and their relative performance
change from data point to data point. The similarity of data points
indicates that there is no significant impact on the quality of the
signal from the amplifier at high input signal powers. Even though
there is no impact on the performance of coarsely spaced channels,
FWM in a dense WDM system should be tested with care. This
work is beyond the scope of our study and will be presented in the
future.

C. Performance comparison
Finally, we would like to compare the performance of the devel-

oped BDFA in this work with other BDFAs reported in the literature.
The summarized comparison between some of the highlighted
studies is presented in Table III. First, we would like to stress that
different input signal powers are often used for characterization
of the amplifiers in the literature, and thus, the comparison is
limited in that regard. Consequently, the table includes the value of
the input signal power that the amplifier parameter was measured
with. The target of this work was to design and comprehensively
investigate a telecom-grade BDFA, and thus, first of all, we will

compare other amplifiers based on the possibility of their utilization
in optical communication links. The recent work from Southampton
Optic Research Center (SORC) by Wang et al.37 has shown impres-
sive results in terms of the gain achieved per meter, NF. However,
the developed amplifier has quite a low (24 dB) small signal gain
and was only studied comprehensively at low input signal powers.
Nonetheless, the fiber presented in the work is capable of providing
a higher gain provided with longer lengths.

The first demonstration of the cladding-pumped BDFA was
presented in the paper by Vakrushev et al.38 Unfortunately, the
paper does not state the level of the input signal power; however,
based on the average characteristics of other amplifiers, it can be
assumed that the amplifier was characterized with a small signal.
The amplifier features average characteristics for BDFA with 32 dB
peak gain, 40 nm bandwidth, and 5.5 dB NF. The PCE of the
amplifier is significantly lower than those of the core-pumped ampli-
fiers; however, cladding-pumping provides a power-consumption
benefit of using cooling without a power hungry thermo-electric
cooler.

Another paper from the Dianov Fiber Optic Research Cen-
ter (FORC)26 presents a wideband BDFA that covers an impressive
125 nm bandwidth. However, as the fiber used in the work is phos-
phosilicate, the performance within the E-band is worse compared
to that of germanosilicate BDFAs. For instance, the gain falls down
significantly after 1450 nm, and the NF is quite high compared to
the average performance, peaking at ≈7 dB at 1430 nm. The paper
reports a quite high 22% PCE with 13 dBm input signal power.

The recent paper by Liu et al.39 from the Wuhan National Lab-
oratory for Optoelectronics reported a high gain per meter and high
small signal gain (39.2 dB) amplifier. The paper provides the analysis
of only small signal performance, and thus, it is not clear how good
the developed amplifier will behave with typical telecommunication
input signal powers of ≈0 dBm. The paper reports a high PCE of 13%
at the small signal power of −20 dBm. Additionally, the amplifier is
pumped at the peak of absorption that leads to a significantly higher
minimal NF of 5.5 dB.

Finally, the amplifier developed at Dianov FORC and reported
in the paper by Melkumov et al.33 shows an impressive 60% PCE
with 12 dBm input signal power. Such high PCE is explained by the
following two main factors: (1) the design of the amplifier does not
include output isolator and WDM, which leads to the pump from
the amplifier to be leaked into the transmission line and the back
scattered radiation from the line to be returned into the amplifier
and (2) the measurements are performed with high input signal

TABLE III. Comparison of the recently reported E-band BDFAs. The compared parameters are presented for peak values, except the NF with the minimal value. The input signal
power is indicated in brackets in dBm.

References Gain (dB) Bandwidth (nm) NF (dB) PCE (%) Length (m) Notes

This work 39.8 (−25) 73.6 (5) 4.6 (−25) 38 (5) 173 ⋅ ⋅ ⋅

Wang et al.37 24 (−30) ≈50(−10) 4 (−30) 3.5 (−5) 35 High gain per meter, low PCE
Vakhrushev et al.38 32 40 5.5 ≈0.01 200 Cladding pump
Ososkov et al.26 33 (−25) 125 (−25) 5.5 (−25) 22 (13) 150 Phosphosilicate
Liu et al.39 39.2 (−20) ≈40(−20) 5.5 (−20) 13(−20) 45 Pump at peak of absorption
Melkumov et al.33 35 (−20) 30 (−20) 6 (−20) 60 (12) 125 Non-telecom compatible
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powers of 12 dBm, which are too high for telecommunication
applications.

V. CONCLUSION
Power consumption and efficiency are key parameters of

optical amplifiers that are critically important in WDM optical
networks. In some applications, for instance, undersea system
operation, limited electrical power is available and power efficiency
becomes especially acute. Here, we report an E-band Bi-doped fiber
amplifier based on 173 m long Bi-doped fiber with a simple single-
stage and single-pass design. Despite this simplicity, the amplifier
demonstrates a record gain of 39.8 dB and a record power con-
version efficiency of 38% for an optical communication-compatible
E-band BDFA. The achieved minimal NF is 4.7 dB, which is also the
lowest reported value for single-pass Bi-doped fiber amplifiers oper-
ating in E- and S-bands. The power conversion efficiency achieved
is twice as high as compared to L-band EDFAs and comparable
to C-band EDFAs. The demonstrated performance of the newly
developed BDFA indicates its excellent potential for multi-band
transmission networks and provides additional evidence that a Bi-
doped fiber amplifier is an outstanding candidate for the expansion
of optical telecommunication capacity.
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