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EXECUTIVE SUMMARY 
 
The present scientific deliverable is a part of the Work Package 3 “Inline component design” of ETN 
project WON “Wideband Optical Network”, funded under the Horizon 2020 Marie Sklodowska-Curie 
scheme Grant Agreement 814276 
 
The document presents an overview of Raman and Bismuth doped amplifiers that are potential 
candidates for wideband signal amplification. In terms of Raman amplification, the system design 
involves integration of suitable gain fibre which is inverse dispersion fibre in our case in accordance 
to past literature review and laser diodes extending from 1325 nm to 1508 nm. The target signal 
amplification is within the spectral range of 1410 nm -1625 nm (~ 215 nm bandwidth) with flat signal 
gain and optimized noise figure. The amplifier design is based on a multistage split combine approach 
in order to avoid pump-signal and pump-pump overlap. This document describes the initial modelling 
results of wideband Raman amplifier in terms of gain and noise figure. In terms of the Bi-doped fibre 
amplifier, the target for the project is a design of Bi-doped fibre amplifier from 1310 to 1510 nm in a 
multi-stage or single-stage configuration. As the first step, a single-stage Bi-doped fibre amplifier with 
maximum gain of 32 dB, and minimum NF of 4.75 dB was designed, constructed and demonstrated 
in a spectral band of 1405-1460 nm.  
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1. INTRODUCTION 
 
Transmission distance of any fibre-optic communication system is eventually limited by the level of 
fibre loss. Until 1995, this loss limitation was overcome using optoelectronic repeaters. These devices 
convert optical signals into electric form using the receiver, and then convert this signal back to the 
optical representation in the transmitter. These regenerators became very complex and expensive, 
as they required high repeating speed and demultiplexing in the wide spectral band [1]. An alternative 
for sophisticated optoelectronic repeaters are optical amplifiers, which amplify each signal wavelength 
without converting them into electric signal [1]. The majority of the optical amplifiers were invented in 
the 1980s, and in the 1990s they started to be implemented in the first light wave systems. 
 
Nowadays optical amplifiers are the inherent parts of optical telecom systems. The most widely 
spread type of amplifier is the Erbium-doped fibre amplifier (EDFA) that is capable of covering C- and 
L- optical telecommunication spectral bands. With the help of coherent optical technologies 
contemporaneous telecom systems support up to 38.4Tb/s/fibre [2]. However, the last two decades 
showed exponential growth of demand on internet traffic speed, which is expected to be ceaseless in 
the future. Thus, this large speed might be insufficient for future internet traffic demand. Moreover, 
currently the deployment of 5G networks, fast development of cloud services, and increased amount 
of information required for transmission in machine-to-machine communication, should further load 
the existing telecommunication infrastructure. Three different approaches were proposed to cope with 
ceaseless increase of speed requirements: spatial division multiplexing (SDM) with multi-fibre or multi-
core/mode fibre transmission; implement new coding modulation formats with high spectral efficiency; 
and multi band transmission (MBT) using single fibre [3]. The SDM implementation through multi-fibre 
transmission leads to increased cost of optical telecom systems because of demand on new fibre 
rolling out [2]. On the other hand, use of multi-core/mode fibres for the transmission lead to potential 
capacity of Petabit/s/fibre [4, 5], though the technology of such transmission is too immature to be 
used for commercial use. According to the current state-of-art on spectral efficient modulation formats, 
the Shannon limit in terms of spectral efficiency is close to be achieved. The efforts to increase signal-
to-noise-ratio and allow wide use of complex modulation formats through low-noise optical 
amplification, lower-loss and lower-nonlinearity fibres, or digital nonlinear compensation [6] yields only 
logarithmic increase, which can allow traffic growth only on the short-term basis. As the commercial 
systems are close to Shannon limit in terms of spectral efficiency within C-band, operators aim to 
maximize the return-on-investments on existing infrastructures [7]. From this perspective, MBT is an 
attractive solution, as it postpones new fibre rollouts, and it aims on transmission in new spectral 
bands beyond C- band.  
 
The first commercial MBT systems already coming to the market targeting transmission in C+L-band 
systems based on Erbium-doped fibre amplifiers (EDFAs). Operation in the L-band adds 60 nm to the 
conventional 35 nm C-band. As the next step, it is natural to continue bandwidth expansion into the 
next closest band that is S-band. However, the transmission in O- and E-bands should be considered 
as well, as they are very attractive for transmission, especially using special pure silica fibre with low 
loss in this spectral region [2]. However, multi-band transmission requires novel types of amplifiers 
for corresponding spectral bands. Many amplifier technologies were proposed to cover some or 
multiple bands using neodymium (Nd) [8], praseodymium (Pr) [9], or thulium ™ -doped fibres [10], 
and Raman fibre amplifiers [11]. It was suggested already a time ago that Pr-doped as well as Nd-
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doped optical fibres demonstrate emission in all the O-, E-, and S- telecom bands but suffer from the 
strong excited-state absorption noticeably spectrally narrowing the net gain and suppressing its 
magnitude [8–15]. In spite of significant recent progress achieved with a micro-structured Nd-doped 
silica fibre allowing suppression of the unwanted transitions through spectral filtration [12], such fibres 
still require further development in order to match the performance of Er-doped fibres. Since the first 
reports [16] Bi-doped fibre amplifiers (BDFAs) have been extensively studied as promising 
amplification platform for multi-band transmission [17–27]. Using different host materials such as 
aluminosilicate, phosphosilicate, and germanosilicate glass allows to significantly shift emission 
spectrum from 1150 to 1500 nm [18, 26, 27]. Bi-doped fibre amplifier with record bandwidth of 115 
nm, 31 dB gain, and 4.8 dB noise figure (NF) in the O and E bands has been recently reported [27]. 
The first successful data transmission experiment characterised on three signal wavelengths in E-
band was reported in [24] and first multi-channel amplification was reported in [23]. Moreover, the 
performance of Bi-doped fibre amplifier spectrally adjacent to EDFA range was studied in [26] using 
both backward and forward pumping schemes. 
 
However, amplifiers based on doped fibres can support only specific target bands [28] which 
ultimately necessities implementation of guard bands between corresponding spectral bands resulting 
in some finite bandwidth loss. Also, the segregation of amplifiers specific to each band increases the 
complexity and cost since, after each transmission span the corresponding spectral bands require 
separation followed by amplification of each target band with a suitable doped amplifier and then 
recombination for further transmission [28]. 
 
In contrast to doped amplifiers, Raman amplifiers can provide a solution to this shortcoming. The 
Raman effect is an inherent non-linear phenomenon in silica fibres [29] which can be exploited for 
signal amplification in any spectral region of the communication window. The characteristics of this 
amplifier provides a flexibility in obtaining varying gain across a large bandwidth since the gain 
spectrum is determined mainly by the Raman pump laser wavelengths. Using this approach, state of 
the art literature have already shown an extensive amplification of  ~ 150 nm comprising of (S, C and 
L) band with 15 dB overall gain and ~ 8 dB NF with discrete Raman amplifier [30]. Also a hybrid 
configuration with distributed-discrete Raman has shown an amplification extending out to ~ 150 nm 
with an effective NF of < 0 dB for the S band signals and NF of ~ 6 dB for C and L band signals [31]. 
Moreover a record gain of 27 dB and average NF of 5.8 dB has been reported for C and L band optical 
spectrum with discrete Raman amplifier [32]. 
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2. OVERVIEW RAMAN AMPLIFIER 
 

Raman amplifier works on the principle of stimulated Raman scattering, an inherent non-linear 
phenomenon in which a pump photon of frequency 𝜗! excites the gain material to a higher energy 
state, and in the process emits a photon of frequency𝜗", as shown in Fig.1a This newly created photon 
contributes to a so-called Stoke’s wave, which is amplified due to the transfer of energy from the pump 
photon. The difference in frequency (𝜗! − 𝜗") is known as Stoke’s shift and is maximum at ~13.2 THz 
(100 nm) from the pump frequency [29] 
 
Fig. 1b shows the Raman gain spectrum profile for pump at 1445 nm wavelength. The maximum peak 
gain occurs at ~100 nm shift from the pump wavelength. Figure.1b also shows that the gain profile is 
not uniform, and thus signals lying within the gain curve undergo unequal amplification.  
 

 

 
 

 
Fig. 1 a) Stimulated Raman scattering b) Raman Stoke’s shift 

 
Combination of multiple Raman Effect generated with various pumps at selective wavelength 
generates a broadband spectrum due to an averaging effect which and can be observed from the Fig. 
2 dotted magenta line. The optimization of pump powers and wavelengths a key feature in governing 
the gain dynamics of this amplifier and proper tuning of the pump power results in obtaining flat gain 
across a target bandwidth. 
 

 
 

Fig. 2: Broadband ASE generation using Raman pumps 

a) 
b) 
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3. RAMAN AMPLIFIER CONFIGURATION 
 

Raman amplifiers are mainly categorized into two types 1) Distributed Raman amplifier 2) Discrete 
Raman amplifier. 
 
3.1 Distributed Raman amplifier 
 
In a distributed Raman configuration, the transmission fibre itself act as an amplifying medium and 
signals are amplified as they propagate along its length. As the signal propagates through the fibre it 
undergoes attenuation which is counterbalanced by amplification in the fibre itself. Since amplification 
occurs within the transmission fibre, no additional fibre is required for the amplification stage thereby 
reducing the amplifier cost [33].  
 

 
 

Fig. 3: Simple schematic of backward pumped distributed Raman amplifier 
 
Discrete Raman amplifiers in the other hand are also known lumped amplifiers a replica of EDFAs 
technology. In this process amplification occurs at only certain discrete point of a gain fibre. A special 
fibre with high non-linearity is preferred as a gain medium. These fibres usually have high Raman 
gain coefficient and few kilometres of such fibres are pumped using high power lasers. There have 
been various developments with the advancement of fibre technology for wideband signal 
amplification. Reports in the literature have shown use of dispersion shifted fibre (DSF) [34], 
dispersion compensation fibre (DCF) [35], inverse dispersion fibre (IDF) [36] and other highly non-
linear fibre (HNLF) [37] as potential gain fibre for Raman amplification in DWDM systems. 
 

 
 

Fig. 4 Simple schematic of backward pumped discrete Raman amplifier 
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3.2 Pumping schemes in Raman amplifiers 
 

There are basically three pumping schemes in Raman amplifiers,  
• Forward pumping – Both signal and pump propagate in the same direction.  
• Backward pumping – Pump and signal propagates in the opposite direction. 
• Bidirectional pumping – Pump propagates both in forward and backward direction w.r.t 

signal 
 

3.3 Wideband Raman amplifiers 
 

Previous literature has shown a maximum gain bandwidth of 150 nm comprising S, C and L band of 
the communication window taking into account the impact of Rayleigh scattering due to pump signal 
overlapping [38]. However, there is further scope of bandwidth extension with proper optimization of 
pump wavelengths and powers. 
In the WON project, we propose a wideband Raman amplifier with > 200 nm bandwidth comprising 
of the E, S, C and L bands from 1410-1625 nm of the optical spectrum. Our Raman amplifier design 
is based on a split and combine approach in which the transmitted signals are split down into two 
optical bands using a filtered WDM splitter, which are then amplified separately in dual-stages using 
suitable pump powers and wavelengths. These amplified bands are then recombined using a WDM 
combiner for further transmission as shown in Fig. 5. 
 

 
 

Fig. 5 Schematic of multiband discrete Raman amplifier 
 

In broader detail, signals in the bandwidth range of 1410-1625 nm are transmitted through a standard 
SMF fibre. The transmitted signals are then separated into two bands, one band comprising of signals 
from 1410-1460 nm which are then amplified using 1325 nm, 1345 nm and 1365 nm pumps. The 
other band comprises of signals from 1470-1625 nm and are amplified in two separate stages. The 
first stage comprises of 1365 nm, 1385 nm and 1405 nm pumps to amplify signals in the S band i.e. 
around 1470-1515 nm. The second stage comprises of 1425 nm, 1444 nm, 1465 nm, 1491 nm and 
1508 nm pumps to amplify signals from 1516 to 1625 nm i.e. the C and L bands of the optical 
spectrum. A discrete backward pumping scheme with inverse dispersion fibre (IDF) as the Raman 
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gain fibre was chosen in accordance to its low noise-figure and non-linear coefficient as compared to 
DCF and HNLF fibre as stated in previous literature [39].  

  

 
Fig. 6a shows the Raman gain coefficient of IDF and Fig. 6b shows the attenuation coefficient of IDF 
and SMF. Numerical modelling of Fig. 5 was carried out for 1410-1625 nm signals with VPI 
Transmission maker 11.0 using the split step Fourier method. An optimized step size of 50m was 
chosen to reduce the simulation time. The measured Raman gain coefficient and attenuation profile 
of IDF and SMF fibre was fitted to the wideband model to verify the performance of the simulated 
design. A total of 48 channels with 0 dBm power per channel was launched into the transmission fibre 
and the corresponding power after 50 km was noted to give an estimate of the span loss at each 
channel. The pump power was optimized accordingly with the obtained values from Raman optimizer 
of VPI Transmission maker 11.0 to mitigate the loss generated by the span attenuation and power 
transfer due to stimulated Raman scattering (SRS). 
 

3.4 Results and Discussion 
The simulated model gain, noise figure (NF) and power per channel after amplification was measured 
using VPI numericl-2D analyser of Photonic circuit module. Figure 7 shows the power per channel 
after 50 km transmission. It can be clearly seen that shorter wavelength channels have high loss after 
50 km transmission as compared to longer wavelength channels. This is because of the high 
attenuation coefficient and inherent SRS of the shorter wavelength channels.  
 

 
  

a) b) 

Fig. 6 a) Wavelength shift vs Raman gain coefficient for IDF fibre b) Attenuation coefficient vs 
wavelength for SMF and IDF fibre. 

Fig. 7. Power per channel after 50 km transmission through SMF before amplifier stage 
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Fig. 8a shows the gain and noise figure of the simulated model. The maximum NF was observed to 
be 7.5 dB corresponding to higher wavelength channel with a NF tilt of a ~ 2 dB for band 1 (1410-
1460 nm) signals and 1.7 dB for band 2 (1470-1625) nm signals. A maximum gain of 13.5 dB was 
obtained by proper adjustment of pump powers to mitigate the fibre losses for the lower wavelength 
channels. 
Fig. 8b shows the power per channel after amplification stage. Here, the maximum channel ripple 
was observed ~ 3.8dB without any flattening filter.  
 
3.5 Conclusion 
 
We have numerically simulated an ultra-wideband discrete Raman amplifier for wideband signal 
amplification. With the proposed split-combine multi-stage amplification approach, we managed to 
amplify signals from 1410-1625 nm i.e. > 200 nm bandwidth comprising the E, S, C and L band of the 
optical spectrum. 
The simulation results shows a maximum gain of 13.5 dB, maximum noise figure of 7.5 dB and 
channel ripple ~ 3.8 dB over > 200 nm bandwidth signals. 
 
We believe multi stage Raman amplifier design is a promising framework for wideband signals 
amplification with low noise figure and optimized gain. This novel approach can be utilized for ultra-
wide amplification and could play a significant role in future optical communication systems.  
Further work is now underway to procure all components for this Raman amplifier design to enable 
experimental build and test.  
 
  

Fig. 8 a) Wavelength vs Gain/ NF b) Wavelength vs Power per channel of wideband split combine 
Raman amplifier 

a) b) 
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4. BISMUTH-DOPED FIBRE AMPLIFIER 
 
4.1 Types of bismuth-doped fibres 
 

The key feature of Bi-doped fibres is that additional co-dopants shift the gain spectrum significantly. 
There are four main types of Bi-doped fibres with different co-dopant ions: aluminosilicate, 
phosphosilicate, germanosilicate, and pure silicate fibres. Let us firstly consider alumnosilicate fibres. 
Such fibres pumped near 1 um absorption band have gain spectra from 1080 to 1315 nm with a 
maximum at 1150 nm [22]. Examples of spectral gain for different concentrations are shown in Fig. 
12. The absorption of the pump in these cases were saturated, thus the achieved gain is the maximum 
value for the shown concentrations. The increase of the active bismuth centres concentration leads 
to gain decrease, along with nonsaturable absorption increase. These effects can be explained by 
up-conversion, excited state absorption [17]. The further increase leads to dramatic grow of passive 
loss in IR region [40].  

 
Fig.9: Small signal gain for alumina- and germanosilicate Bi-doped fibres.Figure 5: Emission spectra 

for four different Bi-doped fibre: SBi – pure silica Bi-doped fibre; GSBi – GermanosilicateBi-doped 
fibre; Phosphosilicate Bi-doped fibre; ASBi – aluminosilicate Bi-doped fibre. [41] 

 
These factors strongly limit the spectral range and the magnitude of the positive net gain of Bi-doped 
aluminosilicate fibre amplifiers with performance in optical O-band. Another class of Bi-doped fibres 
is germanosiliate Bi-doped fibres. This type of fibre has strong emission spectrum in the end of E-
band and in the whole S-band. The gain spectrum is partially depicted in Fig. 1. The whole spectrum 
for germanosillicate Bi-doped fibre is depicted in Fig. 4. The Phosphosilicate fibres have the emission 
spectrum slightly shifted in longer wavelength region in comparison with aluminosilicate ones [41]. On 
the other hand, pure-silica fibres have strong gain near 1400 nm, but have very limited spectral range. 
All of the above mentioned fibres have luminescence near 800 nm, but this spectral range is not of 
the current interest as no classical telecommunication bands lie in this part of optical spectrum. 
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4.2 Developed Bi-doped fibre amplifier 
 
To achieve sufficient gain around 1.45 um the Bi-doped fibre amplifier was developed based on the 
Bi-doped germanosilicate fibre and was reported in [42]. The Bi-doped germanosilicate fibre used in 
this work was fabricated in the Dianov Fiber Optics Research Center using MCVD-solution [43]. The 
core of fibre consists of 95 mol% SiO2, 5 mol% GeO2 and <0.01 mol% of bismuth. The fibre core 
and cladding diameter are 9 µm and 125 µm, respectively. The numerical aperture (NA) is 0.14, and 
the cutoff wavelength is around 1.2 µm. The developed Bi-doped fibre amplifier is based on a 320 m 
long piece of active fibre and the experimental setup for gain and NF measurements are depicted in 
Fig. 2. 

 
 

Fig. 10. Scheme of the BDFA. TL: tunable laser; TFF-WDM: thin film filter wavelength division multiplexer; Bi: 
Bi-doped fibre; OSA: optical spectrum analyser; PM: power meter. 

 
Two tunable lasers (TL) operating in spectral ranges of 1340-1440 nm and 1410-1490 nm are used 
as a signal radiation for characterisation of the gain and NF characteristics of the developed amplifier 
in the spectral range of 1370-1490 nm. The first TL is used to cover spectral band up to 1440 nm, and 
another one in the band of 1440-1490 nm. The radiation of the TLs pass a polarisation independent 
isolator with minimum isolation of 32 dB and internal losses less than 3 dB in the spectral band of 
1390-1490 nm. After the isolator the radiation is coupled into the Bi-doped fibre through a thin film 
filter wavelength division multiplexer (TFF-WDM). The key components of the developed setup are 
TFF-WDMs with very steep and consistent transmission (1300-1362 nm) and reflection (1370-1565 
nm) bands with constant optical loss of 0.1 dB. The radiation of two pump diodes operating at the 
wavelength of 1320nm, used as forward and backward pumps, passes 1320 nm polarisation 
independent isolators and is coupled into the active fibre through TFF-WDMs. After a subsequent 
amplification in the Bi-doped fibre, the signal radiation passes another TFF-WDM and the 1390-1490 
nm polarisation independent isolator and is detected in either optical spectrum analyser (OSA) or 
power-meter (PM). The OSA is used for both peak-to-peak gain measurements and the noise spectral 
power density subtraction for NF calculation that is found using the source subtraction technique 
described in [44]. 
 
The performance of the developed BDFA is characterised for the forward, backward, and bi-
directional pumping schemes and three different signal levels of -20 dBm, -10 dBm, and 0 dBm. The 
gain and NF for the forward pumping scheme and 3 different signal levels are depicted in Fig. 11. 
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Fig. 11. Dependencies of the measured gain (upper row) and the noise figure (bottom row) on the 
wavelength for different pump powers in a forward pumping scheme: a,b) gain, NF for -20 dBm 

input signal power; c,d) gain, NF for -10 dBm input signal power; e,f) gain, NF for 0 dBm input signal 
power 

 
The gain increases with the pump power increase and saturates at high pump powers for all signal 
power levels in Fig. 3 (a,c,e). The maximum gain of 30.36 dB is achieved at the wavelength of 1430 
nm, pump power of 470 mW and signal power of -20 dBm. The gain spectrum shows a significant 
flattening with the increase of signal power leading to a widening of -3dB gain bandwidth from 27.28 
to 52.1 nm for -20 dBm and 0 dBm signal power, respectively. Moreover, increase of the signal power 
leads to consistent gain reduction from maximum value of 30.36 dB to 18.63 dB for -20 dBm and 0 
dBm of signal power. This effect also causes the increase of NF value from 4.75 dB to 5.56 dB. 
 
The corresponding NF and is shown in Fig. 11 (b, d ,e). The NF decreases with the increase of the 
pump power and saturates along with the gain saturation. The significant increase of NF closer to 
1390 nm corresponds to the amplification at the edge of the gain band, the decrease of the isolator 
transmission, and the influence of the water absorption tail. The amplification at 1370 nm occurs due 
to stimulated emission from the pump level and leads to decreased NF in comparison to the signal 
amplification at 1390 nm. The amplification beyond the presented spectral band was not possible due 
to the limitations of the TFF-WDM reflection band starting from 1370 nm. The minimum NF of 4.75 
dB is achieved with a - 20 dBm signal at the 1435 nm wavelength and 470 mW of pump power. All 
the achieved spectra from other signal powers have the similar values and the overall characteristics 
in terms the gain, gain bandwidth, and NF for all pumping schemes are compared in Table 1. 
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Table 1. Characteristics of pumping schemes for different signals for 470 mW of the pump power for 
forward pumping scheme, 454 mW of the pump power for backward pumping scheme, and 472 mW 
of the pump power for bi-directional pumping scheme. 
 
The developed amplifier was studied using different pumping schemes with slightly different pump 
powers, and we would like to compare the power dependencies of gain and NF characteristics. As 
both the optical gain and noise figure have also a spectral dependence, we averaged the spectral 
magnitudes of these parameters in the range of 1400-1480 nm in order to compare an average 
performance of the pumping schemes. Such dependencies for forward, backward and bi-directional 
pumping scheme are presented in Fig. 12. 
 

 
Fig. 12. Dependencies of the Gain (a) and NF (b) on the pump power 

 
The graphs show that for almost all pump powers, the highest gain was achieved in the backward 
pumping scheme. The bi-directional pumping scheme showed intermediate gain magnitudes 
relatively to the backward and forward pumping schemes. The forward pumping scheme 
demonstrated a lower optical gain as compared to other pumping schemes. On the other hand, the 
lowest noise figure is achieved with the forward pumping scheme. The noise figure for bi-directional 
and backward pumping schemes is almost the same with slightly better performance in the bi-
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directional scheme with pump powers less than 200 mW. Thus, the uniform pumping plays the crucial 
role for the amplifier performance in terms of the noise figure. It is worth noting that the NF for the 
forward pumping shows a noticeable saturation with pump power as compared to the bi-directional 
and backward pumping schemes. This indicates that a significant increase in the pump power for the 
bi-directional and backward pumping schemes will be comparable with the forward pumping NF. The 
same gain saturation was observed in the backward pumping scheme. Therefore, it is preferable to 
use the forward pumping scheme in order to achieve a moderate gain and an excellent noise 
performance with a relatively low pump power. Obviously, NF and gain characteristics should be 
nearly the same in all pumping schemes when the gain medium is well pumped. 
 

4.3 Conclusion 
 

A BDFA with maximum gain of 31 dB and minimum noise figure of 4.75 dB has been developed and 
studied in the forward, backward, and bi-directional pumping schemes. The demonstrated amplifier 
has a high gain (>20dB) in the whole spectral band of 1405-1460 nm. The three pumping schemes 
were compared in terms of the average noise figure, optical gain performance, and pump 
configuration. It was concluded that the forward pumping scheme is the most promising as excellent 
performance can be achieved at lower pump powers. However, it should be improved in terms of 
PCE, and the possible solutions are covered in the discussion. The high optical gain and the low NF 
of the BDFA operating in the E- and S-bands reported in this work with the overall BDFA performance 
comparable to the conventional EDFAs allows to consider BDFAs as a promising in-line amplifier with 
a potential to double the capacity of conventional C-band EDFA systems. 
 
Further work is now underway to improve the modelling of this type of BDFA using machine learning 
techniques and to explore the performance of this amplifier in representative links over distances up 
to 160km.  
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