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Abstract—A record continuous transmission bandwidth of
16.4 THz is demonstrated in O-band fibre transmission over
an 80-km single-mode ultra low-loss fibre span. Bismuth-doped
fibre amplifiers with an output power of 25 dBm and a low
noise figure of 3.6 dB compensate a loss of 80-km fibre span. An
O-band wavelength selective switch with a 16.4 THz bandwidth
maximises the transmission capability and enabled optimisation
of the input spectrum shape to reduce nonlinear interference near
zero dispersion, resulting in a potential achievable information
rate of over 100 Tb/s to be reached.

Index Terms—Optical fibre communication, coherent dense
wavelength division multiplexing, O-band, bismuth doped fibre
amplifier (BDFA).

I. INTRODUCTION

CONSIDERING the continuous surge in data traffic for
artificial intelligence services, bandwidth requirements

especially for data centre interconnects (DCIs) have been
rapidly increasing [1]–[3]. To address these demands, ultra-
wideband transmission experiments have been reported that
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utilise multiple bands [4]–[7]. The largest transmission band-
width, 37 THz, was demonstrated in the O+E+S+C+L+U-band
over 50 km, using five different types of fibre amplifiers, in-
corporating a distributed Raman pumping scheme, along with
bismuth-, thulium-, and erbium-doped fibre amplifiers (O-band
BDFAs, E-band BDFAs, S-band TDFAs, C-band EDFAs, L-
band EDFAs and discrete U-band lumped Raman amplifiers).
A greater distance of 100 km was also achieved [8] but re-
quired the total transmission band to be reduced below 36 THz
due to a combination of amplifier gain, fibre loss and inter-
channel stimulated Raman scattering (ISRS). The throughput
was potentially limited by the use of band (de)multiplexers and
ISRS, especially at shorter wavelengths. By way of a possible
simplification to the transmission system, ultrawideband con-
figurations using only a single type of amplifier without band
(de)multiplexers have been proposed [9], and a transmission
bandwidth of 12.5 THz across the S+C+L-band demonstrated
using an ultrawideband semiconductor optical amplifier. This
required the use of free space optics to support polarisation
multiplexed signals and had an average noise figure above
6 dB. A more attractive lower noise amplifier solution is O-
band BDFAs which have been shown to have gain bandwidths
in excess of 10 THz [10], [11]. Nevertheless, high capacity
transmission in the O-band was not considered as feasible due
to higher nonlinear interference noise (NLIN) around the zero
dispersion wavelength [12], [13]. A transmission bandwidth
of 9.6 THz in the O-band using a simple O-band BDFA
was experimentally investigated [14]. Although the bandwidth
was equivalent to that of the C+L-band, the O-band has even
greater potential with a bandwidth of beyond 17 THz [15].
This band is defined from the start of single mode operation
of single mode fibre (the cut off wavelength 1260 nm) to the
increase in loss due to water peak in conventional G.652.A
fibres (from 1360 nm), as seen in Table I which in terms
of wavelength is only 100 nm in bandwidth but in terms
of frequency is 17.5 THz. Prior work has not fully utilised
this single band, and in this work, we demonstrate a record
transmission bandwidth of 16.4 THz, approaching the maxi-
mum possible, using a single optical amplifier system. This
was enabled by three key technologies. Firstly, ultrawideband
high-power BDFA, secondly, a WSS, and thirdly, spectrally-
shaped power optimisation, which simultaneously mitigated
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Band Wavelength (nm) Bandwidth (THz)
O 1260–1360 17.5
E 1360–1460 15.1
S 1460–1530 9.4
C 1530–1565 4.4
L 1565–1625 7.1
U 1625–1675 5.5

TABLE I: The standard operating bands with wavelength
ranges and corresponding bandwidths

both nonlinear interference noise (NLIN) and ISRS over the
O-band. The high-power BDFA exhibits more than 6-dB gain
bandwidth of over 17 THz and was used to increase the
signal power in transmission over an 80.4-km unrepeated link.
The ultrawideband wavelength selective switch (WSS) enabled
us to shape the spectrum to mitigate both the ISRS power
transfer and reduce the NLIN penalty near the zero dispersion
frequency (ZDF). The power profile was optimised using the
Gaussian noise (GN) model [16]. To our knowledge, this is the
first investigation of the wideband transmission performance
and degradation due to the ISRS and NLIN around the ZDF.

II. TRANSMISSION EXPERIMENT CHARACTERISATION

In order to generate signal loading across the whole the O-
band, a programmable filter was used to generate spectrally
shaped ASE. Here, a wavelength selective switch (WSS) used
in this experiment has an operating frequency range from
220.76 THz to 237.20 THz and a minimum filter bandwidth of
30 GHz, maximum attenuation of 40 dB, with a nominal loss
of 8 dB. This was used to flatten the gain spectrum, correcting
for ISRS and to carve a notch for the channels under test.

Amplification was provided by BDFAs in two configura-
tions, co- and counter-pumped. The BDFAs were characterised
using an ASE comb carved from an ASE source. A superlu-
minescent diode (SLED) was used as an ASE seed source,
and amplified by a BDFA. Using the WSS, the spectrum was
flattened and carved into 50 GHz channels on a 150 GHz grid,
to achieve a minimum OSNR of 26.1 dB. This enabled a 53-
point WDM characterisation of the BDFA. The total power
input to the BDFA under test was set to -1 dBm with variable
optical attenuators, resulting in an input power of -18 dBm
per channel. This total input power is the expected input
power after fibre transmission but not including the expected
loss profile. The input and output spectra of the BDFA were
measured using an OSA set to a resolution of 0.1 nm and
compared to calculate the gain and noise figure. Two BDFA
configurations were tested, co- and counter- pumped and the
results can be seen in Fig. 1(a) and (b), respectively. The pump
wavelength into 250 m of BDF was 1150 nm. This came from
a YDF conversion stage converting from a 915 nm multi mode
laser diode [10]. The co-pumped BDFA used a laser pump
current of 4.5 A and the counter-pumped a current of 4.0 A.
The average and peak gain values were 21.2, 22.9 dB and
21.0, 23.0 dB with average noise figures of 3.6 and 4.8 dB,
for the co- and counter pumped configurations, respectively.
Only one amplifier was in the co-pumped configuration and
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Fig. 1: The gain and noise figure measured as a function of
frequency for both (a) counter and (b) co-pumped configura-
tions. WDM measurements were performed on an ASE comb
with fixed total input power of -1 dBm

from here on this is referred to as a pre-amplifier due to its
lower noise characteristics.

III. ISRS CHARACTERISATION

The combination of high input powers and increasing
transmission bandwidths can lead to significant amounts of
ISRS that can impact transmission throughput [17]. This
phenomenon shifts power from higher to lower frequencies
(shorter to longer wavelengths) and can be seen effectively
as an increase and reduction in apparent fibre loss for higher
frequencies and lower frequencies, respectively. We next ex-
perimentally verified the model used in [18] in the O-band
over 17.4 THz.

The transmission link was 80.4 km long and consisted
of five reels of AllWave® ULL single-mode optical fibre,
compliant with ITU-T G.652.B. The measured total loss and
dispersion profile is shown in Fig. 2, where the ZDF was
measured to be 228.90 THz (1309.71 nm). The low loss
characteristics mean that the average loss for the span across
all transmission wavelengths was 0.32 dB/km with a total loss
of 24 and 30 dB at 220 and 238 THz, respectively. In Table II,
the zero dispersion values for each reel are listed as well as
the combined value, which was measured after splicing all the
reels together.

The input and output spectra were measured for various
launch powers and the difference was taken to calculate the
apparent loss of the fibre and this is shown in Fig. 3(a). Dashed
lines show the expected spectrum after solving the differential
equations. When the total input power was within the range of
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Fig. 2: Fibre characteristics: dispersion and loss profiles as a
function of frequency for a single 80.4 km span of ultra-low
loss fibre.

10-16 dBm (-15 to -9 dBm/channel), the apparent fibre loss
changed by less than 1 dB, but after increasing the launch
power beyond 16 dBm, significant power transfer from high
to low frequencies started to occur. For an input power of
22 dBm, the apparent fibre loss at the higher frequency of
238 THz increased by 2.6 dB and the apparent fibre loss at
the lower frequency 220 THz was reduced by 2.7 dB, leading
to a power transfer of 5.4 dB. This behaviour continued, as
the launch power was increased; even greater variations in
apparent loss occurred. By subtracting the loss of the fibre at
the lowest input power where no ISRS is observed, the ISRS
can be quantified, as shown in Fig. 3(b). For launch powers
lower than 14 dBm, the total tilt across the whole transmission
bandwidth is less than 1 dB. However, at launch powers greater
than 22 dBm, there is more than 5 dB of power transferred
from the higher frequencies to the lower frequencies.

The maximum power transfer from ISRS can be approxi-
mated using a triangular gain profile up to 15 THz as [18],

∆P = 4.3 · PtotCrLeffB, (1)

where the attenuation was α = 0.32 dB/km, assumed Raman
gain coefficient Cr = 0.033 1/W · THz · km, L = 80.4 km,
nonlinear effective length: Leff = (1 − exp(−αL))/α =
14.4 km, total launch power Ptot = 26 dBm and bandwidth
B = 16.4 THz. The expected ISRS power transfer reaches
13.5 dB. This equation was previously shown to be valid
for bandwidths up to 10 THz [17]. Subtracting the minimum
and maximum values on of each measurement in Fig. 3(b),
the maximum ISRS power transfer can be measured as a
function of input power. This is shown in Fig. 4. The measured
power tilt for the maximum input power of 26 dBm was

Zero Dispersion Zero Dispersion
Subspan Wavelength (nm) Frequency (THz)

1 1309.2 228.99
2 1310.0 228.84
3 1308.8 229.06
4 1311.1 228.66
5 1305.8 229.58

Combined 1309.7 228.94

TABLE II: The zero dispersion wavelength and frequencies
for each subspan of the 80.4 km link
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Fig. 3: (a) Apparent fibre loss and (b) measured ISRS power
transfer as a function of frequency for considered launch
powers equivalent to −12 - +1 dBm/channel. Dashed lines
are model estimation obtained by solving Raman ODEs.

13.1 dB (−0.1 dBm/chan), whereas it was only 5.4 dB for an
input power of 22 dBm (−3.1 dBm/chan). The experimental
and analytical values differ by only 0.4 dB demonstrating
the validity of Eqn. 1 beyond 15 THz. Initially a simple
compensation of the ISRS is attempted. An expected tilt of
5.4 dB was calculated. This tilt was inverted and applied
to the WSS in addition prior BDFA flattening shape. This
launch power compensation is seen in Fig. 6 labelled as
ISRS compensation. The gain of the subsequent BDFA was
nonlinear and this meant that a simple 5.4 dB slope was not
observed. The ISRS power transfer was also modelled by solv-
ing Raman ordinary differential equations [19], assuming fibre
effective area from 66.5 to 86.6 µm2 at 228.8 to 193.4 THz
(1310 to 1550 nm). These results are shown as dashed lined
Fig. 3(a) The modelling shows good agreement with the
apparent fibre loss obtained experimentally, having an average
difference of 0.18 dB.

IV. TRANSMISSION EXPERIMENT CHARACTERISATION

Fig. 5 shows the experimental system setup used for the
transmission. This consisted of three test channels and am-
plified spontaneous emission (ASE) noise to fill 16.4 THz
of bandwidth [20]. A total of 327 × 48 GBd wavelength
division multiplexed (WDM) signals on a 50 GHz grid,
starting at 220.83 THz (1357.57 nm) and ending at 237.13 THz
(1264.25 nm) were emulated using spectrally shaped amplified
spontaneous emission (SS-ASE) noise. The seed ASE noise
source was an SLED which was amplified with a BDFA.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, APRIL 2024 4

10 15 20 25
0

5

10

15

20

Launch Power [dBm]

∆
P

[d
B
]

Experiment
Theory

Fig. 4: Power transferred due to ISRS, measured as a function
of the total input power for a fixed 16.4 THz bandwidth.

Each BDFA was a single-stage 250 metre bismuth-doped
fibre (BDF), pumped by a 915 nm uncooled laser diode via
915 to 1150 nm Yb-fibre based wavelength converter, with a
design similar to that described in [21]. All amplifiers except
the receiver preamplifier were counter pumped and had a
gain of >25.5 dB and a typical noise figure of 5.5 dB for
0 dBm input power. The pre-amplifier was co-pumped and
had 22.5 dB gain and 4.8 dB noise figure for 0 dBm input
power. Spectrum flattening was performed by a COHERENT
WaveShaper® 4000B, which served as a WSS. This was used
to control the input spectrum, add a notch for the test channels
and combine with the channels under test.

The local oscillator (LO) and three carrier lasers had a
linewidth of <500 kHz and the test channels were modulated
with two 16QAM payloads based on random numbers gener-
ated by two different seeds, at a symbol rate of 48 GBd in an
odd-even configuration. To aid in decoding, quadrature phase
shift keyed (QPSK) pilot symbols were inserted at a rate of
1/32, and a header of 210 symbols was used for synchronisa-
tion [22]. The entire frame was then root raised cosine (RRC)
filtered with a roll-off of 0.01. Each IQ modulator was driven
by an arbitrary waveform generator (AWG) at 128 GSa/s. Each
set of test channels was then polarisation multiplexed using
a 3 dB coupler, delay lines of 5 and 10 metres (for odd and
even channels, respectively), both polarisation was recombined
with a polarisation beam splitter and then odd and even
channels combined with another 3 dB coupler. The central
odd channel was used as the channel under test (CUT) for all
the measurements. It is noted that the maximum variation of
ZDF was around 1 THz but since this was in the last two reels
of propagation, it is unlikely to contribute to much variation
NLIN generation.

After transmission, the signals were amplified with a co-
pumped BDFA and the CUT was selected using a band-pass
filter with a 1.5nm bandwidth. After filtering, the signal was
amplified again to maintain an optical power of 5 dBm at
the coherent receiver. The electrical signals were digitised at
80 GSa/s and processed offline. First, frequency offset removal
was performed on only the pilot symbols before downsampling
the entire frame to 2 samples per symbol for RRC filtering.
A 19-tap long filter was generated by the constant modulus
algorithm, trained on the pilots before application to the

entire frame to recover the distorted signal. The frame was
downsampled to 1 sample per symbol for the carrier recovery,
phase was estimated from the pilots and the correction was
applied to the entire frame. Finally, the payload signal was
extracted and IQ orthogonalisation was performed before the
bit error rate (BER), signal-to-noise ratio (SNR), generalised
mutual information (GMI) and achievable information rate
(AIR) were calculated. The AIR was calculated as the GMI
of the payload minus the overhead from the inserted pilot
symbols. No dedicated chromatic dispersion compensation
step was performed and was entirely left to the equaliser to
mitigate.

V. TRANSMISSION BANDWIDTH OPTIMISATION

To find the optimum launch power, both ISRS and NLIN
near the ZDF must be taken into consideration. We used
a fast ISRS integral GN model [16] considering the linear
frequency dependence of the nonlinear coefficient γ from
1.8 to 2.2 /W/km at 220 to 238 THz. For SNR estimation,
one preamplifer ASE noise contribution was considered as
it is the dominant source of ASE in the system. From a
launch power of 23 dBm, increasing the launch power by 1
dB results in more than 1 dB of additional power transfer,
hence the mean apparent fibre loss across the transmission
bandwidth would increase, leading to a lower overall system
performance. During the optimisation process, the total launch
power was fixed at 23 dBm and 20 attenuation points across
the bandwidth were tuned for maximum capacity. The power
for each channel was found by linearly interpolating from each
of these attenuation points. This is shown in Fig. 7, which
compares the ISRS mitigating, desired optimal and transmitted
spectra. During the optimisation, it is assumed that the WSS
can attenuate the BDFA output without the impact on BDFA
gain. In addition, it is assumed that preamplifier gain will not
be impacted. Experimentally, the optimised input power for
each channel was obtained by using the WSS. The applied
attenuation profile was only updated once and hence was
unable to compensate for the nonlinear gain of the subsequent
BDFA.

VI. RESULTS AND DISCUSSION

Back-to-back characterisation of the transceiver was per-
formed by removing the fibre span and replacing it with a
20 dB optical attenuator. The SNR of the central channel
was measured as the SS-ASE bandwidth load, as the three
test channels and LO were swept from 220 to 238 THz.
The results are shown in Fig. 8(a). The highest achieved
back-to-back SNR from a WDM channel was 16.4 dB at
227.3 THz, showing the need for further optimisation of the
entire transceiver chain compared with conventional C-band
transceivers which can obtain SNRs >20 dB. The lowest
SNR occurred at 221.04 THz. This frequency was where the
gain of the BDFAs was not sufficient to overcome the loss,
and the OSNR decreased. These channels are still viable for
transmission over the fibre span, as the ISRS power transfer
reduces the apparent fibre loss at these frequencies. Solid lines
show the simulation results and markers, the experimental
results for fixed 23 dBm launch power. The expected ASE
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noise was calculated from the loss measured for 23 dBm
launch power case shown in Fig. 2 where the gain of the
BDFA was estimated from the powers before and after the
preamplifier. The noise figure values were used from the
profiles measured in Fig. 1. The NLIN was estimated using
the model [16], where the evolution of the power along the
fibre estimation shows good agreement with the measured
results, as shown in Fig. 3(a). The SNR when considering
only NLIN was also calculated and can be seen to cause
a decrease in the SNR below that of the ASE around the
ZDF. The total shows the expected SNR performance after
combining the measured back-to-back, simulated ASE, and
simulated NLIN. At the edges of the calculated transmission

spectrum, the model overestimates the SNR values, which is
caused by missing contributions from other components in the
transmission system.

The optimised launch power shown in Fig. 7 is highest at
the higher frequencies, which helps with ISRS power transfer,
and a reduced power in the middle of the spectrum, which
improves NLIN. The transmission was performed with slightly
different spectral power than the optimised one, as BDFA gain
was not taken into account. This resulted in SNR gains mostly
in channels at higher frequencies and a minimum gain at ZDF
and lower frequencies, as can be observed from Fig. 8(b).

When the 80.4 km span was used for transmission, the input
spectrum was set to ISRS mitigation only, and the total launch
power values for the three channels were set to 21, 23 and
25 dBm (-3.1, -1.1 and 0.9 dBm/channel). The resultant SNR
was measured as a function of frequency, and is shown in
Fig. 8(b). The minimum SNR occurs at the highest frequency
for both launch powers, where the combination of LO power,
BDFA gain, fibre loss and ISRS power transfer are all in the
worst condition. As the power increases, the impact of ISRS
can be seen as the SNR increases for lower frequencies but
decreases for higher frequencies.

In the centre of the transmission bandwidth, there is also
a decrease in performance near the ZDF. This drop in per-
formance is a function of launch power, and is measured
compared to the channel at 224 THz to be 2.3, 2.5 and
3.9 dB for launch powers of 21, 23 and 25 dBm, respectively.
The width of the drop is measured as the full width half
maximum of the shape. The number of channels affected
did not change monotonically with power, as the measured
numbers of affected channels were 71, 76 and 75 channels,
respectively.

The launch power per channel is then adjusted to mitigate
the effects of FWM and ISRS as shown in Fig. 7 as transmitted
and described by the optimisation procedure. The transmitted
launch spectrum does not follow the desired optimum and
so ideal performance increase was not observed. The loss in
performance near the ZDF is also reduced to 2.0 dB, and
the number of affected channels is reduced to 47 by the
reduction in local launch power. The change in power around
this channel improved the SNRs of the highest and lowest
frequencies by 2 dB.

The measured AIR as a function of frequency is shown
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in Fig. 8(c). The total potential throughput is taken as the
sum of every channel’s GMI multiplied by the symbol rate,
subtracting the rate of the pilot symbols. From these results,
the maximum achievable throughput, assuming ideal FEC
implementation, for the system with a simple ISRS compen-
sating input spectrum, was calculated as 103.3 Tb/s and after
optimisation, it improved to 106.0 Tb/s. This was an increase
of 0.5 bits/sym for the channels at the edges of the spectrum.

VII. CONCLUSIONS

We have experimentally demonstrated ultrawideband
DWDM coherent transmission over a single ultra-low loss
span of 80.4 km, using only one type of doped fibre amplifier.
We have experimentally corroborated the use of a model in
O-band, which was used to optimise the launch power, in
order to simultaneously overcome the inter-channel stimulated

Raman scattering and nonlinear interference noise near the
zero dispersion frequency. This lead to a potential achievable
throughput of 106 Tb/s without the use of any chromatic
dispersion compensation. To the best of our knowledge, this
work has achieved the highest single amplifier transmission
bandwidth, 16.4 THz, for an unrepeated single-mode fibre link.
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