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Abstract: A record transmission bandwidth of 16.4 THz is demonstrated in O-band
using a single optical amplifier system. Performance is optimised by simultaneously miti-
gating inter-channel stimulated Raman scattering and nonlinear interference near the zero-
dispersion frequency.
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1. Introduction
Amidst the continuous surge in data traffic for artificial intelligence services, the bandwidth requirements es-
pecially for data centre interconnects (DCIs) have been experiencing a rapid increase [1–3]. To address these
demands, ultrawideband transmission experiments have been reported utilising multiple bands [4–6]. The largest
transmission bandwidth of 27 THz was demonstrated in E+S+C+L-band using five different types of fibre ampli-
fiers, including distributed Raman, bismuth-, thulium-, and erbium-doped fibre amplifiers (E-band BDFAs, S-band
TDFAs, C-band EDFAs, and L-band EDFAs). However, the throughput was limited by band (de)multiplexers and
inter-channel stimulated Raman scattering (ISRS), especially at shorter wavelengths. To simplify the system, ul-
trawideband configurations using only a single type of amplifier without band (de)multiplexers have been pro-
posed [7] with transmission bandwidth of 12.5 THz across S+C+L-band demonstrated using an ultrawideband
semiconductor optical amplifier. A more attractive lower noise amplifier solution is O-band BDFAs with gain
bandwidth in excess of 10 THz [8, 9]. A transmission bandwidth of 9.6 THz in O-band using a simple O-band
BDFA was experimentally investigated [10]. Although the bandwidth was equivalent to the C+L-band, the O-band
has further potential bandwidth up to 17.5 THz.

In this paper, we demonstrate a record transmission bandwidth of 16.4 THz using a single optical amplifier sys-
tem. This was enabled by ultrawideband high-power BDFA, wavelength selective switch (WSS), and spectrally-
shaped power optimisation, simultaneously mitigating nonlinear interference noise (NLIN) and ISRS across the
O-band. The high-power BDFA exhibits more than 6-dB gain over a bandwidth of 17 THz and was used to boost
the signal power transmitting over 80.4-km unrepeatered link. The ultrawideband 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 [15]. To the best of our knowledge,
this is the first investigation of the wideband transmission performance and its degradation due to the ISRS and
NLIN around the ZDW.
2. Experimental Setup
Fig. 1 shows the experimental setup for the transmission system. This consisted of three test channels and am-
plified spontaneous emission (ASE) noise to fill 16.4 THz of bandwidth [11]. 327×48 GBd wavelength division
multiplexed (WDM) signals on a 50 GHz grid, starting at 220.83 THz (1357.57 nm) and finishing at 237.13 THz

AWG
120 GSa/s

IQ

IQ

ECL

ECL

ECL
CPL

SLED

ULL
80.4 km

90º
Optical
Hybrid

ECL

DSO

80 GSa/s

LO

CPL

PME

Adjacent
Channels

Loading

O-band
WSS

(WaveShaper)

BPF

CPL

BDFACentre
Channel

10 m

PME

BDFA

BDFA

BDFA BDFA BDFA

VOA: Variable optical attenuator
WSS: Wavelength-selective switch
DSO: Digital sampling oscilloscope
SLED: Superluminescent diode

AWG: Arbitrary waveform generator
PME: Polarisation multiplexing emulator
ASE: Amplified spontaneous emission
BDFA: Bismuth-doped fibre amplifier
ULL: Ultra-low loss

CPL

5 m ECL: External cavity laser
CPL: Coupler
IQ: IQ modulator
BPF: Band-pass filter

Booster Preamplifer

Fig. 1: Experimental setup for unrepeated transmission using BDFAs and WSS
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Fig. 2: Fibre characteristics (a) dispersion and loss profiles as a function of frequency for 80.4 km span (b) transmit and received spectra for
both flat and optimised input power.

(1264.25 nm) were emulated using spectrally shaped ASE noise. The seed ASE noise source was a superlumi-
nescent diode (SLED) which was amplified with a BDFA. Each BDFA was single-stage with 250 metres of BDF,
each pumped by a 915 nm uncooled laser diode via 915 to 1150 nm Yb-fibre based wavelength converter, with the
design similar to that described in [13]. All amplifiers except the receiver pre-amplifier were counter pumped and
had gain of >25.5 dB and 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. The flattening of the spectrum was performed
by a COHERENT WaveShaper® 4000B which served as a wavelength-selective switch (WSS). This was used to
control the input spectrum, add a notch for the test channels and combine with the channels under test. The input
spectrum can be seen in Fig. 2. The three carrier lasers had a linewidth of <500 kHz and were modulated with
different 16QAM payloads at 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 1024 QPSK symbols was used for
synchronisation [12]. Each IQ modulator was driven by an AWG at 128 GSa/s. Each set of channels was then
polarisation multiplexed using a 3 dB coupler, delay lines of 5 and 10 metres (for odd and even, respectively) and
recombined with a polarisation beam splitter. The central channel was used as the channel under test for all the
measurements.

The transmission link was 80.4 km in length and made from AllWave® ULL single-mode optical fibre, com-
pliant with ITU-T G.652.B. The measured total loss and dispersion profile is shown in Fig 2, where the ZDF was
228.90 THz (1309.71 nm). The low loss characteristics mean that the average loss for the span was 0.32 dB/km
with a total loss of 24 and 30 dB at 220 and 238 THz, respectively.

After transmission, the signals were amplified with a BDFA and bandpass filtered with a width of 1.5 nm cen-
tred on the CUT. After filtering, the signal was amplified again to maintain power into 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 root-raised cosine
filtering. Subsequently, a constant modulus algorithm was used 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 cor-
rection was applied to the entire frame, finally, IQ orthogonalisation before calculation of bit error rate (BER),
signal-to-noise ratio (SNR), generalised mutual information (GMI) and achievable information rate (AIR). AIR
is calculated as the GMI minus the overhead from the inserted pilot symbols. No dedicated chromatic dispersion
compensation step is performed.
3. Launch power optimisation
When transmission bandwidths are larger than 8 THz, ISRS can be significant. This shifts power from higher
to lower frequencies (shorter to longer wavelengths) and can be seen effectively as an increase or reduction in
apparent loss for higher frequencies and lower frequencies, respectively. The power tilt can be approximated
as [14] ∆P = 4.3 ·PtotCrLeffB. where the attenuation α = 0.31 dB/km, assumed Raman gain coefficient Cr =
0.033 1/W ·THz ·km, L = 80 km, nonlinear effective length: LNL = (1− exp(−αL))/α = 14.4 km, total launch
power Ptot = 26 dBm and bandwidth B = 16 THz. The expected ISRS power transfer is up to 13.2 dB. The input
and output spectrum was measured for various launch powers and is shown in Fig. 3a. When the total input power
was within 10-16 dBm (-15 to -9 dBm/channel) the loss at low and high frequencies did not change, but after
increasing the launch power over 16 dBm the power transfer is seen. At an input power of 21 dBm, the apparent
loss at 238 THz increased by 2 dB and the apparent loss at 220 THz was reduced by 2 dB. The reduction in
apparent loss subsequently occurred for every dB increase of launch power. By subtracting the loss of the fibre at
the lowest input power where no ISRS is observed, the ISRS can quantified, as shown in Fig. 3b. The measured
power tilt for an input power of 26 dBm was 13 dB.

To find the optimum launch power, both ISRS and NLIN near the ZDW must be taken into consideration. We
use a fast ISRS integral GN model [15] considering the linear frequency dependence of the nonlinear coefficient γ

from 1.8 to 2.2 /W/km at 220 to 238 THz and of the effective area from 66.5 to 86.6 µm2 at 228.8 to 193.4 THz.
The total launch power was fixed to 23 dBm and 20 attenuation points across the bandwidth were optimised
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Fig. 3: (a) Apparent loss and (b) measured ISRS power transfer as a function of frequency for considered launch powers equivalent to −8 -
+1 dBm/channel.
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Fig. 4: (a) SNR and (b) achievable information rate measured over frequency.

for maximum capacity. Optimised input power for each channel was achieved by using the WSS iteratively to
compensate for the nonlinear gain profile of the following BDFA.
4. Results and Discussion
Back-to-back characterisation of the transceiver was performed by removing the fibre span and replacing it with
a 25 dB attenuation. The SNR of the central channel was measured as the three test channels and LO were swept
from 220 to 238 THz. The results are shown in Fig. 4a. The highest achieved back-to-back SNR from a WDM
channel was 16.5 dB at 230 THz, showing the need for further optimisation of the entire the transceiver chain.

The 80.4 km span was inserted, and the total launch was fixed to 23 dBm (-1.1 dBm/channel) and the input
spectrum was set to flat. Afterwards, the SNR was measured as a function of frequency. The minimum SNR
occurs at the highest frequency, for both launch powers where the combination of LO power, BDFA gain and fibre
loss are all at the worst condition. In the centre of the transmission bandwidth, there is another drop in performance
near the ZDF. The drop in performance is 2.4 dB compared to the best channel at 224 THz. The launch power is
then adjusted to mitigate the effects of FWM and ISRS as shown in Fig. 2b. The loss in performance at ZDF is
also mitigated down to 2 dB by the reduction in local launch power. The change in powers around this channel
improved the SNR at the highest and lowest frequencies by 2 dB.

The measured AIR as a function of frequency is shown in Fig. 4b. The total potential throughput is taken as the
sum of every channel’s GMI multiplied by the symbol rate and subtracting the rate of pilot symbols. From these
results, the maximum achievable throughput, assuming ideal FEC implementation, for the system with a flat input
spectrum, was calculated to be 103.3 Tb/s and after optimisation improved to 106.0 Tb/s. This was an increase
0.5 bits/sym for the channels at the edges of the spectrum.
5. Conclusions
We have experimentally demonstrated ultra-wideband DWDM coherent transmission over a single span 80.4 km,
using only one type of doped fibre amplifier. The launch power was optimised to simultaneously overcome the
inter-channel stimulated Raman scattering and nonlinear noise near the zero dispersion frequency leading to a
potential throughput of 106 Tb/s without any chromatic dispersion compensation. To the best of our knowledge,
this work achieved the highest single amplifier transmission bandwidth, 16.4 THz, for an unrepeated single mode
fibre link.
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