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Abstract: We investigate the possibility of optical signal processing (OSP) for the nonlinear discrete
spectrum. OSP is used to generate and separate a fifth-order soliton optically by a novel transmitter
and receiver setup with highly-nonlinear fiber.
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1. Introduction
In order to satisfy the increasing demand for higher data rates, Nonlinear Fourier Transform (NFT) based transmission
schemes show promising results [1-3] for next generation optical fiber transmission systems by treating the Kerr
effect-based nonlinearities as a usable property. Its effectiveness lies in a simple and linear description of the wave
propagation inside an optical fiber [3]. In the nonlinear frequency domain (NFD) all effects caused by fiber
nonlinearity lead only to a simple change in phase, which can easily be removed at the receiver [3]. However, the
bottleneck of such a system is on the one hand the numerical precision and complexity in which the data are modulated
and demodulated in the two available spectra of the NFT. On the other hand, it is characterized by the bandwidth
requirements of the electrical components for generating and sampling the corresponding optical signal. Especially in
the nonlinear discrete spectrum, which essentially describes the traditional soliton-based transmission systems in the
NFD through its discrete eigenvalues and its spectral amplitudes, very high linear bandwidth requirements for higherorder solitons occur. These are limited by the bandwidth constraints of current state-of-the-art electrical components
in the transmitter (Tx) and receiver (Rx).
In this paper, we propose a transmission setup relying on fundamental solitons only, which can be optically fused
to higher-order solitons (ultra-broadband) at the Tx and be separated at the Rx side, respectively. Therefore, the signal
processing task is shifted from the electrical into the optical domain to reduce the bandwidth requirements of the
electrical components and to allow parallelization of the digital signal processing (DSP) unit. The setup is based on a
novel use of nonlinear dispersive elements (e.g. highly-nonlinear fiber, HNLF) inside the transmitter and receiver. We
study the transmission of a fifth-order soliton using the proposed system setup in simulations. To the best of our
knowledge, this is the first paper to report on optical signal processing (OSP) possibilities in the nonlinear spectrum.

Fig. 1. (Left) Block diagram of the transmitter consisting of parallel branches for modulating fundamental solitons and highly-nonlinear fiber for
soliton fusion. (Right) Block diagram of the receiver consisting of an HNLF for soliton fission of the higher-order soliton and parallel receivers for
fundamental solitons. Acronyms: INFT: inverse NFT; MZM: Mach-Zehnder modulator; OA: optical amplifier; LO: local oscillator; PolC:
polarization controller; TIA: trans-impedance amplifier.

2. Transmitter and Receiver Setup
The transmitter (Fig. 1, left) is set up in such a way that several parallel branches of modulated fundamental soliton
transmitters with different sets of signal parameters [4,5] and emission frequencies are coupled together into an HNLF
for OSP. The result at the transmitter output is a higher-order soliton solution similar to the numerically generated one
of a Darboux transformation (DT) using discrete eigenvalues and modulated spectral amplitudes equivalent to the
aforementioned solitons. The data is modulated on the phase of the spectral amplitude in the discrete spectrum. After
the numerical INFT and normalization, the optical signal is generated by an IQ-modulator, which is driven by a digitalto-analog converter (DAC). We denote the merging of fundamental solitons into higher-order solitons as soliton
fusion.
Higher-order solitons with closely spaced discrete eigenvalues and overlapping linear spectra cannot be split
linearly (e.g. using WDM de-/multiplexer). Therefore, the receiver (Fig. 1, right) is basically the reversed version of
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the transmitter. The incoming higher-order soliton is separated (soliton fission) by an HNLF into modulated
fundamental solitons with low interchannel interference. The parallelization into separate coherent receivers is done
by an optical WDM filter. Subsequently, the solitons are demodulated with significantly relaxed bandwidth
requirements of the electrical components, similar to the Tx setup (e.g. Fig. 3). For data recovery the fundamental
solitons are interpolated, normalized and NFT processed in a DSP unit. We note that both setups can be potentially
realized in photonic integrated circuits (PICs).
3. Simulation and Results
The simulation was done in a transmission setup of the proposed transmitter and receiver (Fig. 1) over a
75 km NZ-DSF (D = 4.5 ps/(nm×km), α = 0.22 dB/km, γ = 1.6 (W×km)-1) and OSNR ~ 40 dB. Tx and Rx are
considered to be ideal. Five modulated fundamental solitons with T0 = 30 ps were simultaneously generated in an 800
ps time window with the parameters in Tab. 1 and the center wavelength of 1550 nm. The spectral amplitude qd(λj) of
each eigenvalue λj has a QPSK constellation with an additional phase difference ΔΦ to its neighbor. ΔΦ was set to a
constant shift of 0.125 × π. The solitons were amplified to soliton condition and then coupled into a 20 km and 8 km
lossless HNLF with D = 10 ps/(nm×km) and γ = 13 (W×km)-1 [6] at Tx and Rx, respectively. The split-step Fourier
method was used to simulate the transmission over the fibers. Additionally, lossless path average (LPA) method was
applied to compensate the fiber attenuation. Therefore, the launch power of the fifth-order soliton was set to 4.2 dBm.
Tab. 1. Parameter sets of the five fundamental solitons at Tx
-4 + 0.5j
-2 + 0.5j
0.5j
2 + 0.5j

λj = κj + jξ

4 + 0.5j

Time delay ΔT

-6 × T0

-3 × T0

0

-3 × T0

6 × T0

ΔΦ

0.25 × π

0.125 × π

0

0.1875 × π

0.0625 × π

Fig. 2 shows the evolution of the waveform inside the HNLFs in different normalized propagation distances. The
nonlinear interaction of solitons during propagation inside the HNLF results in a DT-like waveform at the output of
the HNLF at Tx (Fig. 2b).
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Fig. 2. Time evolution over HNLF (a) Normalized waveform of the five fundamental solitons in normalized time window with a frequency
difference Δf = 50 GHz to the adjacent soliton before Tx HNLF; b) Normalized Tx output after HNLF; c) Normalized Rx HNLF output.
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Fig. 3. Normalized spectra of (left) a fundamental soliton with T0 = 30 ps and (right) Darboux-like fifth-order soliton

The incoming waveform at Rx was separated by another HNLF with the same fiber parameters as in Tx. Fig. 2c
shows that the soliton fission is not ideal as there remains some low amount of crosstalk between neighboring solitons.
The parallelization for the different coherent receivers was done by optical filters with a frequency grid of 55 GHz
spacing and rectangular shaped 30 GHz bandwidth. After normalization, each soliton was sampled at the pulse center
for linear phase detection and data recovery. For eigenvalue-based analysis of the fundamental solitons separate NFTs
using Ablowitz-Ladik discretization [3] were performed to find the discrete eigenvalues.
Fig. 3 shows a bandwidth comparison between a fundamental soliton (Fig. 3, left) and a fifth-order soliton
generated through soliton fusion (Fig. 3, right). It is obvious that directly modulating or detecting such higher-order
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solitons would not be possible with state-of-the-art components. Moreover, the bandwidth demands further increase,
if a soliton of even higher-order is transmitted.
The discrete eigenvalue positions of 500 symbols after demodulation can be seen in Fig. 4a). The imaginary part,
which is corresponding to the amplitude in the time domain, shows a decrease from its original position. This could
be caused by the non-ideal optical filter bandwidth and the adiabatic process during the fission of the solitons [5].
Subsequently, some energy was lost or was transferred into the continuous spectrum, respectively. Through further
optimization of the fundamental solitons as well as Tx and Rx parameters, one should be able to minimize the position
change. The influence of the residual soliton interactions and noise can be seen in Fig. 4b.
Fig. 4c shows the linear I/Q constellation for each fundamental soliton after soliton fission. The constant phase
shift is caused by the remaining crosstalk and the transmission through the fibers. Consequently, error-free detection
was possible by compensating the phase shift.

Fig. 4: Detection of 500 fifth-order solitons after fission: a) Discrete eigenvalue positions of the five fundamental solitons; b) Discrete eigenvalue
positions of one fundamental soliton after 75 km NZ-DSF (blue) and back-to-back (red); c) Linear phases of the -4 + 0.5j (blue), -2 + 0.5j (red),
0.5j (orange), 2 + 0.5j (purple) and 4 + 0.5j (green) solitons after 75 km NZ-DSF.

3. Conclusion
We have shown a novel use of HNLF in a transmitter and receiver setup for optical signal processing in the nonlinear
frequency domain. In simulations, the nonlinear soliton interaction of five fundamental solitons with a frequency and
a time spacing of 55 GHz and 180 ps, respectively to its neighbor was shown to fuse into a DT-like waveform at the
output of Tx. Thus, we can optically generate higher-order solitons to reduce the otherwise high bandwidth
requirements of the electrical components in the transmitter. In a similar fashion, we have also shown at the receiver
side the use of HNLF to split up the higher-order soliton into its fundamental soliton components for separate NFT
(offline) processing. Fifth-order solitons using the fusion and fission process were successfully transmitted over a 75
km NZ-DSF.
The eigenvalue analysis shows a need for longer HNLF at the receiver in order to fully separate the fundamental
soliton components of the higher-order solitons and could possibly prevent the energy loss in the discrete spectrum.
Moreover, optimization of signal, transmitter and receiver parameters could further improve the transmission quality.
Residual crosstalk could be seen after recovering the phase of the signals, which however could be compensated
leading to error-free transmission.
The simulations also suggest that the distance of the discrete eigenvalues can be decreased even further, which
leads to higher spectral efficiency. Additionally, we can also increase the bitrate by reducing the pulse width or
spacing. In return, the parameters of the HNLF would need to be adapted accordingly.
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