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Abstract—The nonlinear Fourier transform (NFT) is a
promising tool to linearize the inherently nonlinear optical fiber
channel. The NFT transforms a time domain signal into the
continuous and the discrete spectrum. The discrete spectrum is
composed of an arbitrary number of complex valued discrete
eigenvalues and their associated amplitudes. These discrete
eigenvalues relate to solitons, which maintain their shape or return
to it in an oscillating manner, while passing through the optical
channel. Higher order solitons consisting of multiple eigenvalues
are complex pulses, which are created and demodulated by
sophisticated digital signal processing (DSP) leading to demanding
hardware requirements. This paper shows a way to work with
higher order solitons in a WDM like fashion by using opticalelectrical signal processing and presents boundaries of this
method. Optical-electrical signal processing decreases the
required electrical and electro-optical hardware specifications
substantially and enables to use a simplified DSP. The proposed
creation method is subsequently employed to transmit higher
order solitons consisting of five QPSK modulated eigenvalues.
Furthermore, the optical-electrical processing is benchmarked
against the Darboux transformation, which creates higher order
solitons purely numerically. The results show that for a 5th order
soliton transmission the proposed method can significantly reduce
the hardware requirements and DSP complexity.
Index Terms— Darboux transform, nonlinear Fourier
transform, nonlinear optics, optical fiber communication, optical
signal processing, solitons.

I. INTRODUCTION

T

ODAY’S communication networks are using primarily
fiber optical transmission systems as backbone
infrastructure. Optical communication systems (OCS) will
therefore have to cope with the increasing amount of
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transmitted information, which is expected to grow
exponentially also in the future years [1]. Conventional OCS
channels are operating in the pseudo-linear regime in order to
minimize the effects of the Kerr effect. However, fiber
nonlinearity ultimately limits the usable power and thus the
achievable channel capacity [2]. A possible solution to increase
transmission capacity is to deploy more optical single-mode
fibers (SMF), thereby increasing the spatial dimension.
Furthermore, recent developments like probabilistic shaping [3]
and hybrid modulation schemes [4] add more flexibility and
efficiency to the already deployed OCS also increasing the
capacity. However, all above schemes regard the optical fiber
channel as a linear system and treat the nonlinear effects merely
as a perturbation.
To achieve sustainable solutions two major challenges in
optical long-distance communications need to be solved:
The first challenge is to treat the optical communication
channel not only in the pseudo-linear regime but also to take
into account fiber nonlinearity. A straightforward way to deal
with this issue is to employ advanced DSP methods such as
digital back-propagation (DBP) [5]. Using DBP the non-linear
Schrödinger equation (NLSE) can be solved inversely at the
receiver to reconstruct the transmitted signal. This, however,
has proved to be computationally complex and one has to know
all system parameters accurately. Furthermore, DBP is only
effective for single channel systems or if in a wavelength
division multiplexing (WDM) system all channels could be
jointly processed [6] to equalize multi-channel nonlinear
crosstalk.
As an alternative approach a paradigm shift has started to
emerge in recent years, in which the nonlinear Kerr
characteristic of the fiber is regarded as an integral part in
designing the next generation transmitters (Tx) and receivers
(Rx). This potentially allows higher signal launch powers and
consequently higher signal-to-noise ratios (SNR) than current
compensation techniques. For this purpose, the so-called
nonlinear Fourier transform (NFT), also known as the inverse
scattering transform (IST) [7] is used. In a nutshell, the NFT
allows us to mathematically linearize the NLSE by solving the
Zakarov-Shabat problem. Although it has been a proven tool in
the mathematical and physical community for a long time
already, the NFT has only attracted further attention in optical
communications in recent years. Since then special attention
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has been paid to open issues like computational complexity by
introducing new decoding methods [8], or - similar to the fast
Fourier transform (FFT) - a fast NFT [9] has been suggested to
reduce the computational effort. Recent publications under the
NFT transmission framework also show the possibility of
utilizing both polarizations in the nonlinear Fourier domain
(NFD) [10] as well as an efficient method for the inverse NFT
(INFT) to generate a time domain signal in which both spectra
of the NFD are modulated [11]. It has to be noted, however,
that special care has to be taken to generate and to receive a time
domain waveform that accurately represents the modulated
nonlinear spectral data.
This leads to the second challenge, which is given by the
limited characteristics of optical and electrical components (e.g.
bandwidth). Even for conventional transmission schemes it will
be very challenging to build electrical and electro-optical
components matching the required sampling rates and
bandwidths for generating higher order modulation formats at
extremely high baud rates (e.g. 1024QAM at 76 GB/s) for next
generation transmission systems. This will be even more
challenging for systems based on the NFT and INFT.
In this paper we describe a potential solution to both
challenges. We propose a way to reduce the hardware
requirements on Tx and Rx components by shifting part of the
DSP into the optical domain thus using combined electrical and
optical signal processing (OSP) extending our previous
publication [12]. Our scheme multiplexes multiple first order
solitons, which are closely spaced in frequency domain, in the
optical domain in a WDM-like fashion. Since the difference in
carrier frequency is relatively small and a significant spectral
overlap between neighboring channels occurs, also a time
separation between the pulses is required. Due to different
group velocities, the solitons merge into a higher order soliton
inside the optical fiber, which corresponds to an INFT. This
introduces a possibility so scale the number of eigenvalues
inside the optical channel to a very high number, which has not
been possible so far using only a single transmitter. For
benchmarking purposes, we compare the results to the Darboux
transform (DT) as a method of the INFT, which generates
higher-order solitons purely numerically. For the evaluation we
consider only the discrete spectrum of the nonlinear frequency
domain (NFD).
The remainder of this paper is organized as follows. A brief
introduction of the soliton theory with respect to our proposed
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OSP scheme in the NFD is given in Section II. Section III
contains the theory of soliton fusion and the effects of linear
superposition on solitons. In Section IV, we describe our
proposed OSP scheme, followed by a detailed analysis of the
impact of Tx and Rx perturbations on DT- and OSP-generated
signals in Section V. The results of our simulations and further
considerations regarding WDM systems using solitons will be
discussed in Section VI. Conclusions will be drawn in Section
VII.
II. THE NONLINEAR FOURIER TRANSFORM
A. Nonlinear Fourier Transform
A common way to describe the pulse evolution along an optical
fiber is the nonlinear Schrödinger equation (NLSE), here in its
normalized form without noise and negative (anomalous)
dispersion [13]:

jqz (t, z) = qtt + 2 | q(t , z) |2 q(t, z)

(1.1)

with q being the normalized field envelope, z the distance
normalized by a free length parameter and t the normalized
time. The basis for the solution of this integrable evolution
equation is a “Lax-Pair” with Lax operator L. For the NLSE this
operator can be set as:
− q (t , z ) 
 ∂ / ∂t
(1.2)
L = j
 .
 − q * (t , z ) −∂ / ∂t 
The eigenvalues associated to this operator form the nonlinear
frequency axis:
(1.3)
Lv = λ v .
The eigenvectors v related to the eigenvalues are key to the
amplitude of the nonlinear spectrum and can be calculated by a
differentiation problem:
q (t , z ) 
∂v  − j λ
.
(1.4)
=
j λ 
∂ t  − q * (t , z )
This problem can be solved by numerical discretization with the
boundary condition q ( t , z ) = 0, | t |→ ∞ [14]. To approximate
this condition, the signal can be represented inside the
boundaries [ T1 , T2 ] where its envelope has vanished
sufficiently. This results in two canonical eigenvectors v1 , v 2
at the boundaries:

Fig. 1. Second order soliton generation using different methods. (a) Used eigenvalues leading to frequency offsets of +/- 5 GHz. (b) Second order soliton after
Darboux transformation (black line), second order soliton after 181 km SSMF merged by time separated solitons created by two Darboux transformations and
linear superposition (blue x markers) (c) divided solitons after 181/362 km SSMF for the Darboux created (black) and fiber merged solitons (blue) respectively.
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1
0
(1.5)
v1 (T2 , λ ) =   e j λT2 , v 2 (T1 , λ ) =   e − j λT1 .
0
 
1
To compute the nonlinear Fourier coefficients a (λ ) and b(λ )

signal.
Since the remainder of this work relies on linear multiplexing
of solitons in time and frequency domain, these shifts shall be
delineated in physical units in the following. To denormalize

one has to propagate for example v 2 from to using (1.4).
This can be numerically approximated by using e.g. the
Forward-Backward method, presented in [14]. With ( , )
the nonlinear Fourier coefficients can be calculated:
a(λ ) = v12 (T2 , λ )e jλT2 , b(λ ) = v22 (T2 , λ )e− jλT2 . (1.6)
This leads to two nonlinear spectra, named the continuous
spectrum, which is related to the dispersive part of the signal
b (λ )
(1.7)
qˆ (λ ) =
, λ∈ℝ
a (λ )
and the discrete spectrum
b(λi )
λi ∈ ℂ+ ,
(1.8)
qɶ (λi ) =
da ( λ )
dλ λ = λi

the time, the characteristic pulse width

which stands for the solitonic component of the signal and is
built by the discrete eigenvalues λi . The propagation of the
nonlinear spectral amplitudes can then be expressed as follows:

H (λ , z ) = e−4 jλ z .
(1.9)
This causes a linear phase shift, if the eigenvalue is only
complex valued and also introduces an amplitude scaling, if the
eigenvalue also has a real part.
2

B. Generation of higher order solitons using the Darboux
transformation
The Darboux transformation is an algorithm to create a multisoliton solution of the nonlinear Schrödinger equation. It is
based on a recursive construction of a solution of an integrable
equation from another known solution [13].
To create a soliton solution using the nonlinear Fourier
transform the starting point and first solution is the trivial
solution q(0) = 0 . It then recursively constructs the signal by
adding eigenvalues

(λi )

and their respective spectral

amplitudes ( qɶ (λi )) for i = 1,..., N , where N is the number of
eigenvalues. The algorithm used in this paper is the Darboux
transformation presented in [14].
To create a first order soliton four degrees of freedom can be
taken into account: the imaginary part of the eigenvalue, which
gives rise to the amplitude in normalized units and modulates
the pulse width. The real part of the eigenvalue on the other
hand modulates the frequency offset.
The third and fourth degree of freedom, are the phase and
amplitude of the discrete spectrum, which modify the phase and
the position of the soliton, respectively.
In summary a first order soliton in normalized units can be
created analytically by [15]
ɶ
q(t ) = −2 j Im{λi }e− j∠q(λi ) sech(2Im{λi }(t − t0 ))e−2 j Re{λi }t , (1.10)
where t =
0

 | qɶ (λi ) |  shifts the time center of the
1
ln 

2 Im{λi }  2 Im{λi } 

.

=

,

.

=

⋅

is used, where
, is the pulse width at half
stands for the pulse width at
intensity of the soliton and
half amplitude. The time shift is then Δ = ⋅ , which in
conjunction with
for a fundamental soliton with
Im ! = 0.5 leads to
T
⋅ 0.67
T
∆T = t0 ⋅ T0 = t0 ⋅ FWHM, P = t0 ⋅ FWHM
1.763
1.763
(1.11)
ln(| qɶ (λi ) |) ⋅ TFWHM
.
=
0.847
From the exponent of the carrier in (1.12) one can see that the
real part of the eigenvalue is directly connected to a normalized
frequency shift $ via Re ! = −( ⋅ $ . Thus the frequency
shift in real units can be calculated by
.

f0
Re{λi } ⋅1.763
2.63 ⋅ Re{λi } (1.12)
=−
=−
.
T0
π ⋅ TFWHM , P
π ⋅ TFWHM
If multiple eigenvalues have the same spectral amplitude, the
associated solitons have the same position inside the time
window, and a Darboux transformation is needed to create the
resulting multi-soliton. For multi-solitons with only one real
part, the signal bandwidth increases linearly with the number of
eigenvalues [16]. Thus in this case the number of usable
eigenvalues is mostly limited by the hardware’s specifications
(i.e. bandwidth). If the eigenvalues are on different real parts,
the resulting frequency shifts have to be accounted for as well.
These effects combined lead to very demanding bandwidth
requirements.
∆F =

C. Generation of higher order solitons using linear
superposition
Another way to create a higher order soliton with eigenvalues
having different real parts is to create lower order solitons with
different real parts in different time slots. Due to different group
velocities the solitons collide inside a fiber and overlap. This
overlap is similar to the solution of a Darboux transformation.
This is depicted in Fig. 1. Two first order solitons with a pulse
width at half maximum (measured in amplitude) of 100 ps were
). The
created with a time difference of 500 ps ( Δ = 5
real parts of the eigenvalues are set to +/- 0.6, leading to
frequency offsets of approximately +/- 5 GHz. This is depicted
in Fig. 1. (a). These pulses were launched into a lossless fiber
-.

5

, 3 = 1.3
and a length of
without noise and * = 17
/0∙20
20
181 km. The collision result is plotted in Fig. 1. (b). One can
see that the pulse form is similar to a pulse directly created by
a Darboux transformation, thus resembling a Darboux
transformation. After further propagation through the fiber, the
solitons split again. This applies to solitons superimposed by an
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optical fiber and to solitons superimposed by a Darboux
transformation. Soliton collisions create an additional phase
shift of the eigenvalues’ phases due to cross-phase modulation
[17]. This has to be considered either at the transmitter side or
added to the fiber induced phase shift at the receiver side, if the
solitons are created by separate Darboux transformations.
III. THEORY OF SOLITON SUPERPOSITION
Generally, when two solitons are superimposed linearly, the
resulting pulse no longer contains the properties of a soliton
[18]. Therefore, its characteristics like oscillating shape
conservation or shape preservation are dismantled and
information recovery after transmission is not possible.
Nevertheless, if multiple solitons shall be linearly multiplexed
in a fiber in general there has to be a minimal combination of
time and frequency difference to maintain the characteristics of
the solitons [18]. The question which remains is how close to
each other in time- and frequency domain can solitons be
multiplexed, while simultaneously keeping the solitons’
characteristics and what happens, if one of the distances is not
fully respected. Weerasekara et. al. [19] showed how solitons
and their eigenvalues related to the nonlinear Fourier transform
behave for different soliton parameters. Here, this concept shall
be reviewed and expanded to the phase of the nonlinear
amplitude of the eigenvalues. To characterize the solitons,
parameters based on the framework of the nonlinear Fourier
transform were used. The relative time difference of the pulse
centers before superposition is measured in full width at half
maximum of the pulses (FWHM), which can be chosen
arbitrarily. The frequency difference is given in relative
difference of the real parts, so that Re{λi } = ± ∆k / 2 . Finally,
the phase difference (∆φ) stands for the phase of the nonlinear
amplitude (∠qɶ (λi ) = ±∆ϕ / 2) .
Multiplexing solitons leads to four major phenomena, which
can be explained most easily by inspecting the resulting
eigenvalues and the resulting time domain signals during

4

propagation. Eigenvalue positions after multiplexing are
depicted in Figs. 2 and 3. The eigenvalue positions before
multiplexing were set to
∆k
λ1,2 = ±
+ 0.5 j .
2
The first phenomenon is soliton “merging”. Two multiplexed
solitons with eigenvalues on different real parts lead to two
solitons on again different real parts. Depending on how big the
frequency and timing offsets are, the eigenvalues can change
their initial position. A strong merging keeps the solitons’
characteristics from before the superposition. If ∆T → ∞ and
∆ k → ∞ , perfect merging occurs. For smaller ∆T and ∆ k the
eigenvalues’ positions change, but stay on different real parts
(e.g. carriers). Thus the solitons will merge into a higher order
soliton during transmission, but will eventually separate into the
lower order solitonic parts. Full data recovery after sufficient
DSP is possible, if only the eigenvalues themselves are
modulated (e.g. on-off-keying), since the number and relative
position of the eigenvalues do not change (e.g. the sign of the
real parts and, if a strong merging is prevalent, the imaginary
parts are the same). To regain the modulated spectral amplitude
and/or phase, further conditions have to be met, explained later
in this section. The resulting eigenvalues after merging can be
seen in Figs. 2 and 3 for Δk = 1 and Δk = 1.5, if the time
difference is high enough (green underlay). It can be seen that
the eigenvalues’ real parts approach the transmitted real parts
with increasing Δ in an asymptotic manner. Fig. 5 (a) depicts
the evolution of two solitons multiplexed with a large ΔT
(ΔT = 4TFWHM) and Δk = 1. It can be seen that the two first order
solitons collide and merge into a higher order soliton, but keep
their characteristics after the collision. In this case the
eigenvalues keep the position from before the superposition
after merging.
The second phenomenon is soliton “co-propagation”. Two
superimposed eigenvalues with different real parts lead to a
higher-order soliton with its eigenvalues on one real axis point.

Fig. 2. Imaginary parts of two eigenvalues (blue/red lines, dashed line means overlap) after superposition depending on normalized frequency distance (Δk) and
normalized time difference (ΔT), Δφ = 0. Red underlay shows soliton co-propagation, blue stands for soliton fusion and green for soliton merging.

Fig. 3. Real parts of two eigenvalues (blue/red lines, dashed line means overlap) after superposition depending on normalized frequency distance (Δk) and
normalized time difference (ΔT), Δφ = 0. Black lines show the real parts before superposition. Red underlay shows soliton co-propagation, blue stands for soliton
fusion and green for soliton merging.
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Thus, both eigenvalues travel with the same speed and hence
co-propagate. Since the eigenvalue positions change in real and
imaginary parts, no straightforward data recovery is possible.
The change of the eigenvalues due to this effect is depicted in
Figs. 2 and 3 with a red underlay, depending on different Δk
and ΔT. An exemplary pulse evolution during transmission can
be seen in Fig. 5 (b). At the beginning the two linearly
multiplexed solitons (Δk = 1, ΔT = 0.6) break away from
dispersive waves, which leads to a second order soliton with
both eigenvalues on one real-valued axis, but different
= 0.749). The resulting
imaginary values ( = 0.149,
pulse propagates along the fiber without any broadening
besides the dispersive waves and takes on the property of
oscillating shape conservation.
The third phenomenon is soliton “fusion”. Here, a
superposition of two real-valued eigenvalues leads to solitons
with only one high-energy eigenvalue. Examples of eigenvalue
positions after soliton fusions are shown in Figs. 2 and 3 with a
blue underlay. Again data recovery is not trivial. One resulting
time domain signal and its evolution through a fiber can be seen
in Fig. 5 (c). Similar to the co-propagation case, the pulse sheds
itself from dispersive waves and keeps the form of a soliton
afterwards. In this case the soliton consists of only one
eigenvalue ( = 1.19).
The last phenomenon is soliton “destruction”. For very
particular phase-, frequency- and time differences between the
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multiplexed solitons destructive interferences occur and no
eigenvalues can be detected. This can also be seen in Fig. 5 (d),
where only small residues of dispersive waves remain after a

Fig. 4. Resulting phenomenon after linear soliton superposition depending on
Δ and ΔF for Δ? = 0° (a), Δ? = 60° (b) and Δ? = 120° (c). Red stands
for soliton co-propagation, blue stands for soliton fusion and green for soliton
merging.

Fig. 5. Signals in time domain for Δk = 1 (a-c) and Δk = 0.1 (d), with :5;< = 50 ps resulting in relative frequency differences of 8.815 GHz (a-c) and 0.8815
GHz (d) respectively, a single soliton bandwidth of around 35 GHz and different ΔT in an SSMF without noise or attenuation. (a) shows soliton merging (ΔT =
4 ∙ :5;< , ∆? = 0°), where both eigenvalues stay on their assigned position before multiplexing (±0.5 + 0.5C). (b) represents a soliton co-propagation (ΔT =
0.6 ∙ :5;< , ∆? = 0°) with two eigenvalues on a single frequency remaining after multiplexing and transmission. (c) stands for a soliton fusion (ΔT =
0.2 ∙ :5;< , ∆? = 0°) with only one eigenvalue remaining after multiplexing and transmission. The resulting eigenvalue positions after fusion and co-propagation
are depicted in Figs. 2 and 3 and in the inlets. (d) portrays a destruction (∆ = 0.1 ∙ :5;< , ∆? = 170°), where no soliton remains after multiplexing.
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destructive superposition.
To force effects like soliton fusion and soliton copropagation very precise parameter sets have to be used. This is
displayed in Fig. 4 for three exemplary phase differences. If
soliton fusion or co-propagation is desired, a very particular set
of parameters has to be chosen, which leads to the conclusion
that a straightforward data modulation in the cases of fusion or
co-propagation is not feasible.
If in addition to the eigenvalue position a modulation of the
eigenvalues’ spectral phase is desired, it is not sufficient to only
compare the positions of the eigenvalues. Also the phases have

6

to be taken into account. It becomes clear from Fig. 4 that the
minimum time- and frequency difference to consider using
phase modulation and soliton merging is roughly 0.75. Fig. 6
shows the standard deviation of two QPSK-modulated
eigenvalues’ phases after superposition. It can be seen that if
the time difference is large enough (>1.5 FWHM), the standard
deviation becomes small, even for smaller frequency
differences. An example is depicted in Fig. 7, where the phases
of both eigenvalues after superposition of 16 possible soliton
combinations is plotted. One can see that in the Δ = 0.6 case
in a digital back-to-back system the perturbation due to linear
superposition is apparent. For Δ = 2.6 no perturbation due to
the superposition is noticeable.
IV. SIMULATION SETUP

Fig. 6. Two dimensional presentation of the superposition effect onto standard
deviation of the phase. Phase amplitude was normalized to one. All 16
combinations of two QPSK-modulated first order solitons were simulated and
the standard deviation of all constellation points refering to the same bit
combination were compared.

Fig. 7. Eigenvalue amplitudes normalized to one for 16 possible soliton
combinations for Δ = 0.6 (left), Δ = 2.6 (right) and ΔF = 1.5 after linear
superposition. Blue triangular constellation points belong to = 0.75 + 0.5C
and red round constellation points to = −0.75 + 0.5C.

The simulation was set up according to Fig. 8. Five bit streams
were mapped into 4-QAM symbols and subsequently fed into
five parallel INFTs, which created first order solitons with
eigenvalue positions according to Table I. The soliton
parameters were chosen according to Section III. Eigenvalue
real-part positions were chosen so that the resulting shifts in
physical units are N-times 10 GHz. With a window size of 1 ns
the soliton pulse width was set to 50 ps FWHM. This leads to a
99% energy bandwidth of around 34 GHz. Each soliton was
then delayed according to Table I. Note that this delay can either
be added digitally by shifting the samples or by modulating the
spectral amplitude of the eigenvalues according to eq. (1.11).
This delay was chosen to fulfill the needs for relatively large
time differences, if the frequency difference between carriers is
small. Note that here a larger frequency difference with a
smaller time difference is also feasible (see Section III.). Note
also, that it is possible to omit the INFT altogether, but instead
create the solitons analytically, since only first order solitons
are used.
Afterwards, to simulate DAC imperfections, quantization
(8 bit resolution) and Gaussian filters of 3rd order with 19 GHz
bandwidth were implemented. The DAC sampling frequency
was set to 91 GS/s. The resulting waveforms were then
transferred into the optical domain using linearly driven IQmodulators and CW-light sources with 1 kHz linewidth and a
mean wavelength of 1550 nm. It is also possible to induce the
frequency shift by using carriers with different wavelengths or
a comb-source, instead of adding a real part to the eigenvalues.
Afterwards the pulse trains were merged together using an ideal
multiplexer.

Fig. 8. Block diagram of the simulation setup. The transmitter consists of five parallel branches for generating first-order solitons. The coherent receiver detects
the signal and transforms it into the discrete nonlinear frequency domain. Acronyms: INFT: inverse NFT; MZM: Mach-Zehnder modulator; OA: optical amplifier;
RA: Raman amplifier; LO: local oscillator; TIA: transimpedance amplifier
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The multiplexer output was launched into an SSFM
-.

5

, 3 = 1.3 , G = 0.22 dB/km) with mean
(* = 17
/0 20
20
launch-power of 9.55 dBm to fulfill soliton condition in the
case of ideal Raman amplification.
To simulate a single collision and the influence onto each
soliton, the fiber-length was chosen to be 220 km. This causes
the solitons to be at the same positions in the time window as
before transmission, but in swapped order.
At the receiver side noise-loading was done to set an OSNR
of 20 dB. Since the bandwidth of the whole signal is around
75 GHz five identical receivers were employed. This allows to
reduce the bandwidth requirement of each single receiver and
to enable scalability to an even higher number of carriers. The
separation in time domain was carried out by the fiber. To
demultiplex the signal in frequency domain optical band pass
TABLE I
EIGENVALUE PROPERTIES

Eigenvalue

Position

1
2
3
4
5

-1.1344 + 0.5j
-0.5672 + 0.5j
0.5 j
0.5672 + 0.5j
1.1344 + 0.5j

Spectral
Shift
20 GHz
10 GHz
0
-10 GHz
-20 GHz

Time Delay
250 ps
125 ps
0
-125 ps
-250 ps

filters with 19 GHz bandwidth were used. Afterwards coherent
receivers
with
1 kHz linewidth
were
employed.
Synchronization and polarization control was assumed to be
ideal. For analogue-to-digital conversion (ADC) a 160 GS/s
oscilloscope was assumed. Since the optical filtering was
narrow, additional bandwidth limitations for opto-electrical and
ADC devices could be neglected. The resolution of the ADC
was set to 8 bit.
To detect the phase of the soliton and the eigenvalue,
respectively, two methods were implemented and compared.
One was sampling of first order soliton-peaks after separation.
This is possible for certain distances, where the solitons are
separated from each other between collisions. If the peak of a
first order soliton is sampled, its phase can be decoded. The
second method uses an NFT based algorithm, called ForwardBackward method [14]. This is also possible for distances,
where the solitons are not completely separated in time domain.
To consider the phase shift induced by collisions and
transmission, training solitons were used.
For a comparison of the proposed multi-transmitter setup
with a conventional transmission using higher-order solitons
created by a Darboux-transform a second simulation was done.
Instead of using five sub-transmitters, only one transmitter was
used. The symbols were mapped onto the phases of five
eigenvalues according to Table I. All eigenvalues and their
phases were fed into one Darboux-transformation to create a
single higher-order soliton. The window width was chosen to
be the same, to keep the same bitrate. The DAC and electricaloptical conversion was simulated similar to the parallel case,
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but with adapted parameters (bandwidth = 65 GHz,
linewidth = 1 kHz, 8 bit resolution) to take into account the
more complicated shape of higher-order solitons. Since a robust
eigenvalue phase estimation was not possible with our NFTmethods a brute-force correlation of the received pulses with
two training sequences consisting of all 1024 possible solitons
was done to show a possible data transmission below FEC bit
error limits. For bandwidth, linewidth and OSNR
measurements, the optical link was set up in back-to-back
configuration. For DAC/ADC quantization and sampling rate
evaluations, the transmission length was chosen to be 120 km.
V. SIMULATION OF DEVICES REQUIREMENTS
Several simulations were performed regarding the devices’
requirements including bandwidth, linewidth, sampling rates
and DAC/ADC resolutions. Furthermore, an OSNR sweep was
performed to test the used methods regarding their stability
against noise. To estimate the BERs, packets including 5000
symbols were sent until at least 100 errors were counted.
A. Bandwidth
A simulation was done to compare the required bandwidths
for a single higher-order soliton and five different first order
solitons. All devices’ parameters were set as described before,
and the bandwidth was varied. It can be seen from Fig. 9(a) that
for the parallel transmitter variant bandwidths as low as
16.5 GHz are sufficient to reach bit error ratios below the hard
decision forward error coding (HD-FEC) limit at 3.8e-3. This is
possible with both, the sampling approach and an NFT at the
receiver side. The BERs for both methods are very close to each
other, which leads to the conclusion that simple sampling is a
cheap alternative to a DSP-heavy NFT. In comparison, a
minimum bandwidth of around 55 GHz has to be available to
reach such low bit error ratios with the Darboux approach. Also
the BER does not get any lower, due other perturbations, such
as a low number of samples and vertical resolutions.
B. Linewidth
To examine the phase noise susceptibility of the proposed
modulation methods, linewidths of the transmitter lasers were
simulated. The local oscillators’ linewidths were fixed at 1 kHz.
The bandwidths of transmitter and receiver hardware were set
to 19 GHz for the parallel transmitter and 65 GHz for the
Darboux transmitter respectively. The vertical resolution of
DAC and ADC were set to 8 bit. To reach BERs below HDFEC limit, linewidths of up to 5 kHz were required for the
Darboux method, whereas linewidths of up to 30 kHz were
sufficient for the parallel transmitter case. This is depicted in
Fig. 9(b).
C. ENOB
The first inspection of non-ideal quantization effects onto the
used methods was based on the pulse shape itself. Since the
correlation-based receiver does not take into account, if the
generated symbol is really consisting of multiple solitons, a
verification by BER computation is not feasible. So to compare
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both creation methods, a mean squared error (MSE) comparison
between the received pulse shapes was done. The simulation
was set-up as before, but without stochastic imperfections such
as noise and laser linewidths. The criterion for a successful
generation of a higher-order soliton was the resulting pulse
shape after fiber transmission. As explained in Section II (C) a
soliton of higher-order (created by a Darboux transformation or
by a collision inside a fiber) with eigenvalues on different real
parts should separate into the first order solitons it consists of.
The solitons after separation should be the same as before, but
with different positions in the co-propagating time frame.
The bandwidths for this simulation were set to 19 GHz for
the parallel transmitters and to 65 GHz for the single Darboux
transformation transmitter. The sampling rates were set to
91 GS/s. To compute an average MSE, for both generation
methods 1000 multi-soliton pulses were compared to each other
after transmission either using an imperfect transmitter or an
ideal transmitter with 91 GS/s and no quantization or bandwidth
limitations. All pulse trains were normalized to a maximum
amplitude of 1. The resulting MSE after transmission for the
perturbed creation methods is depicted in Fig. 9(f). It can be
seen that for the parallel transmitter case, resolutions of 6-7 bits
and using 91 samples for each soliton are enough to create
almost perfect solitons. Even for high resolutions the remaining
MSE for the single Darboux transmitter is about five times
higher. This is due to non-perfect sampling. To reach a lower
MSE a higher sampling frequency is needed, shown here by a
simulation using 170 samples for each soliton. Still, the MSE
for lower quantization steps is higher compared to the OSP
approach.
Additionally, a simulation with varying resolutions and
resulting BERs for the OSP approach was done. The OSNR was

(a)

(b)
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set to 20 dB and the linewidths of Tx and Rx lasers to 1 kHz.
The filters were set to bandwidth of 19 GHz. Fig. 9(c) shows
the BER following from different numbers of bits in vertical
resolution. It can be seen that a resolution of 5.5 bits on the
transmitter and receiver sides is sufficient to successfully reach
the HD-FEC limit. In comparison simulations have shown that
a resolution of 7.5 bit is needed to create all 1024 possible 5th
order solitons using a Darboux transformation with 170 GS/s.
D. Sampling Frequency
To measure the minimal required sampling frequency for both
creation approaches the BER in dependence of sampling rate
was simulated. The transmitters’ sampling rate was altered,
while the receivers’ sampling rate was set to 160 GS/s. The
linewidths of all lasers were set to 1 kHz and resolutions of
DAC and ADC to 8 bit. After generation the signal was sent
through 220 km of SSMF for the OSP method and through
120 km of SSMF for the Darboux method, respectively. It can
be seen from Fig. 9(d) that sampling rates as low as 31 GS/s are
sufficient for the OSP approach. The minimal sampling rate to
create a multi-soliton using the single Darboux transformation
is around 150 GS/s. This is in accordance with the bandwidths
simulated in Section V (A).
E. Noise
To compare the creation and detection methods regarding
stability against noise-induced perturbations, noise loading at
the receiver side was altered. The linewidth was assumed to be
0 Hz, to limit the stochastic imperfections to noise. Due to
narrow band filtering (19 GHz) at the receiver side the parallel
transmitter/receiver method performed considerably better as
can be seen in Fig. 9(e). Also the NFT detection approach had
a worse performance compared to the direct sampling method,

(c)

(d)
(e)
(f)
Fig. 9. (a-e) BER depending on different hardware parameters for multiple coupling and detection methods. Direct creation of a 5th-order soliton using the Darboux
transformation and correlation (blue, x). Parallel creation of first order solitons using parallel transmitters and subsequent coupling inside a fiber with direct
sampling of soliton peaks after division (red, triangle) and NFT eigenvalue phase detection (yellow, circle). HD-FEC limit (black, no marks). (f) MSE of received
absolute envelope (normalized to a mean of 1) after transmission depending on quantization of Tx and Rx with a single Darboux transmitter using 91 GS/s (blue,
x), with a single Darboux transmitter using 170 GS/s (blue, x, dashed), and parallel transmitters using 91 GS/s (magenta triangle).
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reaching HD-FEC at around 7 dB OSNR, compared to around
5 dB OSNR for the sampling approach [11]. The relatively high
BER even for higher OSNRs for the Darboux method is
explained by a relatively low sampling frequency (91 GS/s).
F. Direct Comparison
To summarize the findings of this section, the minimal
hardware requirements needed for both soliton generation
methods to successfully create a soliton or to reach the HD-FEC
limit are displayed in Table II.
TABLE II
HARDWARE REQUIREMENTS

Parameters
Bandwidth
Sampling Rate
DAC/ADC
Resolution
Tx Linewidth
OSNR

Parallel
Transmitters
17 GHz
33 GS/s

Darboux
Transformation
55 GHz
133 GS/s

5.5 bit

7.5 bit

30 kHz
4 dB / 6.8 dB

1 kHz
10 dB

soliton transmission and have shown that creation and detection
of higher-order solitons by using this optical multiplexing
approach leads to significantly reduced hardware requirements
on the transmitter and receiver sides. Also the digital signal
processing can be reduced to simple matched filtering and
subsequent sampling, which also leads to a stronger robustness
against noise compared to the NFT approach.
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