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Fiber-optic communication systems are nowadays facing serious challenges due to the fast growing demand on capacity
from various new applications and services. It is now well recognized that nonlinear effects limit the spectral efficiency
and transmission reach of modern fiber-optic communications. Nonlinearity compensation is therefore widely believed
to be of paramount importance for increasing the capacity of future optical networks. Recently, there has been steadily
growing interest in the application of a powerful mathematical tool—the nonlinear Fourier transform (NFT)—in the
development of fundamentally novel nonlinearity mitigation tools for fiber-optic channels. It has been recognized that,
within this paradigm, the nonlinear crosstalk due to the Kerr effect is effectively absent, and fiber nonlinearity due to the
Kerr effect can enter as a constructive element rather than a degrading factor. The novelty and the mathematical com-
plexity of the NFT, the versatility of the proposed system designs, and the lack of a unified vision of an optimal NFT-type
communication system, however, constitute significant difficulties for communication researchers. In this paper, we
therefore survey the existing approaches in a common framework and review the progress in this area with a focus on
practical implementation aspects. First, an overview of existing key algorithms for the efficacious computation of the
direct and inverse NFT is given, and the issues of accuracy and numerical complexity are elucidated. We then describe
different approaches for the utilization of the NFT in practical transmission schemes. After that we discuss the
differences, advantages, and challenges of various recently emerged system designs employing the NFT, as well as
the spectral efficiency estimates available up-to-date. With many practical implementation aspects still being open,
our mini-review is aimed at helping researchers assess the perspectives, understand the bottlenecks, and envision
the development paths in the upcoming NFT-based transmission technologies. ~ © 2017 Optical Society of America

OCIS codes: (060.1660) Coherent communications; (060.2330) Fiber optics communications; (070.4340) Nonlinear optical signal
processing; (290.3200) Inverse scattering.
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1. INTRODUCTION

The exponential surge in global data traffic driven by the skyrock-
eting proliferation of different bandwidth-hungry online services,
such as cloud computing, on-demand HD video streams, and on-
line business analytics, brings about escalating pressure on the
speed (capacity) and quality (bit error rate) characteristics of in-

recognized [3—12] that rapidly increasing data rates in the core
fiber communication systems are quickly approaching the limits
of current transmission technologies, many of which were origi-
nally developed for linear (e.g., radio) communication [13,14].

Optical fiber channels are very different from wireless and
other traditional linear channels. The main order effect here is

formation flows interconnecting individual network participants
[1-5]. Optical fiber systems are the backbone of the global tele-
communication networks. It is hard to overstate the impact that
fiber communications have made on the economy, public ser-
vices, society, and almost all aspects of our lives. It is also well
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the signal attenuation due to fiber loss that is compensated by
optical amplifiers, e.g., erbium-doped amplifiers (EDFAs) or dis-
tributed Raman amplification (DRA) [1]. Optical amplification
adds amplified spontaneous emission (ASE) noise that mixes with
the signal during the transmission. In general, optical noise
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together with dispersion and nonlinearity are the three key physical
effects having a major impact on signal transmission in optical
fiber links. The successful implementation of the “fifth genera-
tion” of optical transmission systems, operating with coherent de-
tection, wavelength division multiplexing (WDM), advanced
multilevel modulation formats, and digital signal processing
(DSP), has led to the possibility of channel rates exceeding
100 Gb/s [2,5,7]. The key to this breakthrough is the digital mit-
igation of the most important linear transmission impairments,
such as chromatic and polarization mode dispersion [1,2,15].
After the equalization of linear effects, noise and nonlinearity be-
come the principal factors deteriorating the performance of opti-
cal networks. Indeed, the Kerr nonlinear effect at high signal
powers leads to power-dependent nonlinear transmission signal
distortions in the fiber channel. In this sense, fiber nonlinearity
has a detrimental effect on the transmission of information, and,
thereby, serious worldwide efforts are aimed at the suppression or
compensation of nonlinear impairments. It was stressed in [6]
that, in contrast to linear channels [13], the spectral efficiency
of optical fiber WDM networks cannot increase indefinitely
and starts to decay at high signal powers due to the spectral chan-
nel crosstalk imposed by fiber nonlinearity. The nonlinear fiber
effects are behind the infamous “nonlinear capacity limit” prob-
lem [5,7,9,10,16].

In spite of the immense recent progress in optical communi-
cation technologies, the next step in the future systems’ design has
appeared to be not so straightforward [17]. Space-division multi-
plexing (SDM) is considered by many engineers as a promising
direction in the evolution of optical transmission systems [18].
However, the SDM technology requires a considerable upgrade
in the infrastructure. The compensation of nonlinearity-induced
effects is a principal research and engineering challenge, and it is
likely to remain so in the future. A plethora of nonlinearity com-
pensation methods have been proposed, including digital back-
propagation (DBP) [19], digital [20] and optical [21,22] phase
conjugation (spectral inversion), and phase-conjugated twin
waves [23], to mention just a few important advances (see reviews
[17,24]). Note that in most of the compensation techniques, the
fiber nonlinearity is treated as an undesirable effect, and the
purpose of all of those methods is just to mitigate or suppress
its impact.

There is, however, an alternative and not yet widely popular
viewpoint: since fiber channels are inherently nonlinear, rather
than treating nonlinearity as a completely destructive feature,
it can be considered as an essential element in the design of fiber
communication systems. There is growing evidence of the neces-
sity of a novel paradigm and radically new approaches to coding,
transmission, and processing of information, which would take
into account the nonlinear properties of the optical fiber. In this
work, we describe one such recently resurrected approach: the
nonlinear Fourier transform (NFT). The NFT-based transmis-
sion method belongs to a conceptually different bevy of tech-
niques compared to those mentioned above [25]: here the
nonlinearity enters as an undetachable element of the processing
and transmission, defining the features of the system architecture
and its characteristics. The application of such paradigm-shifting
nonlinear methods means that some common “linear” method-
ology may need to be reconsidered or appended with a new mean-
ing. For instance, in addition to the usual notions of frequency,
spectral power, and bandwidth, one has to work with their
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nonlinear analogues that can be drastically non-conventional,
but can serve as new well-defined and adjustable characteristics
of the optical signal in nonlinear systems. It will be convenient
further to distinguish between signal characteristics in the stan-
dard frequency domain and those in the so-called nonlinear
spectral domain. Note also that for the sake of clarity, within this
review we address only the single-mode and single-polarization
fiber transmission model, leaving aside the polarization degree
of freedom and specific peculiarities of multimode systems [5].

We would like to stress that the beauty of the mathematical
theory presented here is inevitably spoiled by the limits of
applicability of the master model—the integrable nonlinear
Schrédinger equation (NLSE)—for the description of signal
transmission in fiber links. The application of the NFT methods
is limited by deviations of the optical signal dynamics from the
NLSE channel model. Apart from the deviations due to periodic
variations of signal power caused by alternation of loss and gain in
practical systems (in that case the NLSE emanates as a leading
approximation within the path-averaged model), various other ef-
fects contribute to perturbations that are not accounted for by the
pure NLSE; e.g., higher-order dispersion [26-28], polarization
effects [27,29,30,15], the Raman effect [27,28,31], and the
acoustic effects (electrostriction) [32] all limit the validity of this
channel model. Consideration of the impact of these effects is
beyond the scope of this survey, which is focused on the NFT
techniques for the NLSE-based channel.

To assist reading of the paper, Supplement 1 contains a list of
acronyms used in our review.

2. PRINCIPLES OF INTEGRABILITY AND NFT

In physics and, notably, in photonics, many important phenom-
ena and the evolution of underlying systems can be modelled by
the NLSE [1,27,28,33-306]. In particular, the NLSE is a principal
master model governing the evolution of the slow-varying optical
field envelope ¢(z, ) (z will further play the role of the distance
along the fiber while 7 is the time variable) along a single-mode

fiber,
0q l 02q

e 20n
Note that this is the NLSE in its normalized form. Here and in
what follows, the upper sign in Eq. (1) (“+%) corresponds to
anomalous fiber dispersion, while the lower one (“-%) refers to
the normal dispersion case. Formally, the NLSE (1) describes
the evolution of light in a lossless optical fiber under the effects
of dispersion and Kerr nonlinearity. Albeit all real fibers, certainly,
have losses, this model appears as a result of averaging over peri-
odic gain and loss variation, leading to effectively conservative sig-
nal evolution [27,28,33,34]. Close to ideal compensation of losses
along optical fiber is possible in specific schemes of the so-called
ultra-long fiber lasers DRA [37,38]. Such a quasi-lossless
transmission was demonstrated experimentally in [38,39].

The possibility to approximate signal evolution in practical
fiber channels by the NLSE gives a remarkable opportunity to
apply advanced mathematical techniques, developed in the
1970s, to optical communications. It was first shown in the semi-
nal work by Zakharov and Shabat [40] that Eq. (1) belongs to the
class of the so-called integrable nonlinear systems. The mathemati-
cal method, widely known in the physical and mathematical com-
munities as the inverse scattering transform (IST), can be applied

+ lgql*qg = 0. (1)
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to find the solution of integrable nonlinear equations. In this con-
text, one can think of integrability as an elegant transform of the
original nonlinear system into the so-called action-angle variables
corresponding to a set of uncoupled trivial evolutionary equa-
tions. Mathematically, this can be treated as an effective lineari-
zation of the nonlinear evolution. There exists a vast amount of
literature where the integrability notion is elucidated in great
dertail; see, e.g., [28,35,36,40-44]. The integrability itself implies
a lot of consequences in both mathematical and physical contexts.
For example, the NLSE (1) possesses an infinite number of con-
served quantities: while the conservation of power, momentum,
and Hamiltonian for Eq. (1) is relatively obvious, the rest of the
conserved quantities are nontrivial. As we will show below, a lot of
fruitful ideas based on the conserved quantities have been
successfully implemented.

In a nutshell, NFTs can be used to solve initial value problems
for a special class of nonlinear evolutionary equations. In fiber op-
tics, where the signal evolution occurs along the fiber, the initial
conditions correspond to the time-domain waveform at the trans-
mitter. Similar to conventional Fourier transform (FT), initial con-
ditions of the integrable nonlinear equations (such as the NLSE or
a Manakov system [45], corresponding to the integrable two-com-
ponent NLSE generalization) can be decomposed into (nonlinear)
spectral data. For the NLSE this is done through the solution of a
linear scattering problem known as the Zakharov—Shabat problem
(ZSP) [40,41]. Any solution of the NLSE can be presented as the
evolution of nonlinear spectral data that evolve effectively in a lin-
ear manner. The inverse transform, namely the recovery of the
space-time-domain field distribution from the known nonlinear
modes, is classically implemented through solution of the
Gelfand-Levitan-Marchenko equation (GLME). Altogether, this
means that such a spectral transform can be interpreted as the di-
rect nonlinear analog of the FT [35,40,41]: similarly to the FT
transforming the dispersion of a linear propagation to a phase ro-
tation in frequency space, the NFT recasts both the nonlinearity
and dispersion of the NLSE into a simple decoupled evolution of
nonlinear spectral data inside the NFT domain (see Fig. 1); the
latter plays the role of Fourier spectrum for nonlinear problems.

By performing the NFT of a given profile 4(z, ), we segregate
two distinct components, the dispersive nonlinear radiation and
the non-dispersive solitons, although either of these two can be
absent for some specific profiles. For normal dispersion, the in-
puts localized in time cannot nucleate solitons. For the dispersive
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Fig. 1. Exemplary NF spectrum (anomalous dispersion case), contain-
ing solitons (discrete eigenvalues) and continuous nonlinear spectrum
(depicted on the real axis &).
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part of the nonlinear spectrum, the NLSE evolution produces ex-
actly the linear phase rotation of spectral components as we have
for linear systems. For the anomalous dispersion, the solitons, as-
sociated with the complex “nonlinear frequencies” (eigenvalues),
in addition to the rotation of soliton phases, can involve either the
motion as a whole or a more nontrivial beating dynamics of
bound states—the so-called multisoliton breathers [28,33],
although inside the NFT domain the solitonic degrees of freedom
remain decoupled. Note that NFT methods are much richer, more
flexible, and more versatile with respect to the system design and
performance compared to just soliton-based techniques, studied
previously in much detail [27,28,33]. In the NFT methods deal-
ing with the discrete part of the nonlinear spectrum (solitonic
eigenvalues), the information carriers are not the fundamental sol-
itons themselves but the NFT parameters (nonlinear spectral data)
attributed to a multisolution pulse. In this sense, the traditional
soliton-based transmission emerges as the simplest (and not nec-
essarily optimal) subclass of the NFT methods. The NFT com-
munications are, to some extent, the extension of not only the
soliton-based approach but also the coherent communication idea
itself: while for the latter both the signal’s amplitude and phase are
used for modulation, the NFT approach goes further and employs
the nonlinear characteristics of the signal.

By using the NFT all effects caused by the fiber Kerr nonlin-
earity can be described as a trivial change of the phase in the non-
linear spectrum. This paves the way to fundamentally novel
nonlinear techniques for compensation of the effects of chromatic
dispersion and fiber nonlinearity. In 1993 Hasegawa and Nyu
[42] (see also Chapter 4 of [28]) proposed the truly innovative
idea of eigenvalue communications based on the exploitation of
discrete eigenvalues (corresponding to solitons) emerging in
the NFT signal decomposition to encode and transmit informa-
tion [40-42]. This approach potentially solves the problem of
nonlinear crosstalk that is one of the major challenges in optical
WDM networks. The concept of Hasegawa and Nyu has recently
been resurrected with various modifications and further exten-
sions [25,44,46-79], including the new direction employing
the modulation of continuous nonlinear spectrum [51-
60,62,63,79], first experiments using transmission and processing
of discrete eigenvalues [64—67] and continuous spectrum [58,59],
NFT-based DBP [50,75], and, most recently, polarization divi-
sion multiplexing with the NFT [74]. The transition from the
space-time domain into the nonlinear spectral domain and back
is achieved by performing the NFT operations. Generally, there
exists the straightforward interrelation not only in the ideology of
FT and NFT methods but also between the linear and NFT spec-
tra [35]: in the low-power limit one can prove the asymptotic
equivalence of the linear FT and NFT [41]. However, in spite
of the similarity, the explicit form of the NFT operations is much
more mathematically involved as compared to the simple profile
convolution with exponentials for the usual FT. Thus, the com-
plexity of the NFT operations and the “change of notions” often
bring about difficulties for the communication engineers. The
purpose of our survey is to demonstrate without going deep into
mathematical details how the NFT method and various integra-
bility features can be employed for the sake of efficient optical
transmission, also summing up the existing numerical tools that
can be employed for the computation of the NFT.

This paper is organized as follows. First, in Section 3, we
describe the NLSE model for realistic optical fiber systems. In
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Section 4 we introduce minimally required notations for the NFT
operations, including the periodic NFT variant. Then, in
Section 5, we overview the existing numerical methods for the
calculation of the direct and inverse NFT operations.
Subsection 5.C is focused on fast NFT algorithms. Then, in
Section 6, we directly address different NFT-based transmission
methods, also presenting some new results and generalizations.
After that, in Section 7, we overview recent results with regard
to the efficiency of NFT-based optical transmission mehods.
The paper ends with Section 8, the conclusion, where we also
outline some NFT perspectives and further development
directions.

3. GENERALIZED NLSE MODEL OF OPTICAL
FIBER

The principal master model for the electrical field g(z, #) evolu-
tion inside a single-mode optical fiber with the account of am-
plification can be written as a generalized NLSE (GNLSE)
[1,27,28):

()q ﬂz
dz 2 07

where z is the distance (in kilometers) along the fiber, and # is the
time (in picosconds) in the frame co-moving with the velocity of
the envelope. The parameter 4, (in ps?/km) is the characteristic
of chromatic dispersion that is negative for the anomalous
dispersion (the most important practical case) or f, > 0 for
the normal dispersion (|3,| can vary from 5 ps’/km to
60 ps®/km at the typical operating wavelength of 1550 nm);
further, for a standard single-mode fiber we assume f, =
-22 ps?/km. y is the nonlinear Kerr coefficient, typically y =
1.27 W-'km™. The function g(z) characterizes thegain—loss
profile of a particular amplification scheme For the quasi-lossless
DRA scheme, the function g(z) =0 [38,39], resulting in the
lossless NLSE perturbed by an addmve white Gaussian noise
(AWGN) term #(z ) (having zero mean). The latter is
completely characterized by the ASE spectral power density D:

Eln(z, )i(z', )] = 2D5(¢ - £')6(z - 2°), 3

where the overbar means the complex conjugate, E(-) is the ex-
pectation value, and &(-) is the Dirac delta-function. In the case of
ideal DRA we have 2D = /oK ra, where a is the fiber loss co-
efficient, typically a ~ 0.2 dB/km at the carrying wavelength
Ag = 1.55 pm; K 7 is the temperature-dependent factor (related
to the phonon-occupancy factor) that characterizes the Raman
pump providing the distributed gain; K 7 is typically in the range
from 1.1 to 1.2; and v is the carrying frequency of the signal
corresponding to Ay: vy = 193.55 THz. Taking these typical
values of parameters, one estimates the order of characteristic
noise intensity per complex signal component (polarization),
per unit of propagation length and per unit of bandwidth, to
be D~ 1072' J/km; for K7 = 1.13 we have: D = 3.3 -1072! J/
km. Such an idealized form of optical channel [the lossless
integrable NLSE (1) weakly perturbed by AWGN] suits NFT
applications [52] best as it is close to the integrable NLSE (1).

However, the NFT method can still be successfully applied to
the EDFA (lumped) [53] or non-ideal DRA [54,55] cases. For the
EDFA we have g(z) = -a/2 in between point-action (lumped)
amplifiers, but the signal is boosted to the initial power level after
each span of length Z,. For the DRA scheme we have a more

1 1lqPg = ig@)q + n(z 0, (]

complicated non-flat profile of g(z), e.g., that corresponding
to the open-cavity random distributed feedback laser-based am-
plification as it provides the best performance among various
other Raman amplification schemes [80], where the gain profile
recurs periodically after each span of the length Z,. Now, by using
the path-averaged approach [27,28,34,53—55] one can introduce
the new field variable as 4(z, 1) = ¢(z, 1) G'*(z), where
G(z) = exp[2 fo ¢(2)dz], and this substitution recasts Eq. (2)
into the lossless NLSE for 4(z ) with the z-dependent
factor G(z) near the nonlinear term. In the leading order with
respect to Z,/Z,, with Z,; being the dispersion length
[(Z; = (W?|B,])", where W is the signal’s bandwidth], the dis-
tance-dependent nonlinearity coefficient can be approximated
with the averaged value 7 = y.Z! fo G(z)dz, such that we ar-
rive at the lossless path-averaged (LPA) NLSE written for §(z, ¢)
with constant coefficients with 7 in place of the original y from
Eq. (2); for EDFA system 7y = y(G, - 1)/In(G,) with G, =
exp(-aZ,). In general, the applicability limits of the LPA
NLSE model depend on the signal power, bandwidth, and trans-
mission distance. The accuracy of the LPA NLSE for optical links
with EDFA was investigated in [53] for a link distance of
2000 km, signal powers up to 8 dBm, and bandwidths up to
80 GHz. It was found that the LPA NLSE model can be applied
with a normalized mean square error below -20 dBm when the
signal power is below 3 dBm, almost independently of the signal
bandwidth. The LPA model was found to work under more re-
laxed requirements with non-ideal RDA [55] as this amplification
scheme provides a lower gain variation along the link, depending
on the specific RDA scheme. The applicability limits of this
model for the EDFA case with regards to NFT applications were
presented in [53], and for the RDA scheme in [55]. The noise
term is assumed to possess the same properties as we have for
the ideal RDA case; i.e., it is the circular AWGN with only a dif-
ferent expression for the intensity D~ 102! J/km. For the
EDFA system 2D = nSPhUO(G;l -1)/Z,, where ng, ~ 1 is the
spontaneous emission factor [33].

Having recast our GNLSE (2) to the approximate LPA NLSE
form with the distance-independent coefficients or using the ideal
RDA model, we introduce the normalizations

t)T, =1, 2|7, >z, 9/ Po = ¢ 4
with Py = (yZ,)™! (or the same with the 7 for EDFA or non-ideal
DRA and resulting LPA NLSE), Z, = 72/|f,|, and we finally
have the standard NLSE model, Eq. (1), but with the AWGN
term in the rhs. In Eq. (4) any of three parameters, 7, Z,,
or Py, can be taken for the normalization, but then the remaining
two have to be properly adjusted: 7 can be, e.g., the extent of our
symbol, or setting it to be the reciprocal bandwidths, 7', = w1,
our normalized distance unit becomes the dispersive length men-
tioned above; in soliton-related problems 7', is often set as an
individual soliton full width at half maximum (FWHM). The
noise intensity has to be normalized in accordance with
Eq. (4): DZ(PyT,)"' - D. We also omit tildes in 4, 7, and
D further, assuming that Eq. (1) refers to a simplified description
pertaining to a particular amplification scheme. Of course, the
results for the NFT application for non-ideal DRA or EDFA
schemes are expected to show slightly worse performance as com-
pared to the ideal DRA [53-55], though the higher-order correc-
tions with respect to Z,/Z, may also be taken into account by
using, e.g., the guiding center approximation [28].
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4. EXPLICIT FORM OF NFT OPERATIONS

In this section, the direct (forward) and inverse NFT (INFT) are
introduced. The NFT considers the signal ¢(z, ) at a fixed loca-
tion z = z; and returns the corresponding NFT spectrum. The
INFT reverses this process; i.e., given a NFT spectrum it returns
the corresponding signal ¢(z, #). Since only the main features can
be outlined here, the reader is referred to [28,35,40—47] for fur-
ther details. The section ends with some properties of the periodic

NFT (PNFT).
A. Direct NFT

The direct NFT is computed from specific (auxiliary) solutions
Ul)z(t, é’) = 1/1)2(1', é‘; Zo) to the ZSP [40]

v, v

I q(z¢, )y - vy, T Fq(zo, )y + v, (5)

for different values of the complex parameter { = & + i, which
will play the role of a nonlinear analog of frequency. The signal
q(z, ) acts as a potential. The upper and lower signs correspond
to the anomalous and normal dispersion according to Eq. (1).
Under the assumption that ¢(z, ) decays at least exponentially
for + — %00, specific solutions (the so-called Jost functions)
$12( ¢) and yy,(% ) to the ZSP can be obtained from the

boundary conditions:

D1(£,8) = e +0(1), br(, ) = o(1) for t > o0,

(6)

Wy (5,8) = % +0(1)  for r = +co.
@)

In practical realization of the transmission schemes, the pulse ¢(z)

is truncated and we operate in the so-called burst mode [52]; see

Fig. 2. The above pairs of functions solve the ZSP, and all these
different solutions are linearly dependent:

[¢1 P2l =aDly ]+ 6w w2l 8)

w158 = o(1),

[dy ¢l =-aDlw: warl+ O, ) 9)

The functions 2({) and &({) are known as the Jost scattering
coefficients. They serve as the basis on which the NFT spectrum
is defined. Due to the boundary conditions, we have

Q) = lim ¢ (6O UO = lim o6 O (10)

Another important property of the Jost scattering coefficients is
that they satisfy |2(&)|> & |6(£)]*> = 1 for all real &, where the
upper and lower signs refer to those in Eqs. (1) and (5).
The NFT spectrum of the signal g(z, #) consists of two parts.
The first part is given by either the left or the right reflection
coefficient (RC), respectively:

1©Q) =b&)/a®, 1) =b@&/a®), Ee€R (1)

The second part of the NFT spectrum consists of the discrete
eigenvalues {, = &, + in,, which are the eigenvalues of the
ZSP with a positive imaginary part # > 0, and their associated
left or right norming constants (also often referred to as spectral
amplitudes), which are defined by the residue of /(¢) (or 7({)) at
the point {,:

L =[6C)d I o, =0)/d ), (12)

where the prime designates the derivative with respect to £. We
therefore have four real parameters defining each solitary degree of
freedom. The complete (left or right) NFT spectrum of the signal
q(zp, ) is given by

L =UE LIS =0 sl (19)

where N is the total number of solitons in the signal; an exem-
plary NF spectrum is shown in Fig. 1. The NF spectrum char-
acterizes the signal ¢(z, #) completely and can be used to recover
the corresponding time-domain signal given that it vanishes suf-
ficiently fast for |¢| - £o0. Note that in the normal dispersion
case, the signal cannot have solitonic components and either /()
or (&) is sufficient to uniquely recover the corresponding profile
9(2¢, 1). The z dependence of the NF spectrum, %, ,(2), is given
by the following expressions. The eigenvalues {,, are independent
on z. For the remaining quantities, we have

& 2) = 1§ z)e ), 1§ 2) = 1,(& z9)e ),
r(é Z) = r(& ZO)“’zi‘:2 (z—zu)) Ty (é:, Z) =Ty (5) Z0)5’21(’2'(2)_20)-
(14)

Finally, we remark that the solitons disappear and the NFT re-
duces to conventional FT when the signal power becomes small.

Any rescaled signal ¢, (¢) = eq(r) satisfies [35,41]
€'7:(8), €'1:(§) = -q(®)|,— ,; Wwhen e =0, (15)

where g(w) = [% g(¢)e"dz. Also note that, in optics, the ZSP
(5) also appears widely in the field of Bragg grating synthesis
[1,81-83], where the functions v, , play the role of slowly varying
coupled mode amplitudes: the anomalous dispersion [the upper
sign in Egs. (5) and (16)] corresponds to the coupling of co-
propagating waves, while the normal dispersion (the lower sign)
refers to counter-propagating modes.

B. INFT Operation (Left Set of Scattering Data)

The INFT maps the scattering data X, , onto the field 4(#). This is
classically achieved via the GLME for the unknown functions
K,(5¢") [28,35,40,41,44]. The GLME, written in terms of
the left scattering data, reads

Kioe) + / B + K (5,) = 0,

[c)

FK,(r, 7))+ Lt + 7)) + / dyL(z' + »)K (7,5) =0

(16)

for 7 > 7', where the upper and lower signs correspond to upper
and lower ones in Eqs. (1) and (5). In the realistic applications,
where the operations are performed on a finite interval of 7, say
0 < 7 < T, we have a finite region for the change of 7', 7’ < |7].
For the anomalous dispersion [the sign “-“ in Egs. (16)] the
quantity L(7) can contain contributions from both solitonic
(discrete) and radiation (continuous) spectrum parts, L(7) =
L (7) + L,q(7), where

) 1 © )
La®) =3 e L) = [ det@e

a7

and we have assumed that all discrete eigenvalues have a multi-
plicity one. The “nonlinear time” variable 7 is thus Fourier
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conjugated to the “nonlinear frequency” &, so that one can start
not from the £ domain but immediately from the functions given
by Eq. (17) in the 7 domain. In this paper, we have chosen to
work with the left reflection coefficient, /, corresponding to
the GLME inversion around -oco. The reason for such choice
is that (as we shall see below) this is a common convention in
the fiber Bragg grating reconstruction problems from which
we borrow most of our INFT numerical algorithms. Having
solved the GLME (16) for K| ,(z,7"), the sought solution in
the space-time domain is recovered as g(#) = -2K,(t, t). For
the soliton-free case we have L (7) = 0, and the only quantity
participating in Eq. (16) is the FT of RC /(§): L(7) = L,,q(7).
When one is interested in the solution g(zp, #) at some distance
z = 2z, the quantity /(§) in Eq. (17) is replaced with /(z, &).
The resulting solution of the GLME (16) becomes a function
of zg: K1,(2057,7').

C. Periodic NFT

The usual NFT operations assume that the optical signal, ¢(zo, 2),
decays as r = £00. So the ordinary NFT assumes that we have a
burst-mode transmission, Fig. 2; i.e., at each z = z; the signal
duration and the processing region coincide. However, in com-
munication applications it is often more convenient to work with
periodic signals for the processing of a data stream: the periodicity
assumption in our notations is expressed as g(zg, r) = ¢(2¢, t +
T,) for the period 7',. Thus, the PNFT may be considered as a
natural choice for the replacement of linear (say, FFT-based)
processing elements. The PNFT was recently introduced within
the circle of available solutions for the nonlinear signal processing
in [84,85]. Basically, the PNFT offers the same possibilities for
the communication system design and concepts (with the use
of the periodically continued signals) as the NFT does for the
vanishing signals by adding a cyclic prefix extension instead of
zero-padded wings for ordinary NFT (Fig. 2). Together with this,
the periodicity assumption can bring about some other benefits:
(i) Only a finite part of a periodic signal (one period) represents
the whole signal, so we do not have to process the entire interval
accounting for the dispersion-induced memory, as it occurs for
the ordinary NFT; see Fig. 2. Because of this, one can have
a considerable processing speed-up when using PNFT.
(ii) When using an ordinary NFT, in particular, within nonlinear
synthesis [51-53], it is difficult to control the time duration of
the resulting wave-shapes. Using the PNFT, where signals have a
finite “meaningful” time duration (the PNFT period), we can
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Fig. 2. Burst mode for the window in vanishing signal processing
(ordinary NFT) and the processing window for the periodic signal with
cyclic extension (PNFT).

attain more control over the time-domain profiles. (iii) For the
PNFT, the encoding schemes can be, to some extent, based
on the encoders of currently used communication systems, as
the PNFT shares a cyclic-prefix profile extension idea.
(iv) Producing periodic solutions of the NLSE could be generally
done using Riemann theta functions that can be seen as the multi-
dimensional generalization of the FT, such that some properties
of linear modulation can still be kept within the PNFT paradigm.
(v) By using periodically extended signals we can have a continu-
ous stream of data without sudden droppings of power, thus
reducing the peak-to-average power ratio (PAPR), in contrast
to the burst mode with the ordinary NFT usage. For the sake
of completeness we briefly describe below some basic elements
of PNFT (see [85-89] for examples of such a communication
system).

1. Direct PNFT

Similatly to the case of ordinary NFT, in the periodic problem we
have two parts of nonlinear spectrum associated with a general
periodic time-domain profile: the constant main spectrum, which
serves as an analog of soliton eigenvalues, and the dynamical aux-
iliary spectrum. In contrast to the ordinary NFT, here both parts
of the spectrum consist of discrete points and there is no continu-
ous component. To define the scattering data we now have to deal
with the solutions (the so-called Bloch solutions) of ZSP (5) with
a periodic potential, ¢(2¢, #) = q(z, ¢ + 7,), subject to condi-
tions (g, t9, &) = [1,0]7 and @(zy, 29, &) = [0, 1]7, where #, is
an arbitrary base point. The so-called 2 x 2 fundamental matrix is
defined through the Bloch ZSP solutions as ®(z, 2y, {) =
[p(z 29, £), @(2, £, {)]. Evaluating this fundamental matrix at
t=1ty+ T, one gets the monodromy matrix, M(#;{) =
®(ty + 1) 9, {). The monodromy matrix plays a crucial role
in the Floquet theory, which deals with differential systems with
periodic structure. At the endpoints of stable bands, the Bloch
solutions are (anti-)periodic and the values of parameter ¢
corresponding to these endpoints, i.e. the main spectrum, M, can
be defined through the Floquer discriminant A(() =
(1/2)Tr M (295 ¢) as [84]

MZ{Cm

AL, = :i:l,d—A # 0}. (18)
4Cle—,

A g-band (g-gap) periodic solution of NLSE is the solution in

which there are only 2¢ elements in M [90,91]. The important

property of the main spectrum is that it remains invariant during

the pulse evolution along the z direction. The definition of the

auxiliary spectrum, f,(z, £), is given in Supplement 1.

2. Inverse PNFT

The inverse PNFT is the procedure for getting the (periodic in
time) profile ¢(z, r) starting from given main and (evolved) aux-
iliary nonlinear spectrum parts. There are several methods to
construct finite-gap periodic solutions of the NLSE; see [84].
One can use the theta-function representation [92,93]

O(W|7)
O(W*|z)
where &y and w, are some constants obtained from the nonlinear

spectrum, and the Riemann theta function, ®(W|r), is defined

as [93]

4(2, t) = q(O, O) eikoz—iwot) (1 9)
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O(W[r) = Y exp(2rim’W + zim’tm).  (20)

meZf

Here m is a g-dimensional vector with integer elements, and
W+ = 7(kz + @t + 6%)/2 is a vector calculated from the non-
linear spectrum. The set {k, @, 8, 7} is called the Riemann spec-
trum, and 7 is the Riemann (period) matrix [93]; their particular
values can be, again, obtained from the full set of nonlinear spec-
tral data. Thus, within the representation [Eq. (19)] the inverse
PNFT procedure can be reformulated as the problem of finding
the Riemann spectrum from the given nonlinear spectrum.
Although there is still currently a lack of a generic approach for
how to deal with the inverse PNFT, there are several software
packages allowing one to construct the profile in the time domain
using the periodic spectral data. For finding the Riemann spec-
trum, there are some packages and codes embedded in Maple,
Sage, and Mathematica [94-96]. For the second stage, which
is to construct the Riemann theta functions (20) using the
Riemann spectrum, in addition to the symbolic implementations
[97,98], some “hyper-fast” algorithms for the numerical
reconstruction of special classes of signals were proposed [93].

5. NUMERICAL ALGORITHMS FOR THE NFT

In this section, we overview existing numerical methods for the
forward (5) and inverse (16) NFT, paying particular attention for
the methods that have already been tested for the transmission
purposes. The goal of the forward NFT is to calculate the non-
linear spectrum X(zy) (13) from the given space-time-domain
profile ¢(zy, 7). The INFT method must provide the time-
domain waveform starting from given X.

The signal ¢(z, #) is in practice only known at the specific
points in time due to sampling operations, which means that
for the forward NFT the nonlinear spectrum has to be approxi-
mated based on the samples

9 = q(Zo, TI + 8(7}’1 - 1)),

where 7'} is close enough to -co such that the boundary condi-
tion in Eq. (6) is approximately satisfied for# = 7'y and 7', > T
is sufficiently close to o0 such that Eq. (10) is approximately
satisfied, respectively. The parameter ¢ = (7, - 7)) /(M - 1)
denotes the sampling interval.

The methods are classified according to how their numerical
complexity (in terms of floating point operations, flops) and the
accuracy of the result change as the number of sample points M
increases.

m=1,..,M,

A. Algorithms for Direct NFT

Numerous algorithms for computing the NFT have been de-
scribed in the literature. The two most well-known are probably
the methods of Ablowitz—Ladik (AL) and Boffetta—Osborne
(BO). We will first describe these two methods and then briefly
list other approaches. More details can be found in [46,84,99].
We, however, note that our review does not, of course, cover all
existing possibilities for the NFT operations implementation
(e.g., in recent work [100] a bi-direction algorithm for the calcu-
lation of soliton norming constants was described), and we rather
concentrate on the methods that have already found their way
into optical transmission studies, although there are some new
methods that have yet to be tested; see, e.g., [101].
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1. Boffetta—Osborne Transfer Method

The general idea is to approximate the Jost scattering functions
a($) and 6({) using Eq. (10). Therefore, Boffetta and Osborne
[102] assumed that the signal ¢(zg,#) is piecewise constant,
ie, gq(zp,t)=q,=const. for te€[T|+ (m-0.5)¢ T +
(m 4 0.5)€), and solved the ZSP [Eq. (5)] in closed form under
that assumption. For each interval [T} + (m-0.5)e, T+
(m + 0.5)¢), one has

&1 (T + (m+0.5)¢, 5)}
Do (T) + (m+0.5)¢,0)

_ T {rﬁl(ﬂ + (m—o.S)e,o}
"1+ (m-05)e0) |
1)

where T,,(0) = exp,, (e{ i 4, } > 22)

Here, exp,,(-) denotes the matrix exponential. Taking the boun-
dary conditions (6) and (10) into account, one finds that

a(C) ~ i i ,+0.5¢) i ,+0.5¢
{b(é‘)] ~ dlag(eé(r T0.5¢) o= (T5+0.5 ))TM(C) X ...

x T, () e (T1-058) (23)

This approximation can be used straight-away to evaluate the RC
Eq. (11). In order to locate the discrete eigenvalues ,,, Boffetta
and Osborne proposed to apply Newton’s method to ({). A non-
linear version of Parseval’s relation can be used to check whether
all discrete eigenvalues have been found [102]. The complexity
for evaluating Eq. (23) in a straightforward way is O(M). The
total complexity of a search method to find the discrete eigenval-
ues is therefore O(Kier IV gyessesM ), Where ki, is the average num-
ber of iterations per initial guess and N g is the number of
initial guesses used. The complexity of evaluating the RC
Eq. (11) on a grid of M nonlinear frequencies is O(M?).

The BO method has a second-order approximation accuracy;
i.e., for any fixed { = {, the distance between the numerical
approximations of a({y) and 4({y) and their true values is of
the order O(M~2) [102,103]. Note that the hidden constant
in the big-O notation depends on ¢. For the BO method, the
hidden constant was found to be ~|¢|™! for large ¢ in [103].
The BO method was used in the works [49,51-53] for the cal-
culation of continuous nonlinear spectrum for the nonlinear in-
verse synthesis scheme (see Subsection 5.B below). It also
demonstrated good results in the calculation of the perturbed dy-
namics of solitonic eigenvalues [103-105]. The calculation of
norming constants, requiring 2'(¢,), is described in [102,103].
In [103], the BO method was compared to the direct fourth-order
Runge—Kutta integration of the ZSP (5), where for the latter
method the hidden constant in the big-O notation was found
to be ~|¢|*. Tt was concluded that, generally, the BO method
is more convenient especially when the wide range of ¢ values

is addressed.

2. Ablowitz-Ladik Discretization Method (Normalized)

The AL discretization [106,107] is another method widely used
for the NFT-based transmission [62—67]. It corresponds to the
approximation of the NLSE by a discrete integrable problem.
The method also takes the form in Eq. (23), but with

1 7 eq ,
7,0 =—F— . i, 7 = o (24
O=pe | 2 s (24)
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For the location of zeros of ({), one can again apply a search
routine. It was shown [46] that the AL algorithm can produce
some small spurious solitonic eigenvalues, which, however, can
be readily sorted out. In Ref. [56] the AL method was compared
with the BO method for realistic NFT-based transmission param-
eters, and it turned out that the AL method demonstrates slightly
better performance when applied to the calculation of continuous
spectrum (RC). The accuracy of the AL algorithm is of the second
order as for the BO scheme. This was, e.g., shown in [108] for a
variant of the AL algorithm that is commonly used in fiber Bragg
grating design. The relation of the scheme in [108] to the AL
algorithm below is elaborated in [109]. Apparently in contrast
to this, Boffetta and Osborne had observed in [102,110] that
the AL discretization achieves only first-order accuracy, when
the discrete eigenvalues computed by the AL and BO methods
were compared to exact analytical values. The AL discretization
that was investigated in [110], however, was an early version
[106], in which the coordinate transform Z = 1 - i{e was used
instead of the now common transform Z = ¢*¢ that was given
later in [107]. In various numerical experiments that were reported
in [46], the errors of the AL and BO schemes decrease at similar
rates w.r.t. M. The same inference was confirmed in the study [56],
related to the true NFT-based transmission profiles.

3. Fourier Collocation Method

The Fourier collocation method has been used by the Osaka
group and co-authors [68-74]. Within this method the ZSP sol-
ution components v; , are expanded in the Fourier series and the
ZSP itself is reformulated as an eigenvalue problem in the Fourier
space [43,46]. However, this method is inconvenient for the com-
putation of the continuous nonlinear spectrum and soliton norm-
ing constants, and it has been used only for eigenvalue
communication where the solitonic discrete eigenvalues them-
selves are adopted as information carriers. Another drawback
of this method is its numerical complexity: the method requires
the diagonalization of the non-Hermitial (for anomalous
dispersion) matrix, where the number of required flops is O(M?).

4. Direct Toeplitz Inner Bordering Method

A new efficacious algorithm for the computation of continuous
nonlinear spectrum using the Toeplitz matrix transformations was
proposed in [111]. In the numerical example considered in [111],
this method outperforms the BO method in terms of speed and
accuracy; it has an error level of O(A~2) and the number of flops
O(M?). This method is based on the reversion of the Toeplitz
matrix-based INFT algorithm; we provide the corresponding
INFT in the next subsection and description of the method in
Supplement 1. However, when dealing with the direct 7oeplitz
inner bordering (TIB) method, one has to keep in mind that it
recovers the kernel of the GLME L(7) that in general includes
both discrete (solitonic) and continuous spectral components,
Eq. (17), simultaneously.

B. Numerical Methods for the INFT

The methods for numerical INFT computation were largely stud-
ied within the Bragg gratings’ synthesis and characterization. Here,
using the traditional “matrix-inversion” terminology, we name the
INFT methods requiring O(M?) operation as “fast” and those
with lower complexity as “superfast.” Almost all INFT approaches
are based on the numerical solution of the GLME (16). After the

discretization, one aims at determining functions Ky 5 (7, 7’) on the
grid of M x M points. Note that the straightforward path there
based on the solution of M nested linear matrix equations takes
O(M*) flops and is therefore unproductive.

The earlier approaches utilize iterative methods of matrix inver-
sion with the computational complexity in the order of O(k;M?),
where #; < M is a number of iterations. As an example, we men-
tion the group of methods with the GLME kernel parametrization
[112,113]. A similar method was also employed recently for optical
transmission tasks [60]. The main drawbacks of these algorithms
are the problem of choosing an initial approximation and high
computational complexity. A more advanced family of algorithms
is based on the layer peeling (LP) method. This class of methods is
built on the representation of the RC attributed to a particular pro-
file g(z) through the sequence of individual actions of M point
reflectors [81,82,114]. The LP algorithms are comparatively fast
and require about O(M?) flops. Some of them provide an error
that is globally proportional to #/~2. Conventional algorithms
based on LP show numerical instabilities with exponential ampli-
fication of noise when the reflection coefficients (participating in
the LP step) contain noise [115]. This means that there exists no
signal such that forward scattering with A/ samples can resultin the
desired reflection coefficient [108,116], or, in other words, when
one has independent noisy additions to the scattering data them-
selves. Physically, when some profile corrupted by noise in the
space-time domain was converted into the NF spectrum, and then
this spectrum was used for the superfast LP algorithm considered
further, we observed that the instability in all numerical examples
was absent; see Supplement 1. For the properties of space-time
noise conversion into the NF domain, see Refs. [117-120]. In
some transmission systems this limitation has recently been cir-
cumvented in some first algorithms where the reflection coefficient
is ensured to be realizable by construction [75,109,121]. On the
other hand, this instability can reveal itself when one synthesizes a
profile starting from some randomly encoded spectral data in the
NED. This question requires further analysis.

The LP with improved accuracy [83], known as an integral LP,
has some issues with the overall efficiency, as it requires many more
arithmetic operations. The drawback of these algorithms is the ac-
cumulation of computational errors during calculation and the re-
sulting decrease in their accuracy when enlarging the ¢(z) extent.

Another interesting group of algorithms is based on recasting
the GLME as the system of partial differential equations
[122,123] (see also [124] for the comparison of such algorithms),
including also the “leap-frog” algorithm [125]. The numerical
complexity is O(M 2) flops; however, the error there is only of
the first order, O(M™") {[123], Fig. 2(b)}.

In [126] another algorithm was proposed, based on a different
computational approach, whose error was proportional to M~2.
This algorithm is “slow;,” requiring O(M?) flops, and addresses
only the case of normal dispersion. However, the important fea-
ture there is that it introduced the very idea of the bordering pro-
cedure itself. Later, a more efficient algorithm that has a A/ 2 error
and at the same time uses O(M?) flops was described in
[111,127]. The algorithm exploits the Toeplitz symmetry of dis-
cretized GLME using TIB, similar to technique for common
Toeplitz matrices [128,129]. As the TIB was successfully used
in a number of transmission-related works [51-55], we provide
here more details on the TIB method. First, we change the
variables in Eq. (16) as
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u(r,7) = K,(r,7-7'), w(t,7') = FK,(r, 7' - 7). (25)

In new notations, explicitly assuming the finite extent of g(),
0<t<T, after the complex conjugation of the first of
GLME, we get

27 _
u(t, y) F / L(7" - y)w(z, v')dr’ =0,
y

wo )+ [ L e+ @) =0, @

0 <y 7" <2r,0 <7< 7. The sought solution in the time do-
main now reads as ¢(z) = 2w(z, 2¢ - 0). The GLME form (26)
allows one to obtain the Toeplitz-type problem after the discre-
tization and to use the fast Toeplitz matrix-inversion algorithms
[128,129] for the recovery of g(z). Further details of the
TIB-based INFT are given in Supplement 1.

At the end we mention a recent work on the INFT methods by
Civelli ez al. [130]: the authors introduced yet another INFT first-
order solution algorithm based on iterated convolutions with the
GLME kernel using the FFT, which demonstrated the better per-
formance in terms of accuracy and time consumption than the
first-order TIB [52] and the Nystrédm conjugate gradient method
[131]. However, the last approach has not been tested so far on
transmission-related problems. Note that NFT can be formulated
in terms of the so-called Riemann—Hilbert problem (see, e.g., [43]
and references therein), and numerical solution of the NFT can
be implemented using this approach [132].

C. Superfast NFT Algorithms

It has recently been observed that the AL method (and others) for

computing the NFT can be significantly sped up, leading to a

superfast NFT analogous to the celebrated FFT [84,99]. We

illustrate how to deal with fast NFTs using AL discretization.
The matrix 7 ,,({) in Eq. (24) can be written as

T,0) =S, /dn(2),  Z=e", (27)
where S,,(Z) and 4,,(Z) are polynomials with respect to Z:

1 7 eq 7
Su(Z) = W {_eémz qi” ], d,(Z) =Z.
(28)
Consequently, with  S(Z) =Sy (Z) x...x5(Z) and
d(Z) =dy(Z) x ... xd | (Z), Eq. (23) can be written as
[Zgﬂ ~ diag( G(T240.5¢) e_ig(T2+o.5s)) % o~i(T1-0.5¢)
(29)

Since the §S,,(Z) and 4,,,(Z) are polynomials with degrees at most
two, both §(Z) and d(Z) are again polynomials whose degrees are
upper bounded by 2M. The superfast NFT exploits this observa-
tion and proceeds in two steps. First, the monomial expansions of

the polynomials §(2) and 4(2) have to be computed. That is, the
unique matrices S® and scalars ® need to be found such that

2M-1 2M-1

S@zy=>_ swzk  dz)y=> 4Pz~ (30)
k=0 k=0

One first needs a fast method to compute the monomial expan-
sions. A naive implementation, e.g., to compute the expansion

of §(Z), would proceed as follows:
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S2) = Su@D) S D[Sy i1 31)
However, this leads to a O(M?) or even O(M?) runtime, depend-
ing on how the product of polynomials is found. In order to get a
superfast NFT algorithm, a divide-and-conquer strategy is used
instead. One starts with the elementary polynomials S,,(Z),
m =0, ..., M -1, partitions them into pairs, and computes the
products of these pairs. The products are again partitioned into
pairs, and then multiplied. This process is iterated undil only
one product is left, which will be S(Z). It turns out that this
algorithm finds the monomial expansion SO p=0,...M-1
using only O(M log? M) flops given that polynomial products
are computed with the FFT. The pseudocode for this algorithm
is provided in Supplement 1.

The second step of the superfast NFT now applies algorithms
for fast polynomial arithmetic in order to compute the NFT
spectrum. To approximate the RC in Eq. (11) on an equidistant
grid A, =4, + mb, where 6 = (A, -4,)/(M -1) and m =
0,1,....,M -1, one needs to evaluate the polynomials S(2)
and d(Z) at the points

Zm — ez‘(/l,-&-mﬁe) — ei/lls(eés)m = aw™. (32)

The chirp transform algorithm [133] thus allows us to compute
S(Z1), .., S(Zyy) as well as d(Z)),...,d(Zy)) using only
O(M log M) flops. The discrete eigenvalues £,,, which are the
roots of ({) with positive imaginary part, can be found quickly
by using a class of recently developed root-finding algorithms.
These algorithms implement the well-known idea to find the
roots of a polynomial from the eigenvalues of a so-called
companion matrix. But while a conventional eigenvalue finder
will require O(M?) flops, the algorithms, e.g., in [134,135] man-
age to exploit the structure of the companion matrix such that the
runtime is reduced to O(M?) flops. We remark that fast polyno-
mial arithmetic can also be used to speed up Newton’s method
for finding the discrete spectrum. A first concept for a
O(kyeeM log? M) algorithm has recently been presented [136].

In summary, the superfast NFT discussed here can compute
the RC using O(M log® M) flops and the discrete eigenvalues
using O(M?) flops. The conventional methods discussed
in Subsection 5.A require, in comparison, O(M?) and
O(kiterN guessesM ) flops, respectively. The algorithm in this section
is thus clearly faster for the RCs, and it was found in a recent
numerical study [56] that it outperformed a conventional, but
parallelized, implementation of the BO algorithm that ran on
a dedicated GPU in terms of both quality and runtime. It is
harder to compare the complexities of computing the discrete ei-
genvalues in a communication scenario where the constellation of
discrete eigenvalues is drawn from some modulation alphabet; see
[99]. A detailed numerical study of these issues in a communi-
cation scenario is still to be performed. In any case, it should
be noted that even in cases without speed-up, the method dis-
cussed in this section does not require any tuning. This is in con-
trast to search methods such as in [46], which require the use of
several parameters that can have a large influence on both runtime
and accuracy.

D. Superfast INFT Algorithm

The superfast NFT algorithm that was discussed in Subsection 5.C
for the AL discretization proceeds in two steps: (1) compute
the rational approximations a({) ~ ¢(7>-T1%98,,(£)/d({) and
b(8) ~ e T2HT)S, (£)/d($) in a fast manner, and (2) compute
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the NFT spectrum from these approximations using fast algorithms
for polynomial operations. In order to obtain superfast INFT algo-
rithms, the idea of reversing these two steps was proposed in
[109,121]. The two steps of a superfast INFT method using this
idea are thus (1) determine polynomials S({) and 4({) fast such
that Eq. (29) leads to a good approximation of a given nonlinear
Fourier spectrum and (2) compute the samples of the correspond-
ing time-domain signal ¢,, fast by exploiting Eq. (23).

For the first step, two superfast methods that can be used to
generate multisolitons have been presented in [121,137].
Furthermore, a superfast method that solves the first step for
signals with empty discrete spectrum has been proposed in
[138]. By combining the results in [137,138], a general method
for arbitrary spectra with a complexity of O(MN + M log* M)
has finally been obtained in [139]. The difficulty in the first step is
that the polynomials §(¢) and 4({) cannot be chosen arbitrarily.
Similar to the continuous-time case, where |2(0)|> & |6(0)]? = 1
for all real £, the generated polynomials $(Z) and d(Z) have to
satisfy |S11(2)? £ 15,1(2))? = |d(2)|* whenever |Z| = 1. If
this condition is not fulfilled, we have S(2) # S);(Z) x ... x
S1(Z) no matter how the g, is chosen. In other words, the second
step of recovering the ¢, through Eq. (23) becomes ill-posed.

The second step of recovering the samples ¢, from the poly-
nomials §(Z) and 4(Z) can be performed efficiently using only
O(M log? M) flops with a technique that was developed in the
area of geophysical prospecting by McClary [140], and has been
adapted for the computation of INFT in [121]. Further details are
given in Supplement 1.

6. NFT FOR OPTICAL COMMUNICATIONS

As the evolution of nonlinear spectrum inside the nonlinear
Fourier domain (NFD) is linear and decoupled, the signal’s
NF spectrum can be efficaciously used for coding, transmission,
detection, and processing of information. Though all recent
works on the NFT can be deemed as modifications and exten-
sions of the original idea proposed in [42], in works
[44,46,47] the pertinent new term “nonlinear frequency division
multiplexing” (NFDM) was introduced to stress the analogy to
OFDM. However, in the following, we will use the umbrella term
“modulation in the NFD” to refer to this type of scheme where
the quantities from the NF domain are used as the information
carriers. There are three basic designs for NFT-based transmission
systems, which are schematically presented in Figs. 3 and 4. In the
first design, the transmitted information is encoded directly onto
the NF signal spectrum via the INFT: it is “modulation in the
NFD.” Within this design, one can modulate discrete [62]
and continuous [51,52] NF spectrum parts either separately or
simultaneously [60]. In the second design, the NFT's are used
to cancel the nonlinear distortions at the receiver. This scheme
can be understood as the DBP with the use of the NFT opera-
tions, NFT-DBP [50,75]. Here, the signal encoding and modu-
lation is performed in a similar way to the conventional
transmission systems. However, one critical challenge in the
NFT-based DBP is the requirement of the accurate calculation
of an unknown number of discrete eigenvalues in the randomly
coded information-bearing signal. As a result, so far the NFT-
based DBP approach was elaborated only for the soliton-free case
[50,75]. For the third design, which is referred to as the “hybrid

method,” information is encoded in the time domain but the
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Fig. 4. Basic designs of NFT-based transmission systems, including
transmission in the NFT domain, DBP with the use of NFT operations,
and the hybrid method.

detection stage involves NFT operations and decision is made
using NF spectrum data [64,65,68,69,72].

A. Modulating the Discrete Part of NF Spectrum

Recently, the data transmission using discrete eigenvalues
(solitonic components) of the signal’s nonlinear spectrum has
been intensively studied theoretically and experimentally
[47,62,63,67,100,141-143]. Within this approach, one starts
with a predefined set of discrete eigenvalues and related param-
eters (discrete constellation in the NFD), onto which the infor-
mation is mapped. This step can be referred to as constellation
design, where the positions of discrete eigenvalues in the complex
plane and norming constants are optimized for maximizing the
system performance and SE. Next, the corresponding time-do-
main waveforms are generated using the INFT (e.g., by using
the Darboux method; see Supplement 1). At the receiver,
NFT is applied to recover modulated discrete eigenvalues and
norming constants.

B. Modulating the Continuous NF Spectrum: Nonlinear
Inverse Synthesis

The nonlinear inverse synthesis (NIS) scheme, which is based on
the modulation of the continuous part of the signal nonlinear
spectrum, has been proposed recently [51] for the anomalous
dispersion case. This scheme has a good potential as it exploits
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the vast amount of available degrees of freedom contained in the
continuous part of the nonlinear spectrum. At the same time, it
also allows one to avoid the problems associated with the solitonic
degrees of freedom. Within this scheme, the linear spectrum of an
input signal is first mapped onto the continuous part of the non-
linear spectrum of a complex field (to be transmitted) via the
INFT. This step makes it possible to directly translate a standard
modulation format into the nonlinear spectral domain. At the
receiver, the nonlinear spectrum of the transmitted field is
obtained using the NFT, and then a single-tap linear dispersion
removal is applied to remove the deterministic nonlinear impair-
ments. Since the input field of the INFT can be arbitrary, high-
order modulation formats can be combined with the NIS scheme,
providing the flexibility in the system’s design [52]. It has been
shown in [52] that the NIS scheme can provide a performance
gain up to 4.5 dB compared to the linear compensation when
combined with 64 QAM modulation format. Furthermore,
the NIS scheme can also be applied in optical links with
EDFA and non-ideal DRA by employing the LPA NLSE model
[53-55].

One major advantage of the NIS scheme, as a DSP-based ap-
proach, is that it can be easily integrated with the current coherent
transmission technology [57]. In addition, the numerical com-
plexity of NIS can be competitive and potentially even outper-
form that of the standard DBP based on the split-step NLSE
backward solution with the recent advances in NFT algorithms
[84,99]. The first successful integration of the superfast NFT
processing into the NIS scheme was reported in [56]. It has to
be noted that at the moment the SE of the NIS system, which
is built on the continuous NF data, is relatively low because, in
current implementations, the extent of the fiber input usually ex-
ceeds that of the initial waveform due to slowly decaying wings.
Another issue is that it is potentially difficult to generate long
symbols with the INFT because this requires an improved float-
ing point precision (see the remark in Subsection 6.C). This is,
however, an early stage of the NIS method, and we anticipate that
the SE will improve with further optimization.

In the very recent works [60,61] first demonstrations that the
NIS approach can be combined with solitons have been given,
both numerically and experimentally. This paves the way for
the design of advanced combined NFDM-NIS modulation
schemes, where all available degrees of freedom inside the
NFED are utilized for the modulation and transmission.

C. NFT-Based DBP

Nonlinear and dispersive transmission impairments in coherent
fiber-optic communication systems are often compensated by re-
verting the NLSE numerically. This technique is known as DBP
[19]. Typical DBP algorithms are based on split-step Fourier
methods in which the signal has to be discretized in time and
space. The need to discretize in both time and space, however,
makes the real-time implementation of DBP a challenging prob-
lem. The NFT technique offers a different fast algorithm for the
DBP [75]. The method itself was first introduced in Ref. [50].
Since the spatial evolution of a signal governed by the NLSE
can be reverted analytically in the NFT domain through simple
phase shifts, there is no need to discretize the spatial domain. The
superfast algorithm described above can be used to process signals
in the time domain and is therefore highly promising for real-time
implementations. However, we note again that both NFT-DBP

works mentioned above deal with the normal dispersion case, and
the NFT-based DBP for the anomalous dispersion has yet to be
deployed. The performance of NFT-DBP has been observed to
degrade for symbols with long durations and/or high powers due
to numerical problems [144]. We expect that this can be
addressed by increasing the precision (and complexity) of the
floating point operations.

D. Hybrid Method: MD Detection Inside the NFD

Within this approach, one starts with modulating (predefined)
waveforms in the time domain, for which the corresponding
discrete eigenvalues are known [68-70,73] or easily calculated
[64-66]. The transmitted information is mapped onto these
waveforms. At the receiver, decisions are made through the
NFT processing based on the detected discrete eigenvalues
[68-70,73] or using both the eigenvalues and the norming con-
stant [64—66]. As this approach does not offer the flexibility of
optimizing the positions of discrete eigenvalues in the complex
plane, a minimum distance (MD) detector is usually required.
In addition, if the transmitted waveforms are not optimized
for multisoliton transmissions, the continuous part of the signal’s
nonlinear spectrum should also be taken into account [64,65].

7. SPECTRAL EFFICIENCY ESTIMATES FOR NFT-
BASED TRANSMISSION

There is currently a widespread belief that the nonlinear optical
channel capacity is still largely unknown: as discussed in
[145,146], exact channel capacity results for fiber-optical systems
are scarce, and many aspects related to this problem remain open.
The transmission methods employing on—off-keying (OOK) fun-
damental solitons have been almost abandoned, mostly due to the
low SE = 0.2 bits/s/Hz of OOK soliton systems limited by the
celebrated Gordon—Haus jitter phenomena [147], and, in addi-
tion, due to the problems with inter-soliton interaction between
the WDM soliton channels [28]. However, the NFT methods are
much richer than the soliton OOK, and there is a reason to expect
drastically different results for the SE when NFT is used in its full
scale. Together with this, due to the complexity allowed in the
contemporary receivers, one can address the question of NFT
channel capacity for quite involved modulation schemes, nontri-
vially defined signal space, and sophisticated error correcting
codes. However, the SE and capacity problems formulated for
the NFD channels are quite new, and not many results are avail-
able at the moment. Meron e# al. [78] were, probably, the first
who recognized that the mutual information in a nonlinear inte-
grable channel (the NLSE was considered) can be evaluated
through the statistics of the NFD data, i.e., via the channel de-
fined inside the NFD: the mutual information between the input
and output waveforms is equivalent to the mutual information
between the input and output NFT spectra. In Ref. [78], the au-
thors presented the data for the lower bound of mutual informa-
tion and the capacity per channel of the soliton-based system (the
imaginary parts of the multiple eigenvalues were modulated) us-
ing the Gaussian scalar model for the amplitude evolution per-
turbed by the progenitor in-line noise. They showed that for a
single soliton continuous amplitude modulation a capacity of
1.568 bits/channel is achievable. Then the bit rate gain due to
the continuous modulation against the OOK soliton system
was analyzed for a single, two, and more solitons (well-separated
soliton trains were considered) per one time slot, with the account
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of Gordon—Haus jitter [28,34,147], showing approximately a
factor 2 bit rate improvement versus OOK. In the following work
[47], Yousefi and Kschischang provided results for the lower
bounds of achievable SE and bit rates for the modulation of either
discrete or continuous parts of the NFT spectrum. We note that
in the above cited reference the authors have used a nontrivial
modulation of the discrete nonlinear spectral data, and the results
were again compared with those pertaining to OOK systems. The
0.4 bits/s/Hz lower bound for SE was reported for four-point
eigenvalue modulation, and for more sophisticated simultaneous
eigenvalue and norming constant modulation with 16 points in
the constellation, the SE = 0.73 bits/s/Hz was reached; for six
eigenvalues and 30 constellation points the SE of 1.5 bits/s/Hz
was finally reported. Noticeably, some first data on the continu-
ous NFT spectrum modulation based on raised cosines were also
given in that study: the maximum SEs of 8 bits/channel and
7 bits/channel were reported for the single-channel and WDM
transmission inside the NFD, respectively. Developing the idea
of multieigenvalue communication, Hari ez a/. [62] demonstrated
the SE of 3.14 bits/s/Hz, by employing the modulation of five
imaginary eigenvalues and using an exhaustive search for the op-
timal time duration and bandwidth of the resulting pulses. In
[100] the SE of 3 bits/s/Hz was reported for simultaneous modu-
lation of norming constants and amplitudes of a single soliton at
2000 km; for the two-soliton system in the case of ignoring the
intercomponent interaction, the SE of 1.8 bits/s/Hz was reported.
Generally, it was inferred that the SE of a one-soliton system is
higher than that of a two-soliton one. In Ref. [141] two heuristic
designs for multisoliton signal sets are described, and the spectral
efficiencies reported somewhat exceed 3 bits/s/Hz. However, the
authors noted that the multisoliton signals are significantly lim-
ited by bandwidth expansion if the system length is not much
smaller than the dispersion length, such that modulating the ei-
genvalues alone cannot address the problem of nonlinearity in
commercial fiber transmission systems and the proposed modu-
lation methods are efficient when dispersion is dominated by
nonlinearity. Multeigenvalue communication with all four
parameters of each soliton modulated was also addressed in
[148,149]: analytical expressions for the lower bounds for the
joint mutual information were derived, and the achievable rate
(in Gaussian approximation) was obtained by using the uniform
input distribution subject to the peak constraints. Shevchenko
et al., in [79], studied a non-Gaussian (the non-central y distri-
bution, derived in [150,151]) model for the noise-perturbed sin-
gle soliton amplitude evolution addressing the continuous
modulation of the discrete eigenvalue associated with the
NLSE, showing that the lower bound for the capacity per channel
use of such a model is an unbounded growing function of the
effective SNR. This result was very recently generalized to the
case of Manakov soliton amplitude modulation [152] based
on the non-central y distribution for the noise-perturbed
Manakov soliton amplitude [153]. In [154], the authors ad-
dressed the question of capacity and spectral efficiency per symbol
for the NIS-based transmission (based on continuous spectrum
modulation), using the channel model obtained within nonlinear
continuous spectrum perturbation theory [155,156]: using very
conservative estimates for the lower capacity bound [6,157], it
was shown that the estimates for the lower bound for the capacity
per symbol of NIS-based transmission are x10.7 bits/symbol
for 5 x 100 GHz WDM Nyquist and OFDM transmission at

2000 km; this bound improves logarithmically with the channel
bandwidth or subcarrier spacing. A very similar result has recently
been obtained by Yousefi and Yangzhang in the case of normal
dispersion [158]: by using direct simulations, they demonstrated
that the symbol rate for the raised cosine-based WDM inside the
NED is 10.5 bits/symbol at 2000 km, which translates into the
SE value of 1.54 bits/s/Hz.

8. CONCLUSION

In our review, we have classified the existing approaches and
methods in the rapidly growing area of NFT-based optical com-
munications under a common framework. The NFT is a truly
nonlinear method, which paves the way to the development of
fundamentally new, specifically nonlinear techniques for coding,
modulation, transmission, and processing of signal in nonlinear
communication channels. In spite of some evident success and,
currently, numerous experimental demonstrations of various
types of the NFT-based transmission, this approach still requires
considerable effort directed towards its optimization with respect
to reaching higher SE and quality of transmission. Another im-
portant path to further NFT method development refers to the
usage of the whole nonlinear domain altogether and the design of
advanced combined methods, such as NFDM-NIS, to obtain
improved transmission performance. In addition, advanced algo-
rithms, such as the superfast NFT, should be widely implemented
and tested for different NFT transmission variants: the existing
NFT methods imply either one or two NFT operations, and
so the superfast NFT processing algorithms can greatly help in
reducing the overall processing time consumption to several or-
ders compared to other methods—a problem that is currently
considered as one of the main challenges in the DSP. Finally,
we express our sincere hope that the general ideas of NFT and
the specifically nonlinear signal characteristics, such as the non-
linear spectrum, will become no less common and routine for
optical engineers than the ordinary Fourier operations and corre-
sponding processing methods are now. However, this still requires
coordinated efforts from the communication engineers and non-
linear physics communities.

A. Future Key Challenges

Finally, we present a list of key challenges we think future research
should address. Despite many research efforts and positive
progress in recent years, the expected performance and achievable
SE of NFT-based transmission systems have not been achieved so
far, especially experimentally. (i) One major challenge in imple-
menting NFT-based systems is the implementation penalty due
to limitations of practical devices, including linear and nonlinear
responses, phase noise [159], and limited resolutions of currently
available optical transceivers. Application of conventional modu-
lation formats for NFT-based systems is suboptimal due to the
lack of control over the time-domain signals, large bandwidths,
and large PAPR leading to significant distortions and performance
penalty. In addition, signals designed using INFT and conven-
tional formats are also very sensitive to linear and nonlinear re-
sponses of optical transmitters. As a result, advanced modulation
formats, DSP, and calibration techniques will be important re-
search topics and challenges for future NFT research. (ii) The
impact of the deviations from the pure NLSE model (higher-
order dispersion, polarization effects, Raman effect) on the prop-
erties and quality of NFT-based methods has yet to be carefully
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assessed. (iii) The SE of NFT-based methods and of the nonlinear
optical fibers has to be improved and elucidated further to
overcome the SE limitation of “traditional” systems. This item
also implies the optimization of the NFD modulation and inven-
tion of the new specific high SE formats for the NFT-based trans-
mission. (iv) Polarization division multiplexing with the use of
NFT and Manakov equation integrability has yet to be developed.
(v) The numerical computation of the forward and inverse NFT
becomes more and more difficult as the energy of the signal in-
creases. With the NFT being a nonlinear operation, eventually all
numerical algorithms will break down [144]. While we expect
that these issues can be fixed by improving the algorithms,
e.g., by employing higher precision arithmetic of some form, it
is also clear that this will increase the numerical costs. The devel-
opment of NFT algorithms for the high-energy regime and study
of their complexity is an important open question.
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