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Abstract: The nonlinearity of optical fiber systems is believed to be the main limiting factor that declines the performance at high
signal powers. This paper primarily investigates the use of fiber nonlinearity in a constructive way, rather than treating it as a problem.
Through simulation we tried to come up with a unified method for communication over optical fiber networks using NFDM sofitware
suite in Windows environment. Furthermore, we investigated optical link performance parameters such as spectral efficiency, EVM, and
for NFDM systems using a pre-compensation technique. The simulations were carried out with the open-source software environment
NFDMlab, which uses FNFT, a software library to compute NFTs and INFTs. The NFDM (de-) modulator modules utilize the C
software library FNFT to compute (inverse) NFTs, which is interfaced using the Python wrapper. We successfully built a working
environment on the Windows platform, used Anaconda distribution package. Simulations are carried out to see higher data rate of
NFDM systems by increasing the number of modulated nonlinear subcarriers along with the application of a pre-compensation
technique. As a result, a record-high data rate up to 200 Gb/s and spectral efficiency (SE) over 3.72 bits/s/Hz in burst-mode, single-
polarization NFDM transmissions were achieved over 976 km of standard single mode fiber (SSMF) with 222 64-QAM-modulated
nonlinear subcarriers simultaneously.

Keywords: Fiber-optic communication, Nonlinear frequency division multiplexing, Nonlinear Fourier transform, Dispersion decreasing
fiber, Nonlinear Fourier Transform.

1. Introduction for solving integrable non-linear partial differential

equations like NLSE, control wave propagation in certain
Previously telecommunication system used smoke signals ~ Nonlinear media. Conventional Fourier transform was
and drums. The advancement in telecommunication has been  Originally developed to solve the heat equation, is a standard
unstoppable since telegraph was invented in the first half of example for a linear evolutlon_eqqatlon. Nonlinear Fo_urler
the 19th century. Then, after the invention of the laser inthe ~ transforms (NFTs) are generalizations of the conventional
1960s, the arrival of light wave communication, which Fourle_r transform_that can be used to solve certain nonl!near
enable available bandwidth and increases the performance of ~ €volution —equations  popular ~ examples for nonlinear
communication systems. In 1970, the first optical fiber with ~ evolution equations are nonlinear Schrddinger equation
sufficient low loss was developed. Fiber optic ~ (NLSE). NFT decomposes asignal into continuous spectrum
communication systems, use optical fibers to transmit ~ and discrete spectrum. The continuous part consists of
information, till 1980.Next optical amplifiers are invented ~ CONtinuous spectral functions representing the radiative
which enables longer distances without regenerating the ~ components of the signal. The discrete part consists of a set
signal. Further wavelength-division multiplexing (WDM) of_|solated points called_Elgen values representing the
and higher order modulation formats allowed to further ~ Soliton components of the signal.
increase the bit rate-distance product.

Simulations are carried out to see higher data rate of NFDM
The global data traffic is increasing exponentially, and it is ~ Systems by increasing the number of modulated nonlinear
becoming a challenging aspect in current-generation of subcarriers and investigated optical link performance
optical fiber communication systems to meet the data rate ~ Parameters such as spectral efficiency, EVM with the
demand. In the past few years, a revolutionary approach has  application of a pre-compensation technique [1] for the
been actively investigated to use fiber nonlinearity in a  channel-induced phase-shift in the nonlinear Fourier
constructive way, rather than treating it as a perturbation. ~ domain. The simulations were carried out with the open-
This approach uses the NFT [3] A sort of nonlinear ana|og source software environment NFDMlab, which uses FNFT,
of the conventional Fourier transform (FT)—to decomposea @ software library to compute NFTs and INFTs [4] . The
signal into a set of discrete and continuous spectral ~ NFDM (de-) modulator modules utilize the C software
components, together called nonlinear spectrum, that  library FNFT [5] to compute (inverse) NFTs, which is
develops in a simple linear way along with the nonlinear  interfaced using the Python wrapper.
fiber channel. The Nonlinear Fourier transform is a method

Table 1: Literature Survey

Title Author Year of Description
publication
High Speed Pre-Compensated In this paper, author experimentally
Nonlinear Son Thai Le, Vahid 2018 demonstrated a practical approach for increasing the data rate of NFDM
Frequency-Division Multiplexed Avref transmission systems by increasing the number of modulated
Transmissions nonlinear subcarriers together with the application of a pre-
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compensation technique for the channel-induced phase-shift in the
nonlinear Fourier domain.

Vinod Bajaj and
Shrinivas
Chimmalgi

Exact NFDM Transmission in

Presence of Fiber-Loss 2020

In this paper NFDM techniques is applied to the NLSE which models
signal in a lossless fiber. True lossy NLSE is approximated by a lossless
NLSE using the path-average approach. The error of the path-average
approximation depends strongly on signal power, bandwidth, and the
span length. But it degrades the performance of NFDM systems
designing high data rate due to nonlinearity. So nonlinearity mitigation
can be achieved in lossy fibers by designing an NFDM system with DDF|
Dispersion-decreasing fibers.

Mansoor
Yousefi and
XianheYangzhang

Linear and Nonlinear FDM 2020

In this paper, two signal multiplexing schemes for optical fiber
communication are considered: Wavelength-division multiplexing
(WDM) and nonlinear frequency-division multiplexing (NFDM), WDM
is considered for linear multiplexing and NFDM is considered for NON-
linear multiplexing
The NFDM AIR(Achievable information rates) is greater than the WDM
AIR subject to a bandwidth and average power Achievable information
rates are theoretical values that are linked to information that is
transmitted through a given channel.

FNFT: A Software Library for
Computing Nonlinear Fourier
Transforms

Wabhls et al 2018

FNFT is one of the reliable and efficient software library for computing
NFTs.

M. Yousefi and
F.R. Kschischang

Information Transmission using

the NFT - | 2014

This paper explains the mathematical tools that underlie the method to
solve nonlinear Fourier transform (NFT); NFT is a powerful tool in
soliton theory and exactly solvable models, is a method for solving

integrable partial differential equations governing wave propagation in

certain nonlinear media. Information is encoded in the nonlinear
frequencies and their spectral amplitudes. Unlike most other fiber-optic
transmission schemes, this technique deals with both dispersion and
nonlinearity directly and unconditionally without the need for dispersion
or nonlinearity compensation methods.

M. Yousefi and
F.R. Kschischang

Information Transmission using

the NFT - 11 2014

In this paper, numerical methods are suggested to compute the discrete
and the continuous spectrum of a signal with respect to the Zakharov—
Shabat system, a Lax operator underlying numerous integrable
communication channels including the nonlinear Schrédinger channel,
modeling pulse propagation in optical fibers.

M. Yousefi and
F.R. Kschischang

Information Transmission using

the NFT - 111 2014

PART-III of this paper, emphasis is placed on modulation of the discrete
component of the nonlinear Fourier transform of the signal and some
simple examples of achievable spectral efficiencies are provided.

Wahls, S., and H.
V. Poor.

Fast Numerical Nonlinear Fourier

Transforms. 2015

The nonlinear Fourier transform, which is also known as the forward
scattering transform, decomposes a periodic signal into nonlinearly
interacting waves. The nonlinear Fourier transform is eminently suited
to address them — at least from a theoretical point of view. Although
numerical algorithms are available for computing the transform, a “fast”
nonlinear Fourier transform that is similarly effective as the fast Fourier
transform is for computing the common Fourier transform has not been
available so far. The goal of this paper is to address this problem.

Two fast numerical methods for computing the nonlinear Fourier
transform with respect to the NSE are presented.

NFDM System and Methodology

Nonlinear frequency division multiplexing (NFDM) is a
signal multiplexing techniques, encode information in
nonlinear spectrum which is obtained from the nonlinear
Fourier transform (NFT) of a signal. Loss in NFDM is
addressed using path average method. In this method true
lossy optic fiber can be approximated by lossless optic
fibers. Error of path-avg approximation is depending on
signal power, bandwidth and duration. These errors degrade
the performance of NFDM when designed at high data rate.
The propagation of an optical pulse Q (£, t) in an ideal lossy
single-mode fiber can be given as

0Q [ 0°Q
ar "9 o

J— if\’f
I

QPQ=-50Q.
2w

Where { represents the propagation distance and t is time.
The parameters 2 and y are the dispersion and nonlinear
parameters respectively and a is loss parameter. In this case
we consider dispersion Bl < 0. Above equation is not
integrable. Hence it is not suitable for NFDM. This issue can
be solved by the path-average model. In the path-average
model, the change in the signal power due to loss is
converted into change in the nonlinear parameter. Then, by
approximating the varying nonlinear parameter with its
average value over a time period, a lossless fiber model is
obtained [2].

The propagation of an optical pulse Q (£, t) in an ideal
lossless single-mode fiber can be modeled by the NLSE
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The equation (2) is integrable and can be solved exactly by
NFTs by a change of variable method and then transformed
into the normalized form given below

0 102
au i_—u - "-u.‘Qu =0, u=u(z7).

0z 2072 @)

As depicted in figure-1, at the transmitter, the transmitted
signal was designed by multiplexing N overlapping sinc-
shape subcarriers in the nonlinear continuous spectrum.
In. NFDM transmissions, data can be encoded onto the
parameters of the nonlinear signal spectrum. Here in this
experiment it is the modulation on continuous spectrum and
the interplay between dispersion and nonlinearity is
usually compensated at the receiver by cancelling the
accumulated linear phase-shift in the nonlsinear Fourier
domain. Simulation focus only on the modulation of the
continuous part q.(§) because of the efficient available
inverse NFT algorithm (INFT) which allows for a large
number of nonlinear subcarriers to be modulated
simultaneously. Simulation focus only on the modulation of
the continuous part q.(¢) because of the efficient available
inverse NFT algorithm (INFT) which allows large number
of nonlinear subcarriers to be modulated simultaneously.
Since continuous part of the nonlinear signal spectrum is
dispersive, signal broadening occurs during propagation. As
a result, NFDM systems are designed in the burst mode, i.e.

oQ
a0

with zero guard intervals between neighboring bursts for
preventing the inter-burst interference during propagation. In
this case, the length of guard interval (GI) between
neighboring bursts should be longer than the channel
memory.

For continuous-part signal channel memory is same as
conventional OFDM signal:

T,= 21B B,L

Where B is the signal’s bandwidth and S,is the second order
dispersion coefficient. In fact, the required guard interval
duration can be effectively reduced by a factor of 2 in
the pre-compensated NFDM transmissions, as shown in
figure-1.b. Where half of the transmission-induced phase
shift of the nonlinear spectrum is pre-compensated at the
transmitter and the other half is post-compensated at the
receiver. In this scheme, the initial signal is broadened by
half of the channel memory at the transmitter. During
propagation, the pre-compensated signal will be compressed
firstly, and then reached its most compact form at the middle
of the link. Then in the second half of the link, the signal is
broadened and receiver signal duration will be the same as
the duration of the pre-compensated signal at the transmitter
shown in (Figure-1.c). Therefore, the maximum signal
broadening is only half of the channel memory (T, /2).
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a) Basic block diagram of NFDM transmissions modulating
the continuous part

b) Basic block diagram of the pre-compensated NFDM
transmission modulating the continuous part

c) Receiver the signal duration will be the same as the
duration of the pre-compensated signal at the transmitter

In this case, the achievable data rate and the corresponding
SE of NFDM transmissions can be greatly increased. Based
on T, the upper bound of the normalized spectral efficiency

_ To
" To+2nBB,L’ )
)

To
To+ mBB,L

SEpre -

T, = burst duration, N = Modulated subcarrier, If T, = %

Then
_ To
“To+ 2mB2B,L/N’ -~ (8)
_ To
SEpre = 4 ammm = (9)
To increase SE for NFDM transmission  systems
bandwidth and distance are fixed the number of

subcarriers should be increased.

Simulation Setup and Results

Simulations were carried out with the open-source software
environment NFDMIab, uses FNFT library together with
NFDM (de-) modulator modules utilize the C software
library FNFT to compute (inverse) NFTs, which is
interfaced using the Python wrapper and built primarily to
be functional in Linux environment.

From the results in Table-1, we successfully built a working
environment for NFDMlab suite in Windows platform, using
Anaconda distribution package. Further we could show the
improvement of NFDM System performance parameters like
Spectral efficiency, Error vector magnitude and Data rate

For a given constellation type by increasing the number of
subcarrier from 64 to 222 it is observed in simulation
environment that there is an obvious improvement in
spectral efficiency. This observation holds good for
constellation type 16, 32 and 64 and the trend is with
increase in constellation type there is further improvement in
spectral efficiency and so is in.

Table 2: NFDM Simulation Results

NFDM Simulation Input Pa_rameters_ _ _ _ NFDM_SimuIation Output Metrics
S’:g?gﬁg;‘; constt)(/eFI)I:tion g;(ng\)/(viﬂ?hn?rll f)!r?g\lls:é(t)ﬁ l}lec;]rgltlrr:ei?]r Grr;;siglt e'\f/lf_(i)gz:f::t)lloiﬁm Error vector magnitude
GHz in GHz km Gh/s bits/sec/hz
64 32 170.499 331.82 42 1.32 (_5'870148(? %gcigggg,62.01;)78;32)83;72496627,
132 40 341.166 333.49 88 221 (4'51071435694502938777529,72?%22)2 3%63125993'
154 " 44 341.166 446.9 102 231 (1'363059032%%%27%1528%%(??2? (7158449730311
176 50 341.166 243.47 117 2.36 (1'158935;98%%32%?;%549:2%33225 ifli398728977,
198 55 341.166 345.28 132 241 (7'70798%82210741%61%;326592?3%2 5?39264788'
222 60 341.166 282.17 148 2.48 (2'02624252?112%5554763167’81522322)1 3(;%397028716’
64 32 170.499 | 21654 | 53.33 1.66 (-5.34135;37,32(;2%22?éz.;fgé)sggs??s873,
132 40 341.166 331.08 110 2.72 (3.932691271.38;347&;‘312.32171%3;8(1791,45105325‘
154 . 44 341.166 296.58 128 291 (5'5047263241'2243170831314;15681232)9 §3|;36680645'
176 50 341.166 | 237.83 | 146 293 (2'5351932?&%%%1673613;912331‘%%361994339'
198 55 341.166 | 29219 | 165 3 (2'1416663%547019%%%11126;%?2%%28650213'
222 60 341.166 257.3 185 31 (0.677655290.25795;282353(7)66177245)9(?552325013,
o R R B =
122 0 | s | aerz | w2 | s | OTOWOLSTE0TONE 8 710701605
154 64 44 341.166 569.77 154 3.47 (-1.068623; %ggﬁg%%ésgggsgsggmnm72
176 50 341.166 361.6 176 35 (1'349787%?222?2222;1%?%1324321)33331070498’
198 55 341.166 325 194 3.62 (1'12541878?2%5565%?133; 41208225105 5?3570310613’
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Figure 2: Fiber output for N=222 and 64QAM
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Figure 3: Fiber input for N=222 and 64QAM
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Figure 4: Constellation diagram of 64 QAM, N=222
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Figure 2 shows fiber input and Figure 3 shows fiber output
for 222 No of subcarrier and 64QAM.By applying pre —
compensated technique we observe in Figure 2 and 3 that

fiber input is approximately same as fiber output .Figure 4
shows constellation diagram for 222 no of subcarrier and 64
- QAM and Figure 5 shows constellation diagram for 222 no
of subcarrier and 64 - QAM.

2. Conclusion

The simulations were carried using open-source software
environment NFDMlab, which uses FNFT, a software
library to compute NFTs and INFTs. This NFDMlab
software suite is primarily built for LINUX environment
and our goal of the project is to port the NFDMlab suite
to Windows environment using Anaconda software
package and simulate NFDM System with pre-
compensated technique to show the performance
improvement in higher QAM constellation cases.

Pre-compensation of channel against induced phase shift at
Tx and Rx instead of post-compensation and increasing the
number of modulated subcarrier are two important rules for
designing high data rate NFDM transmission systems. By
applying these rules and increasing the number of modulated
nonlinear subcarriers up to 222 we have achieved in
simulation environment record-high net data rate of 200
Gb/s and SE of 3.72 bits/s/[Hz in NFDM transmissions
over 976 km of SSMF.
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