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(57) ABSTRACT 

A system and method for mitigating nonlinearity in an 
optical communication link with multiple carriers uses 
mutual frequency referencing to stabilize at least a portion of 
the multiple carriers. Using at least one frequency-refer 
enced signal, carrier nonlinearity can be determined and 
compensated within the link by pre-distortion, back-propa 
gation, or a combination of both. Mutual frequency refer 
encing may be performed at the emitting end of the link, at 
the receiving end, or a combination of both. 
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NONLINEARITY CANCELLATION IN FIBER 
OPTIC TRANSMISSION BASED ON 

FREQUENCY-MUTUALLY-REFERENCED 
CARRIERS 

RELATED APPLICATIONS 

0001. This application claims the benefit of the priority of 
U.S. provisional Application No. 61/943,753, filed Feb. 24, 
2014, which is incorporated herein by reference in its 
entirety. 

BACKGROUND OF THE INVENTION 

0002 Field of the Invention 
0003. The present invention relates generally to the field 
of optical communications and optical communication links, 
and more particularly to the mitigation of the nonlinear 
impairments in optical fiber-based communication links. 
0004 Background 
0005 Propagation through optical fiber is beset with 
several limitations, especially as distance is increased to 
multi-span amplified systems. As transmission systems have 
expanded to cover longer distances and transmit at higher bit 
rates, the linear effect of fibers—attenuation and disper 
sion become a limiting factor. In the case of WDM sys 
tems, nonlinear effects can become important even at mod 
erate powers and bit rates. Nonlinear impairments are a 
critical concern in optical networks since long-haul trans 
mission commonly relies on high power lasers to transmit 
optical pulses over long spans to overcome attenuation. 
Nonlinear impairments depend mainly on the fiber type and 
length. Currently, all commercial systems rely on the so 
called single mode fibers that Support a single electro 
magnetic mode in each of the two orthogonal polarizations 
of light. In an effort to increase the capacity transmitted over 
a single fiber waveguide, recent work has been directed to 
multi-mode and/or multi-core fibers. The core of multi 
mode fibers is larger than that of single mode fibers and can, 
thus, Support more than one electromagnetic mode. Thus, at 
least in theory, multi-mode fibers should be able to transmit 
Some multiple of the amount of information transmitted via 
single mode fiber. On the other hand, multi-core waveguides 
contain more than one core, each of which can be either 
single, or multi-mode, thus facilitating transmission of more 
information, in a way similar to multiple parallel fiber 
waveguides, albeit encompassed by the same cladding. 
0006 Currently, there are a number of solutions for 
mitigation of nonlinear impairments in fiber optic commu 
nication links. Some solutions attempt to transmit the infor 
mation at a reduced power level so as not to provoke the 
nonlinear response. These solutions fail to meet the needs of 
the industry because the effect of noise on the transmitted 
signal becomes more pronounced, ultimately limiting the 
attainable reach of the system by the mere achievable 
signal-to-noise ratio (SNR), which in a fiber optic links 
system declines uniformly with propagation, as well after 
each amplifier in the link. Other solutions attempt to take 
advantage of the link dispersion engineering by alternating 
the types of optical fiber (or more precisely, the levels of 
dispersion) to reduce the impact of the nonlinear impair 
ments. Such solutions are similarly unable to meet the needs 
of the industry because fiber types other than the standard 
single mode fiber exhibit elevated levels of loss, ultimately 
leading to SNR limitations similar to the systems described 
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above. Still other solutions seek to mitigate the nonlinear 
impairment by relying on fibers with a larger effective area, 
and thus lowered nonlinearity. These solutions also fail to 
meet industry needs because they are unable to provide the 
level of performance or reach required, in addition to 
elevating the total system cost. Another class of methods 
attempts to mitigate the nonlinear impairments by electronic 
equalization by either pre-compensating the transmitted 
waveforms, or post-equalizing the received signal by (an 
often lower complexity fiber propagation model possibly 
relying on look-up tables). Unfortunately, even these sys 
tems have not been able to attain the industry-required 
performance due to their modest ability to compensate the 
nonlinear effects in transmission to the desired level, and/or 
provide a significant reach extension. 
0007. The need remains for a fiber link that allows higher 
launch power signals per span in fiber optic communication 
systems to achieve a longer reach and improved perfor 
mance Preferably, such a fiber link would allow elevated 
spectral utilization or spectral efficiency, as measured in 
units of bits per second per Hertz (bit/sec-Hz), which can be 
used to significantly increase the attainable transmission 
reach without compromising signal quality. Still further, it 
would be desirable to have a fiber link that provides the 
desired performance irrespective of the type of fiber (or a 
combination thereof) used in the link design. 

SUMMARY OF THE INVENTION 

0008. In an exemplary embodiment, the present invention 
addresses the deficiencies of the prior art by providing 
nonlinearity cancellation based on frequency-locked, or 
frequency- and/or phase-mutually-referenced, oscillators. 
This approach allows a Substantial increase in the launched 
power per span, thus extending system reach and improving 
performance as compared to existing systems. 
0009. The inventive approach utilizes one or more of a 
set of mutually frequency-locked, mutually frequency ref 
erenced, and/or fully phase-locked carriers. This differs from 
approaches used in existing optical communication systems, 
in which data are imprinted onto the carriers with stochas 
tically-varying frequencies and phases (often referred to as 
“free running’) information carriers (i.e., lasers). In effect, 
the frequency-locked multi-wavelength source is used to 
provide a set, or a Subset, of frequency carriers in an optical 
transmission system. The carriers are fanned out (or demul 
tiplexed) to the respective transmitters in a single polariza 
tion, or polarization-multiplexed system, where the infor 
mation bearing waveforms are imprinted onto the respective 
carriers. The actual mitigation of the nonlinear impairments 
can be performed at the transmitting end, the receiving end, 
or partially at both ends of the communication system. The 
technique used can include existing pre-compensation or 
back propagation techniques, or can utilize some other 
equalization method aimed at nonlinearity mitigation in fiber 
optic links, performed jointly on all channels or a Subset of 
the transmitted channels. The modulated channels are then 
multiplexed and launched into the transmission link. At the 
receiver side, and upon transmission, the wavelength divi 
sion multiplex (WDM) channels are demultiplexed. Receiv 
ers defined by the underlying transmitted modulation format 
(s) may be used to receive the information. Such receivers 
may include, but are not limited to, any digital signal 
processing techniques for, e.g., carrier recovery and/or fre 
quency offset determination in the demodulation process, 
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dispersion and polarization mode dispersion mitigation, and 
error control coding and/or protocol-related headers and 
framing, prior to the information recovery. 
0010. In one embodiment, the inventive approach 
exploits the feature that the time domain phase conjugation 
has the ability to reverse the nonlinear impairments in 
propagation that tend to severely degrade the performance of 
high speed fiber optic transmission systems. 
0011. In an exemplary embodiment, the inventive method 
includes three components: 
0012 (i) pre-compensation (pre-distortion) of the infor 
mation-bearing waveforms. This contrasts with the conven 
tional back-propagation approach—rather than compensat 
ing at the receiving end, the signal waveforms are 
appropriately conditioned, i.e., shaped, at the transmitter in 
WDM: 
0013 (ii) the particular pre-distortion pattern is obtained 
by computing the output of the transmission system with all 
the data and taking some form of the inverse operation of the 
involved signals propagation (often denoted as back-propa 
gation). The total pre-compensating field waveform is real 
ized by modulation of the carriers of the WDM system, 
which is subsequently transmitted through the link. It is 
assumed that the transmitted data, including any protocol 
and error control coding information, is divided into frames; 
and 
0014 (iii) frequency- (and possibly, but not necessarily 
phase-) locking of the carriers in the WDM systems, without 
which an accurate nonlinear compensation is not possible. 
0015. In one embodiment, the set of frequency-locked 
carriers can originate from an optical frequency comb, or 
multiple similar constructs, covering the transmission spec 
tral range of the system. In another embodiment, the carriers 
used for transmission may be externally frequency-locked or 
stabilized with respect to a frequency reference, or multiple 
Such references. In yet another implementation, Such fre 
quency reference can be a frequency comb used to stabilize, 
or lock the actual carriers of the optical communication 
system. Other variations of frequency locking methods are 
possible. For example, the frequencies of the information 
carriers need not be stable in the absolute sense—if there is 
frequency drift, it is essential that the drift between the 
carriers is mutually dependent and/or at least correlated. As 
examples, the aforementioned frequency referencing of free 
running lasers to one, or more master frequency reference 
(e.g., a frequency comb) can be accomplished by one, or a 
combination of the following techniques: injection locking, 
opto-electronic phase-locked loops (PLLs), frequency 
locked loops (FLLS), or cavity-based wavelength lockers. In 
brief, injection locking refers to a method of using an optical 
signal as a reference and injecting it into the cavity of a laser 
oscillator, thus forcing it to oscillate at the desired reference 
frequency. The wavelength lockers rely on extraneous cavi 
ties as the reference, whereas the departure of the laser light 
frequency to the latter (i.e., the reference cavities) is used as 
a feedback signal to form a correction signal, or an action 
(often by means of the laser injection current) in order to 
force the laser to emit at a desired frequency. The PLL and 
FLL approaches use a construct called an electronic phase-, 
or frequency-locked-loop in order to determine the departure 
of the laser emitting frequency to an optical frequency and 
to generate a corrective signal, or action fed back to the 
free-running laser, with the aim of forcing, or confining the 
laser emission to the desired frequency, or wavelength. 
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Variations of these techniques, or alternative approaches to 
achieve the desired referencing will be apparent to one of 
skill in art. 
0016. In another embodiment, the techniques used in the 
present invention can be employed for equalization of the 
nonlinear response at the receiving end. In this approach, the 
information-bearing waveforms are still imprinted onto the 
mutually-frequency referenced, or frequency-locked, carri 
ers without restriction with respect to the nonlinear interac 
tion at the transmitter and/or any particular care in the 
mutual channel synchronicity in modulation. However, the 
nonlinear impairment mitigation can be performed at the 
receiver based on the received waveforms, for example, by 
joint back propagation of the received waveforms for mul 
tiple channels. Other approaches may be used and will be 
apparent to those in the art. 
0017. In one embodiment, equalization can be jointly 
performed at the receiving end on all, or a Subset, e.g., 
blocks, of the received channels. Alternatively, a combina 
tion of pre-compensation and a receiver-end equalization 
may be used to achieve the same goal. In this case, the 
compensation of the nonlinear impairment is facilitated by 
utilizing an optical receiver with frequency referenced local 
oscillators, which may or may not be mutually fully phase 
locked, or referenced, whose output, after Some digital 
signal processing, is passed to the back-propagation calcu 
lating block. 
0018. In another implementation, the inventive approach 
is applicable to calculation of waveforms for pre-equaliza 
tion by phase conjugation. Here, the waveforms imprinted 
onto the carriers are in effect phase conjugate replica of the 
result of propagation through the virtual link characterized 
by opposite sign physical constants and negative gain to that 
of the actual physical link for which the equalization is being 
performed. 
0019. In yet another embodiment, the method is appli 
cable to polarization multiplexed transmission systems, 
which transmit information in both orthogonal polarization 
of light at each optical carrier, or a Subset of the optical 
carriers. 
0020. In still another embodiment, a portion, but not all, 
of the information carriers at the transmitting side, or a 
portion of the local oscillators at the receiving side, can be 
frequency locked. Instead, a full set of available carriers can 
be divided into mutually-locked subsets of locked carriers, 
which are either jointly referenced, or may not have corre 
lated references. In another embodiment, the calculation of 
the waveform to be imprinted onto the carriers at the 
transmitter end can be based on a subset of transmitted 
channels in which the transmission system channels are 
divided into groups, with the calculation and, thus, the 
equalization, performed separately for each group. 
0021. As a further possible embodiment, the waveforms 
to be imprinted onto the information carriers can be calcu 
lated based on a number of neighbors to the channel of 
interest, with the remainder of the channels considered as 
non-existent, or immaterial in that they are transmitting 
arbitrary/random information. In yet another embodiment, 
the calculation of the subset waveforms can be implemented 
either on the Subsets separately, or, alternatively allowing 
overlap between the subsets of channels. In an additional 
embodiment, a strict phase relationship between the carriers 
can be maintained prior to launching into the link. Alterna 
tively, maintenance of the mutual phase relationship 
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between the carriers may not be necessary for a Successful 
realization of the present invention. As an additional 
example, the method may be applied to so-called "super 
channel' transmission systems, with frequency referenced 
Sources used as the Super channel carriers in a single, or 
multiple Super-channels. 
0022. As a further possible embodiment, the phase, or 
frequency drift of the carriers can fully or partially compen 
sated as a part of the back-propagation mitigation (at the 
receiver end), possibly taking advantage of frequency and/or 
phase references, as well as any information from the digital 
signal processing algorithms on the course of signal 
demodulation. It should be noted that this approach involves 
locking of the local oscillators, which need to be jointly 
referenced in order to provide an absolute frequency refer 
ence. Such frequency-referencing or -locking can be 
achieved either directly by taking advantage of a frequency 
comb as a bank of local oscillators for the receivers of 
interest, or by locking free-running oscillators by one, or a 
combination of techniques—injection locking, wavelength 
lockers, PLLs, FLL's, as explained above. 
0023. In yet another embodiment absolute frequency 
and/or phase references can used at the receiver and as a part 
of back propagation impairments mitigation. The proper 
information from the frequency and/or phase references at 
the receiving end can avoid the explicit utilization of fre 
quency-referenced sources at the transmitting side. 
0024. The inventive method is unique when compared 
with existing approaches in that it: (1) allows significant 
power increase per span while circumventing the normally 
associated performance penalty; (2) enables a longer trans 
mission reach for an elevated spectral efficiency; and (3) 
produces Superior performance in an optical communication 
link at a given reach. 
0025. The inventive approach produces greatly improved 
performance by exploiting at least the following important 
advances: (1) frequency-locked, or frequency mutually ref 
erenced carriers (either at the transmitting side, receiving 
side, or both) are employed to significantly improve the 
ability to mitigate nonlinear impairments; and (2) the physi 
cal implementation is compatible with an arbitrary nonlinear 
equalization method for nonlinearity mitigation. 
0026. Key among the improvements provided by the 
inventive approach is the significant mitigation of nonlinear 
effects in high speed fiber optic transmission without the 
penalties associated with prior solutions. It is still further an 
object of the present invention to increase the reach for 
telecom systems while also providing elevated spectral 
efficiency. 
0027. In one aspect of the invention, a method for miti 
gating nonlinearity in an optical communication link com 
prising multiple carriers, the method comprises applying 
mutual frequency referencing to at least a portion of the 
multiple carriers; using at least one frequency-referenced 
carrier, determining nonlinearity within the link; and com 
pensating for the determined nonlinearity. In some embodi 
ments, applying mutual frequency referencing is performed 
at an emitting end of the link. Applying mutual frequency 
referencing may include applying frequency locking. In 
Some embodiments, frequency locking may include a 
method selected from injection locking, current injection, 
laser cavity control, opto-electronic phase-locked loops, 
frequency-locked loops and cavity-based wavelength lock 
ers. Applying mutual frequency referencing may include 
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generating the multiple carriers using a frequency comb or 
using stabilized independent lasers, referenced to one or 
common frequency references. The frequency reference 
may be located an emitting end of the link or at a receiving 
end of the link. Compensating for determined nonlinearity 
may include applying a pre-distortion to the carriers to 
cancel the nonlinearity, or generating a virtual link charac 
terized by opposite sign physical constants and negative gain 
relative to the link. Compensating for determined nonlin 
earity may alternatively include applying back propagation 
at the receiving end of the link to cancel the nonlinearity, 
while taking advantage of frequency referenced and possibly 
phase locked local oscillators among the receivers of inter 
est. Additionally, the nonlinearity can be compensated in 
polarization multiplexed systems. 
0028. In another aspect of the invention, an optical fiber 
transmission system, includes a carrier source configured for 
generating a plurality of channels, wherein the channels are 
configured for imprinting with information-containing 
waveforms; a multiplexer configured for receiving the plu 
rality of channels and outputting a multiplexed signal; one or 
more transmission links for transmitting the multiplexed 
signal, the transmission link comprising an optical fiber and 
an amplifier; a demultiplexer configured for receiving an 
optical signal at a receiving end of the transmission link; a 
plurality of receivers for receiving demultiplexed signals, 
each receiver configured for receiving one of the plurality of 
wavelengths; and a processor for detecting nonlinearity 
within the transmission link and calculating compensation 
for Substantially cancelling the nonlinearity; wherein at least 
one of the carrier source and the plurality of receivers 
comprises a frequency-referenced local oscillator. In one 
embodiment, the carrier source is frequency-referenced and 
wherein the plurality of channels are at least partially 
mutually frequency locked. At least a portion of the plurality 
of channels may be subsets of neighboring channels, where 
the channels within each Subset are mutually frequency 
locked. In some embodiments, the carrier source can be a 
frequency comb. The system may further include a pre 
distortion processor configured for providing input to the 
carrier source. The pre-distortion processor may generate a 
virtual link characterized by opposite sign physical constants 
and negative gain relative to the transmission link. In other 
embodiments, the plurality of receivers may be frequency 
locked local oscillators, and the processor may include a 
back-propagation block. The optical fiber may be selected 
from the group consisting of single mode fiber, multi-mode 
fiber, and multi-core fiber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

(0029. The present invention will be better understood 
from the following detailed description of some embodi 
ments of the invention, taken in conjunction with the accom 
panying drawings, in which like numbers correspond to like 
parts, and in which: 
0030 FIG. 1A is a block diagram of a conventional 
transmission system with carriers (lasers) independently 
wandering in frequency and phase; FIG. 1B is a plot 
showing the effect of a 50 MHZ displacement of the central 
channel in a 15-channel-count WDM system on the overall 
power profile at the transmitting end. 
0031 FIG. 2 shows a typical spectral output of a para 
metric comb with locked frequencies with a 100 GHz pitch. 
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0032 FIG. 3 is a block diagram of a transmission system 
employing frequency locked carriers. 
0033 FIG. 4A is a diagrammatic view of power evolution 
in virtual and physical links with nonlinearity pre-distortion/ 
pre-compensation; FIG. 4B is a block diagram of a trans 
mission system for producing the power evolution of FIG. 
4A, FIG. 4C is a plot showing the results of a simulation 
demonstrating full reversibility of 15-channel 25 GBaud 16 
QAM propagation with a 2 dBm launch power per channel 
per span for distances up to 10,000 km with 100 km 
amplifier spans in a noiseless simulation of a fully frequency 
fixed grid. 
0034 FIG. 5 diagrammatically illustrates an example of 
nonlinear mitigation with block-wise division of the fre 
quency referenced channels. 
0035 FIG. 6 is a constellation diagram of a received 
signal following 1200 km of propagation across a conven 
tional transmission link without nonlinearity mitigation. 
0036 FIG. 7 plots the exemplary results of a link corre 
sponding to that of FIG. 6 with the inclusion of nonlinearity 
cancellation based on frequency referenced carriers. 
0037 FIG. 8 plots the exemplary results of nonlinearity 
cancellation based on mutually phase and frequency refer 
enced carriers allowing the reach of 3000 km. 
0038 FIGS. 9A and 9B are constellation diagrams of 
received signals without and with nonlinearity cancellation 
according to the invention. 
0039 FIG. 10 is a set of constellation diagrams of 
received signals for four cases at 2 dBm per channel power 
for 16 Gbaud rate for uncompensated nonlinear impairment; 
nonlinearity cancellation with independent carriers; nonlin 
earity cancellation with 2 mutually coherent carriers and one 
independent carrier, nonlinearity cancelation with 3 mutu 
ally coherent carriers. 
0040 FIGS. 11A and 11B are constellation diagrams 
showing reach with and without nonlinearity cancellation, 
respectively. 
0041 FIGS. 12A-12D illustrate the effect of the middle 
channel (only) frequency displacement in a 15-count WDM 
system with 100 km amplifier spans (with fixed 4 dB noise 
figure amplifiers) at the 1000 km propagation distance. 
0042 FIGS. 13A and 13B illustrate the effect of a syn 
chronous frequency offset for 3 dBm average launch power 
per span, and 6 dBm average power per span, respectively. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

0043. The exemplary embodiments described herein 
involve the use of frequency-referenced optical oscillators 
for purposes of mitigating nonlinear effects arising during 
the propagation of an optical signal through optical wave 
guides and/or photonic systems. As will be apparent from 
the following detailed description of various exemplary 
embodiments, the inventive method may be accomplished 
using single- or multiple-frequency references, correlated or 
not. Further, the frequency referencing may be established 
either at the emitting end of the system, receiving end of the 
system, or using a combination of both. The inventive 
approach may be used in photonic systems allowing coun 
ter-directional propagation of signals within the same wave 
guide, containing either single, or multiple cores in a single 
cladding, and Supporting guiding of either single-, or mul 
tiple electro-magnetic modes, or a combination of both. The 
mitigation of nonlinear impairment can be achieved using 
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frequency-referenced carriers that are already built into the 
system to perform other unrelated functions. 
0044) To provide a theoretical background, the field 
propagation in optical fibers is governed by the nonlinear 
Schrodinger equation, taking into account only the instan 
taneous electronic part of the nonlinear response: 

C i 32A 1 38A (1) 
2 = y APA- A - B - - - - B - - = iyA 5A - 5f a "fs as 8. 

where A represents the field complex envelope, B.'s, the 
Taylor expansion coefficients of the mode propagation con 
stant, capturing the dispersive waveguide properties, C., the 
fiber attenuation and Y the fiber nonlinear coefficient. As 
inferred by the most commonly-employed numerical 
method for solving the propagation evolution (i.e., the split 
step method), the terms in Eq. (1) are often separated into the 
nonlinear operator/effects responsible for the nonlinear 
interactions (i.e., the first term on the right-hand side of Eq. 
(1)), as well as the linear operator, encompassing the remain 
ing terms in Eq. (1). 
0045 We focus on the theoretical reversibility of nonlin 
ear effects, and, thus, consider only a single polarization case 
of propagation, as implied by Eq. (1), in the absence of the 
stochastic effect of polarization mode dispersion. In prin 
ciple, the nonlinear dynamics of Eq. (1) is well behaved and 
integrable, in that it yields a stable (although perhaps diffi 
cultly obtained in a closed form) solution for a given input 
condition and at power levels of interest in transmission 
systems. A corollary to the previous statement is that the 
nonlinear effects in propagation, at least those pertinent to 
the Kerr response of silica fibers, have been proven to be 
reversible. In sharp contrast, however, attempts to rid the 
transmission of the deleterious nonlinear impairment have 
been limited, in simulations and in practice alike. The 
inability to equalize the nonlinear impairment has led to the 
definition of the power-dependent bound to the capacity in 
optical communications. 
0046. The input condition to the propagation Eq. (1), 
consisting of the information streams on M wavelength 
division multiplexed (WDM) channels can be represented as 
follows: 

i (2) 

A, (z = 0; t) = e 'c'. y -i (cum +éun (i)+ödin (i)). -X At p(f - kT). 
k 

0047. In Eq. (2), (), denotes the central frequency of the 
optical field, (), is the expected value of the carrier fre 
quency offset of the channel m (in the set of M channels 
considered) relative to the central frequency, and p(t) is the 
generating pulse shape of the information waveforms (as 
sumed to be shared by all the channels in the system.) 
Furthermore, it is assumed that the pulse shape is free of 
intersymbol interference throughout. The A (in Eq. 2) are 
the transmitted symbols realizations taken from a given 
alphabet set {A}. In particular, Öc) and Öp in Eq. 2 represent 
stochastic variations of the information carriers (angular) 
frequency and phase, respectively. The finite stochastic 
variations of the two quantities above have always been 
present in optical communication systems and stem from the 
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system design based on discrete, and independent (often 
referred to as free-running) laser oscillators. Two aspects of 
the initial condition (2) are of particular importance. First, 
unlike for the linear operator (i.e., for the linear part of Eq. 
1), it is easy to demonstrate that the Fourier basis is not the 
proper eigenbasis for the propagation equation (1). In the 
last statement, the notion of eigenfunction is assumed as that 
input function that can pass through a (dynamical) system 
unperturbed, except for a possible Scaling by a (complex) 
factor. Unlike the classical NLS equation (i.e., Eq. (1) 
without loss and f terms), having the eigenfunctions in the 
form of Solitons, the presence of loss and higher order 
dispersion has made the pursuit of eigenfunctions of Eq. (1) 
futile to this point. More importantly, a simple substitution 
of a solution in the form A(Z=0, t)=C. exp(-(),t) does not 
result in a common, separable exp(-icot) term, typical of the 
eigenfunction factorization. As a consequence, perturbations 
in frequency of the input condition (2), and in particular with 
respect to the nonlinear operator, can excite much more 
considerable perturbation of the output (i.e., the solution), 
after propagation through a transmission link. In simple 
terms, even miniscule (e.g., 0.1%) variations of the fre 
quency offsets of the information carriers with respect to the 
channel separation may have significant impact on the 
system output due to the nonlinear interaction described by 
Eq. (1). 
0048. As a second important consideration with regards 

to the Eq. (2), it is not only that the exact positions of the 
laser frequencies are not known precisely—it is that they 
are, in practice, randomly varying. With respect to the latter 
observation, it is self-evident that the introduction of the 
time-varying initial condition (2) in conjunction with the 
propagation equation (1), shall jointly lead to a stochasti 
cally varying output. Furthermore, owing to the fact that 
carrier frequency displacement is not a perturbation of an 
eigen-quantity, its consequence on the output variation can 
have a larger impact than intuitively expected. Conse 
quently, even though the information-bearing waveform 
propagation obeys strictly deterministic laws, the uncer 
tainty of the underlying carrier(s) (or the WDM channels) 
location and their phases lead to a stochastic variations of the 
output, rendering the nonlinear crosstalk appearing as a 
non-stationary stochastic effect, not amenable to Successful 
equalization. This stochastic evolution, even in the case of 
strictly constant fiber properties results primarily from two 
effects: (i) mutual channel walk-off, and (ii) the induced 
variation of the input power profile. The perturbation of the 
walk off is a consequence of the frequency dependence of 
the index of refraction. As a qualitative example, note that a 
displacement of a carrier frequency by 160 MHz will cause 
an unaccounted for walk-off of the channel by half a symbol 
slot in a 25 GBaud system over 1000 km, and will lead to 
significant errors (and, thus, penalties) in the cancellation of 
the distributed nonlinear interactions. The effect of the 
power profile variation caused by the carrier frequency 
offset is often overlooked and requires illustrative examples. 
0049 FIG. 1A is a block diagram of a conventional link 
that incorporates independent information carriers. Such 
systems, which are widely used, are Vulnerable to the issues 
that the inventive approach is designed to overcome. The 
basic system components include multiple transmitters 11 
and a multiplexer 12 providing input into transmission link 
15, which consists of one or more sections of optical fiber 13 
and optical amplifier 14. The output of the transmission link 
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15 is fed into demultiplexer 16 and receivers 17. Each 
transmitter 11 independently emits a different frequency of 
light that serves as an information carrier signal. As a result 
of the carriers independent generation, as well as the lack 
of correlated frequency stabilization among them, the infor 
mation carriers wander in frequency independently of each 
other, thus hindering and/or preventing the effective miti 
gation of the nonlinear impairments. 
0050 FIG. 1B shows an excerpt of the power profile 
variation caused by changing the carrier frequency position 
by a mere 50 MHz of the middle channel only, among 15 
channels—with the remaining 14 channels maintaining their 
fixed equidistant positions. As seen in FIG. 1B, even as 
small a deviation as 50 MHz of the carrier frequency of a 
single channel with respect to its assumed (i.e. ITU-grid) 
position, causes substantial differences in the overall field 
complex amplitude power profile. It should be noted that this 
variation of the input condition will cause a variation in the 
ensuing power-profile-driven nonlinear interaction in propa 
gation (and ultimately at the output), to an extent commen 
Surate with the level/accumulation of the nonlinear interac 
tion. The exact quantification of this degradation will be 
examined in the next section. Notably, the effect of the 
frequency displacement (or variation) ought to be greater for 
systems with a higher impact of nonlinearity, thus those with 
higher signal powers, and/or at longer propagation distances. 
0051. In the absence of stochastic effects such as the 
polarization mode dispersion, the Kerr effect-imposed 
impairments are fully reversible using the absolute knowl 
edge of the carrier frequencies and phases of the WDM 
channels. As a means of corroborating the above statement 
(i.e., confronted with the unattainable closed-form solution) 
we provide a reversal of the nonlinear propagation by back 
propagation—namely simulating the evolved nonlinear 
effects outcome in a link with the inverse signed physical 
properties/constants (i.e., loss—if expressed in units of dB 
per unit length, dispersion terms and fiber nonlinearity). As 
far as the back-propagation (“BP), it can be performed 
either on the received signal (i.e., taking the form of equal 
ization), or at the transmitter by pre-distorting the informa 
tion-bearing waveforms so as to attain the cancellation of the 
nonlinear effects at the receiver. While traditionally executed 
at the receiver end, BP through pre-distortion theoretically 
represents a better proposition: the transmitter-end imple 
mentation is devoid of amplified spontaneous emission 
(ASE) noise in the virtual (i.e., computational) part of the 
link. This property is recognized as beneficial with respect to 
the alternative receiver-end BP, since in the latter, the 
two-fold propagation of the noise-polluted signal (i.e. once 
in the physical link, followed by its simulated propagation in 
the nonlinear equalizer/solver) can lead to a deterioration in 
performance (e.g. by noise amplification, as in any non 
unitary transfer function equalizer). Additionally, in order to 
achieve complete reversal of the nonlinear interactions, the 
optical field ought to be presented to the nonlinear solver/ 
equalizer in entirety. This has never been performed in the 
receiver-end BP in practice, since only part of the field 
corresponding to the WDM channels is ever detected at the 
receiver end. Consequently, the four-photon mixing prod 
ucts that had leaked out of the transmitted band are omitted 
in traditional BP mitigation, thereby preventing a full real 
ization of the impairment reversal. 
0.052 The problems of the prior art system are addressed 
and overcome by utilizing the inventive approaches 
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described herein. In an exemplary embodiment, a set of 
mutually frequency locked laser lines emanating from an 
optical frequency comb are employed at the transmit side as 
the carrier bank for a wavelength division multiplex system. 
A characteristic of the frequency comb on which the inven 
tive approach at least partially relies is that the constituent 
carrier frequency lines wander in frequency and/or phase in 
a mutually correlated manner. Thus, deviations in frequency 
by one carrier in the system are closely followed by other 
carriers in the (frequency referenced) multi-carrier source. 
This is particularly true for neighboring oscillators. 
0053 FIG. 2 provides an example of the spectral output 
of a parametric comb source with a 100 GHz pitch covering 
conventional and long telecom transmission bands. This 
provides an example of a parametric comb source that can 
be effectively used as a mutually frequency referenced 
multi-wavelength source for effective nonlinearity mitiga 
tion in transmission systems according to an embodiment of 
the invention. The frequency locking for the frequency comb 
shown can be attained by the particular method of the comb 
construction. 

0054 Independent lasers may be stabilized and/or locked 
in frequency to a frequency reference at the emitting/ 
transmitting side, receiver side, or a combination of both. A 
number of frequency locking methods may be used to 
achieve appropriate frequency-referencing, as will be appar 
ent to one of skill in the art. To provide a few examples, the 
frequencies of the information carriers need not be stable in 
the absolute sense—if there is frequency drift, it is essential 
that the drift between the carriers be mutually dependent 
and/or at least correlated. In other approaches, frequency 
referencing of free running lasers to one or more master 
frequency references (e.g., a frequency comb) can be accom 
plished by one, or a combination, of the following tech 
niques: injection locking, opto-electronic phase-locked 
loops (PLLs), frequency-locked loops (FLLs), or cavity 
based wavelength lockers. In brief, injection locking refers 
to a method of using an optical signal as a reference and 
injecting it into the cavity of a laser oscillator, thus forcing 
it to oscillate at the desired reference frequency. The wave 
length lockers rely on extraneous cavities as the reference, 
whereas the departure of the laser light frequency to the 
latter (i.e., the reference cavities) is used as a feedback signal 
to produce a correction signal, or an action (often by means 
of the laser injection current) in order to force the laser to 
emit at a desired frequency. The PLL and FLL approaches 
use a construct called an electronic phase-, or frequency 
locked-loop in order to determine the departure of the laser 
emitting frequency to an optical frequency and to generate 
a corrective signal, or action fed back to the free-running 
laser, with the goal of forcing, or confining the laser emis 
sion to the desired frequency, or wavelength. Variations of 
these techniques, or alternative approaches to achieve the 
desired referencing will be apparent to one of skill in art. 
0055. After physical separation (“demultiplexing), the 
carriers are passed to the corresponding transmitters, where 
the information-bearing waveforms (at the respective wave 
length in a WDM system) are imprinted onto, i.e., Superim 
posed to modulate, the respective carriers. 
0056. In one embodiment, upon reaching the end of the 
link, the channels are demultiplexed and passed to their 
corresponding standard receivers in which the process of 
carrier recovery, demodulation and impairments other than 
nonlinear propagation effects are mitigated by appropriate 
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means. One possible technique is digital signal processing at 
the receiving end, although other approaches would be 
apparent to one of skill in the art. As noted above, in an 
exemplary embodiment, the full nonlinear mitigation is 
performed at the transmitting end of the link and the 
information signals received will have already been equal 
ized for the nonlinear impairments. 
0057. As an illustrative example, FIG. 5, described in 
more detail below, shows such a calculation with two 
neighbors on either side taken into account in the nonlin 
earity mitigation process. Using the inventive calculation/ 
estimation process, the imprinting of the waveforms onto 
their respective wavelength carriers is performed by arbi 
trary waveform generators. Furthermore, the process of 
generating the necessary waveforms by the arbitrary wave 
form generators should also address the compensation of the 
distortion of the waveforms arising from the electronic 
circuits, driver amplifiers, as well as optical modulators in a 
way as to yield waveforms as close as possible to those 
calculated in the pre-compensation process calculation. 
0.058 FIG. 3 is a block diagram of a transmission system 
utilizing frequency mutually referenced carriers. The trans 
mission system includes the components of a mutually 
frequency-referenced multicarrier Source 31, which gener 
ates carrier signals at a plurality of different frequencies. The 
carriers from source 31 are first demultiplexed at demulti 
plexer 32, which outputs separate wavelengths 33 (w, w, . 

. . ) from the multiwavelength source 31 to the appro 
priate transmitter 34. Each transmitter of the plurality is 
configured to transmit a specific wavelength 33. The trans 
mitters 34 imprint the information-bearing waveforms onto 
their respective carriers, which are then combined at mul 
tiplexer 35 for communication across transmission link 38. 
Transmission link 38 may include of one or more periods of 
optical fiber section/span 36 and optical amplifier 37, ter 
minating at demultiplexer 39, which splits the multiplexed 
signal for distribution to receivers 40. Included within the 
receivers 40, is a processing block 42 (indicated by dashed 
lines) that receives and processes test signals for purposes of 
determining the appropriate compensation required to can 
cel (completely or partially) the system nonlinearities. The 
processing block 42 may be a digital signal processor and 
may include a back-propagation processing capability, 
equalization, and may include a look-up table with pre 
determined compensation parameters to be selected based 
on the detected level of nonlinearity to shorten response 
within the communication system. 
0059. In some embodiments, the receivers 40 may 
include the ability to detect light in two orthogonal polar 
izations (often referred to as “polarization diversity'). Such 
receivers comprise a local oscillator that is used as the phase 
reference in the detection process of the received signal, a 
ninety-degree optical hybrid and two balanced optical 
receivers (with the complement of components for detection 
of each of the polarizations). 
0060 A key aspect of the inventive approach is that even 
in the presence of frequency wander, the locked frequencies 
emanating from the frequency locked source 31 wander in a 
correlated fashion, enabling an efficient mitigation of non 
linear impairments either by pre-distortion (i.e., the infor 
mation bearing waveforms are jointly cast onto the carriers 
So as to cancel the nonlinear impairment), by back propa 
gation at the receiving side, or a combination of operations 
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(pre-distortion and back propagation) performed both at the 
transmitter and the receiving side. 
0061. In one embodiment, the process of imprinting 
information is performed in Such a way that the information 
bearing waveforms are pre-distorted so as to yield mitiga 
tion, or cancellation of nonlinear effects and/or impairments 
in the propagation through the transmission link. As an 
example, the relevant waveforms can be formed by calcu 
lating (with a varying level of precision) a propagation of a 
given block of information in a transmission link possessing 
all the relevant physical characteristics corresponding to the 
physical link, each with an opposite sign to that of the actual 
link for which the propagation is computed. Examples of 
Such physical characteristics include, but are not limited to, 
chromatic dispersion parameter, the nonlinearity parameter 
and dispersion slope parameter, as well as the amplifier gain. 
The calculation of the link can be performed for the power 
evolution that is, in effect, a mirror image of that in the actual 
physical link. An example of this mirror image approach is 
shown in FIG. 4A. The link with opposite signed (i.e., 
negative) physical characteristics with a mirror image power 
evolution to that of the actual physical link, i.e., the link for 
which the computation is being performed, is referred to as 
a “virtual link’. Referring to FIG. 4A, the virtual link 42 
exhibits signal characteristics that are mirror images of those 
of physical link 41. As an example, Table 1 provides 
exemplary physical characteristics for a link consisting of 
ten spans of 100 km of optical fiber, where the center column 
of the table provides the values for the physical link. 

TABLE 1. 

Characteristic Physical Link Virtual Link (*) 

chromatic dispersion D 16 pSinm-km -16 pSinm-km 
dispersion slope S 0.06 ps/nm’-km -0.06 ps/nm’-km 
nonlinear parameter Y, 1.22 Wikml -1.22 Wikm 
loss C. 0.2 dB/km -0.2 dB/km 
Amplifier gain, each span 20 dB -20 dB 
Launch power per span 1 W 1 W 
constant - per channel 

0062. In order to determine the appropriate waveforms 
that should be imprinted onto the information carriers, the 
propagation calculation for a given block of information 
symbols that are to be transmitted can be performed for the 
virtual link using the parameters listed in the right-hand 
column of Table 1. In one embodiment, the information 
symbols transmitted in the channel may be divided into 
blocks, possibly overlapping, with the pre-distortion calcu 
lated for up to three neighbors on either side of the desired 
channel in the middle of running band in case of 50 GHz 
channel separation. 
0063 FIG. 4A illustrates an example of power evolution 
scheme (in a logarithmic scale) that may be used in imple 
menting nonlinear impairment mitigation with pre-distor 
tions. The evolution of the channels is computed based on a 
nonlinear Schrodinger solver (often simplified) in a virtual 
link having the mirror-image power evolution to that of a 
physical link with the relevant link parameters having an 
opposite sign to that of the physical link. Nonlinear Schro 
dinger solvers are commercially available for modeling of 
optical systems. One such software product is available from 
VPlphotonics, Inc., Norwood, Mass. Selection of an appro 
priate tool will be readily apparent to one of skill in the art. 
See also, G. P. Agrawal, Nonlinear Fiber Optics (Academic 
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Publishers, 2007); A. Pekic, et al., “All-optical switching in 
a highly efficient parametric fiber mixer: design study’. 
Optics Express, Vol. 22, No. 19, 22 Sep. 2014; and E. 
Forestieri and M. Secondini, “Solving the Nonlinear Schro 
dinger Equation', in Optical Communication Theory and 
Techniques, E. Forestieri, Editor, Springer 2006. The result 
ing waveforms are imposed onto the WDM channels at their 
transmitters and are launched to propagate through a physi 
cal link, achieving the compensation of the nonlinear effects. 
0064. As shown in FIG. 4A, the components of the 
system are shown within power-propagation length coordi 
nate system 51, with propagation running from left to right. 
Virtual link 42 includes the span between virtual transmitter 
52 and the location of physical transmitter(s) 54, within 
which power evolution, indicated by waveform 53, occurs. 
The physical transmitters 54 imprint the information-bear 
ing waveforms resulting from the virtual link propagation 
computation. Waveform 55 represents power evolution in 
the physical link 41. The physical receiving end 56 of 
physical link 41 includes a demultiplexer and receivers. 
0065 For the considerations of noise corruption and field 
representation, simulations used with the exemplary 
embodiments were performed assuming pre-compensation, 
with a generalized block diagram shown in FIG. 4B. FIG. 
4B provides a variation of the diagram of FIG. 3, incorpo 
rating the same basic components (indicated by the same 
reference numerals used for FIG. 3), but showing the 
pre-distortion profile calculator 142. Specifically, calculator 
142 corresponds to the virtual link 42 in that the calculation 
of the parameters needed to produce the nonlinearity-can 
celling pre-distortion is performed by the calculator 142 
prior to transmission and multiplexing. 
0066. In essence, the pre-distortion block 142 acquires 
the information frames to be imprinted onto the WDM 
channels and pre-computes the joint BP pattern that is 
Subsequently distributed and modulated onto optical carri 
ers. From the perspective of simulations, it is well known 
that the accuracy of a symmetric split step simulation is 
proportional to the cube of the step size. Therefore, the 
ability to achieve complete reversal of the nonlinear inter 
actions may require Vanishingly small step-sizes, even in the 
absence of noise, since the accumulation of stochastic 
numerical errors prevents the full reversibility correspond 
ing to the noise accumulation in propagation. The require 
ment for a high numerical accuracy was corroborated in an 
accurate split-step method—based long-haul propagation 
simulation of 15 WDM channels on a strictly fixed fre 
quency grid. The simulation was implemented as a symmet 
ric split step with a maximal allowed phase change per step 
of 5x10" degrees in a developed graphic-processing-unit 
(GPU)-assisted solver. The results of the noiseless simula 
tion are shown in FIG. 4C using the parameter values shown 
to the right side of the plot. 
0067. As seen in FIG. 4C, the transmission (in the 
absence of noise) of up to 10000 km yielded no variation in 
performance, thus demonstrating a full reversal of nonlinear 
effects. Although the simulations were performed for QAM 
modulation format, the approach is of general applicability 
and can be employed with arbitrary signals, including 
orthogonal frequency division multiplex (OFDM), or even 
analog signals. While the computational complexity 
involved obtaining the results shown in FIG. 4C is relatively 
high, it nonetheless demonstrates the possibility of full 
cancellation of the deterministic (i.e., signal-signal) interac 
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tions in propagation. All results presented were quantified by 
the worst-case Q factor estimated as the minimal Euclidean 
distance between the nearest constellation points separa 
tion, divided by the corresponding variance. The observed 
enhanced performance of the channels towards the edges in 
FIG. 4C is a consequence of the pulse shape used in the 
simulations. Specifically, each of the WDM channels in this 
simulation were shaped by a regular 4th-order Bessel filter, 
resulting in a finite spectral overlap between the neighboring 
channels (i.e. a finite linear crosstalk) and the observed 3 dB 
superior performance of the channels 1 and 15 is a conse 
quence of those channels having only a single (linearly) 
interfering neighbor, rather than two interferers, pertinent to 
the rest of the inner channels in the system. In contrast to 
the results shown in FIG. 4C, which correspond to the 
perfect knowledge of the channels carrier frequencies, the 
penalty associated by the relative frequency offsets of the 
information carriers can be quantified for practical applica 
tion in the existing systems. 
0068 FIG. 5 provides one example of nonlinear cancel 
lation based on partially overlapping Subsets of channels. 
Rather than using all channels in a system to transmit or 
receive information, one or more neighbor channels Sur 
rounding the channel of interest are used for nonlinearity 
cancellation. In other words, only a portion, i.e., not all, of 
the information carriers at the transmitting side, or a portion 
of the local oscillators at the receiving side, can be fre 
quency-locked to achieve effective nonlinearity cancella 
tion. In this approach, a full set of available carriers can be 
divided into mutually-locked subsets of locked carriers, 
which are either jointly referenced, or may not have corre 
lated references. In another embodiment, the calculation of 
the waveform to be imprinted onto the carriers at the 
transmitter end can be based on a subset of transmitted 
channels in which the transmission system channels are 
divided into groups, with the calculation and, thus, the 
equalization, performed separately for each group. 
0069. In the illustrated example, two channels on each 
side of the channel of interest are shown, however, fewer 
(one) or more (three) may be used. According to this 
scheme, which uses a sliding window approach, a set of 
frequency locked carriers is divided into partially overlap 
ping groups or Subsets that can be used in nonlinearity 
mitigation. As illustrated, the upper line represents a 
15-channel WDM system 61. The number corresponding to 
each channel #1-#15 is reflected within the triangles. The 
second line includes a subset 62 (or block) of channels (from 
within the 15 channels of system 61) used for nonlinearity 
mitigation for the channel of interest #3 in specified subset 
62. In this sample subset, channels #1, #2, #4 and #5 are 
employed for nonlinearity cancellation. The third line rep 
resents another subset 63 of the total number of channels in 
system 61 that may be used for nonlinearity mitigation of 
channel of interest #4, with channels #2, #3, #5 and #6 
performing the task of nonlinearity cancellation. The fourth 
line corresponds to a different subset 64 that may be used for 
nonlinearity mitigation of channel #5, with channels #3, #4, 
#6 and #7 providing mitigation of nonlinearity. The fifth line 
in the illustrated example shows a subset 65 in which 
channel #13 carries the information while channels #11, #12, 
#14 and #15 are configured to cancel nonlinearities. As 
mentioned above, this 2-1-2 arrangement of Subsets if pro 
vided for illustration purposes. It will be apparent to those of 
skill in the art that subsets containing different numbers of 
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channels may be used. Also, it is not necessary to mitigate 
the nonlinear effects on every channel—effective nonlinear 
ity cancellation can be achieved using one or more Subsets 
of the total number of available channels., e.g., as in the 
example of FIG. 5. It should also be noted that a similar 
approach can be used at the receiver side by employing 
frequency and/or phase referenced carriers serving as local 
oscillators and performing the compensation of nonlinear 
effects by means of back-propagation, or some other similar 
method on the received signals corresponding to the above 
exemplified overlapping groups of channels. 
0070 FIG. 6 is a constellation diagram of a received 
signal resulting from propagation over a conventional trans 
mission link without nonlinear cancellation. The optimal 
launch power of -2 dBm per channel per span allows a reach 
of 1200 km for a 25 GBaud 16-QAM (Quadrature amplitude 
modulation) signal. 
0071 FIG. 7 provides an example of the improvement 
provided by the inventive method with nonlinear cancella 
tion after 1200 km propagation in 100 km erbium-doped 
fiber amplified link spans with 15 channels with 3 dBm 
average launch power per channel, per span with the con 
stellation diagram for a 25 GBaud 16 QAM shown for the 
middle channel only. This link had identical characteristics 
to those of the link used to produce the results shown in FIG. 
6. Note that nonlinearity cancellation not only mitigates the 
nonlinear impairment, but also allows a higher average 
power per span, thus improving the signal-to-noise ratio and 
the performance at the end of the link. 
0072 FIG. 8 shows an example of nonlinear cancellation 
enabling a propagation of 3000 km for 25 GBaud 16-QAM 
signals in a 100 km erbium doped fiber amplified link span 
with 15 channels with 3 dBm average launch power per 
channel, per span with the constellation diagram for a 
16-QAM shown for the middle channel only in a link with 
identical characteristics to those used to produce the results 
shown in FIG. 6. Note that nonlinearity cancellation not only 
mitigates the nonlinear impairment, but also allows a higher 
average power per span, thus producing a higher signal-to 
noise level at the end of the link, leading to extended reach. 
With respect to the results shown in FIG. 6, this approach 
provides an approximate three-fold reach improvement. 
0073 FIG. 9A is the constellation diagram of a raw signal 
received after 1000km propagation at 16 GBaud; 1 dBm per 
channel; erbium-doped amplified (EDFA) link only 50 km 
spans (optimal launch power -7 dBm). FIG. 9B shows the 
resulting constellation diagram for the same link span 
employing nonlinearity cancellation according to the inven 
tion. 
0074 FIG. 10 is a set of constellation diagrams of 
received signals for four cases at 2 dBm per channel power 
for 16 Gbaud rate for uncompensated nonlinear impairment 
(upper left); nonlinearity cancellation with independent car 
riers (upper right); nonlinearity cancellation with two mutu 
ally coherent carriers and one independent carrier (lower 
left); nonlinearity cancellation with three, i.e., all, mutually 
coherent carriers (lower right). 
0075 FIG. 11A shows the raw system output following 
2000 km propagation at 16 GBaud with no nonlinearity 
cancellation. FIG. 11B shows the output after 4000 km 
propagation under that same conditions with nonlinearity 
cancellation according to the invention. 
0076. The frequency-referencing process of the present 
invention may in Some embodiments be performed inter 
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mittently, i.e., non-continuously, with referencing being 
updated/renewed in either regular or irregular time intervals. 
This is true whether the referencing is applied to the carriers 
at the emitting end or to local oscillators at the receiving end. 
0077. In some embodiments of the invention, time coin 
ciding frames of data across all the channels in the WDM 
system to be transmitted are simulated as propagating 
through a link matching the actual transmission in terms of 
all major link parameters, including dispersion loss, ampli 
fication, polarization mode dispersion, and the nonlinear 
properties, trading off the complexity and accuracy of the 
desired effectiveness of the method, based on the principle 
that a smaller simulation step will yield better compensation, 
and vice versa. In particular, the simulation is performed to 
mimic a signal propagating backwards through the link, in 
terms of the power profile, i.e., the power evolution. The 
main assumption is that it is desirable for the information to 
be received free of any nonlinear crosstalk impairment and 
that a pristine condition is propagated backward through the 
system. In the simplest realization, the back propagation can 
be computed in a single step, accounting for the chromatic 
dispersion effects only. The outcome of the simulation, 
representing the complete electrical field (stemming from all 
the aggregate channels in the system and in the particular 
interval of time) is, next, phase conjugated—the sign of its 
imaginary component is reversed, while the real part is 
retained intact. Furthermore, in polarization-multiplexed 
systems, the phase conjugate of the information is taken 
separately in each of the polarization states. Considering that 
the time domain phase conjugation is equivalent to spectral 
inversion, a key feature of the inventive method is that the 
spectral order of channels, i.e., from the first to last, conse 
quently needs to be reversed, so that the last channel in its 
frequency order is modulated onto the first carrier in the 
systems. The computed phase conjugated field is next 
imprinted onto the WDM channels in the system, so that the 
total field after modulating the discrete carriers (oscillators) 
matches the pre-computed total field, according to the par 
ticular symbol combinations across all of the WDM chan 
nels in the particular frame. The proper Subsequent evolution 
of the generated field will yield not only mitigation of the 
nonlinear effects, but will also compensate for a significant 
portion of the dispersion effects, thus significantly reducing 
the complexity and dissipation of the digital signal process 
ing units at the receiving end. As pointed out above, the 
proper field advancement is attained only for the truly 
phase-locked carriers. Otherwise, the nonlinear effect evo 
lution in the fiber will not be appropriately mitigated. In 
particular, frequency combs, or oscillators locked through 
Some other means can be used in this respect as the oscillator 
engine for the approach. Finally, in order for lengthy com 
putations associated with computing the pre-compensating 
field, look-up tables could be employed to circumvent the 
requirement for real-time calculations. 
0078. In an application of the inventive method, fre 
quency referenced carriers may be used for mitigation of 
nonlinear impairment in optical orthogonal frequency divi 
sion multiplexed (OFDM) signals. In such an application, 
nonlinear impairment mitigation is implemented for mul 
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tiple constituent channels, or signals. The inventive method 
may also be used for generation and/or transmission of the 
multi-carrier information channels, sometimes referred to as 
Super-channels. Mitigation of the nonlinear impairment can 
achieved within a single Super channel, irrespective of other 
Surrounding channels, which may, or may not be realized as 
Super-channels, or multiple Super-channels simultaneously. 
007.9 The following example details the application of 
the inventive approach to simulated conditions of carrier 
frequency wander and its impact on nonlinearity mitigation. 

EXAMPLE 1. 

Carrier Frequency Wander 

0080. The implemented simulation engine consisted of 
two parts, the pre-distortion calculator (i.e., the virtual link), 
and a physical link simulator. In the first engine, the ran 
domly seeded PRBS data (with different initial condition per 
channel) were first mapped to 16QAM symbols with Gray 
mapping, and Subsequently imprinted onto the correspond 
ing carriers (i.e., laser oscillators) by means of band limited 
Mach-Zehnder (MZI) modulators, including pre-distortion 
of the waveforms ensuring the optimized constellation gen 
eration. The propagation was simulated in a NLS solver 
(with a symmetric power evolution to that of the physical 
link and with the opposite sign physical constants to that of 
the physical link). The output electric field of the pre 
distortion engine was first wavelength demultiplexed, and 
then homodyne received. The resulting analog I and Q 
electrical components for each channel were conveyed to a 
set of transmitters (of the physical link) in each of which the 
electrical signals are pre-distorted in order to achieve the 
1-to-1 mapping of the received fields (in the virtual link) and 
those that would be propagated in the physical link. The 
pre-distorted I and Q components are imprinted to the 
physical link carriers having a 10 kHz, linewidth by means 
of 4" order Bessel function 25 GHz MZI's. Upon propaga 
tion through the physical link part (modeled by the standard 
NLS solver), the channels are de-multiplexed, coherently 
detected (in a bank of band-limited coherent receivers) by 
randomly seeded 10 kHz, local oscillators, and after the 
standard train of DSP procedures (carrier phase recovery, 
timing recovery—note that the dispersion is already com 
pensated for by means of pre-distortion), the constellations 
were extracted for performance estimation. 
I0081 FIGS. 12A-12D show the Q factor estimated over 
2' symbols in a 15-count 50 GHz-spaced WDM system 
carrying 25-GBaud 16QAM data shaped by raised cosine 
filters with a 10% roll-off factor. The channels were set to 
propagate at various powers per channel at launch (i.e. 0 
dBm, 3 dBm and 6 dBm) over a distance of 1000 km, 
consisting of 10 spans of Standard single mode fibers with 
inline erbium-doped fiber amplifiers characterized by a noise 
figure of 4 dB fully compensating the fiber loss in each span. 
In order to determine the efficacy of the nonlinear effect 
compensation, all the simulations henceforth have been 
performed with an allowed phase change of 0.01 degrees per 
nonlinear step. For a reference, in Table 2 below shown are 
the results of an uncompensated system, system with per 
channel BP, as well as the joint multi-channel BP in the 
case of frequency-referenced carriers. The last column in 
Table 2 is demonstrative of a significant performance 
improvement provided by the joint multichannel BP. 
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TABLE 2 

No compensation Per Channel BP Multi-channel BP 
Power dBm) Q (dB) Q (dB) Q (dB) 

O 4.9 8.2 11 
3 na 4.2 13 
6 na na 14 

0082 For the sake of maintaining tractability of the 
system behavior, only the carrier frequency of the central 
channel was displaced by a shift ranging from 50 MHz to 
500MHz (i.e. from 0.1% to 1% of the standard ITU standard 
grid separation). Meanwhile, the pre-distortion calculation 
was performed for a perfectly equidistant grid, as is done in 
standard practice. As implied by the results shown in FIGS. 
12A-12D, a displacement of as little as 50 MHz yields a 
prominent penalty for high average powers (i.e. 6 dBm)—a 
2-dB Q-degradation is observed and is clearly related to the 
diminished ability of reversing the nonlinear effects. With a 
further offset increase, a 100 MHz frequency displacement 
induces an additional 1-dB penalty for 6 dBm launch power, 
while having virtually no effect on the two lower launch 
powers per channel considered. Yet a further increase in the 
carrier frequency deviation incurs observable penalties even 
for low launch powers. In particular, while the 200 MHz 
offset incurs a significant 7 dB penalty (for the central 
channel) at a high 6 dBm power, even a moderate power 
level (3 dBm) exhibits an obvious departure from the ideal 
performance. More prominently, the carrier frequency 
excursion by 500 MHz (i.e. 1% of the ITU channel spacing) 
causes a complete dissipation of information and irreversible 
penalties for the high (6 dBm) power levels. Meanwhile, 4.5 
and 2 dB penalties are incurred for the launch powers of 3 
and 0 dBm per span for the latter frequency displacement, 
respectively. The results shown in FIG. 12A-12D bear 
another important characteristic. The nonlinear impairment 
in fiber optic transmission bears a notion of mixing (as a 
consequence of the x nature of the silica response). 
Qualitatively speaking, the propagating WDM channels 
walk off through one another (at a rate defined by their 
frequency separation and the group Velocity dispersion of 
the fiber), which induce a mutual phase modulation and mix 
their pertinent information content. The nonlinear equaliza 
tion by means of the underlying interaction reversal attempts 
to inverse this power flow. However, the displacement of the 
(central) channel(s) from its assumed location perturbs the 
launch waveform and its Subsequent evolution due to the 
associated deviation of the channels walk-off rate, thus 
resulting in an incomplete reversal of the mixing products to 
their original source(s) (i.e. channel(s)). FIGS. 12A-12C, 
this information transfer for moderate power levels and 
frequency displacements is contained to the nearest neigh 
bors. Indeed, not only does the physically displaced channel 
suffer from a performance degradation, but the perturbation 
of the field evolution causes incomplete nonlinear crosstalk 
reversal. The latter leaves a part of the distortion residual in 
the neighbors and, in turn, affects their performance. 
0083. With a further displacement increase, the described 
trend is only exacerbated, ultimately leading to a complete 
loss of information in the central (i.e. displaced) channel. As 
implied by the results in FIG. 12D, the described cata 
strophic path significantly affects the nearest neighbors and 
proliferates to the further surrounding channels. Overall, the 
observed catastrophic loss of information in the central 
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channel (see FIG. 12D)) affects the performance of as many 
as six Surrounding channels (i.e. three on each side of the 
central channel). From a different perspective, the results 
shown in FIGS. 12A-12D attest to the locality of the 
nonlinear interaction. In effect, for the SMF physical prop 
erties (most notably its dispersion), the nonlinear interaction 
is contained to seven nearest neighbors, with a major part of 
the interaction being contained to a total of five nearest 
neighbors. 
I0084. In FIGS. 12A-12D, also shown is the performance 
of the ideal linear propagation (i.e. in the absence of non 
linear effects), denoted by stars at the 0" channel abscissa. 
As can be seen, unlike the noiseless propagation shown in 
FIG. 4C where full reversal of nonlinear interactions is 
achieved, results in FIGS. 12A-12D clearly exhibit a 
residual penalty in the presence of noise, which grows with 
the average launch power per span. The observed residual 
penalty is a consequence of the nonlinear phase noise which 
represents the ultimate bound on the achievable perfor 
mance, as well as the capacity. Furthermore, due to the 
walk-off proportionality to the product of the frequency 
displacement and the propagation length, penalties compa 
rable to those shown in FIGS. 12A-12D shall be incurred for 
even Smaller frequency offsets, at longer propagation dis 
tances, inversely proportional to the frequency offset. 
I0085. On the other hand, in the absence of nonlinearity 
(i.e., strictly linear systems, similarly to the radio commu 
nications, or a low power operated fiber optic transmission 
link), the carrier and phase wander correspond to the per 
turbations of the underlying harmonic eigenfunctions that, at 
the output, are manifested as simple time shifts, or rotations 
of the electro-magnetic field. The system dynamics of this 
kind resembles plain unitary transformations, thus lending 
themselves to simple (lumped) corrections that are trivially 
realized through digital signal processing in practice. In 
sharp contrast, longitudinally distributed and power-depen 
dent nature of Kerr interaction implies that the absence of 
the absolute frequency reference will yield intractable (irre 
versible) mixing products at the transmission system receiv 
ing end. FIGS. 12A-12D also point to the fundamental 
inability of the BP to tackle multichannel nonlinear cross 
talk in transmission systems without an accurate knowledge 
of the absolute position and the relative separation of the 
channels carrier frequencies, let alone their stochastic wan 
der. It is also important to emphasize that in practice, 
currently employed lasers can easily wander by as much as 
several GHz from their nominal position, with average 
near-term stability of 300 MHz, making the findings of this 
study all the more relevant to the practical systems. 
I0086. In contrast to the scenario considered in the pre 
ceding set of simulations, we consider propagation based on 
frequency-referenced carriers. These carriers can, for 
instance, be realized by frequency combs serving as a bank 
of information carriers. While frequency combs are not free 
from frequency fluctuations in general, due to the fact that 
these coherent multi-wavelength emitters are driven by a 
single master oscillator, all of the constituent lines in the 
comb cascade experience highly correlated, joint frequency 
offsets. The latter form of joint channel displacement in no 
way alters the launch power profile (consider Eq. (2) and 
FIG. 1B), thus leaving the displacement-caused walk-off 
perturbation the only remnant cause of incomplete restora 
tion of the nonlinear interaction. In fact, the joint displace 
ment of the channels maintains the walk-off rate, to the 



US 2017/0019 178 A1 

extent allowable by the magnitude of the second-order (B) 
and higher-order dispersion terms. 
I0087. The results of the effect of this joint frequency 
wander are shown in FIGS. 13 A-13B. Performance with 
nonlinearity cancellation for fully frequency-referenced sys 
tems with a given identical frequency offset from the 
assumed frequency positions in back propagation with Solid 
lines showing performance at 1000 km and dotted lines at 
2000 km for 3 dBm average launch power per spa (FIG. 
13A), and 6 dBm (FIG. 13B) average power per span. 
Unlike the scenario pursued in generating the result in FIGS. 
12A-12D, where only the central channel position was 
shifted, in this set of simulations all channels were displaced 
by an equal frequency shift varying from -10 to 10 GHz 
with respective to their nominal ITU positions. Comparing 
the results in FIG. 13 to those from FIGS. 12A-12D, the 
allowed carrier frequency uncertainty is increased by more 
than an order of magnitude for a fiber with a finite dispersion 
(and dispersion slope)—a carrier frequency deviation by as 
much as 5 GHZ (i.e. 10% of the ITU grid) at the distance of 
2000 km still allows a complete reversibility of the nonlinear 
impairment with practically vanishingly small penalty, as 
compared to the fully linear case of propagation. We do note 
that the power levels considered in the simulations may 
appear too high from the perspective of the existing systems. 
However, the elevation of the launch power is absolutely 
necessary for increasing both the reach and the capacity (in 
the information-theoretic sense) in the transmission systems. 
The joint channel BP approach, as implemented in this work, 
clearly enables both of those objectives. Thus, from a 
perspective of utilizing frequency-referenced sources in 
transmission, the benefits from employing frequency combs 
is two-fold: First, they provide the all-important referenced 
frequency grid for transmission systems, which the pre 
sented results have established as the pivotal factor for the 
Successful nonlinearity mitigation. Second, in the case of the 
frequency wander—to which even the combs are suscep 
tible, these frequency-referenced carriers ensure a synchro 
nous joint displacement of the carriers, thus significantly 
mollifying the effect of carrier frequencies separation varia 
tion (i.e., breathing). Note that comb sources other than 
parametrically generated can be used for the purpose of 
frequency referenced carriers (i.e., mode-locked lasers, 
modulator combs), however due to the associated inherent 
short-comings, none of the alternative sources is capable of 
providing both a wide spectral coverage (corresponding to at 
least the whole C-band), high OSNR/high power per line, as 
equalized a spectral response over the emission spectrum, as 
well as the flexible ITU-compliant frequency pitch, as those 
demonstrated by the parametric combs. Lastly, it must be 
equally emphasized that the comb sources master oscilla 
tors are more than an order of magnitude more stable than 
the common commercial wavelength sources. Consequently, 
comb sources provide better than 20 MHz-stable frequency 
grid, which further reinforces the employment of these 
emitters as the optimal solution for information carriers in 
high capacity transmission systems capable of reaching 
otherwise unattainable information capacities in transmis 
S1O. 

0088. It should be noted that the results confirm the 
theoretical ability of full reversal of signal-signal nonlinear 
interactions in a deterministic and stationary transmission 
fiber optic transmission system. Based on the findings, one 
can conclude that the reach and capacities in transmission 
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are determined only by the loss, noise accumulation and the 
associated nonlinear phase noise development. Additionally, 
the ultimate propagation limits are set by the stochastic 
polarization mode dispersion and the polarization dependent 
loss in transmission, the effect of which will be presented 
elsewhere. 
I0089. While the present invention has been described 
above in terms of specific embodiments, it is to be under 
stood that the invention is not limited to these disclosed 
embodiments. Upon reading the teachings of this disclosure 
many modifications and other embodiments of the invention 
will come to mind of those skilled in the art to which this 
invention pertains, and which are intended to be and are 
covered by both this disclosure and the appended claims. It 
is intended that the scope of the invention should be deter 
mined by proper interpretation and construction of the 
appended claims and their legal equivalents, as understood 
by those of skill in the art relying upon the disclosure in this 
specification and the attached drawings. 

1. A method for mitigating nonlinearity in an optical 
communication link comprising multiple carriers, the 
method comprising: 

applying mutual frequency referencing to at least a por 
tion of the multiple carriers by one or more of fre 
quency locking free running lasers, generating the 
multiple carriers using a frequency comb, and gener 
ating the multiple carriers using stabilized independent 
lasers; 

using at least one frequency-referenced carrier, determin 
ing nonlinearity within the link; and 

compensating for the determined nonlinearity, wherein 
compensating comprises canceling the nonlinearity by 
one or more of applying a pre-distortion to the carriers, 
applying back propagation, using a nonlinear equalizer, 
generating a feedback correction signal with a fre 
quency-locked local oscillator, and applying calculated 
phase conjugation of a received signal. 

2. The method of claim 1, wherein applying mutual 
frequency referencing is performed at a transmitting end of 
the link. 

3. (canceled) 
4. The method of claim 1, wherein applying mutual 

frequency referencing comprises applying frequency lock 
ing, and wherein frequency locking is selected from injec 
tion locking, current injection, laser cavity control, opto 
electronic phase-locked loops, frequency-locked loops and 
cavity-based wavelength lockers. 

5-6. (canceled) 
7. The method of claim 1, wherein the independent lasers 

are locked in frequency to a frequency reference. 
8. The method of claim 7, wherein the frequency refer 

ence is located at one of a receiving end and an emitting end 
of the link. 

9-10. (canceled) 
11. The method of claim 1, wherein applying a pre 

distortion comprises generating a virtual link characterized 
by opposite sign physical constants and negative gain rela 
tive to the link. 

12-14. (canceled) 
15. The method of claim 1, wherein compensating com 

prises generating a feedback correction signal and wherein 
the frequency-locked local oscillator is selected from the 
group consisting of frequency comb, injection locking, 
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current injection, laser cavity control, opto-electronic phase 
locked loops, frequency-locked loops, and cavity-based 
wavelength locker. 

16. (canceled) 
17. The method of claim 1, wherein compensating com 

prises applying calculated phase conjugation, and wherein 
phase conjugation is implemented all-optically, electro-op 
tically, or a combination thereof. 

18. The method of claim 1, wherein applying mutual 
frequency referencing to at least a portion of the multiple 
carriers comprises defining Subsets of neighboring carriers 
within the multiple carriers, wherein the carriers within each 
Subset are mutually frequency locked. 

19. The method of claim 18, wherein the subsets are at 
least partially overlapping. 

20. The method of claim 19, wherein the subsets are 
defined by a sliding window. 

21. The method of claim 1, wherein applying mutual 
frequency referencing is non-continuous. 

22. An optical fiber transmission system, the system 
comprising: 

a carrier source configured for generating a plurality of 
channels, wherein the channels are configured for 
imprinting with information-containing waveforms, 
wherein the carrier source comprises one or more of a 
frequency comb, a frequency-referenced carrier Source 
wherein the plurality of channels are at least partially 
mutually frequency locked, and independent stabilized 
lasers; 

a multiplexer configured for receiving the plurality of 
channels and outputting a multiplexed signal; 

one or more transmission links for transmitting the mul 
tiplexed signal, the transmission link comprising an 
optical fiber and an amplifier; 

a demultiplexer configured for receiving an optical signal 
at a receiving end of the transmission link: 
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a plurality of receivers for receiving demultiplexed sig 
nals, each receiver configured for receiving one of the 
plurality of wavelengths; and 

a processor for detecting nonlinearity within the trans 
mission link and calculating compensation for Substan 
tially cancelling the nonlinearity; 

wherein at least one of the carrier source and the plurality 
of receivers comprises a frequency-referenced oscilla 
tOr. 

23. The system of claim 22, wherein the frequency 
referenced oscillator is stabilized by one or more of injection 
locking, current injection, laser cavity control, opto-elec 
tronic phase-locked loops, frequency-locked loops and cav 
ity-based wavelength lockers. 

24. (canceled) 
25. The system of claim 22, wherein a least a portion of 

the plurality of channels comprises Subsets of neighboring 
channels, wherein the channels within each Subset are mutu 
ally frequency locked. 

26. (canceled) 
27. The system of claim 22, further comprising a pre 

distortion processor configured for providing input to the 
carrier source. 

28. The system of claim 27, wherein the pre-distortion 
processor generates a virtual link characterized by opposite 
sign physical constants and negative gain relative to the 
transmission link. 

29. The system of claim 22, wherein the plurality of 
receivers comprise frequency-locked local oscillators, and 
wherein the processor comprises a back-propagation block. 

30. The system of claim 22, wherein the optical fiber 
comprises one or more fiber selected from the group con 
sisting of single mode fiber, multi-mode fiber, and multi 
core fiber. 

31. The system of claim 30, wherein the system is a 
polarization multiplexed system. 

k k k k k 


