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Abstract: | introduce the problem of transforming one optical pulse
into another through nonlinear propagation in a length of dispersion
varying optical fibre. Then using a genetic algorithm to design the
dispersion profiles, | show that the problem can be solved leading to
high quality pulse transforms that are significantly better than what
has been published previously. Finally | suggestion further work and
other applications for this method.
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1. Introduction

The problem of temporal pulse shape transformation is a common one in Ojttics w
any number of different solutions. However most such solutions rely ealifilters
such as fibre Bragg gratings which restricts the range of transformdhabe ap-
plied since a linear transformation cannot create any new frequenciparticular a
linear approach cannot result in a shorter output pulse and so to steater pulses
an element of nonlinear propagation must be used. One approach $quudsd com-
pression that has been well studied is soliton compression in a dispersi@asiag
optical fibre[1, 2]. A particularly attractive feature of soliton compresssthat in the
ideal lossless case all of the pulse’s energy gets transformed resuléinpatestal free
short optical pulse. More recently people have also examined the praiflgenerat-
ing parabolic pulses in dispersion decreasing fibre[3] and have agand that high
quality pulse transformations can be achieved. In this paper | generétiseaiork
to consider how to design bespoke optical fibre tapers that transfoenpuse into
another and show using several examples the success and limitations ofttiisime

Optical pulse propagation in an optical fibre can be well described by oimdiri¢ar
Schiddinger equation (NLSE) given by [4]:
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where ¢(zt) is the slowly varying envelope of the electric fielB; represents the
dispersion of the fibreg is the loss and represents the usual Kerr nonlinearity. In a
standard optical fibre the coefficients of the NLSE are all constant veweis easy
to vary the the size of the dispersion through fibre tapering where the diaoiedhe
fibre changes by a relatively small amount (typically less than 10%). Uspeydd
fibres can dramatically alter the optical properties of pulses propagatioggththem
in the nonlinear regime as is well known from numerous experimental andeticzo
studies.

There are in the literature several methods for making shallow tapers ifitnoto
ling the dispersion of optical fibres depending on the required length dgapes. The
controlled fabrication of kilometre lengths of dispersion varying fibres ssjide by
varying the exit speed of the fibre on the draw tower itself[5, 6] while meoemtly
Vukovic et al. [7] described a novel taper rig capable of producing enletngth fi-
bre tapers with slowly varying diameters. Similarly, Sumetskwl. [8] published a



different design for making metre length fibre tapers. The experimentsadelling
by Vukovic et al. [9, 10] suggest that it is possible to vary the dispersfamhighly
nonlinear photonic crystal fibre betweer150 pgnm/km and one of the goals of this
work is to consider what pulse transformations are possible within such limigation

2. Theoretical Model

The aim of this work is to demonstrate that a carefully designed fibre tapdranas-
form an initial pulse shape,(t) into a desired pulse shagg(t). In order to model
propagation along an optical fibre taper the standard NLSE [Eq. (&g be modi-
fied to include a position dependent dispersion funcig(z). It is also worth recalling
that the NLSE has two well known scaling transformations, the first forrbitrary
time Ty is given by

Ba(2)
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While the amplitude and nonlinearity can be scaled by an arbitrary power facto

(2)
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These two scalings means that | can set the initial pulse width to unity andreetaya

to unity without loss of generality. Importantly the physical dimensions of dssper

are [time?] /[distancé and | discuss in the conclusion what the best possible scalings
are for the various pulse transformations.

For the normalised NLSE the initial pulse shape is given/i§9,t) = @ (t) while
the output from the fibre taper ig(L,t) whereL is the length of the taper. The differ-
ence between the taper output and the desired pulse ghépés given by the misfit
parameter[11]:

[% (LD~ |@e(t) )t
JZ [ (L, 1) |4dt '
This is not the usudl, norm for functions but rather it is usual norm weighted by the
square of the pulse energy at the output. The primary reason foriolgaibss misfit
function is that it was used previously by Firetal. to characterise the evolution of a
pulse into a parabolic shape and so | can compare my results with the eablishpd
results. The main effect of the weighting is to reduce the misfit for largeepudmce
they contain more energy. Note that the smaller the misfit the better the global match
between the output pulse and the desired pulse shape.

For arbitrary pulse shapeg »(t) it is in general unknown whether there is a dis-
persion profile that will exactly transforigy into ¢ (clearly some transformations are
impossible such as whegp contains more energy tham). Furthermore an analytic
approach is impossible and so numerical techniques must be used. Irb#sggeant
section | discuss the numerical method used and then proceed to discresultefor
a variety of different pulse shapes.

M =

(4)



2.1. Genetic Algorithmsfor Pulse Shape Optimisation

The problem described above is particularly difficult since there arefaiténrnumber

of degrees of freedom g%(z) is an arbitrary function. Hence | need to impose some
constraints. Firstly | assume that the length of the taper is fixed and can toeusity.
Given the possible rescalings of the NLSE this restriction can be seeriragdikher
the actual physical length of the fibre, or the pulse width or the value ofghknearity

(or some combination of all three). Next | approximate the dispersion usiraylar
series approximation

n=N Zr|
P2 = 3 angy (5)

although any other set of basis functions such as Chebyshev polynamiaigono-
metric functions can be used. In this way the problem is reduced fromdhawimfinite
number of degrees of freedom to a finite numbleAs long asN is sufficiently large
the precise value dfl is relatively unimportant as | will show later. In practice | have
found that between 10 and 30 terms are sufficient (or in fact overkill).

An advantage of writing the dispersion as a sum of polynomials is that thitingsu
profile is relatively smooth and so can be fabricated using standard tgpecimiques.
An alternative approach would be to discretise the func@gimto N discrete values
along the length. This disadvantage of this is that at the interface betwgefvan
values the dispersion will change discontinuously which is hard to implemeepéex
through splicing bits of fibre together which is time-consuming and impractical fo
small lengths of fibre. This approach would however model the use of timbis-
persion profiles used by some researchers[12] for parabolic peisation.

Using the decomposition &, given in Eq. (5) | implemented a genetic algorithm
to find the optimum coefficients;. In the algorithm each individual had a genome
consisting of a list of the coefficiengs and the initial population of sizél was created
using a uniform distribution of random numbers. To get each subsegaaaration a
mixture of asexual and sexual reproduction was used. Firstly thetapdividuals as
ranked by the misfit function [Eq. (4)] were each cloztiines and a Gaussian random
variable was added. Next two individuals where chosen at randora aed individual
was created withm genes from the first parent artddl— m from the second with a
Gaussian distributed random number being added to each coefficient. tht aew
individuals were then ranked along with the old generation via their misfitimmand
only the topM individuals were kept. The algorithm was implemented on the IRIDIS
supercomputer at the University of Southampton using the OpenMPI neegaasging
implementation. Typically for a population size of 10000 and a maximum number of
generations of 20000 the program took about 5 hours to run usingrdéégsors and
scaled as expected with the number of processors.



3. Results

In the cases studied below | usually restricted the input pgise a Gaussian pulse
given by

@(t) =5 (6)

The choice of a fixed input pulse corresponds to a common situation in masy lab
namely that the number of choices of mode-locked lasers is limited and it islolesira
to transform the output of the fixed laser source to an arbitrary pulgeeshdave
however included a couple of different input pulse shapes in the rasuttsow that
the success of this method does not depend critically on the input pulse. $hape
subsequent sections | discuss the results of transforming the inpusi@apsiise into

a Parabolic, Sech or square shaped pulse.

3.1. Generating Parabolic Pulses

The first problem | consider is the generation of parabolic pulses usi@Bgussian
input. The desired output pulge(t) was a parabolic pulse with the form:

. 2
@(t):{a(l (t/b)?) [t <b -

0 otherwise.

The reason for considering this problem is that parabolic pulse gernersitiell stud-
ied (see the recent review by Fingtal. [13] for more details) and hence there are a
number of different solutions available in the literature. Another useatlfe of this
problem is that in fibres with a constant gain, parabolic pulses are asymguibttons
to the NLSE[14] and all pulses will evolve towards a parabolic shape. ANISE
with decreasing dispersion and no loss is equivalent to a fibre with gaiolin@s to
the pulse transformation problem for an infinite fibre is thus known. Henee kom-
pare the numerical results for a fibre of finite length to that of the knowredssmn
profile for an infinite fibre.

In our simulations we used a normalised fibre length of unityy 1 anda = 0.2.
The input was a Gaussian pulse givenAgxp(—t?) whereA was the amplitude of the
pulse. As | am only interested in determining how to create the most parabldethe
parametersa andb in Eq. (7) were chosen by doing a least squares fit that minimised
the misfit function. Using the genetic algorithm for an input power of 25 weiobd
the results as shown in Fig. 1(a). Here the output pulse is shown in blakektivagreen
line shows the best parabolic fit to the pulse. The misfit parameter WasZx 10~/
which is an improvement by several orders of magnitude over previsuis¢l5, 16].
In Fig. 1(b) I show the optimised dispersion profile in green while the redethine
shows the evolution of the misfit parameter along the length of the taper.

The optimised dispersion profile processes some interesting featurely. €ors-
pared to the expected monotonically decreasing profile it actually increesessec-
ond half of the fibre before decreasing again towards the end. Soglyishe misfit
parameter also increases slightly in the second half of the taper befoeadieg dra-
matically towards the end. In order to test the genetic algorithm | ran it detirees
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Fig. 1. (a) Intensity profile of the output pulse (black lirsdne with the best
parabolic fit (green line). (b) Dispersion profile (greere)imnd evolution of the
misfit parameter (red dotted line) for the optimum fibre taper

(with different random seeds) and with different numbers of polynomiitls the re-
sults as shown in Fig. 2(a). Here three optimised dispersion profiles angnsind in
all cases the resulting misfit parameterdg.2 x 10~ 7 and does not vary significantly.
From Fig. 2(a) it can be seen that in the three cases shown the initialsi@pearies
considerably more than the dispersion in the last half of the fibre. Thisestgthat in
order to get the best parabolic pulse it is the dispersion profile in the latgrsstiaat is
critical while the initial dispersion is not so crucial.

| also optimiseq3,(z) for two other input pulse shapes and these results are shown in
Fig. 2(b). The first was for a sech shaped pulse with initial intensity oh2sawidth of
1, the optimised dispersion profile for this case is shown in black. The cdkeneas for
a Gaussian pulse with a peak intensity of 50 (rather than 25 in the previaogpes)
and the optimised profile is shown in green. In both cases the dispersiie fotbows
the same pattern as previously, i.e. there is a decreasing dispersionefiestthalf of
the taper followed by a small hump. In these examples the misfit parameter was simila
to those found earlier but was higher for the sech shaped pulse. Thos ssinprising
as a sech shaped pulse is further from a parabolic pulse to begin witheaod h is
perhaps harder to transform. Comparing the results for Gaussian odldéterent
amplitudes while the global misfit parameter is very similar the local differenees a
more striking. For the low intensity pulse there is an excellent fit at the cehtteeo
pulse while the error near the base is higher since the nonlinearity is ficiesifto
generate enough bandwidth to copy the discontinuity of the intensity at teeobtze
parabolic pulse. In contrast for the high intensity pulse the error neaetiteal part of
the pulse is greater but local error near the base is lower.

Importantly in all the cases examined the resulting dispersion profile is slowty va
ing and does not change too much in absolute terms over the length of theTtaiger
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Fig. 2. (a) Differing dispersion profiles for different ruokthe genetic algorithm.
The green and red line are the results when there are 21atiffpolynomials but
with different random seeds. The black line is the case fgg@{nomials. (b) The
black line shows the optimised profile for converting a sdupgd pulse into a
parabolic pulse while the green line shows the profile foigh mtensity Gaussian
pulse.

is important for a number of reason. Firstly it means that the dispersiongsroéin be
fabricated using existing taper rigs and so such dispersion profilesecarabtically
realised. Secondly from a numerical point of view it shows that the nummibtrms
in the Taylor series expansion [Eg. (5)] can be reduced without altéregesult. This
would allow the program to run faster or alternatively tackle problems atgreeom-
plexity (which I will return to in the discussion).

3.2. Gaussian to Sech transformations

The next problem | consider is transforming a Gaussian shaped iniset jiig. (6)] to
a Sech shaped output pulggt) given by :

@o(t) = asect/b). ()

The reason behind looking at this transformation is that it is well known th#ten
lossless regime a Gaussian pulse will evolve into a soliton provided that thgyene
is sufficient. Hence again we can compare the optimised solution for a filiineitef
length with the constant dispersion profile expected for the lossless infiluteycase.
The best results for this transformation are shown in Fig. 3.

In this case the input pulse was again a Gaussian pulse with unit width araka pe
intensity of 25. After optimisation the best misfit parameter w#s210° resulting
in a extremely good match between desired and actual pulse shapes.bik caen
from Fig. 3(a) that the resulting pulse is well match down to-28 dB level. Fig. 3(b)
shows the best dispersion profile (in green) and surprisingly the dispedecreases
monotonically from—1.8 to —8.8. This increase in the magnitude of the dispersion
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Fig. 3. (a) Intensity profile of the output pulse (black lirsdne with the best
sech shaped fit (green line). (b) Dispersion profile (greee)land evolution of
the misfit parameter (red dotted line) for the optimum fibpeta

during propagation is what drives the increase in the pulse width whiatyrdeaubles
during propagation. The evolution of the misfit parameter is also interesting 8in
undergoes three large oscillations before reaching the final value.

3.3. Generating Square Pulses

The last problem | consider is generating square pulses from Gausgesaes. This
problem is chosen as it illustrates some of the limitations of using tapers for pulse
transformations. The desired output pus€ét) is given by:

() = {a tl<b ©)

0 otherwise.

As with the parabolic pulse a notable feature of a square pulse is that it eatramely
broad spectrum due to the discontinuities in the intensity. These discontinuities a
however more significant since they occur at points of maximum amplitude thtre
at points of zero intensity for the parabolic pulse. As before the inputa@aaussian
pulse given by Eq. (6) and the results are shown in Fig. 4.

Compared to the previous results it is obvious that in this case the genetiithatgor
has not resulted in a good match between the output pulse and the ide tayua
In particular there is noticeable ringing on the edges of the pulse and the wirige
pulse are broader than the square pulse. This however is not palyicsligprising
given the the desired output pulse shape is discontinuous while any aaiption
must be twice differentiable. In Fig. 4(b) | show the optimised dispersiofil@rand
the evolution of the misfit parameter. The dispersion profile is interesting initthat
starts off being anomalous before increasing to the normal dispersioneremnd the
decreases again to almost the initial value. As in the previous cases the arfitgier
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Fig. 4. (a) Intensity profile of the output pulse (black lirsdne with the best
square shaped fit (green line). (b) Dispersion profile (gtiee) and evolution of
the misfit parameter (red dotted line) for the optimum fibpeta

does not evolve monotonically but rises in the final portion of the taper&efopping
very sharply towards the end.

In order to further examine the effects of the discontinuities on the perforena
of the pulse transformation | examined the evolution towards a super-@aysgdse
given by @(t) = aexp(—(t/b)*?). These results are shown in Fig. 5 and show a much
better fit than the for the square pulse. Note that in the wings the resulting gods
not decay as fast as the super-Gaussian and this is again due to the limitdeddiha
that can be created during propagation. However it does suggethéhanoother the
desired output pulse the smaller the optimum misfit for a given input pulse.

4. Discussion and Conclusions

In this work | have used a normalised version of the nonlinear@&lihger equation and

it is worth examining how the results scale for realistic parameters. For thbgar
pulse generation the dispersion decreases f0n5 to zero. Assuming a one metre
long fibre taper and a picosecond pulse this corresponds to a vgBie-df500 pg/km
which is significantly higher than what can be easily achieved using eithgentional

or even highly dispersive fibres (such as small core photonic crybtakji. However
there are two ways around this problem, firstly if we assume that instead ofra me
long fibre taper we have a kilometre long fibre taper the starting dispersamias

B2 = 1.5p<’ /km which is similar to standard commercial dispersion shifted fibres and
can easily be fabricated. Here the loss used becor@és0* which is a realistic value
for commercial step index fibres. In the past similar kilometre long tapers these
fabricated by changing the speed while drawing the fibres and so this &ctcait
method for generating parabolic pulses. Alternatively if the initial pulse widllO®fs
rather than 1ps the dispersion scaling of the NLSE means that the reqtargdgs
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Fig. 5. (a) Intensity profile of the output pulse (black lirsdne with the best
super-Gaussian shaped fit (green line). (b) Dispersionl@i(gfieen line) and evo-
lution of the misfit parameter (red dotted line) for the optimfibre taper.

dispersion for a one metre long fibre taper becoiigs- 15p<$/km which can be
easily achieved using either photonic crystal fibres or standard stepfibdes. These
values are typical of the dispersion profiles for the other pulse shaplesuggest that
this method can be used either with picosecond pulses and kilometre long fibre ta
or with 100 femtosecond pulses and metre length fibre tapers.

In this work | have ignored any higher order corrections to the NLSH siscthird
order dispersion or the Raman effect. Such effects are unlikely to be tampdor pi-
cosecond pulses however for femtosecond pulses such effects wilblimportant
and will be considered in future work. In addition trying to optimised tapersfiects
such as super-continuum generation will require inclusion of higharalidpersion as
well as the Raman effect and self-steepening. Future work will also lbotodelling
the geometric fibre parameters rather than the dispersion profile usingrtbtcgal-
gorithm. For example a photonic crystal fibre can be described by twonetess, the
hole sized and the hole to hole spacidg while a step index fibre is characterised by
the refractive index differenc&n and the core diametet. In a more realistic genetic
algorithm both parameters would be separately optimised and the algorithm eeduld
culate the dispersion (to all orders) which would be used in the generdlis8é.
While this doubles the number of dimensions of the problem using 15 terms in the
Taylor series for each parameter rather than 30 as done in this work weefdthe
size of the simulation the same without reducing the accuracy of the resubiflyFim
this work | have only looked at the intensity of the output pulse rather thaphtse
profile and clearly in the future | could look at the optimising the phase prdfileeil
as the intensity profile.

In conclusion | shown various examples of how one pulse shape caartséarmed
into another during propagation down an optical fibre taper. In all camesidered the



misfit parameter that described the success of the transform was extiemelyow-

ing that this method is extremely flexible. The major area where this method fails is
where the desired pulse shape changes discontinuously such as isdlué ttee square
pulse or the wings of the parabolic pulse. In all cases examined the gelgetiitham
produced slowly varying tapers that can be fabricated using existingdatayy. Com-
pared to linear filtering techniques for pulse shaping nonlinear pulsedrarations

can increase the pulse’s frequency bandwidth allowing pulse compnesigioltane-
ously with pulse transformations which is an attractive feature of this methoddhkal

be exploited further in the future.
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