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Abstract: We report a technique to nonlinearly generateipeespectral shapes in an adaptable
and power-efficient fashion. The generation of acsum with a 7-nm 0.5-dB bandwidth is

demonstrated to prove the validity of the approach.
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1. Introduction

A number of technologies have been developed tlat dhe phase and amplitude manipulation of optmase
spectra thereby enabling precise shaping of pulses linear fashion [1-3]. Among them fibre-pigtadl pulse
shapers based on liquid crystal on silicon tectmpl@n already commercially available technolog])dombine a
high spectral resolution of a few tens of picometeith acceptable insertion losses (~5dB) and thesipility to
dynamically change the filtering transfer chardster on microsecond timescale [1]. On the othemchaecent
developments in optical fibre technology have a#dwgignificant advances in the nonlinear generatimhtailoring
of broadband spectra. When it comes to controlling characteristics of the nonlinearly broadeneéctsp,
extensive work has focused on the optimizatiorhefgroperties of the nonlinear optical fibres [Ae combination
of linear filtering with nonlinear spectral broad®m can however relax the requirements on the cheniatics of the
nonlinear fibre. Nonlinear spectral broadeningibres has already been combined with linear spestaping at
the system output to demonstrate the generatidlatofupercontinua [5]. However, the inclusion gbuse shaper
before the nonlinear element allows for a more poefécient process, and even provides the potefdiathe
manipulation of optical spectra with a spectragathat exceeds the operating bandwidth of theemhaper [6].

For a nonlinear element (e.g. a highly nonlinearefi— HNLF) with given characteristics, it is pdssito
calculate the waveform required at the input ofgpgtem in order to obtain a target spectrum aittput. This can
be achieved using backward propagation calculatiased on the inverse split-step Fourier metho8KM) [6, 7].
However, this technique requires a precise knovdeolgall the system parameters and control overstiaping
function. Therefore, adaptive systems exploitingletionary algorithms and one or more effectivedfesck signals
have previously been adopted in pulse shaping migste generate the target pulse form, mainly fa@liaptions in
ultrafast optics [8, 9]. Recently, genetic algamithwere used to improve the quality of Gaussiasgauand thereby
optimise the characteristics of their self-phaselutation (SPM)-induced broadened spectrum [10].

In this work, we combine Kerr nonlinearities in BNLF with a programmable phase and amplitude filter
which we use as a pulse shaper, in order to achinevéiexible generation of pulses with user-ddfiesspectra. We
apply our technigue to the generation of ultrafledadband spectra starting from transform limpetses derived
from 10GHz mode-locked laser (MLL). Previous denmifons have achieved broadened spectra with anmogx
peak-to-trough ripple of 1.5dB (with a fibre Braggating pulse shaper [6]) and more recently 3dB efwia
programmable pulse shaper was used [7] — see FidrBlthis paper, we employ adaptive pulse shapuhigch
allows us to generate a 7-nm spectrum with a rippjest 0.5dB. We believe that by scaling to higphewer levels
significantly broader spectra should also be acthé

2. Methodology
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Our arbitrary spectral synthesis system comprigg®grammable high resolution phase and amplitiltdz flinear
manipulation stage), followed by the nonlinear lolexdng stage (typically an amplifier and a HNLF}3ee Fig.1.
The spectral shaping process starts with the diefimof the target signal, a third-order super-Gaars spectrum in
this case. We then use the ISSFM to calculate theeform required at the input of the HNLF [6, 7}idP



knowledge of the pulse characteristics generatethbysource allows us to calculate the transfectfan which
needs to be fed to the programmable filter. Thixpss assumes that (a) the exact characteristimstiothe original
pulses (in both phase and intensity) and the HNig=kaown, (b) the amplifier prior to the HNLF igistly linear
and (c) the phase and amplitude characteristitsedfilter are accurately calibrated.

In order to overcome the limitations imposed bysthassumptions, we employ adaptive pulse shapinchwh
monitors the spectrui8,e,sat the output of the system and adjusts the pbiadite of the programmable filter with
the aim of minimising the misfit functioMF betweerSye,sand the target spectruBge:

MF 2 = J.(Smeas - Sarget )2 d&)/j Srieasdw' (1)

We have chosen to act only on the phase profiltheftransfer function, since the amplitude spectairthe
shaped signal can be accurately monitored witheateggm analyser. A spectral phase perturbatioresgmted by a
weighted summation of first kind Chebyshev polynaimiof 28" order is added to the phase profile obtained from
theoretical calculations. The use of Chebyshevrpmtyials has an advantage that when the weightthargame for
all the terms, their contribution to the entire soation is comparable. The 21 weights constitutaraliwate in the
search space of a two-membered evolution strategy &lgorithm [11]. This algorithm allows the sdaprocedure
to be performed in an area around the startingidatelin the search space. As we believed thavphienum phase
profile is close to the calculated phase profiafrthe ISSFM, this algorithm is well suited for @pplication (Note
that other algorithms exist which allow optimisatiover a broader search space if needed).

The initial parent candidate for the ES algorittenan array of zero weights. This enables the dlgarito
evaluate the calculated phase profile from ISSFkhatbeginning of the process. For the next itematan offspring
candidate is generated by adding an array of weighich is Gaussian distributed over the parenticate. As a
result, the search area is in the vicinity of thearetical phase profile. The algorithm is termaaatvhen the value
of MF is below a pre-determined threshold, which indisatn acceptable agreement between the target and
generated spectra.

3. Experimental Results
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Fig. 2 Experimental setup and characteristics efstaped pulses. (a) Experimental setup. (b) Teahpoofile and (c) spectrum of the shaped
pulses. The red traces represent the target sifpradptimum flatness derived from ISSFM calcula@nd the blue traces represent the
experimentally optimised signals. PC: PolarisaGamtroller; EDFA: Erbium Doped Fibre Amplifier; OS®ptical Spectrum Analyser.

Our experimental setup is shown in Fig. 2a. The Minhitted 10GHz, 2ps Gaussian pulses at 1550nm piilses
were fed to the programmable phase and amplitdige (Finisar Waveshaper — W/S), which has a dycamnge
of 35dB and insertion loss of 5dB. The polarisatit@pendent loss of the W/S is 0.2dB and its indigidspectral
features can be programmed at 1-GHz steps, mueh tan the spectral line spacing of the 10GHz emitself.
The shaped pulses at the output of the W/S werdiféedpto 28dBm and launched to a 1-km long HNLRwa
nonlinearity coefficient of 18/W/km, loss of 2.13## and a dispersion of -1.7ps/nm/km at 1550nm weith
dispersion slope of 0.0023ps/ffkm. The output of the HNLF was monitored by an O&#l was fed to the ES
algorithm which in turn controlled the W/S phasefppe. Since our goal was to improve the flatnestha top of the
generated spectra, evaluation of ke function was restricted to include contributiomsyofrom wavelengths lying
within the -5% bandwidth of the target ideal su@@ussian spectrun$ge).

The red trace in Fig.2b shows the target intengityfile as calculated from the ISSFM and exhibitpudse
width of ~13ps. In order to demonstrate the effefcour technique, we first present in Fig.3a thpezimentally
generated spectrum of (unshaped) Gaussian pulgas shme pulse width, as obtained at the outptlieoHNLF.
The spectrum exhibits the familiar multitude of cfpal peaks, typical of SPM in a normal disperdibne. Fig. 3b



presents the generated spectrum at the outpuedfiLF when the transfer characteristic calculdtgdhe ISSFM
was directly loaded to the W/S. The effect of pylse-shaping was to reduce significantly the nundfgreaks on
the spectrum, even though a substantial spectoal \eas developed in the middle of the spectrumméstioned
above, a variety of factors may have contributedht discrepancy between the generated and tgpgetra. It
should be noted that a simple addition of lineagehprofiles to the filter response did not impreubstantially the
flatness of the generated spectra.
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Fig. 3 SPM spectra generated from (a) 13ps Gagsilses, (b) the waveform calculated directlyrfitbe ISSFM and (c and d) after
application of the adaptive system in linear argatdhmic scale respectively. Red traces: targettsa, blue traces: generated spectra. (e)
Evolution of MF value in the two-membered ES algorithm.

Fig. 3c shows the generated spectrum at the ooffthe system when adaptive shaping was in placeid. 3e
the MF value versus the number of algorithm iterationgladted — a ten-fold convergenceNit-= 0.078 within 300
iterations is observed. The flatness of the geadrapectrum is shown to be dramatically improvetileting a 3-
dB bandwidth of 11nm with a central region of 7nrhene the fluctuation is less than 0.5dB. The temipand
spectral profiles of the waveform yielding this sppem are shown in Fig.2b and c (blue traces) shgwery good
agreement with the originally calculated wavefoNwote that the spectra in Figs.3a-c are presentedlionear scale.
In order to appreciate the quality of the generafeettrum, Fig.3c is presented on a logarithmitesoarig.3d.

4. Conclusions

We have presented the application of an arbitrpegsal generation technique based on adaptive puksshaping
and nonlinear spectral broadening in an HNLF. Weeehapplied this technique for the nonlinear genenadf flat

broadband spectra and have achieved a spectrumaviits-dB bandwidth of 7nm. We believe that thehtégque

can be extended to be used for the nonlinear géme@ even broader spectra with arbitrary shapes.
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