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Abstract: We present the nonlinear generation of ultra-edadband spectra suited to high
capacity communication signals. A spectrum covetirgfull C-band (3-dB bandwidth of 35nm)

is generated in an adaptable and power-efficiesitien.
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1. Introduction

The emergence of new techniques for encoding arnitting information in a spectrally efficient nmeer over
optical fibers calls for the development of stalliemadband sources with accurately controllableattaristics. Of
particular interest is the development of broadb&medjuency combs for use in applications, such ptical
orthogonal frequency division multiplexing (OFDM}][ Such applications require the generation ofrdie line
spectra with as little power variations over theittire spectrum as possible. Kerr effects in optfikers are
frequently used to broaden the spectra of pulssetdathe tailoring of which relies on the use ptical fibers with
specially designed dispersion properties. To thid, €arefully engineered microstructured fiberenoffg suitable
dispersion and nonlinear characteristics are eixtelysused for the generation of smooth broadbgretsa [2].

Rather than relying on the special characterigtichighly nonlinear fibers (HNLFs), one can justapk the
broadband spectrum after nonlinear propagation TBjs technique can only remove portions of poveotgh
filtering a signal which has previously been ametifto stimulate sufficient nonlinearities in th&lH-. Meanwhile,
the resulting bandwidth depends directly on theattaristics of the filter/shaper itself. We haeeently proposed
a more power-efficient approach in which the souspectrum is shaped prior to the nonlinear elenfand
amplifier), so that after nonlinear propagationpactrum with desired characteristics is obtainemte®tially, this
approach allows the manipulation of optical speutith a spectral range that exceeds the operatamgiwidth of
the pulse shaper. A spectrum exhibiting a 3-dB hadith of 13nm with a maximum peak-to-trough rippte3dB
was achieved through this approach [4]. The dematist was based on a pulse shaper based on lbgysthl on
silicon (LCOS) technology [5], providing precisentml over both the spectral amplitude and phasthefpulsed
laser signal, as well as the capability to dynaihiazhange the filtering characteristics. In orderfurther improve
the flatness of the broadened spectrum, an adgmtilee shaping system exploiting a simple evol@igralgorithm
was subsequently included in the spectral synthesibnique. This improved the results significarglyd a
spectrum exhibiting a 3-dB bandwidth of 11nm witii-am central region where the power fluctuatioreseMess
than 0.5dB was obtained [6].

In this work, we present two significant improverteto the previously reported results. We haveetad the
generation of an ultra-flat frequency comb covetimg full C-band, i.e. a spectral broadening of erttian 10 times
the bandwidth of the initial source spectrum. Thiaee this, we developed a more sophisticated #hgorfor the
adaptive shaping process, based on the covariaatiexradaptation evolution strategy (CMA-ES) [7].eWeport
the generation of a spectrum with a 35-nm 3-dB hadhith (and a 0.7-dB bandwidth of 26 nm).

2. Adaptive Pulse Shaping System Based on CMA-ES

In our previous work reported in Ref. [6], a twosmgered evolution strategy (ES) algorithm was usedhe
adaptive pulse shaping system, which is the simhpled most efficient algorithm in the ES family.déawback of
this algorithm is that the optimization procestiksly to be trapped at a local minimum. In contr@@MA-ES, the
application of which we consider in this work, al® the optimization over a broader search spacs, tiaking it
more robust against local minima. In this sectitwe, general principle of the pulse shaping systaseth on CMA-
ES is described. A detailed description of CMA-E® be found in Ref. [7].

Our adaptive pulse shaping system comprises a gmogeble phase and amplitude pulse shaper, folldwed
the nonlinear broadening stage (typically an argsléind a HNLF). The CMA-ES algorithm monitors Spectrum
Sheas @t the output of the system and adjusts the tearfishction (both amplitude and phase) of the pshsger with
the aim of minimizing the misfit functioMF betweerSes and the target spectru, g
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In the optimization process of CMA-ES, the shapungctions of both amplitude and phase are repregdny a
weighted summation of first kind Chebyshev polynaimiof 13" order. CMA-ES is optimizing the 11 weights of
the polynomials. The starting vector of weightstfoe first generation of CMA-ES is a vector of &ros. Thus, the
pulse shaper is initially programmed to be a disipefess bandpass filter of 20nm bandwidth. In rtingation
process/ = 13 vectors of weights are generated by addingndom (Gaussian distributed) vector to the stgrtin
vector of weights. The variance of the Gaussiatridiged vector is determined by the step size MACES, which
is self-adapted. Subsequently, each of the correipg 13 transfer functions is fed into the pulbeper and their
MF values are calculated. The vectors of weightsranked according to theMF values. Theny = 6 best out of
the 13 vectors of weights are selected into thged recombination process, in which larger weigiie assigned
to better vectors of weights [7]. The resultingteeof weights becomes the starting vector of wisigbr the next
generation. The algorithm is terminated when tHaevaf MF has converged.

By testing a large number of transfer functiofsif each generation a broader search space campbered
during the optimization process. Meanwhile, the ghtdd recombination, in which the best transfercfiom is
rewarded with the largest weight, keeps the trarfsfiection evolving towards the optimum directiofhen the
process is trapped at a local minimum, the selptadeon transition of the step size can rescueoibiemization
process. With all these advantages, the CMA-ESappnoach the global optimum transfer function gedigu
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Fig. 1 Generated 13-nm SPM spectra with the apjgicaf the adaptive system using CMA-ES. (a) LinBeale, (b) Logarithmic Scale. Red
traces: target spectra, blue traces: measuredapect

In order to test the performance of CMA-ES, wetfingbstituted the two-membered ES with the CMA-E&e
adaptive pulse shaping system used in Ref. [6]cd/dirmed that the quality of the generated spectwas further
improved, now exhibiting a 3-dB bandwidth of 13nrthaa central region of 8nm where the fluctuatisreiss than
0.4dB (Fig. 1). We therefore used the adaptive gslsaping system based on CMA-ES in a second exeeti
aiming at a significant scaling of the generateectial bandwidth.

3. Generation of Ultra-flat Broadband Frequency Comb
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Fig. 2 Experimental Setup for the nonlinear gemenadf the ultra-flat broadband spectrum. PC: Redaion controller; EDFA: Erbium Doped
Fiber amplifier; OSA: Optical Spectrum Analyzerséts show the high resolution (0.01nm) measurenoénite initial MLL pulses and the
generated frequency comb.

Fig. 2 shows the experimental setup for the noalirgeneration of the ultra-flat broadband frequecamb. The
output of the mode-locked laser (MLL) is 2ps Gaasgiulses at 1550nm with a repetition rate of 10GMter a
pre-amplification stage, the pulses were fed ihtogrogrammable phase and amplitude filter (Finf8aveshaper —
W/S). The dynamic range of the W/S is 35dB amdf@ the amplitude and phase shaping, respectividhe
insertion loss is 5dB and its individual spectrétiires can be programmed at 1GHz steps, muchtfiaarthe
spectral line spacing of the 10GHz source itseffe Thaped pulses were amplified to 32dBm and ladatto a
500m long HNLF with a nonlinear coefficient of 19/Mh, loss of 2dB/km and a dispersion of -0.87pskmméAt
1550nm. The output of the HNLF was monitored byO8A, placed after a polarizer, which was includeérnsure
that the generated frequency comb had a singleipat@n, as required in most applications. Thisaswgement was
also used as the feedback signal for the adaptikee ghaping system implemented at the computer.

The target of our experiment was to generate am-flit spectrum with a 35nm 3-dB bandwidth. Sitlce
parameter we were mainly interested in was thendksg at the top of the generated spect8yx, the target
spectrunS,q Was simply a line of uniform spectral density asras30nm bandwidth centered at 1550nm.
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Fig. 3 SPM spectra generated from (a) 2ps Gaugsises, and (c and d) after the application ofitieptive system using the CMA-ES in linear
and logarithmic scale respectively (resolution b/@.2nm). (b) Evolution of the minimuMF value after each generation in the CMA-ES
algorithm.

In order to demonstrate the effectiveness of ouhrigjue, we first present in Fig. 3(a) the experitally
generated spectrum at the output of the HNLF wheshaping had been applied. The spectrum exhilitalatude
of spectral peaks with large fluctuations. We raxtsider the system when CMA-ES-based adaptiveirsthayas
applied. Fig. 3(b) plots the minimuMF value versus the number of generations — the mimivlF value was
reduced by half within 30 generations (390 iterajo The final spectra we obtained are present&igin3(c) (on a
linear scale) and Fig. 3(d) (on a logarithmic siatee traces show significant improvement in thectral flatness.
A 3-dB bandwidth of 35nm was achieved, and the poxaeations in a central region of 26nm were libss) 0.7dB.
High resolution measurement results of both geedrattra-flat frequency comb and the spectrum ef itiitial
MLL pulses are presented in the insets of Fig.l#& generated ultra-flat frequency comb has the dammepacing
as the source pulses. Thus, in the 26nm flat dergggon, 325 spectral lines were accommodatedth&sHNLF
used in the experiment was not polarization maiirigi (PM), the polarized frequency comb at the otuld be
prone to random changes of birefringence. To asslessstability of the system, we performed spectral
measurements over a period of 90 minutes, and fthumgower variation of any of the frequency limesoss the
entire comb to be less than 1dB during this time. Afiticipate better overall stability to be achttlerough the use
of a fully PM system.

4, Conclusions

We have presented the nonlinear generation oftea-lihit broadband spectrum based on adaptive putsshaping
using CMA-ES in a HNLF. We have applied this tecjugi to obtain a stable frequency comb coveringuheC-
band with a 0.7-dB bandwidth of 26nm. The CMA-E8yeld a vital role in the generation process. Wiebelthis
technique can be used for the generation of dengehged high signal-to-noise ratio OFDM carriershigh
capacity communication systems.
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