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We propose and demonstrate a novel method for lttrenation of arbitrary frequency
chirp from short optical pulses. The techniqueasdad on the combination of two cascaded
second-order nonlinearities in two individual péigally poled lithium niobate
waveguides. The proposed scheme operates indegbndein the spectral phase

characteristics of the input pulse, producing a+teasform-limited output.
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Picosecond optical pulses are widely used in devagplications, such as optical time division-
multiplexed communications, optical sensors, anticapimaging systems. Such short optical
pulses can be generated using a variety of meahsding mode-locked lasers, gain-switched

laser diodes, and even externally modulated coatistwave (CW) light sources. However, the



generated optical pulses often have some assodamtaic frequency chirp and the cumulative
effects of dispersion and various optical nonlitees often experienced during onward
transmission in fibre systems can either intendlfig chirp, or induce additional nonlinear
degradation, leading to compromised performancentmmy applications.

Suitable lengths of fibre are usually employed eémove the linear chirp component
associated with non transform-limited optical palsed to thereby improve the pulse properties.
However, the length of the dispersion compensdilmg has to be matched to the exact chirp
characteristics and typically needs to be deterdhorea case-by-case basis.

In recent years, the use of cascaded second-omfdinear processes in periodically
poled lithium niobate (PPLN) waveguides has até@otonsiderable interest as a promising
route to perform all-optical signal processing [The technology provides for high nonlinear
coefficients, an ultra-fast optical response, bBterand modulation format transparency, low
cross-talk, and no added spontaneous emission. iaseaded second-harmonic and difference-
frequency generation (cCSHG/DFG) and cascaded sumi- difference-frequency generation
(cSFG/DFG) have both been exploited in variousptleal signal-processing applications, such
as wavelength conversion [2], format conversion [@}ic gates [4], tunable optical time delays
[5], and phase sensitive amplification [6].

In this paper, we propose and demonstrate an e#eatethod to remove frequency
chirps induced in ps-optical pulses. The technigeiees on the generation of a conjugated
replica of the input chirped pulse in a first PPladveguide via cSHG/DFG, followed by the
nonlinear interaction of the two phase-conjugaigdais through cSFG/DFG in a second PPLN

waveguide: a process which eventually yields chiep-pulses at the system output. Our scheme



has the distinct advantage that even unknown olimear chirps can be erased without requiring
detailed knowledge of the input pulse foras,briefly discussed in the following section.

Figure 1(a) illustrates our scheme for the elimoratof chirp in pulses based on the
combination of cSHG/DFG and cSFG/DFG in two casdadPLN waveguides. The first one
performs phase-conjugatioA(=Ac*) and wavelength conversion (dg;) of the original chirped
input pulse Pcp(t) atAcy] by means of cascaded SHG (with a CW pump) and FGAIl of the
resulting optical waves after the first PPLN sanmgoie passed through an optical processor. This
is a programmable amplitude filter which rejectshbine pump and the SH waves, and equalises
the optical power of the input pulse with that tsf conjugate. Equalization of the intensities of
the two signals is required in order to optimise #fficiency of the nonlinear processes in the
second PPLN waveguide, where the two pulses irteridic each other as two pulsed pumps to
generate the sum-frequency (SF) wave. A chirp-tnigput in the same wavelength band as the
two original signals is then generated by DFG ext&on between the SF wave and a CW wave
(atAsj) conveniently placed close to the original wavgtés. In a simplified picture (neglecting
pump depletion and walk-off) the generated SF fiEddbsequently mapped back into the
telecommunication band via DFG) will be proportibt@the modulus squared of the original
signal Qsi~ AcpAj = |Acp|2), meaning that the imaginary parts of the inpeldfiare cancelled out
and thus any frequency chirp is erased. To simulaeactual response of the second PPLN
stage (also in the presence of pump depletion andpgvelocity mismatch), we used the

following coupled mode equations:
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whereAq, Aq, A«, As, andAyy denote the slowly varying envelopes of the infhitped pulse,
conjugated replica, SF, CW-wave, and chirp-freepoutwaves, respectively. The group
velocities (e sisiou). the nonlinear coupling coefficients)(and the phase-mismatchess)
were calculated as in Ref. [3], with referencelte PPLN waveguide used in our experiments.
Numerical simulations based on the full model [Bq] confirmed the capability of the scheme
to remove a broad range of chirp profiles, evetheépresence of moderate walk-off between the
original and SF signals in the PPLN waveguide. Tdas be intuitively justified with a semi-
analytical approach similar to Ref. [7], in whidhetoutput field in the frequency domain is
expressed as the product between the PPLN filtestiion (which depends on the group velocity
mismatch between the pumps and the SF) and theeFdransform of the modulus squared of
the input signal [FT{%pF}]. This yields a response which is insensitivahe phase of the input
field. In the simplest case of a spectrally symimetrarrowband signal, the acceptance
bandwidth of the process is the same as that of 866G an “equivalent” un-chirped pump with
the same intensity distribution as the input signal A|). At first approximation, the limitation
of the technique originates from the walk-off ire ttvaveguide, which can be estimated as e.g.
~10 ps, for Gaussian inputs in a 3cm-long PPLN gaige (as in our experiments) [7]. Yet

even the presence of (moderate) walk-off does aotptomise the applicability of the scheme,



as it may induce a broadening of the field profigth respect toACp(t)|2] but no significant
chirp at the output, as shown by the simulation&ignl as well as by the experimental results
presented in the next section, where phase-remgymrformed with pulses shorter than 10 ps
(6.5 ps). Nevertheless, increasing the walk-off/anthe pump depletion further do ultimately
translate in non-transform-limited outputs (as36tG in Ref. [8]).

Figure 2 shows the experimental setup used toseealur chirp-free pulse generation
system. Two 30-mme-long fibre-pigtailed PPLN wavelps (HC Photonics Corp.) were used for
the cSHG/DFG and SFG/DFG steps. Their SHG phasehmat wavelength was 1546 nm at
50°C and 42°C, respectively. A CW laser operating=46.0 nm was used as the pump for the
first PPLN device. 10-GHz, 2-ps pulses generatethfa mode locked erbium glass oscillator
(ERGO) at 1552 nm were launched into a length n§lsi mode fibre (SMF) to generate the
input chirped pulses. The CW pump and the chirpdsigs were combined in a 3-dB coupler and
then amplified before being launched into the BN waveguide. The total power at the input
of the waveguide was restricted to 21 dBm to ptatsccoupling connectors. Figure 3(a) shows
the measured spectrum of the signals at the oofpine first PPLN waveguide (pump, chirped
input signal and conjugated pulse). The opticahaido noise ratio (OSNR) of the conjugate
signal was measured to be 12.2dB. An optical psmrefFinisar WaveShaper 4000E) filtered
out both the pump and the SH waves, and equalmedtical power of the input chirped pulses
with that of the conjugate pulses. The two signvatése then amplified and combined with a
1558-nm CW beam in a second 3-dB coupler. All threes were then launched into the
second PPLN waveguide to interact with each otleic8 FG/DFG as described in Fig. 1. The
resultant spectrum, measured after the second RIRRLNe, is shown in Fig. 3(b). The measured

OSNR of the cSFG/DFG output signal at 1533.7 nm ®dB, which can be improved by



implementing the PPLN waveguide with higher conwersfficiency available in state-of-the-
art PPLN waveguides technology.

In order to assess the performance of the systehit@capacity to eliminate the chirp of
optical pulses, we performed linear frequency re=tbloptical gatingl{FROG) measurements,
using an electro-optic modulator as the samplintg ¢@]. Figure 4(a), (c), and (e) shows the
spectrograms obtained for the input chirped putsegonjugated replica, and the resultant chirp-
free output pulse respectively. Normalized inteesiand phases of the corresponding retrieved
pulses are also shown in Fig. 4(b), (d), and (§.shown in Fig. 4(a), (b) and (c), (d), the chirp
of the conjugated pulses is opposite to that of dhginal signal, whereas the chirp in the
cSFG/DFG signal has been cancelled out to produderp-free output, as can be seen in Fig.
4(e) and (f). The measured chirp rate parametetisedinput and output pulses were -0.0086 ps
and zero within the resolution limit of the FRO@spectively.

The temporal traces of the chirped input and thgdree output pulses measured with
an optical sampling oscilloscope (OSO, EXFO PSO}HDEO shown in Fig. 5(a) and (b). A filter,
tunable both in bandwidth and centre wavelengtm#l Labs.), was used after the second
PPLN waveguide to extract and characterise eatheopulse forms separately. The measured
pulse widths of each pulse were 6.5 ps and 6.6eppgectively. The time-bandwidth product for
the chirp-free output was 0.48, which indicatesdyqoality, close to transform-limited pulses.

We have demonstrated an effective method to etasechirp of ps-long pulses and
generate chirp-free output pulses. The techniquechwis based on a combination of cascaded
nonlinear effects in two different PPLN waveguideperates independently of the input chirp

characteristics and requires only limited knowledgjghe input pulse shape.
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Figure captions

Fig. 1. (a) lllustration of chirp elimination in short pulse based on both cSHG/DFG and
cSFG/DFG in two cascaded PPLN waveguides, (b) Nisathpowers [P(t)/Ra] and phases
[¢] of the pumpsdj andcp, solid and dashed lines, respectively) and thea¢BFG output @ut,
black dots) of the second PPLN stage, calculat@u fq. (1) for a 3 cm-long PPLN waveguide
with a normalised efficiency,o=60% W'cm?, with 7 ps-long (FWHM) Gaussian input pump
pulses with equalised (peak) powerg B P; = 30 mW, atA=1540 nm and\;=1552 nm,

respectively. CW input signal a=1558 nm, with B= 1 mW.



Fig. 2. Experimental setup used to generate thg-tfee pulse via a combination of cSHG/DFG
and cSFG/DFG. PC: polarization controller, EDFAbiem-doped fibre amplifier]-FROG:

linear frequency resolved optical gating, OSA: ogltspectrum analyser.

Fig. 3. Spectral traces measured after (a) the FFLN waveguide and (b) the second PPLN

waveguide.

Fig. 4. Measured FROG traces for (a) the inputpsgdrpulse, (c) its conjugated replica, and (e)
the resultant chirp-free output pulses. Retrievednalized intensities and phase profiles of (b)

the input chirped pulse, (d) its conjugated replacad (f) the resultant chirp-free output pulse.

Fig. 5. Temporal traces of (a) the chirped inpull @io) the chirp-free output pulses measured

using the optical sampling oscilloscope.



€) Conjugate pulseA() (b) 1

SH('B"'-’---—-'-—-_-_—“—T\: ----- CWCTlliergd ulseA.,) § PCJ cp Pout
‘/;”— DFG N\E K \\‘ \\\:/ ' p p /‘Cp D_Q. !
v N\ L -
I 1tPPLN: cSHG/DFG =
3 [l
1 1 0
s : (c) 21 :
X Optical processor ¢ o
S Dout
1 So—
SFOA) L ) ’ 2" PPLN: cSFG/DFG 0
e —— —— “10 5 0 5 10
Chirp freé outputA,,) DEG CW signal f) t (ps)
Fig. 1
Pulsed signal @ 1552 nm
50 ©
ERGO . > 1StPPLN: cSHG/DFG 2" PPLN: cSFG/DFG
PC
150 m-SMF
OSA
SIS 2
Cw EDFA Optical processor EDFA
: PC pcalp I-FROG
Pump @ 1546 nm Signal @ 1558 nm> | CW
Fig. 2
E- (a) Chirped pulse '; (b) CW signal-
E CW pump-> g Chirp-free pulse
8 | Conjugated 3
= pulse =
S \ lq—)
: :
a a

1532 1537 1542 1547 1552 15571532 1537 1542 1547 1552 1557
Wavelength [nm] Wavelength [nm]

10



Fig. 3

> , — 2
5 ‘D 1.0
E. % 0.8 (Db) /.\\ 11
E "é‘ . D/ [= I =R [ .u a \D—D-n\
=2 5 0.6} \/ f \ T
3 2 : ﬂ 03
< = 0.4t D\D/j-\ — &
> © . V| A Q
g Eozf 'Y VAT
S \
Z 0.0bsesnaes RS
-30 20 -10 0 10 20 30 -20-15-10-5 0 5 10 15 %
Time [ps] Time [ps]
= i ——— 2
£ 2 L0 (d)
i £osg \ g gl
g < 0.6 A ot “\“” [ -
: 8 o ATV =10 8
< = 0.4»/ \ “\D / \ / 5,
3 % 0.2 oo 1-1
= N e eeas
-30 -20 -10 0 10 20 30 -20-15-10-5 0 5 10 15 %
Time [ps] Time [ps]
> , e 2
E 210
= gos ;. / 11
5 §06»“/ /\ [ D/E\? T
2 o~ /\nf\ / log
E soal Ll g
3 Eo2 v/ R B
= z [0 )0 -, 4 Nernnnnnd
53%30 20 -10. 010 20 30 -20-15-10-5 0 5 10 15 %
Time [ps Time [ps]
Fig. 4
30 30
=25 (2) o5
[ = 20
£20 z 20
5 150 = 150
2 10 = 10t
o
a gl o gl
O ‘ ‘ ‘ o ‘ ‘ ‘
0O 20 40 60 80 100 O 20 40 60 80 100
Time [ps] Time [ps]
Fig. 5

11



