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Abstract:  We describe a novel technique for performing a single-shot
optical cross-correlation in nanowaveguides. Our schesdased on
four-wave mixing between two orthogonally polarized ingignals prop-
agating with different velocities due to polarization matispersion. The
cross-correlation is determined by measuring the speabfithe idler wave
generated by the four-wave mixing process.
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1. Introduction

Cross-correlation gives a measure for the similarity betwisvo input signals, therefore, it is
implemented in numerous data processing systehis [1[ 253644/ 8/ 9]. Today, the calcula-
tion of the cross-correlation is done in an electronic pssagy unit[10] and since most of the
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data communicationis done via optical fibers, an opticelmtronics convertor is needed. This
convertor is slow compared to the flow of information in théicgl fibers and imposes an elec-
tronic bottleneck on the optical communication. Opticaltess can eliminate the bottleneck
and a key element in optical routers is the optical crossetation device for header detec-
tion [1,72]. Optical cross-correlation is also needed fdtgra recognition in triggering ultrafast
cameras[[3,14]. Both optical routers and ultrafast caméggers require cross-correlation of
non-repetitive signals and in both cases the cross-ctoredaould be embedded in a fiber or
a waveguide. Optical cross-correlation is also a commoséduechnique for ultrashort pulse
characterization |5] and developing a technique which duesequire repetitive pulses and
can rather analyze a single-short pulse will make high ihpadhe ultrafast lasers commu-
nity. Many approaches for optical cross-correlation hagerbdeveloped, including mechani-
cally moving filters[6], diffraction in free spacgl[[7, 9] andnlinear based approachgs|[[8, 9].
However, all these techniques are slow, performed in fraeespr require repetitive signals.

Here we present, an ultrafast optical cross-correlatiorigue that utilizes the nonlinearity
and polarization mode dispersion (PMD) of a nanowaveguwdgetform a single-shot cross-
correlation. We note that the PMD rises from the birefringeiof the waveguide which is
engineered by manipulating the cross-section of the wadegWe show that measurement of
the idler wave spectrum generated from the interaction ofdvwthogonally-polarized chirped
input waves (signal and pump) via four-wave mixing (FWM)lgigethe cross-correlation of the
two inputs.

2. Theoretical background

Our technique for performing the cross-correlation is dase the FWM process within a
waveguide between the pump and the signal waves with ardphidy, and A, respectively.
This interaction yields an idler wave with an amplituéiét), given by

Ai(t) O As(t)*AR(t). (1)
Integrating over time to obtain the measured intenisiby slow detectors, yields
I = / A2(t)dt [ / (As(t)A2(1)) 2 dt. )

Thus, the measured amplitude of the idler wave, which is leiqusquare root ofj, is propor-
tional to the correlation between the signal wave and tharggaf the pump wave. To find
the correlation between an input signal and a temporal,filber pump wave needs to be tai-
lored as square root of the desired filter. The resulting d@ot# of the idler wave equals to the
correlation between the input signal and the filter.

A measurement of cross-correlation requires the inpuiasignpass through the other input
signal while measuring the correlation between them at ¢&awh This is accomplished by
rotating the polarization of the pump wave with respect ®dlgnal wave such that the polar-
ization of the two beams is orthogonal to each other. In tlesgmce of PMD in the waveguide,
the signal wave and the pump wave travel with different greelpcities due to birefringence
S0 one passes through the other.

We inject the signal ahead of the pump wave with an initialgeral separatiodt. As the
two waves propagate through the waveguide, the pump pdesegh the signal wave T
changes. Due to FWM interaction between the pump and thalswaves an idler wave is
generated at eadkt. The idler amplitude as a function of time is proportionatie correlation
as a function ofAt. To obtain the cross correlation, we need to measure theiidknsity as
a function of time[[11,_12], however, this is not possible &or ultrashort signal wave of with
fluctuations of less than a picosecond. To overcome thid@mlwe map time-to-frequency by



suitably chirping the signal and pump waves in such a wayttteafrequency of the idler wave
is a function of the temporal delay between the signal angbtimep waves. Thus, for different
temporal separations the generated idler wave has differegyuency.

We illustrate this concept by assuming that the frequenahefchirped signal wave as a
function of time expressed as,

ws(t) = wp+a(t+At), ©)
whereawy is the central frequency of the signal wave, ani the slope of the chirping. Since
the frequency of the resulting idler is
W = 20p — G, (4)

the appropriate slope of the chirped pump should p2 such that,

n(t) = wpo+ . )

wherewy is the central frequency of the pump wave. The frequency®timerated idler is
then,

W (t) = 2wpo — wp — aAt. (6)
It can be seen from Egs. (2)-(4), that although the signalthacpbump waves are broadband
and chirped (their frequencies depend linearly )ptthe bandwidth of the generated idler wave
is narrowband. Also, the frequency of the idler wave is camisin time and depends only on
the temporal separation between the signal and the pumppswiagea temporal separatid
between the signal and the pump waves, Eq. (1) yields

ALt O / A(T + ) A3(T)dT. 7)

Combining Eq[b into the left hand side of Edj. 7 together with[Zgives,

A (‘” _a‘*‘o) O /AS(H—At)A%(r)dT, ®)

where wy is the central frequency of the idler wave afAidaw) is the spectrum of the idler

wave. Thus, the cross-correlation of the signal wave wighpghmp wave is proportional to the
scaled spectrum of the idler wave. Therefore, by corredilyping the pump and the signal
waves and utilizing the polarization mode dispersion, fhectrum of the resulting idler wave

is proportional to the cross-correlation between the digreae and the square of the pump
wave.

3. Experimental results of the optical cross-correlator

To verify the basic concept of our approach, we demonsttatethe generated idler from
appropriately chirped broadband signal and pump wavesisweand and its frequency is a
function of the time delay between the pump and the signa.edperimental configuration for
measuring the spectrum of the idler generated from the etlipump and signal is presented
in Fig.[. An ultra-short pulse is stretched in time with a 4fidength of single-mode fiber
(SMF) such that it is chirped by 1.95 ps/nm. The pulse is tipdihiato two separate arms that
contain bandpass filters to produce a signal at 1%%%% nm and a pump at 15644 nm with
peak power of about 108V for both waves. The pump is stretched in time using another 11



m of SMF to 3.95 ps/nm. Using a tunable narrow band filter feéd by a fast (30 GHz) photo-
detector connected to a sampling scope, we measured theaesiaal time for each wavelength
to obtain a spectrogram of both the pump and the signal wétig$3(a)].

We inject both waves into a short section of highly nonlirfézer (HNLF) (CorActive SCF-
UN-3/125-25) and measure the spectrum of the resulting vddee as the time delay between
the pump and the signal waves is varied. The spectra are simokig.[d, where red denotes
high intensity and blue denotes low intensity. The inseingha single spectrum at a specific
time delay, and its calculated width is 0.22 nm. Here we use & INLF, which in terms
of nonlinearity is equivalent to a 0.3-mm-long silicon wguéle, the idler is clearly detected
for all time delays (from -8.5 ps to 8.5 ps), and the width of ffeak is less than 0.25 nm.
We attribute the noise at the long wavelength region to betalself phase modulations of the
pump wave. This noise can be reduced by using signal and pumapsithat have a greater
separation in the spectral domain.
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Fig. 1. Left: Schematic of the experimental configurationnfi@asuring the idler generated
by the chirped signal and pump. HNLF - highly nonlinear fidet2 - 50/50 beam splitter;
OSA - optical spectrum analyzer; SMF - 110 m of single mode fiBEF - band-pass filter,
where the center wavelength of BPF 1 is 15@1nm, and BPF 2 is 1573#% nm [13].
Right: Measurements of the wavelength as a function of tonéfe pump (circles) and the
signal (asterisks).
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Fig. 2. Spectra of the idler for different time delays betwé®e pump and the signal. Inset
- typical spectrum at a specific time delay with a Gaussiait ffie width of the gaussian fit
is 0.22 nm.

Next, we present that the cross-correlation between twidrarp input functions can be
determined by measuring the spectrum of the generatedidle. The input functions are en-
coded on both the signal and pump waves using fiber Bragggsatihat are serially connected.
In order to account for the square of the pump in Eq. (1), wedaon the pump the square
root of the input data. In principle, one could use a diffiactgrating followed by a spatial



light modulator or a nonlinear process to encode the inputtfan in real-time. The experi-
mental configuration is presented in Hi§. 3. Here the signdlump waves are orthogonally
polarized, and the HNLF is replaced with a silicon nanowangg which is birefringent. The
waveguide is 1-cm long and has a rectangular cross-sedticit0oX 310 nm with a PMD of 18
ps/cm. After encoding the input functions, the pump and thea waves are combined by a
polarization beam combiner and injected into the silicomaveaveguide. The signal is injected
9 ps before the pump, as shown in Fip. 3(a). Due to the PMD dfittten nanowaveguide, the
signal wave propagates slower than the pump wave such fregses through the pump within
the waveguide and exits 9 ps after the pump wave [Big. 3(B)ihese results were acquired
in a single shot. We filter the generated idler from the oughatnnel of the nanowaveguide by
using a band-pass filter followed by a polarization beanttspland measure the idler spec-
trum, as shown in Fid.l4 (dotted curve) together with thewated cross-correlation between
the signal and pump waves (solid curve). We attribute thle ¢digperfect agreement to polar-
ization dependent losses in the waveguide. In our casep$ises where 10 dB/cm which limit
the length of the waveguide to no more than few centimetéss the input and output losses to
the silicon waveguide were 5 dB. By designing a waveguidb Veiver losses it is possible to
increase the accuracy of the optical cross-correlatonéfbee, switching to highly nonlinear
polarization maintaining fibers, or tightly coiled Chalewgde glass fibers can obtain the same
nonlinearity as silicon waveguide with lower losses andbig°PMD.
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Fig. 3. Top: Schematic of the experimental configuratiortfieroptical cross-correlator in
the silicon nanowaveguide. PBS - polarization beam splift¥2 - 50/50 beam splitter;
HR - high reflection mirror; OSA - optical spectrum analyZekiF - 110 m of single mode
fiber; BPF - band-pass filter, where the center wavelengthRS B is 15614 nm, BPS 2

is 1573.5:6 nm, and PMS 3 is 154510 nm [13]. (a) temporal measurements of the pump
wave (solid curve) and the signal wave (dashed curve) béfierevaveguide; (b) temporal
measurements of the pump wave (solid curve) and the signa (@ashed curve) after the
waveguide.

4. Experimental demonstration of pattern recognition with optical cross-correlator

Finally, we demonstrate a proof-of-principle concept wibie system is able to distinguish be-
tween two distinct input signals. Each signal is producedguserially-connected fiber Bragg
gratings that reflects different wavelength channels frquulae with a Gaussian shaped spec-
trum. The resulting spectra are presented in[Hig. 5(lefgnetthe dashed curve denotes signal
a, and the solid curve denotes sighalVe code "0110111010” into signaland "1111010111”
into signalb. The temporal length of both signals is less than 4 ps whielgisvalent to trans-
fer bit-rate higher than 1 THz, therefore, no electroniedadr can distinguished between these
two signals. We tailor the spectrum of a pump wave such tragsecorrelation of signala
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Fig. 4. Experimental results of the idler spectrum (dotggtber with the calculated cross-
correlation of the pump with the signal. Inset shows the spatof the pump wave (dashed
curve) and the spectrum of the signal (solid curve).

andb with the same pump wave results in different idler waves,h&two signals can be
distinguished using our optical cross-correlator. Thewated cross-correlation of the pump
wave with each signal waves is presented in Eig. 5(right)restiee dashed curve denotes the
cross-correlation with signa and the solid curve with signdl. The peak in the calculated
cross-correlation ad is displaced compared to the cross-correlatiob b§ 5.5 nm.
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Fig. 5. Left: measured spectra of the two signals. Rightwuated idler spectrum by cross-
correlation of the two signals with the pump. Dashed curigna a, solid curve: signal
b

We acquire the spectra of the two idler waves resulting froenRWM interaction between
the pump wave and signasésandb, and the results are presented in [Elg. 6. The peaks in the
spectra are displaced by 5.7 nm which is close to the catlasult of 5.5 nm. We attribute
the discrepancy between the calculated idler spectrurh ahdf the measured idler spectrum
to inaccuracies in realigning the system after switchirmgrfrsignala to signalb since they
are produced in different optical arms. Nevertheless, gsiesn readily distinguishes between
these two signals, and the shapes of the idler spectra résehath of the calculated cross-
correlations for both signal waves.
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Fig. 6. Measured spectra of the two idler waves created tfirdour wave mixing of the
pump with signal wavea (dashed curve) andl(solid curve).

5. Conclusions

In summary, we demonstrated a system for measuring theessfgit optical cross-correlation
between two signals using a nanowaveguide by simply meastine spectrum of the idler
wave generated from FWM process between the pump and thal sigrnes. By designing a
suitable waveguide with high PMD concordantly with low lesghe accuracy by which the
cross-correlation is measured can be improved.
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