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We experimentally demonstrate the first integrated temporal Fourier transformer based on a linearly chirped Bragg
grating waveguide written in silica glass with a femtosecond laser. The operation is based on mapping the energy
spectrum of the input optical signal to the output temporal waveform by making use of first-order chromatic
dispersion. The device operates in reflection, has a bandwidth of 10nm, and can be used for incident temporal
waveforms as long as 20ps. Experimental results, obtained through both temporal oscilloscope traces and Fourier
transform spectral interferometry, display a successful Fourier transformation of in-phase and out-of-phase pairs of
input optical pulses, and demonstrate the correct functionality of the device for both amplitude and phase of the
temporal output. © 2011 Optical Society of America
OCIS codes: 230.3120, 230.1480, 070.7145.

There exists a well-known analogy between paraxial
(Fresnel) diffraction of monochromatic optical beams
and narrowband dispersion of optical pulses [1]. The two
phenomena can be described by mathematically identi-
cal equations, which suggests that every spatial effect
has its temporal counterpart. Here we deal with an exam-
ple of space-time duality, the temporal Fourier transfor-
mation by first-order chromatic dispersion, which is the
temporal counterpart of the Fraunhofer free-space dif-
fraction. By temporal (or real-time) Fourier transform,
we understand the mapping of the energy spectrum of
the input optical pulse (signal under test) to the time axis,
i.e., frequency-to-time mapping. Real-time Fourier trans-
formation induced by linear dispersion has been recently
employed for many applications, such as real-time
optical spectrum measurements [2,3], temporal magnifi-
cation of broadband waveforms [4], high-frequency
arbitrary microwave waveform generation [5], real-
time spectroscopy [6], complex-field characterization
of low intensity ultrafast optical waveforms [7], and
programmable optical pulse shapers with ultrahigh up-
date rates [8].
It has been theoretically demonstrated [3] and experi-

mentally verified [9] that a linearly chirped fiber Bragg
grating operating in reflection is capable of performing
a temporal Fourier transform of an incident optical pulse,
if it has a sufficient amount of first-order chromatic dis-
persion and a bandwidth larger than that of the incident
signal. In this Letter, we report, to the best of our knowl-
edge, the first experimental realization of an integrated
optical temporal Fourier transformer (TFT). The device
is based on a linearly chirped Bragg grating waveguide
(LCBGW) written in silica glass with a femtosecond laser
[10]. The spectral response of a linearly chirped Bragg
grating (LCBG) over its reflectivity bandwidth can be

expressed as HðωÞ ¼ jHðωÞj exp½ið €Φ=2Þω2�, and its
corresponding temporal impulse response can be repre-
sented as hðtÞ ∝ exp½iπ=ð2 €ΦÞt2�, which is mathematically
identical to the amplitude response of a free-space
propagation system under Fresnel conditions [3]. The
grating reflectivity is given by RðωÞ ¼ jHðωÞj2, and the
first-order dispersion coefficient is the second derivative
of the phase with respect to the angular frequency,
€Φ ¼ −∂2Φ=∂ω2 ¼ ∂τg=∂ω, where τg is the group delay.

Here we are going to use the definition €Φλ ¼ ∂τg=∂λ ¼
ð2πc=λ20Þ €Φ, where λ0 is the vacuum wavelength corre-
sponding to the center of the reflectance bandgap.
A LCBG can perform a temporal Fourier transform of
an optical signal, extending over a time duration Δt0,
if it has a sufficient amount of dispersion, such that
j €Φ j ≫ Δt20=2π, which is generally referred to as the tem-
poral Fraunhofer condition [3]. It is possible to achieve a
larger dispersion either by increasing the length of the
grating L or by reducing the reflectivity bandwidth
Δω, as these quantities are related by L ¼ c=ð2neffÞ €ΦΔω,
where neff is the effective index of the mode in the grat-
ing. The spectral bandwidth of the optical signal under
test should also be limited to Δω.

The LCBGWs were laser written in fused silica glass
using an externally modulated femtosecond laser [10].
The laser produced frequency-doubled 300 fs, 522 nm
pulses at the repetition rate of 500 kHz. An acousto-optic
modulator (AOM) formed the laser burst trains with an
average frequency of 500Hz to produce a periodic refrac-
tive index modulation in the waveguides. The laser radia-
tion was focused by an aspheric lens (40×, 0:55NA) to a
spot with the diameter of 1:6 μm (at 1=e2 intensity) at the
depth of 75 μm below the surface of the fused silica
substrate. A precision air-bearing motion stage was used
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to translate the fused silica substrate with respect to the
laser beam. The ratio between the speed of the transla-
tion and the AOM frequency dictated the period of the
resulting Bragg grating. To produce a linear chirp in the
gratings, the AOM frequency was tuned linearly, which
resulted in the grating period variation 3:50� 0:07 nm.
The speed of the sample translation was kept constant.
The resulting grating waveguides are compatible with an
optical fiber: they have a mode diameter of 11 μm and
mode shape similar to that of a single-mode fiber.
We fabricated a 5-cm-long sample containing 20

LCBGWs with reflectivity spectrum bandwidths (and
maximum reflectivities) ranging between 0:2nm (90%)
for the grating without a chirp and 18 nm (10%) for the
grating with the maximum chirp. The propagation and
coupling losses in our LCBGW were measured to be
0:7dB=cm and 0:05 dB=facet, respectively, amounting
to the overall insertion loss of 3:6 dB. Larger bandwidths
allow processing optical waveforms with broader spectra
at the expense of a lower reflectivity. The device em-
ployed to demonstrate the temporal Fourier transforma-
tion had a reflectivity bandwidth of approximately
10nm, centered at 1550:5 nm [see Fig. 1(a)]. The skewed
spectra are attributed to a higher propagation loss for
those wavelength components that traveled longer dis-
tances through the device. By using the transfer matrix
method and accounting for the propagation loss, we
simulated the reflectivity and group delay of our
LCBGWs [see Figs. 1(b) and 1(c)]. The refractive index
of the grating can be represented as nðzÞ ¼ neff þ
ηfndc þ nac½1þ cos θðzÞ�g; where θðzÞ is related to the
position-dependent period of the grating ~ΛðzÞ according
to ~ΛðzÞ ¼ 2π=ðdθðzÞ=dzÞ. Here neff ¼ 1:4452 is the effec-
tive refractive index of the mode in the waveguide in the
absence of the periodic index modulation, ndc ¼ 1 × 10−2

and nac ¼ 2:83 × 10−3 are the dc refractive index change
and the amplitude of the ac refractive index variation in
the core of the LCBGWs, respectively, and η ¼ 0:06 is the
fraction of the modal power inside of the waveguide
core. The simulated reflectivity spectrum and group

delay are presented in Figs. 1(b) and 1(c), respectively.
The linear dispersion coefficient €Φλ ≈ 48 ps=nm was
found from the simulated group delay.

To demonstrate our device operation, we used the
Fourier transform spectral interferometry (FTSI) techni-
que [11] to measure both the intensity and phase of the
reflected waveform. The alternative techniques, such as
frequency-resolved optical gating [12] and spectral phase
interferometry for direct electrical reconstruction [13],
have a disadvantage of requiring higher operating power
as they are based on the nonlinear optical effects. FTSI
requires postprocessing and thus does not allow perform-
ing a real-time measurement. Steps toward developing
real-time single-shot techniques for optical pulse charac-
terization are currently in progress (see, e.g., [14]).

The experimental setup used to demonstrate the tem-
poral Fourier transform function of our LCBGW device
is shown in Fig. 2. As a source of incident radiation, we
used a tunable passively mode-locked fiber laser gener-
ating nearly transform-limited Gaussian pulses at a repe-
tition rate of 16:7MHz. The internal fiber cavity had a
switchable optical bandpass filter (OBPF). In our experi-
ment, we used Gaussian-shaped OBPFs with 3 and 5 nm
bandwidths. We split the laser pulse train into two arms
with a 3 dB beam splitter. In the first arm, the beam
passed through a split-and-delay stage in fiber to produce
the input signal under test, consisting of two pulses de-
layed by 7:6 ps with respect to each other. A slight varia-
tion of the laser pulse central wavelength allowed us to
change the relative phase between the two pulses. In this
way, we were able to obtain both in-phase and π-phase-
shifted pairs of pulses. The light from the second arm
served as a reference beam for the FTSI setup that was
used to recover the temporal intensity and phase profiles
of the reflected optical light. The dual light pulses passed
into a bulk-optics setup through an input collimator. The
signal was coupled into the LCBGW by a 10×microscopic
objective, and, after amplification, was recombined with
the reference beam to produce spectral interference. The
temporal intensity profile of the output temporal wave-
form was captured using a fast sampling oscilloscope
with a 12 ps rise-time photodiode. The FTSI technique al-
lowed us to reconstruct a waveform with a temporal
duration of up to approximately 150 ps.

In Fig. 3, we show the experimental performance of
the TFT. Figures 3(a) and 3(b) display the spectra of the
incident and reflected signals, together with the scaled
oscilloscope traces of the temporal reflected signals
for the cases when the two incident pulses were in phase
and π-phase shifted, respectively. The results shown in
Figs. 3(a) and 3(b) were obtained using a 5 nm filter in
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Fig. 1. (Color online) (a), (b) Reflectance spectra of the
LCBGW: (a) measured (Rmeas), (b) simulated (Rsim). (c) Simu-
lated group delay of the LCBGW. (d)–(f) Simulated incident
spectra (green dashed curves) and reflected temporal wave-
forms (black solid curves): (d), (f) for in-phase and (e) π-
phase-shifted incident pulses. The simulation results shown in
Figs. 1(d)–1(f) correspond to the experimental data presented
in Figs. 3(a)–3(c), respectively. Fig. 2. (Color online) Experimental setup.
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the fiber laser source cavity. The output temporal dura-
tion in this case was around 350 ps, which is too long to
be acquired by FTSI, thus we limit the representation to
showing the spectra and temporal waveforms only. The
measured spectral bandwidths correspond to transform-
limited pulses with a time duration of 700 fs (FWHM).
There is a strong similarity between the output temporal
waveform and the incident spectrum. In Fig. 3(c), we
show the spectrum of the reflected signal together with
its scaled temporal waveform trace for a pair of in-phase
incident pulses, as reconstructed through FTSI for the
case when the laser operated with a 3 nm filter in the
cavity. The temporal pulse duration was approximately
1:2ps, and the output temporal duration was approxi-
mately 150 ps in this case. The phase of the reflected sig-
nal reconstructed through FTSI is shown in Fig. 3(d). The
phase jumps exhibited in the plot are related to π shifts
corresponding to the minima of the spectrum intensity;
this represents the ultimate proof that the device pro-
vides the waveform Fourier transformation both in
amplitude and phase. Using the data in Fig. 3(d), we
found the dispersion coefficient of the grating to be
€Φλ ≈ 34:8ps=nm, which satisfies the temporal Fraunhofer
condition for signals as long as 20 ps. This dispersion
coefficient value was used for scaling the temporal wave-
forms in Figs. 3(a)–3(c) along the wavelength axis. We
attribute the difference between the measured and

simulated values of the dispersion coefficient to the fact
that we did not take into account the waveguide disper-
sion and relied on the plane-wave approximation.

In Figs. 1(d)–1(f), we show the simulated reflected
temporal waveforms superimposed on the incident spec-
tra after a proper scaling using the simulated dispersion
coefficient value. The spectra and temporal waveforms in
Figs. 1(d)–1(f) correspond to the experimental measure-
ments shown in Figs. 3(a)–3(c), respectively. The simula-
tions and experimental data are in good agreement and
present a solid evidence of the device operation as an
optical TFT in the subpicosecond to picosecond ranges.

In conclusion, we have experimentally demonstrated
the performance of a femtosecond laser-written LCBGW
with a 10 nm bandwidth as a TFT of (sub-)picosecond
optical pulses. This experiment represents a very promis-
ing first step toward the realization of ultrafast pulse pro-
cessing devices.
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Fig. 3. (Color online) Incident (solid red curve) and reflected
(dashed green curve) spectra superimposed on the scaled
oscilloscope traces of the output temporal waveforms (solid
black curve), obtained with a 5 nm OBPF: (a) for the in-phase
incident pulses and (b) for the π-phase-shifted incident pulses.
(c) Spectrum (dashed green curve) and the scaled temporal
waveform (solid black curve) of the reflected in-phase double-
pulse signal reconstructed through FTSI, obtained with a 3 nm
OBPF. (d) The phase of the reflected signal reconstructed
through FTSI.
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