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a b s t r a c t
In this work, we exploit the space/time duality in optics to implement a temporal lenticular lens allowing
to simultaneously sample and magnify an arbitrary-shaped optical signal. More specifically, by applying a
sinusoidal phase-modulation, the signal under test is propagated through a discrete dispersive element
that samples and magnifies its initial waveform. Thanks to this temporal lenticular lens, optical sampling
associated to an intensity magnification factor of 3.6 is experimentally demonstrated at a repetition rate
of 10 GHz.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
In modern photonic systems, the sampling process has widespread applications in the fields of optical communications,
metrology, clocking, sensing, spectral comb or arbitrary waveform
generation. In this context, nonlinear effects have been demonstrated as potential key technologies to develop all-optical sampling devices [1–9]. Most of these methods are based on the
nonlinear interaction among a train of ultrashort high-power
pulses and the original signal, thus requiring an external mode
locked picosecond pulse source. The basic physical phenomena
involved in these interactions include four-wave mixing [5],
cross-phase modulation (XPM) [6], nonlinear polarization rotation
[8] or Raman soliton self-frequency shift [9].
More recently, an alternative nonlinear approach has been
experimentally demonstrated at a sampling rate of 40 GHz, whilst
providing a simultaneous 8-dB intensity magnification factor of the
waveform [10]. Basically, during its co-propagation in a km-long
fiber with a high-power sinusoidal pump beam, the waveform
under test experiences a strong temporal phase modulation due
to the XPM coupling. Subsequently, the signal undergoes a simultaneous temporal compression due to the normal dispersion
regime of the fiber, leading to a periodic and localized nonlinear
focusing effect [11]. In this new contribution, we propose a linear
implementation of this process that does not require any external
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optical sampling beam. More precisely, here an electro-optic modulator is used to imprint the initial temporal phase modulation,
while a programmable and compact spectral phase shaper enables
an optimum sampling process through the formation of periodic
pulses proportional to the initial waveform. Based on the analogy
that can be drawn between usual spatial optics and ultrafast optics
[12,13], such approach mimics in the temporal domain the behavior of a periodic lenticular lens that focuses different parts of an
illuminating plane wave at equally spaced positions.
Our manuscript is organized as follows. In the second section,
we describe the principle of our method and in particular, we highlight the analogy with the lenticular lens. Subsequently, we also
present some design guidelines related to the intensity magnification factor and optimum dispersion. In Section 3, we then describe
the experimental linear setup we implemented. The experimental
results are presented in Section 4 and are compared with numerical simulations, demonstrating an excellent agreement. Finally, in
Section 5, we summarize our work and trace out some conclusions
and outlooks.
2. Principle of operation and design rules
Frequency chirp compensation of a parabolic time-dependent
phase modulated signal passing through a dispersive medium
imposing a quadratic spectral phase is a widely spread technique
to produce ultrashort structures [14]. More generally, this focusing
process can be viewed as the temporal analogue of an optical lens
by using the space-time duality [15,16].
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To imprint such an initial modulation within an incoming signal, taking advantage of the Kerr nonlinearity in optical fibers
has been proved to be an attractive and efficient approach, for
instance through self- or cross-phase modulation processes [17–
19]. In a recent work, we have suggested and experimentally
demonstrated an all-fibered sampling technique based on the
XPM induced by a sinusoidal pump beam on the signal under test
(SUT) combined to a simultaneous adiabatic compensation
through normal chromatic dispersion [10]. In this configuration,
the SUT experiences periodic local compression, leading to an efficient sampling of its intensity profile, not its phase, and intensity
magnification of its waveform. Such passive magnification does
not involve any gain of energy and should not be confused with
the concept of temporal magnification in which an arbitrary waveform is slowed down without distorting its temporal shape.
An alternative approach to imprint such initial temporal phase
modulation is to benefit from electro-optic devices [20]. Based on
standard off-the-shelf telecom platform, this linear method has
been proved more stable, less complex as well as more power efficient than nonlinear techniques. However, lower phase modulation amplitude can be achieved, so cascading several phase
modulators is often required to achieve large frequency chirps
[21]. Moreover, due to experimental constraints, synthetizing a
perfect temporal quadratic phase modulation is quite difficult to
achieve so most of the time, the initial modulation is replaced by
a sinusoidal waveform that is close to a parabola at its extrema.
In this case, when driven by RF sinusoidal signals, it is well known
that the phase modulation of an initial continuous wave (CW)
leads to the generation of high-repetition rate pulse trains after
its propagation in a dispersive element [22,23]. By exploiting the
space-time duality, as depicted in Fig. 1(a), such method of periodic temporal focusing presents some analogy with lenticular
lenses in geometric optics where lenses are periodically reproduced and for which an incoming plane wave is focused at different equally spaced points.
In this novel contribution, we exploit a similar physical principle as the basis of our linear sampler. As depicted in Fig. 1(b), the

modulation of the temporal phase produces a frequency chirp
and in a second stage, a dispersive element that can be a linear
optical fiber segment, a fiber Bragg grating [22], a pair of diffraction
gratings [23] or a programmable spectral filter [24] imprints a
quadratic spectral phase that temporally redistribute and concentrate the energy of the SUT in the central points. Consequently, the
resulting signal is sampled at the frequency of the modulation and
the peak power at these points is proportional to the initial waveform which is subsequently magnified in a noiseless process [25].
Note that in contrast to our preceding work published in Ref.
[10] and for which the regime of chromatic dispersion had to be
normal, here it can be chosen either anomalous or normal.
The design of our sampling device is rather simple as the final
waveform is fully determined by only three parameters: the amplitude (h) and frequency (fm), associated with the temporal sinusoidal phase modulation and the accumulated dispersion (D)
linked to the quadratic spectral phase of the second stage. Note
that to be fully efficient, the period of the modulation has to be
much shorter than the temporal width of the SUT. A strong frequency chirp of the SUT may also limit the performance of our
technique by inducing variations of the magnification over the
pulse duration. The sampled waveform Iout(t) can be derived from
the SUT Iin(t) (which is here assumed for simplicity to be Fourier
transformed) by the following formula:
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with c being the speed of light, k the central wavelength of the SUT,
t and f being the temporal and frequency coordinates respectively. F
and F1 stand for the direct and inverse Fourier transform respectively. The magnifying factor G (defined as the power obtained at
the sampling time, i.e. the peak-power of the resulting ultrashort
pulse, divided by the power of the SUT at the same instant before
sampling) can be inferred based on the following formula derived
in the case of a quasi-continuous wave:

Fig. 1. (a) Lenticular lens illuminated by a plane wave. (b) Principle of the proposed temporal approach. (c) Magnifying factor as a function of both the amplitude h of the
phase modulation and the amount of chromatic dispersion. The dotted line represents the maximum magnifying factor according to the approximate prediction given by Eq.
(3). In the inset, the maximum magnifying factor for each phase is plotted. The yellow circle represents the values in our experiments (h = 0.55p and D  145 ps nm1 in the
fiber). In both cases, the frequency is equal to 10 GHz.
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Results of Eq. (2) for fm fixed to 10 GHz are plotted in Fig. 1(c)
and show that for each amplitude, the optimum performances
(i.e. maximum peak power) are reached for a well-defined dispersion value as predicted by Kokumai in Ref. [22] with the approximate formula:
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Therefore when modulation amplitude is increased, the best
performance is obtained for a lower total dispersion. At the same
time, as can be seen in the inset of Fig. 1(c), the higher the modulation amplitude is, the higher the magnifying factor is. Intuitively,
increasing the modulation amplitude produces a higher effect at
the points of maximum modulation. It produces a concentration
of energy over a shorter time and, subsequently, a higher peak
power.

3. Experimental setup
For validating this proposed concept at telecommunication
wavelengths, we have implemented the experimental setup
depicted in Fig. 2 and made exclusively of commercially available
components. In order to generate the nanosecond SUT, an external
cavity laser emitting at 1550 nm is firstly intensity modulated by
means of an intensity modulator (IM) that is driven by the electrically filtered output of a pulse pattern generator (PPG) delivering
an arbitrary shaped ns signal at a repetition rate of 9.77 MHz.
Although the performance of this system is independent on the
signal power, this wave is amplified up to 10 dBm to avoid a weak
signal in the reception stage. Subsequently, the sinusoidal phase is
induced in the signal thanks to a phase modulator (PM) driven by a
10 GHz electrical clock that also synchronizes the PPG and the high
bandwidth electrical sampling oscilloscope. Although the same
clock is used to drive the PM and the PPG, a precise synchronisation of both devices is not necessary. Compared to our previous
work of Ref. [10], the use of the PM offers significant advantages
in terms of stability and controllability and does not require to
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involve any high power pulsed wave that has to be polarization
multiplexed. The parabolic spectral phase is imprinted on the signal thanks to a liquid-crystal on silicium programmable filter [24]
(Finisar Waveshaper device). As the performance of this filter is
limited to a total dispersion lower than 80 ps.nm1, we have introduced a 10-km span of single-mode fiber whose dispersion parameter is 14.5 ps/nm/km. Consequently, the compensating module
achieves a total dispersion (|D|) close to 145 ps.nm1. Finally, the
signal is analyzed in the time domain thanks to an electrical sampling oscilloscope (ESO) with a 70-GHz bandwidth of detection as
well as in the optical and electrical spectral domains by means of a
high-resolution optical spectrum analyzer (OSA) and a RF spectrum
analyzer (RFSA), respectively.
4. Experimental results
To fully assess that the present technique enables to sample an
arbitrary shaped optical signal without any distortion, we first
compare in Fig. 3(a) the normalized input and output intensity profiles obtained for an amplitude of phase modulation of h = 0.55 p
and |D| equals to 125 ps.nm1 (which was the optimum experimental value for this set of parameters). We can observe that the
output waveform (in orange solid line) corresponds to a 10-GHz
sampled replica of the initial SUT (blue dotted line) and more
specifically, that the details of the signal are accurately reproduced
without any distortion independently of the SUT level and complexity. Fig. 3(b) displays a close view on only seven temporal periods of the phase modulation and confirms the above assumptions.
We observe that the full width at half maximum (FWHM) duration
of the compressed structures is less than 20 ps. These pulses lie on
a residual background that we attribute to the sinusoidal modulation that we employ instead of a perfect parabolic modulation of
the temporal phase required for a perfect time-lens. The numerical
estimations of Eq. (1) have also been included in the figure in green
dashed-line and provide an excellent agreement with our experimental results, thus validating our design rules and confirming
that the observed background is not linked to accumulation of spurious noise.
The intensity magnification process can be observed in Fig. 4
(a). The intensity profile of the output wave (in orange) corresponds to a temporal intensity comb whose magnitude is exactly
proportional to the input signal with an amplitude 3.6 times

Fig. 2. Experimental setup. IM: intensity modulator, PM: phase modulator, PPG: pulse pattern generator, EDFA: Erbium doped fiber amplifier, ESO: electrical sampling
oscilloscope, OSA: optical spectrum analyzer and RFSA: RF spectrum analyzer.
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Fig. 3. (a) Normalized intensity profiles of the input (blue dotted line) and output
(red line) signals for D = 125 ps.nm1 in the temporal domain. The green dashed
line represents the numerical estimation of Eq. (1). The phase amplitude h is 0.55 p
and fm = 10 GHz. (b) Close view of (a). Results are normalized to 1 for their
maximum value. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

higher than the one observed when PM is turned off (blue line).
In order to check the crucial role played by the quadratic spectral
phase, we have recorded the magnifying factor for different
values of dispersion. Combining measurements of the spectral
shaper alone and the association of the dispersive fiber span with
the programmable filter has enabled us to explore the dispersion
values |D| ranging from 0 up to 160 ps.nm1. Results are summarized in Fig. 4(b). Following the trends observed in Fig. 1(c), the
intensity magnification factor is increasing with the total dispersion until the optimum focusing point is reached. In our experiment a maximum magnifying factor of 3.6 is achieved, which is
only 11% lower than the numerical estimations of Eq. (2). Note
that the experimental results are in quantitative agreement with
predictions of Eq. (2) for a modulation amplitude h of 0.55 p (yellow line).
Finally, the output signal is analyzed in the optical and the RF
spectral domains. In the optical domain, the sampling process is
characterized by the generation of replicas of the initial waveform
regularly spaced by the modulation frequency (10 GHz) as can be
seen in Fig. 5(a). The levels of these replica are in excellent agreement with our assumption of a sinusoidal phase modulation having a 0.55 p rad amplitude and calculated according to Eq. (1)
(orange crosses). The optical signal to noise ratio is also excellent,
as expected from this noiseless intensity magnification process.
Similarly, the initial SUT is reproduced in every 10-GHz harmonics
in the RF spectrum with an excellent signal to noise ratio
(see Fig. 5(b)).

Fig. 4. (a) Intensity profiles of the input (blue dotted line) and output (orange line)
signals for D = 125 ps.nm1 in the temporal domain. (b) Experimental magnifying
factor as function of the total dispersion of the module obtained with the spectral
shaper alone (black circles) and with the combination of dispersive fiber and
spectral shaper (blue crosses). Experimental results are compared with the
numerical estimation based on Eq. (2) (yellow line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

5. Conclusions
In conclusion, we have suggested and experimentally demonstrated a novel approach to simultaneously sample and magnify
the temporal intensity profile of an arbitrary shaped optical signal.
Owing to the space/time duality, this technique exploits the temporal analogue of lenticular lenses for which an incoming plane
wave is focused at different equally spaced points.
Inspired by a previous nonlinear sampler where Kerr nonlinearity and dispersion act simultaneously and adiabatically in a kmlong fiber [10], here we proposed a new linear implementation
where tailoring of the temporal and spectral phase profiles are
achieved independently by use of compact devices. Moreover,
our new implementation has relaxed the need of an external optical high power sampling beam while the use of a programmable
spectral shaper offers flexibility to find the optimum operating
parameters according to the frequency and amplitude of the temporal phase modulation.
We have experimentally validated our approach by sampling a
nanosecond arbitrary shaped signal at a frequency of 10 GHz. An
intensity magnification factor of 3.6 has been achieved in this
proof-of-principle experiment. Higher magnifying factor could be
reached if the amplitude of the phase modulation is increased up
to the levels of a dozen of p rad that are already available in the literature. Cascaded phase modulators can also be a solution to
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Fig. 5. Spectra of the signal after sampling in the optical domain (a) and in the
electrical domain (b) In Fig. 5(a), the maxima of the numerical estimation based on
the assumption of a sinusoidal modulation with an amplitude of 0.55 p rad are
indicated with orange crosses. The inset of Fig. 5(b) represents a close view of the RF
spectrum and the spacing between the spectral lines corresponds to the repetition
rate of the SUT delivered by the PPG (9.77 MHz). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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