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A temporal cloak at telecommunication data rate
Joseph M. Lukens1, Daniel E. Leaird1 & Andrew M. Weiner1

Through advances in metamaterials—artificially engineered media
with exotic properties, including negative refractive index1–3—the
once fanciful invisibility cloak has now assumed a prominent place
in scientific research4–13. By extending these concepts to the temporal
domain14, investigators have recently described a cloak which hides
events in time by creating a temporal gap in a probe beam that is
subsequently closed up; any interaction which takes place during
this hole in time is not detected15. However, these results are limited
to isolated events that fill a tiny portion of the temporal period,
giving a fractional cloaking window of only about 1024 per cent
at a repetition rate of 41 kilohertz (ref. 15)—which is much too low
for applications such as optical communications. Here we demon-
strate another technique for temporal cloaking, which operates at
telecommunication data rates and, by exploiting temporal self-
imaging through the Talbot effect, hides optical data from a receiver.
We succeed in cloaking 46 per cent of the entire time axis and conceal
pseudorandom digital data at a rate of 12.7 gigabits per second. This
potential to cloak real-world messages introduces temporal cloaking
into the sphere of practical application, with immediate ramifica-
tions in secure communications.

As in the first demonstration of a ‘time cloak’15, the theoretical
foundation for our cloak is space-time duality, the formal mathematical
equivalence between paraxial diffraction and narrowband dispersion16,17.
This correspondence permits the extension of concepts typically assoc-
iated with spatial Fourier imaging into the time domain. For example,
just as a traditional thin lens applies a quadratic phase in space, a
temporal lens can be constructed that applies a quadratic phase profile
in time. But although time lenses with extremely large chirp coeffi-
cients can be obtained through parametric nonlinear interactions18,19,
such schemes are not easily implemented at gigahertz rates. Instead,
electro-optic phase modulators prove a more suitable choice. Phase
modulators, which are standard components in optical communica-
tions, offer wavelength transparency, high radio-frequency bandwidth,
and simplicity of operation, because they require only a single radio-
frequency input and are optically linear20.

Yet because phase modulators are typically driven with sinusoidal
voltages, which are only approximately quadratic over a small temporal
window, they suffer from severe temporal aberrations21. Such distortions
are particularly harmful in implementing a temporal cloak, because a
continuous-wave input necessarily extends well beyond the parabolic
peaks of the sinusoid. Moreover, the original temporal cloak uses split time-
lenses, which apply a discontinuous frequency chirp to the continuous-
wave probe; after propagating through dispersive fibre, the spectral
content of the waveform separates in time, leaving a gap with zero
intensity15. This discontinuous chirp requires that the parabolic approxi-
mation remain valid all the way to the edges of the time lens—precisely
where it breaks down completely for a sinusoid. Further, even if we
generate a non-sinusoidal radio-frequency signal that more accurately
approximates a parabola, replicating the chirp discontinuity still requires
extremely high bandwidth at repetition rates suitable for telecommuni-
cations. (See the Supplementary Information for further discussion.)
Under these restrictions, an alternative to the split time-lens is required
for temporal cloaking in the gigahertz regime.

Interestingly, the desired transformation of continuous-wave light
into clean, high-extinction pulses is closely related to the generation of
optical frequency combs through electro-optic modulation. In this appli-
cation, the goal is to convert a continuous-wave input into a broadband
frequency comb with a smooth spectrum. One such method for flat
comb generation exploits a temporal version of the Talbot effect. Observed
in spatial optics as early as 1836, the Talbot phenomenon yields perfect
regeneration of the optical field at discrete distances away from a
periodic grating22. Through space-time duality, a temporal analogue
arises23. Specifically, for an electric-field envelope periodic at the radio
frequency vrep, where ‘rep’ indicates repetition frequency, modulated
by an optical carrier at frequency v0 and traversing a medium described
by propagation constant b(v) 5 b0 1 b1(v 2 v0) 1 Kb2(v 2 v0)2,
the waveform exactly reproduces itself at multiples of the Talbot dis-
tance LT 5 4p/jb2jvrep

2.
As a special case, when a continuous-wave input is sinusoidally

phase-modulated at an amplitude of p/4, then propagated through
the fractional Talbot distance LT/4, the output waveform consists of
high-extinction, 50% duty-cycle pulses24–27. These pulses can be imaged
effectively by a second application of sinusoidal phase, because at this
point the optical energy lies primarily within a window where the
quadratic phase of an ideal time lens is well approximated. Sub-
sequent dispersion chosen to satisfy the temporal imaging condition
compresses these pulses even further, thereby creating large temporal
gaps, the hallmark of a cloak. And this compression is achieved with
phase-only elements—which are reversible apart from linear insertion
loss—so it can be undone with inverse dispersion and modulation, thus
completing the temporal cloak. The spatial equivalent of this cloaking
circuit is highlighted in Fig. 1, revealing the large cloaking window
possible with the Talbot effect. We emphasize that no discontinuity
in the chirp rate is required.

Figure 2a presents the full experimental arrangement. The first
phase modulator applies a small phase modulation to the input, and
a chirped fibre Bragg grating provides the required fractional Talbot
dispersion. The second phase modulator widens the signal bandwidth,
and optical fibre compresses the waveform in time. The spectro-temporal
characteristics of the optical probe at the event plane are summarized
in Fig. 2b and c; the broadband frequency comb is compressed smoothly
to an autocorrelation full-width at half-maximum (FWHM) of 11.7 ps,
corresponding to about 15% of the 78.7-ps repetition period. The
following fibre, phase modulators, and chirped fibre Bragg grating
simply undo the effects of their counterparts, leaving a continuous-
wave output. The extra dispersive link after the final phase modulator
ensures that the cloak can itself be hidden; that is, when the phase
modulators are switched off, the applied event appears at the output
unaltered, as if the cloak were absent completely. This requires that a
net dispersion of around 0 ps nm21 be experienced by the uncloaked
event, which necessitates the additional dispersive link. On the other
hand, when the cloak is operational, the output of the last phase modu-
lator is essentially continuous-wave, so the extra dispersion has no
impact. As another modification, we employ a 12.3-Gb s21 photore-
ceiver for detection of the temporal output, presenting bandwidth
filtering as a cloak enhancer. For relatively narrowband events, a spec-
tral filter with properly chosen bandwidth can be used to remove
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residual high-frequency sidebands—resulting from cloak imperfections—
while still passing the event itself intact. This principle, discussed in
detail in the Supplementary Information, proves extremely useful in
cloak operation. Under these conditions, the reconstructed waveform
is as summarized in Fig. 2d and e. The cloak is able to reproduce the
continuous-wave input: the final spectrum consists of one line, match-
ing the input spectrum, and the temporal waveform is nearly flat, albeit
with some parasitic modulation due to cloak imperfections.

Applying a sinusoid to the electro-optic intensity modulator in the
event plane, we obtain the results of Fig. 3. We find that the cloak
completely hides the presence of the perturbation, removing the spectral
sidebands and turning the high-contrast temporal modulation into a
nearly flat line. This periodic event enables measurement of a defining
metric of cloak performance: the cloaking window. To quantify this
aspect, we look at the photodetected signal’s relative root-mean-square
fluctuation as the perturbation is shifted in time from the optimum
cloaking point. For definiteness, the cloaking window is taken as the
temporal offset at which this fractional modulation has increased to
one-half the value in the uncloaked case; Fig. 3d furnishes the results of
this measurement. A cloaking window of 46% is found, which represents
a conservative estimate: the sinusoidal modulation is of significant
duration itself, so the actual cloaked region is wider than that indicated
simply by the temporal offset. Unlike the arrangement in ref. 15, which
can be viewed as a cloak of temporally isolated events, the periodicity in
ours cannot be ignored; in fact, it is precisely this periodicity which
permits use of the Talbot effect. In this sense, it is profitable also to
compare our temporal cloak to metamaterial cloaking arrays28. In a
recent experiment29 using tapered gold-coated waveguides, about 20%
of the total two-dimensional surface area was cloaked—a number similar
to what is obtained here. Thus our cloak meets at the intersection of two
recent metamaterial concepts: the temporal cloak and the cloaking array.

In addition to hiding a deterministic periodic signal, our cloak is
also able to mask pseudorandom data. We use an inverted (dark)

return-to-zero modulation format, which ensures that the optical
transmission function returns to a maximum during each cycle, as
required to provide temporal regions through which the compressed
probe pulses can pass. Cloak performance for dark return-to-zero data
is summarized in Fig. 4, for both pseudorandom and specific bit
sequences. When the phase modulators are off, high-contrast voltage
transitions are evident; when the cloak is turned on, these transitions
reduce to a single flat line, and the data are effectively cloaked. This
temporal cloak consequently succeeds in hiding communications at
will, by simply turning four phase modulators on and off.

Moreover, future cloaks based on our arrangement have the potential
for significant improvements, both in terms of operational bandwidth
and the duration of the cloaked region. Two distinct bandwidths
deserve consideration: that of the input probe, and that of the event to
be cloaked. Concerning the probe, the cloak is fundamentally narrow-
band. The dispersion and phase modulation are selected precisely
under the assumption of a continuous-wave optical input, and a broad-
band optical input is not guaranteed to develop into sharp pulses at the
event plane. On the other hand, the bandwidth of the event could in
principle be made much wider. Because of the filtering effect of the
detection scheme (see Supplementary Information), the current cloak
is admittedly limited to event bandwidths approximately twice the
modulation frequency. However, this filtering is required only because
of imperfections in the cloak itself, particularly the difficulty in exactly
matching two phase modulators. With improved uniformity in the
phase modulators, such filtering could be removed, permitting distur-
bances with much broader frequency content. In fact, the event could
possess a bandwidth wider than that created by the phase modulation
for probe compression, provided it lies within the passband of the
optical components used. The disturbance must be temporally restricted
to allow unity transmission over some fraction of the period, but no
such restriction is imposed on its modulation bandwidth. Indeed,
impulsive events with extremely large bandwidths are actually easier
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Figure 1 | Spatial analogue of temporal cloaking circuit. a, Temporal ray
diagram highlighting the spatial equivalent of the experimental set-up.
WT 5 b2LT represents the Talbot dispersion for dispersion-compensating fibre
with dispersion constant b2. Owing to the diffractive nature of the Talbot effect,
temporal ray optics is not strictly applicable, but we nonetheless include this ray

diagram for visualization. b, Corresponding simulated intensity distribution.
Wide cloaking windows of zero intensity appear at the temporal focus, nearing
the duration of the repetition period, Trep. c, Temporal intensity slices at specific
locations in the circuit (panels from left to right): first grating, negative lens
array, event plane, positive lens array and final grating.
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to cloak than the data examined here, because they fit easily within the
cloaking window. Additionally, from an operational perspective, the
data rate of 12.7 GHz could be easily increased to 40 GHz and higher
with state-of-the-art LiNbO3 modulators. Because the required values
of optical dispersion depend on this choice of frequency, one can simply
choose different dispersive links to convert our cloak at 12.7 GHz to
any other convenient repetition frequency.

The 46% cloaking window is currently limited by phase modulator
performance. The duration of the compressed probe beam (Fig. 2c) is
inversely proportional to the optical bandwidth after the second phase
modulator in our experiment (spectrum in Fig. 2b), which is in turn
directly proportional to the phase modulator’s modulation index27.
The modulation index itself is limited by the phase modulator’s maxi-
mum allowable radio-frequency input power, which prevents much
shorter probe pulses and wider cloaking windows with the current
arrangement. Yet by replacing the second and third phase modulators
each with separate series of cascaded modulators, the net effective
index can be increased even without improved technology. In fact, this
principle has already been applied in pulse compression studies30,
yielding pulses more than eight times shorter than what we obtain
here. This implies that a fractional cloaking window of over 90% could
be possible in our set-up, using three cascaded phase modulators
instead of one. Closely approaching the limit of 100% would at present
require too many phase modulators to be practical, but it nonetheless
remains a possibility for the future; nothing inherently prevents it.

From a more fundamental perspective, our experiments highlight
the efficacy of the Talbot effect for general cloaking. In a sense, it
produces its own cloak, even in a single dispersive medium: through
self-imaging, a phase-modulated signal that is compressed to pulses at
LT/4 will naturally return to continuous-wave light upon further pro-
pagation. Therefore, although we used additional time-lensing to sub-
stantially expand the cloaking window, this is not intrinsically necessary.
One could envision removing these time lenses entirely and simply
letting the Talbot effect run its course. A spatial equivalent could then
be implemented with phase gratings in a simple uniform medium. This
example stresses yet again the unique insights afforded by space-time
duality for enriching our understanding of seemingly disparate phenomena.

METHODS SUMMARY
All phase modulators are driven by a single low-noise sine-wave generator
(Agilent E8257D) operating at a frequency of 12.71 GHz. The gain of all radio-
frequency amplifiers is regulated to ensure matched modulation, either via a
control voltage or with tunable radio-frequency attenuators. The first and fourth
phase modulators are driven at a modulation index of p/4, and the second and
third at an index of around 2p, limited by the maximum allowable radio-frequency
input power. The continuous-wave laser (Koheras AdjustiK) is operated at about
1,541.9 nm, and radio-frequency phase shifters are used to align the applied phase
of each phase modulator. The optical fibre consists of around a kilometre of
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standard Corning SMF-28e and a dispersion-compensating fibre module from
Optical Fibre Solutions, with net dispersions of around 17 ps nm21 and 217 ps
nm21, respectively; the chirped fibre Bragg gratings were designed by Proximion
Fibre Systems, and feature approximate dispersions of 6400 ps nm21. Erbium-
doped fibre amplifiers are required to compensate for the insertion loss of the
optical components.

For sinusoidal modulation, the intensity modulator is driven with the clock
signal directly and is biased at the half-power point; for data, a bit-error-rate tester
(Agilent N4901B) generates a non-return-to-zero sequence which is then con-
verted to the desired return-to-zero drive signal by a digital logic circuit (Hittite
HMC706LC3C) and applied to the intensity modulator, this time at zero bias. A
fraction of the final output is split off and recorded on an optical spectrum analyser
with a resolution of 0.01 nm. The remainder is detected with a 12.3-Gb s21 photo-
receiver (Agere 2560A-C02), and the electrical output is measured on a fast sam-
pling oscilloscope (Tektronix DSA8200). The voltage levels in the cloaked cases do
not align with the uncloaked peaks because of amplifier saturation, which forces
the average output power to remain constant; a continuous-wave waveform must
drop slightly compared to the modulated case to conserve the integrated power.

Currently, thermo-optic effects in the optical fibre links limit long-term opera-
tion. Small changes in the refractive index resulting from thermal drift cause the
timing between complementary modulators to lose synchronization; under the
conditions in our laboratory, this means that the phase shifters require slight
readjustment approximately every 15 min. However, replacing all optical fibre
with equivalent chirped fibre Bragg gratings would remove this instability by
lowering the total length of silica from over a kilometre to just a few metres,
thereby making timing drift negligible relative to the radio-frequency period.
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