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Photonic systems provide access to extremely large band-
widths, which can approach a petahertz1. Unfortunately, full
utilization of this bandwidth is not achievable using standard
electro-optical technologies, and higher (>100 GHz) perform-
ance requires all-optical processing with nonlinear-optical
elements. A solution to the implementation of these elements
in robust, compact and efficient systems is emerging in photo-
nic integrated circuits, as evidenced by their recent application
in various ultrahigh-bandwidth instruments2–4. These devices
enable the characterization of extremely complex signals by
linking the high-speed optical domain with slower speed elec-
tronics. Here, we extend the application of these devices
beyond characterization and demonstrate an instrument that
generates complex and rapidly updateable ultrafast optical
waveforms. We generate waveforms with 1.5-ps minimum fea-
tures by compressing lower-bandwidth replicas created with a
10 GHz electro-optic modulator. In effect, our device allows
for ultrahigh-speed direct 270 GHz modulation using relatively
low speed devices and represents a new class of ultrafast
waveform generators.

Our device, a temporal imaging system relying on temporal
lenses implemented using nanofabricated silicon photonic chips,
allows for the temporal compression of optical waveforms.
Temporal imaging techniques are designed using the space–time
duality of electromagnetic waves5–9. This duality arises from the iso-
morphism between the paraxial wave equation governing free-space
diffractive propagation of a light beam and the temporal wave
equation governing dispersive propagation of a light pulse. Going
beyond the immediate parallels of diffraction and dispersion, the
duality indicates that many spatial optical elements, for example a
lens, have temporal counterparts implemented by applying the
appropriate phase shift to the waveform in the time domain. It
has been demonstrated that the temporal phase shift for a time
lens can be realized using a nonlinear optical parametric wave-
mixing process such as sum- and difference-frequency generation
in x(2) materials9,10 and more recently using four-wave mixing
(FWM) in x(3) materials2,4,11. The use of parametric temporal
imaging has predominantly been applied to the measurement of
ultrafast optical waveforms by magnifying or Fourier transforming
the waveform and allowing for relatively narrow bandwidth elec-
tronic measurement2,4,10–16. Beyond waveform characterization,
parametric temporal imaging systems have the potential to generate
a wide variety of ultrahigh bandwidth instruments and processors
by using the wealth of knowledge developed for spatial imaging
systems as a guide.

Here we apply a parametric temporal imaging system to the gen-
eration of high-bandwidth optical packets and waveforms7 by
implementing the temporal analogue of a spatial telescope.

However, unlike in astronomical telescopes, the object is positioned
at the front focal plane of the first lens instead of at infinity. For this
reason, the device acts as an image compressor rather than an
angular magnifier. An earlier non-parametric-based device demon-
strated compression of 4-bit packets from 10 Gb s21 to 40 Gb s21

(ref. 17). This device was limited in bandwidth owing to the need
to transfer the temporal amplitude in a nonlinear optical loop
mirror for the lens-like element. Therefore it is restricted to the
far-field limit where the amplitude profile is maintained but
scaled with dispersive propagation. Through the use of a parametric
time lens that transfers the amplitude and phase properties of the
waveform, our technique is not restricted to this far-field regime
and allows for the compression of 24-bit 10 Gb s21 packets and
1.35-ns-long analog waveforms encoded using standard 10-GHz
electro-optic modulation to significantly higher rates (270 Gb s21)
for which direct modulation is not possible. Additionally, the
phase-preserving properties of the parametric time lens in a tele-
scopic arrangement enables complete reduction of the optical wave-
form (both phase and amplitude). Furthermore, the use of direct
time-domain guided wave encoding allows for waveform update
rates that are limited only by the repetition rate of the pump laser
(40 MHz in the system demonstrated here); a dramatic improve-
ment over the otherwise impressive waveform generators that rely
on spatially and/or spectrally dispersing the lightwave, which have
typical maximum update rates of 10 kHz (refs 18–22).

The critical component to the time-domain telescope is the tem-
poral lens, which we implement using FWM in silicon nanowave-
guides2,4,11. The high degree of optical confinement of silicon
waveguides and the large material nonlinearity of silicon allows
the application of nonlinear optical processes with low optical
peak powers that are typically �100 mW, and in some cases as
low as 1 mW (refs 23–26). Furthermore, this waveguide confine-
ment enables the phase velocities of interacting waves to be dramati-
cally modified23,27–29; when combined with the short (�1 cm)
interaction lengths, this allows for phase-matching over operating
bandwidths greater than 100 nm and wide (.30 nm) pump wave-
length tunability25. Additionally, a unique feature of FWM is that
all of the interacting waves have similar photon energy, which
enables the converted waveform to be generated with a similar wave-
length to the pump and signal waves. The combination of these
properties makes silicon FWM chips ideal devices for the
implementation of a versatile parametric time lens. In particular
the ability to keep all the interacting waves in the telecommunica-
tions bands is critical to the development of complex temporal
imaging systems—such as the temporal telescope discussed here—
which rely on a system of time lenses instead of a single lens.

A simplified depiction of the device is shown in Fig. 1a. The
imaging system consists of two temporal lenses of different focal
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lengths, effectively configured to form a telescopic system. The
encoded data packet is injected one focal length from the first
time lens such that the Fourier transform of the waveform is gener-
ated at the opposite focal plane through the process of time-to-
frequency conversion2,12. This Fourier plane is simultaneously
positioned one focal length away from the second lens such that
at the opposite focal plane of the second lens the Fourier transform
of the waveform is once again generated, reversing the effect of the
first lens and returning the temporal encoding to the time domain.
Similarly to the angular magnification power of a spatial telescope,
the compression factor depends on the relative focal lengths of the
two lenses, with the amount of compression simply equal to the
ratio of these lengths. For the system investigated here, the first
focal length corresponds to 20 km of standard single-mode optical
fibre (SMF-28), and the second focal length corresponds to 750 m
of SMF-28, which yields a compression factor of 27. Although tem-
poral compression could also be achieved using a single lens, the use
of a two-lens scheme is essential for the generation of a bandwidth-
limited compressed waveform.

A detailed depiction of the temporal telescope is shown in
Fig. 1b. Light from a continuous-wave (CW) laser tuned to a wave-
length of 1,580 nm is sent through an electro-optic modulator, and
either a 24-bit, 10 Gb s21 non-return to zero (NRZ) data packet or a
1.35-ns-long analog waveform is encoded. This packet is sent
through a dispersion-compensating module (DCM) designed to
compensate for 20.2 km of SMF-28 using approximately 4 km of
normal group-velocity dispersion fibre. The dispersed packet is
combined with 7-nm-bandwidth ultrafast pulses from a mode-
locked fibre laser, which have been dispersed through two of the
20.2-km compensation DCMs. The packet and pump pulses are
amplified and injected into the silicon nanowaveguide where they
undergo FWM. The optical powers are maintained at a low
enough level to avoid aberrations in the temporal lens arising
from self- and cross-phase modulation, which results in negligible
generation of free carriers arising from two-photon absorption. As
a result, the conversion efficiency of the FWM lens is kept to
approximately 210 dB. A typical spectrum showing the time-to-fre-
quency transformation of this first temporal lens is shown in Fig. 2a.
After the waveguide, the converted waveform is spectrally isolated.

This converted waveform is then sent though 19.45 km of
SMF-28 and combined with a second 5 nm pump pulse that has
been dispersed using a DCM designed to compensate for 750 m
of SMF-28 using approximately 150 m of dispersion-compensating
fibre. The pump and packet pulses are amplified and undergo FWM
in a second silicon nanowaveguide. A typical spectrum showing the
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Figure 2 | Spectral and temporal outputs at different points in the

temporal telescope. a, The spectrum exiting the first temporal lens showing

the time-to-frequency transformation. The temporal shape of the encoded

10 Gb s21 packet is visible as the spectral shape of the converted 1,535-nm

output. b, The spectrum exiting the second temporal lens. The spectrally

encoded packet is converted back to the time domain with a compressed

data rate of 270 Gb s21. c, An expanded view of the 270 Gb s21 packet

spectrum (blue) with a comparison of the input spectrum shifted and scaled

by 27 for comparison (red). d, Example original (red) and compressed

(blue) waveforms overlaid to verify consistent compression across

the packet.
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Figure 1 | Temporal telescopic system. a, Simplified spatial analogue.

b, Detailed schematic of our temporal system in which compression occurs

over two stages. During the first stage, the packet’s temporal profile is

converted to the frequency domain through time-to-frequency conversion

using the two-focal-length temporal imaging system of lens A. The inverse

Fourier transform of the packet is then performed via frequency-to-time

conversion using the second lens B. The ratio of the focal lengths of the two

lens systems determines the temporal compression factor. fA (DA) and fB
(DB) are the spatial focal lengths (temporal dispersive focal lengths) of

lenses A and B, respectively.
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frequency-to-time transformation of this second temporal lens is
shown in Fig. 2b. The converted wave centred at 1,556 nm
(Fig. 2c) is spectrally isolated and sent through 750 m of SMF-28,
yielding the compressed waveform. Whereas the output spectrum
(Fig. 2c) is slightly distorted, the compressed waveform is nearly
bandwidth-limited as seen in the comparison between the output
spectrum (blue) and the input spectrum (red). For ease of compari-
son the input spectrum has been scaled by a factor of 27 and shifted
from 1,580 nm to 1,556 nm. The peak power in the compressed
waveform is limited to approximately 500 mW by nonlinearities
in this final fibre length. This compressed waveform is characterized
using cross-correlation with an ultrafast pump pulse of approximately
100 fs and is compared to the original waveform, which was charac-
terized using a 10-GHz sampling oscilloscope. An example of an
uncompressed packet (red) and compressed replica (blue) are shown
in Fig. 2d. The compression factor is consistent across the packet as is

evident from the 270-GHz sidebands that are observed in Fig. 2c and
are also clearly shown in the overlaid waveforms in Fig. 2d.

The experimental results for compression of four different 24-bit
NRZ packets are shown in Fig. 3. From left to right the bit sequences
are (100100010101011010000101), (010101010101010110101010),
(100000000100000011100001) and (100111110110111011110101).
The top row shows the original 10 Gb s21 packets (red) and the
compressed 270 Gb s21 packets (blue) on the same temporal
scale. The bottom row shows an expanded view of the compressed
packets. All 24 bits of the original NRZ packets are accurately com-
pressed into the 90 ps packet duration. A key advantage of this com-
pression technique is that both the amplitude and phase
information is preserved and thus the compressor is not sensitive
to the type of encoding format. To further demonstrate the use of
this technique, we compress 1.35-ns-long analog waveforms gener-
ated using an electro-optic modulator to produce 50-ps-long
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Figure 3 | Experimental demonstration of compression of 24-bit, 10 Gb s21 packets to 270 Gb s21. a-d, 24-bit NRZ packets are encoded at 10 Gb s21

using standard modulation technology and compressed to 270 Gb s21. The top row shows the original 24-bit 10 Gb s21 packets (red) and compressed

270 Gb s21 packets (blue) on the same temporal scale. The bottom row shows an expanded view of the compressed packets. The bit sequences are:

a, (100100010101011010000101); b, (010101010101010110101010); c, (100000000100000011100001); and d, (100111110110111011110101).
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compressed replicas as seen in Fig. 4. To generate the original
waveforms, we misalign the bias points of the electro-optic
modulator and bandpass filter the incident electrical drive wave-
form, which allows the generation of complex analog waveforms
with temporal features beyond the 3 dB bandwidth of the modu-
lator. As seen in Fig. 4, features in the original waveform as short
as 40 ps are transferred to the compressed waveform, resulting in
a minimal compressed feature size of 1.5 ps. This indicates that
the bandwidth of the compressed waveforms is limited primarily
by the electro-optic modulator bandwidth and not by the temporal
telescope, as expected from the .600-GHz bandwidth pump pulses
used for the FWM time lenses.

In summary, we have demonstrated a time-domain telescopic
system capable of compressing waveforms by a factor of 27 with a
maximum compressed waveform bandwidth of greater than
270 GHz. This technique effectively allows direct 270-GHz-band-
width modulation over the 90 ps telescopic aperture using a stan-
dard 10-GHz-bandwidth electro-optic modulator. Furthermore,
both phase and amplitude information can be compressed owing
to the phase preserving properties of FWM, which in principle
makes the device transparent to the modulation format (that is,
return to zero (RZ), NRZ, differential phase shift keying (DPSK)).
The encoding of information purely in the time domain allows
rapid waveform update rates, which are limited here by the
40 MHz repetition rate of the mode-locked pump laser and are
fundamentally limited by the uncompressed temporal aperture.
Larger compression factors with features beyond 1 THz and
increased update rates can be expected in future systems by manage-
ment of the third-order dispersion-induced lens aberrations30 and
by implementation of a higher repetition-rate pump laser. The
temporal telescope demonstrated here extends the application of
parametric temporal imaging systems beyond waveform character-
ization and clearly demonstrates the technological potential for a
new class of high-data-rate sources and ultrafast arbitrary waveform
generators using the principles of the space–time duality.

Received 4 June 2009; accepted 25 August 2009;
published online 27 September 2009
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