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waveform.
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APPARATUS FOR IMPARTING PHASE SHIFT TO INPUT WAVEFORM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present PCT application claims the priority of U.S. Provisional Application
No. 61/105,217 entitled “Semiconductor-Based Ultrafast Optical Oscilloscope” filed

October 14, 2008, which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to optical devices in general and specifically to

optical apparatus for imparting a phase shift to an input waveform.

BACKGROUND OF THE INVENTION

[0003] With the realization of faster telecommunication data rates and an expanding
interest in ultrafast chemical and physical phenomena, it has become important to develop
techniques that enable simple measurements of optical waveforms with subpicosecond
resolution. State-of-the-art oscilloscopes with high-speed photodetectors provide single-shot
waveform measurement with 30-ps resolution. Although multiple-shot sampling techniques
can achieve few-picosecond resolution, single-shot measurements are necessary to analyze
events that are rapidly varying in time, asynchronous, or may occur only once. Further
improvements in single-shot resolution are challenging, owing to microelectronic bandwidth
limitations. To overcome these limitations, researchers have looked towards all-optical
techniques because of the large processing bandwidths that photonics allow. This has
generated an explosion of interest in the integration of photonics on standard electronics
platforms, which has spawned the field of silicon photonics and promises to enable the next
generation of computer processing units and advances in high-bandwidth communications.
Several established nonlinear optical techniques exist to measure optical waveforms with
few-femtosecond accuracy, but have limited single-shot record lengths of tens of picoseconds

and limited update rates.

[0004] The phase shift for temporal imaging devices is typically applied using an electro-
optical phase modulator, but an alternative scheme can be realized by using a parametric
nonlinear wave-mixing process such as sum-frequency generation and difference-frequency

generation. This latter technique is called parametric temporal imaging, and consists of
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wave-mixing with a linearly-chirped pump yielding a converted waveform that is nearly
equivalent to the signal waveform with a linear frequency chirp or equivalently a quadratic
phase shift as required for a time-lens. Parametric time-lenses have phase-shifts in excess of
1007, which is significantly larger than the 10zx maximally possible using an electro-optical
phase modulator and therefore greatly extend the applications of temporal imaging systems.
A drawback of using the sum-frequency generation and difference-frequency generation
second-order nonlinear processes is that only a narrow range of materials possess a second-
order nonlinear moment, and the converted waveform is inherently generated at widely
different wavelengths from that of the pump or input signal. Waveform measurement based
on temporal magnification using difference frequency generation has yielded promising
results, including single-shot measurement of ultrafast waveforms with a resolution of less
than 900 fs for a simultaneous record length of 100 ps. Waveform measurements based on
time-to-frequency conversion using electro-optic modulation have demonstrated a resolution

of 3 ps over a 31-ps record length using multiple-shot averaging.

[0005] For the success of silicon photonics in these areas, e.g., communications, on-chip
optical signal-processing for optical performance monitoring will prove critical. Beyond next
generation communications, silicon compatible ultrafast metrology would be of great utility
to many fundamental research fields, as evident from the scientific impact that ultrafast

measurement techniques continue to make.

SUMMARY OF THE INVENTION

[0006] There is set forth in one embodiment an apparatus and method for imparting a
phase shift to an input waveform for output of a converted waveform. In one embodiment, a
phase shift can be provided by four wave mixing of an input waveform and a pump pulse. In
one embodiment, there is set forth an apparatus and method for generating a high resolution
time domain representation of an input waveform comprising: dispersing the input waveform
to generate a dispersed input waveform; subjecting the dispersed input waveform to four
wave mixing by combining the dispersed input waveform with a dispersed pump pulse to
generate a converted waveform; and presenting the converted waveform to a detector unit. In
one embodiment a detector unit can include a spectrometer (spectrum analyzer) for recording

of the converted waveform and output of a record representing the input waveform.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The features described herein can be better understood with reference to the
drawings described below. The drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the invention. In the drawings, like

numerals are used to indicate like parts throughout the various views.

[0008] IFig. 1A is a diagram illustrating utilization of a Fourier transform property of a

lens;
[0009] Fig. 1B is a diagram of an oscilloscope;

[00010] Fig. 2 is a diagram characterizing a resolution and a record length of a record

output with use of an oscilloscope;

[00011]  Figs. 3A-3D are diagrams illustrating output waveforms of an oscilloscope (left
side diagrams) as compared to the same waveforms being measured using a cross-correlator

(right side diagrams);

[00012] Fig. 4 is a diagram of an oscilloscope in one embodiment;
[00013] Fig. S is a diagram of an oscilloscope having multiple outputs;
[00014] TFig. 6 is a diagram of an oscilloscope having multiple outputs;

[00015] Fig. 7 is a diagram of an oscilloscope having multiple outputs incorporated in a

system having a user interface;
[00016] TFig. 8 is a diagram of a system incorporating an oscilloscope;
[00017] Fig. 9 is a diagram of a system incorporating an oscilloscope;

[00018] TFig. 10 is a schematic cross-sectional view of a photonic chip having an

oscilloscope incorporated therein;

[00019]  TFigs. 11-14 are views illustrating an exemplary method for fabrication of a

photonic chip;
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[00020] Fig. 15 is a top view of a device structure for a photonic chip incorporating an

oscilloscope;
[00021] Fig. 16 is a diagram of an oscilloscope in one embodiment;

[00022]  TFig. 17A is a diagram illustrating utilization of a Fourier transform property of a

lens;
[00023] Fig. 17B is a diagram of an oscilloscope;

[00024] Tig. 18 is a diagram characterizing a resolution and a record length of a record

output with use of an oscilloscope;

[00025]  Figs. 19A-19D are diagrams illustrating output waveforms of an oscilloscope (left
side diagrams) as compared to the same waveforms being measured using a cross-correlator

(right side diagrams).
DETAILED DESCRIPTION OF THE INVENTION

[00026] To span the temporal region between electronic measurement and these methods,
e.g., cross-correlations, frequency resolved optical gating, and spectral phase interferometry
for direct electric field reconstruction, and to allow for rapidly updateable direct optical
detection, techniques have been developed using the space-time duality of electromagnetic
waves and related phenomena. This duality relies on the equivalence between the paraxial
wave equation, which governs diffractive propagation of a spatial field, and the scalar wave
equation, which governs dispersive propagation of a temporal field. The duality implies that
spatial optical components such as a lens or prism have temporal counterparts known as a
time-lens or time-prism, which can be implemented by imparting a quadratic or linear
temporal phase shift, respectively, on the temporal field. Furthermore, these components
allow for temporal processing in a manner analogous to that of the spatial counterparts, such

as temporal-imaging of the waveform.

[00027] Two methods using the space-time duality can be applied to measure ultrafast
optical waveforms. Much like a spatial lens can magnify an image a temporal lens can
lengthen an ultrafast waveform in time, allowing for measurement using a photodetector and
an oscilloscope that would have insufficient temporal resolution for the unmagnified

waveform. This technique is known as temporal magnification.
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[00028] The second measurement method utilizes the Fourier property of a lens - an object
positioned at the front focal plane of a lens will produce a Fourier transform of the object at
the back focal plane (Fig. 1A). As the Fourier transform of a temporal waveform is its
optical spectrum, extending the spatial Fourier processor to the temporal domain yields a
device that converts the temporal (spectral) profile of the input to the spectral (temporal)
profile of the output (Fig. 1B). Thus, a measurement of the spectrum at the Fourier plane
directly yields the temporal amplitude of the incident waveform, and this process is termed

time-to-frequency conversion.
Example 1

[00029] There is demonstrated herein a parametric time-lens based on the third order
nonlinear process of four-wave mixing (FWM), and there is further demonstrated herein
application of this time-lens to the creation of a silicon-chip-based ultrafast optical
oscilloscope. As our device is based on the third-order Kerr nonlinearity, the FWM-based
time-lens can be implemented in any material platform, including the CMOS-compatible
silicon-on-insulator (SOI) photonic platform used here. The output of this time-lens is
generated at a wavelength close to those of the pump and input waves, enabling all the
interacting waves to be in the S, C, and L telecommunications bands, for example, which
allows for the manipulation of all the waves using the well-established instrumentation and
components available for these bands. Using our device, we perform measurements of highly
complex waveforms with 220-fs resolution over record lengths larger than 100 ps. The
combination of this 220-fs resolution and greater than 100-ps record length represents the
largest record-length-to-resolution ratio (>450) of any single-shot-capable waveform
measurement technique for the picosecond time range. Furthermore, unlike commonly used
techniques such as frequency-resolved optical gating and spectral phase interferometry for
direct electric-field reconstruction, our implementation directly measures the temporal
amplitude profile using no reconstruction algorithm, allowing for rapidly updateable single-

shot measurements.

[00030] We test the capability of the silicon-chip-based ultrafast optical oscilloscope with
various input waveforms. Fach input waveform enters the device and passes through a
dispersive element consisting of a length of optical fiber. To match to the focal length of the
WM time lens, the input wave is mixed with a pump pulse that passes through twice the

dispersive length of optical fiber. After passing through the optical fiber, the pump pulse and
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test waveform are combined and FWM is carried out in an SOI nanowaveguide. The strong

optical confinement of these silicon structures allows for highly efficient nonlinear processes
and for engineerable group-velocity dispersion that can yield conversion bandwidths greater

than 150nm with broad pump tunability. The resulting FWM-generated spectrum is

measured using an optical spectrometer to determine the temporal profile of the input.
[End of Example 1]

[00031] Refesring to Figs. 1A and 18, there 1s described the silicon-based uliralast optical
oscilloscope, An ulirafast optical oscilloscope s implemented using a four wave mixing
based parametric time-lens on a silicon chip. Referring to Fig, 1A, there is tllustrated &
spatial optical Fourier transform processor. The spatial lens can generate the Pourier
transtorm of an inpat wavetorm using the two-focal-length configuration shown, Referring
to Fig, 1B, there 15 llustrated, a temporal optical Pourier transform processor. The time-lens
can convert the temporal profile of the input 1o the spectral profile of the output. For the
FWM time lens, the focal length (1) is half the dispersive-length of optical fiber through
which the purap pulse passes (213). Single-shot temporal measurements can then be carried

out by simply measuring the spectrum at the output of the processor,

[00032]  The pump-pulse bandwidth and the length of the dispersive path determine the
record length and resolution of the oscilloscope. The time-to-frequency conversion factor for
the FWM-based converter is given by

At

—=-B,L Eq. 1
Ao B> q

where Az is the temporal shift of the input signal, Awis the resulting spectral shift, £, is the

group-velocity dispersion parameter, and L is the length of the dispersive signal path. For our
system, this relation yields a 1-nm shift in converted wavelength for a 5.2-ps shift in temporal
position. Using FWM, we can convert a narrow-band signal over twice the pump bandwidth,

which yields the approximate record length trpcorp for the FWM-based oscilloscope
TRECORD = 2oL Qpump Eq. 2

where Qpunp 15 the spectral bandwidth of the pump pulse. The resolution of the oscilloscope

is predicted by considering the transfer of a temporal delta function through the instrument’s
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system. This impulse response is precisely the temporal resolution Tresolution O the instrument
and is given by
T

i Eq. 3

Tresolution = -\/_
2

where Ty 18 the pump pulsewidth. For our system, these relationships predict a record
length of 150 ps and a resolution of 200 fs. Practically, the separation between the pump and
signal and the FWM conversion bandwidth will limit the record length. Deviation from a
quadratic phase on the pump pulse, such as that resulting from third-order dispersion, the
FWM conversion bandwidth, and the spectral resolution of the spectrometer will also
determine the temporal resolution. Since the FWM conversion bandwidth limits both the
record length and the resolution, it is important to maximize this value. The silicon
waveguides used in our implementation have sufficiently large conversion bandwidths (>150
nm) to allow the performance of the ultrafast optical oscilloscope to be solely limited by the

aberrations caused by third-order dispersion and the spectrometer performance.
Example 2

[00033] We experimentally characterize the record length and resolution of our system by
injecting a 342-fs pulse and varying its temporal position. As shown in Fig. 2, we are able to
measure the pulse position across a record length of 100 ps. To characterize the resolution of
the FWM-based oscilloscope, we deconvolve the temporal resolution from the average
observed width of this pulse across the record length of the device. We measure an average
pulse width of 407 fs, which, when compared to the actual pulse width of 342 fs, indicates a

temporal resolution of 220 fs for our implementation.

[00034] Referring to Fig. 2, there is set forth a diagram for characterization of the record
length and resohution of the ulirafast oscilloscope. A 342-fs pulse is temporally scanned and
measured using the silicon-chip-based ultrafast optical oscilloscope demonstrating a record
length of 100 ps. The average width of the 342-fs pulse across this scan range, as observed
by the oscilloscope, is 407 {s, indicating a deconvolved resolution of 220 5. a.u., arbitrary

unifs, Hach color {shade) represents a separate measurement as the pulse is scanned.

[End of Example 2]
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Example 3

[00035] To experimentally characterize the silicon-based ultrafast optical oscilloscope, we
generate the pump and input waves from an ultrafast fiber laser or an optical parametric
oscillator. The pulse train is spectrally separated into a 280-fs pump pulse and a signal pulse.
Each input waveform enters the oscilloscope and passes through a dispersive element
consisting of a 50-m length of dispersion compensation fiber and is mixed with a pump pulse
that has been passed through a 100-m length of dispersion compensation fiber. The test
waveforms in Fig. 3a—c were created using combinations of nonlinear spectral broadening,
dispersion, and interference. The 1.5-cm-long silicon nanowaveguide has a cross-sectional
size of 300 nm by 750 nm, a linear propagation loss of 1.5 dB cm™, and a 3-dB coupling
efficiency. FPor multiple-shot measurements, the FWM optical spectrum is characterized
using an optical spectrum analyzer. For the single-shot demonstration, a single-shot
spectrometer is implemented using a monochromator and infrared camera and a single event

is created per frame.

[00036] Regarding laser sources, the ultrafast fiber laser used produces 80-fs pulses at a
38-MHz repetition rate. The optical parametric oscillator used produces 150-fs pulses at a
76-MHz repetition rate. The pump pulse is a 280-fs pulse with 15 nm of bandwidth centered
at 1,550 nm. The test waveforms for Figs. 3A-3D are generated from a variable bandwidth
signal pulse centered at 1,580 nm. Regarding optical fiber, we chose to use dispersion
compensation fiber (Corning model: DCM-D-080-04) as it has a dispersion slope that is 12x
smaller than that of standard single-mode fiber (Corning model: SMF-28). This smaller
third-order dispersion reduces lens aberrations, and experimentally we find a 2x improvement
in the temporal resolution as compared to an equivalent system using SME-28. After passing
through the dispersion compensation fiber, the 15-nm-bandwidth pump pulse is amplified
using an erbium-doped fiber amplifier, and subsequently FWM is carried out in a CMOS-
compatible embedded SOI nanowaveguide. Regarding Test waveforms, the test waveform in
Ifig. 3A is created by amplifying the signal pulse in an erbium-doped fiber amplifier and
inducing nonlinear spectral broadening in the amplifier. The spectrally broadened pulse is
subsequently passed through a 20-m length of optical fiber. The test waveform in Fig. 3B is
generated by dispersing and interfering two 300-fs pulses using 50-m of optical fiber and a
Michelson interferometer. The test waveforms in Fig. 3C are generated by synchronizing a

time-lens compressed laser source with a repetition rate of 9.6GHz with an ultrafast fiber
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laser pump source operating at 36MHz. The pulse width of the 9.6-GHz source is determined
by the magnitude of the electrical sine wave sent into a phase modulator used for the time-
lens compressor. The test waveforms in Fig. 3d are generated by chirping a 300-fs pulse
using 50-m of SMI-28 and splitting it into two pulses using a Michelson interferometer. The
separation between the pulses can then be adjusted using a delay stage on the interferometer.
Regarding the silicon waveguide, the dimensions of the silicon waveguide were chosen to
maximize the conversion bandwidth by positioning a zero-group-velocity dispersion point in
the C telecommunications band. The peak optical power inside the nanowaveguides is
maintained below 100mW to avoid self-phase modulation and two-photon induced free-
carrier effects in the silicon. Regarding single-shot measurements, a single event is created
per frame of the single-shot spectrometer. The 38-MHz source is down-sampled using an
electro-optical modulator such that only one pulse is generated every 0.5 ms, which
corresponds to the integration time of the camera and therefore a single-shot per camera

image.

[00037]  We further investigate the measurement capabilities of the silicon chip- based
oscilloscope by generating test waveforms of varying complexity. First, we measure a pulse
which has undergone nonlinear spectral broadening and dispersion using an ultrafast optical
oscilloscope that exhibits 450-fs resolution and a 100-ps record length. The measurement of
this pulse using an ultrafast optical oscilloscope compared to a cross-correlation is shown in
Iig. 3A. We measure an optical waveform of even greater complexity by generating a 120-
ps waveform with 900-fs temporal features. We measure this waveform using the silicon-
chip-based ultrafast optical oscilloscope with 220-fs resolution. The results of this

measurement and a comparison to cross-correlation are shown in Fig. 3B.

[00038] The test waveforms in Figs. 3A and 3B are derived from the same laser source as
the pump pulse. We demonstrate that the ultrafast optical oscilloscope can also be used to
perform measurements of waveforms from a separate source by synchronizing a variable-
pulse-width time lens-compressed laser source with a repetition rate of 9.6 GHz with the
ultrafast fiber laser pump source operating at 36 MHz. Using the device with 220-fs
resolution, we optimize the pulse-width of the 9.6-GHz source by observing it compress a 30-
ps pulse with 30-mW peak power to a 6-ps pulse with 150-mW peak power. The results of
this optimization using the ultrafast optical oscilloscope compared to cross-correlation are

shown in Fig. 3C.
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[00039] Lastly, we demonstrate the single-shot capability of the device by incorporating a
single-shot spectrometer. We measure three single shot optical waveforms composed of two
pulses with temporal separations of 86 ps, 27 ps, and nearly temporally overlapped. The
results of these single-shot measurements compared with a multiple shot cross-correlation are
shown in Fig. 3d. As shown by the 86-ps separation, we maintain the 100-ps record length.
When the pulses overlap, we observe temporal interference fringes with a 3-ps period. For
this implementation, the temporal resolution is limited to 766 fs per pixel, or a record-length-
to-resolution ratio of 130, by the infrared camera. High dynamic range linear arrays with
more than 1,000 pixels are commercially available, and would allow for utilization of the full

(>450) record-length-to-resolution ratio of our device.

[00040] Regarding Pigs. 3A-3C, there is tllustrated comparison of measurements using the
ultrafast oscilloscope and a cross-correlator. Regarding Fig. 3A, there is illustrated a
measurement of a 30-ps pulse generated through nonlinear spectral broadening v an erbium-
doped {iher amplifier and subsequently propagated through 20m of single-mnode optical fiber,
Regarding Fig. 38, there s illustrated a measurement of a highly complex waveform
generated by dispersing and interfering two 300-1s pulses, Inset, magnified view of the 10-ps
temporal region from 60 ps to 70 ps. Regarding Fig. 3C, there 1s illustrated measurement of a
separate ultrashort pulse laser source operating at various pulse durations. The silicon-chip-
based ultrafast optical oscilloscope is used to minimize the pulse width emitted from this
source in real ime by varying the voltage to an electro-optic modulator within the laser
source, Regarding Fig, 3D, there are tllustrated single-shot measurements of two chirped
pulses with various temporal separations compared to a multiple-shot cross-correlation,

When the pulses temporally overlap, interference fringes are observed 1o the time domain,

[00041] In all of our measurements, we observe good agreement between our silicon-based
ultrafast optical oscilloscope and the cross-correlation with a 280-fs pulse. Nevertheless
some deviations are observed, which partially result from the slightly different lengths (less
than 3m variation) of optical fiber used to synchronize the arrival time of the waveforms and
pump pulses to the cross-correlator as compared to the oscilloscope. Further inconsistencies
are probably due to pump pulse imperfections in the FWM time-lens. For optimal
performance, care must be taken to obtain a clean and flat spectral amplitude and phase for
the pump pulse. Moreover, the resolution is ultimately limited by the aberrations arising

from third-order dispersion in the dispersive elements. The use of dispersion-flattened fiber

10
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or dispersion engineered waveguides in the dispersive paths would alleviate this aberration,

and provide a path towards sub-100-fs resolution by using a sub-100-fs pump pulse.

[00042]  Here, using time-to-frequency conversion via the nonlinear process of four-wave
mixing on a silicon chip, we demonstrate a waveform measurement technology within a
silicon-photonic platform. We measure optical waveforms with 220-fs resolution over
lengths greater than 100 ps, which represent the largest record-length-to-resolution ratio
(>450) of any single-shot-capable picosecond waveform measurement technique. Our
implementation allows for single-shot measurements and uses only highly developed
electronic and optical materials of complementary metal-oxide semiconductor (CMOS)-
compatible silicon-on-insulator technology and single-mode optical fiber. The mature
silicon-on-insulator platform and the ability to integrate electronics with these CMOS
compatible photonics offer great promise to extend this technology into commonplace bench-

top and chip-scale instruments.

[End of Example 3]

[00043]  The components of this measurement system can potentially be entirely integrated
on-chip. Specifically, the integration of a pulsed laser source, low-loss dispersion engineered
waveguides for the dispersive paths, and an integrated single-shot spectrometer and detectors
are all areas of current research in silicon photonics. Furthermore, the flexibility of the FWM
time-lens and the dispersion engineering available in nanowaveguides allow for
straightforward extension of this technique to different wavelength regimes (for example,
visible) by using other CMOS-compatible waveguiding materials such as silicon nitride (SiN)
and silicon oxynitride (SiON). Additionally, using our oscilloscope for measuring an
arbitrary repetition-rate source requires an ultrafast pump laser with repetition-rate flexibility
and can be implemented, for example, using a time-lens compressed source. Interestingly,
the single-shot capability will not only allow for measurements of single optical events but,
when synchronized with an optical clock, will also allow for measurements of ‘eye-diagrams’
by overlaying many single-shot measurements of a communications signal. Beyond
communications, an integrated measurement device would facilitate studies in many branches

of science where simple, ultrafast measurements of optical waveforms are required.

[00044]  Ultimately, the dynamic range for single-shot measurements is limited by the

maximum power allowed in the silicon nanowaveguide while avoiding self-phase modulation

11
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and free-carrier generation, and by the minimum detectable power per pixel. These
constraints should limit the range of signal peak power at the time lens from 100uW to
100mW, which corresponds to a dynamic range of 10°. The maximum power into the
ultrafast optical oscilloscope is dependent on the feature width, as a narrow temporal feature
will spread during dispersive propagation before the lens and therefore the peak power at the
lens is significantly lower. If resolution-limited temporal features are considered, a 40W
peak power is allowed, which corresponds to a dynamic range of 10°. Furthermore, because
the minimum detectable power depends on the desired single-shot resolution while the
maximum power does not, higher dynamic range measurements are possible in this system at

reduced resolution.

[00045]  While use of unmatched dispersive elements for dispersing of an input waveform
and a pump pulse is envisioned to advantageous in some embodiments matching of a
dispersion of a dispersive element for dispersing an input waveform and a dispersion of a
dispersive element for dispersing a pump pulse provides certain advantages. By configuring
the dispersive elements so that their dispersions are matched as set forth herein, the input
waveform will be injected one focal length from a location of a quadratic phase shift and an
output waveform will include the Fourier transform of the input waveform. Accordingly a
spectrum of the output waveform represents the temporal shape of the input waveform. With
the output waveform containing the spectrum of the input waveform, a representation of the
temporal pattern of the input waveform can be yielded by measuring the output waveform
with a spectrometer irrespective of an amount of output dispersion. Accordingly, in one
embodiment, a spectrometer can be used to detect an output representative of the input

waveform without an output dispersive element, thus yielding size and cost advantages.

[00046]  An oscilloscope in one embodiment is shown in Fig. 4. In the embodiment of Lig.
4, oscilloscope 100 includes a first dispersive element 120 and second dispersive element
140. TFirst dispersive element 120 can be configured to be matched with second dispersive
element 140 by configuring the dispersive elements so that a dispersion of the second
dispersive element 140 has a 2:1 ratio with a dispersion of first dispersive element 120.
Outputs of the first dispersive element 120 and the second dispersive element 140 can be
coupled to an optical element 200 in the form, e.g., of a photonic waveguide (e.g., a
semiconductor waveguide) in which an input waveform 50 dispersed by first dispersive

element 120 and a pump pulse 70 dispersed by second dispersive element 140 combine by

12
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way of four wave mixing to output an output waveform. In another embodiment, first
dispersive element 120 and second dispersive element 140 can be matched by providing the
dispersion of first dispersive element 120 to have a 1:1 ratio with the dispersion of the second
dispersive element 140 and by incorporating a third continuous wave or nearly continuous

wave light beam in the four wave mixing process.

[00047] A detector unit 300 comprising a spectrometer can be provided to detect the
spectrum of the output waveform. Because the spectrum of the output waveform includes a
temporal profile of the input waveform, detector unit 300 where provided by a spectrometer
can output a representation of a temporal profile of an input waveform. Because a temporal
profile of the input waveform can be generated by measuring a spectrum of the output
waveform, a dispersion of an output dispersive element can by arbitrary and in one
embodiment detector unit 300 of a spectrometer can be substantially directly coupled
(including embodiments that are directly coupled) to an output of optical element 200 for
measuring a spectrum of an output waveform and therefore generating a representation of a
temporal shape of an input waveform. In the embodiment as shown in Fiig. 4, measurement
unit 300 provided by a spectrometer is coupled to optical element 200 provided by
semiconductor waveguide in which four wave mixing occurs without there being a dispersive
element interposed between optical element 200 and detector unit 300. Coupling of a
spectrometer substantially directly to a photonic waveguide reduces output dispersion and
accordingly reduces a size of oscilloscope 100 relative to an alternative design in which an
output dispersive element can be provided. In the embodiment of Fig. 4, first and second
dispersive elements 120, 140 can be provided e.g., by integrated photonic waveguides (e.g.,
semiconductor waveguides), optical fibers, chirped Bragg gratings in waveguides, free space

gratings, prisms, and the like.

[00048] With reference to Fig. 5, an embodiment is shown in which a detector unit 300 for
oscilloscope 100 includes both of a spectrometer 302 and a photodetector 304. First
dispersive element 120, second dispersive element 140, and optical element 200 can be
provided as described in connection with Fig. 4 and an output dispersive element 400 can be
provided onto which photodetector 304 can be coupled. Spectrometer 302 can be provided to
measure temporal profile of an input waveform by detection of a spectrum of an output
waveform output by optical element 200. Photodetector 304 can be used to measure a

temporal shape of an input waveform directly. Spectrometer 302 is shown as being directly
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coupled to the output of four wave mixing optical element 200 prior to dispersive element
400 but in principle can be coupled to output dispersive element 400 at any point along a
length thereof. Coupling spectrometer 304 to the output of four wave mixing optical element
200 improves a strength of a measured signal as losses that can be incurred as a result of
propagation through dispersive element 400 are avoided. In another embodiment,
oscilloscope 100 is operative to subject to an input waveform to a phase shift by way of a
process other than four wave mixing. Regarding spectrometer 302, spectrometer 302 in one
embodiment can include a spectral filter and can be operative to detect a band of wavelengths

within a spectrum of an output waveform.

[00049]  Regarding spectrometer 302 and photodetector 304, spectrometer 302 in some
embodiments can be advantageous for detection of relatively weak signals. Regarding
photodetector 304, photodetector 304 can be advantageous for faster sampling of waveforms
allowing additional measurements per second with higher magnification factors, M, and
where a signal R being represented has more closely spaced temporal features, a record
output with use of a photodetector can represent spaced temporal features as overlapping
features, the limiting an output record length of the oscilloscope. When a record is output
using a spectrometer, an output record length is generally limited by an instrument record
length as given in Eq. 2. Because use of a spectrometer for output of a data record can
increase an output record length relative to an output record length provided with use of a
photodetector, a spectrometer can be advantageous in applications where there are complex
signals having relatively closely spaced temporal features. Accordingly, the providing of
both spectrometer 302 and photodetector 304 optimizes the generation of an output record

representation of an input waveform for a wide range of applications.

[00050]  Where a group velocity dispersion of an output dispersive element 400 is
sufficiently larger than a group velocity dispersion of an input dispersive element, and where
an input dispersive element is appropriately matched to a pump dispersive element, a
magnification of an input waveform input into oscilloscope 100 as set forth herein is given by

the magnification factor of

M= doLo/diLi = Do/Di Eq 4

where do is the group velocity dispersion per unit length of the output dispersive element, d;

is the group velocity dispersive of the input dispersive element, Lo is the length of the output

14



WO 2010/045339 PCT/US2009/060656

dispersive element, and L; is the length of the input dispersive element, Do is the group
velocity output dispersion, and D) is the group velocity input dispersion. A temporal width of
an output waveform can be controlled by controlling a dispersion of an output dispersive
element. In development of oscilloscope 100, it was determined that the time lens defined by
optical element 200 and a dispersed pump pulse operates in the manner of a spatial lens in the
aspect that if an input waveform is input one focal length from a location of a quadratic phase
shift, a representation of an input waveform will be contained in an output waveform
irrespective of the amount of output dispersion, the output dispersion determining a

magnification factor.

[00051] In generating a representation of the input waveform an output resolution of a
represented waveform can be limited by the measurement resolution of detection unit 300.
For example, a given photodetector 304 will generally have a measurement resolution limit
Resy. In some instances, an output resolution of oscilloscope 100 can be limited by the
measurement resolution. However, it is seen that as a measurement resolution of a detection
unit 300 becomes smaller (tending to the ideal), an output resolution of oscilloscope 100 can
be limited only by Tiesolution, @S has been set forth herein, The parameter Tiesoution Can be

regarded as the instrument resolution of oscilloscope 100. In general, if

Res,,

> Tresolution Eq 5
then an output resolution of oscilloscope 100 will be limited by the measurement resolution
limit. If

Res
M

M

< Tresolution Eq . 6

then an output resolution of oscilloscope 100 will be limited by the instrument resolution,
such that a measurement resolution limit will not limit the output resolution. Configuring
oscilloscope 100 so that the output resolution is limited by the instrument resolution can be
advantageous. Referring to Eq. 6, it can be seen that such configuration can be achieved
using any photodetector (even a poor resolution photodetector) by adjusting the
magnification factor M. Adjusting the magnification factor can be accomplished by selecting

an output dispersive element with greater output dispersion Do.
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[00052] In a particular embodiment, a dispersion of an output dispersive element 400 of
oscilloscope 100 can be selected so that the value of Resy/M is about equal to or less than
Tresolution SO that an output resolution is limited by the instrument resolution. By selection of an
output dispersion so that Resy/M is about equal to Tresoution, a0 OULput resolution can be
limited by the instrument resolution while cost consumption resulting from use of excess

dispersive material is avoided.

[00053] Taking into consideration equations 3 and 6, if an output dispersive element of

oscilloscope 100 is selected so that the condition

R
M Toump Eq. 7

M ~ 2

is satisfied, then an output resolution of oscilloscope 100 can be advantageously limited only
by an instrument resolution, and if Resy/M is about equal t0 Tpump/2, use of dispersive

material can be economized.

[00054] Referring to the oscilloscope of Fig. 6, oscilloscope 100 can include multiple
output dispersive elements 400, 401, 402, each with a different output dispersion Dg,.
Oscilloscope 100 can further have a different photodetector 304 associated with each
dispersive element. Because of the different dispersions associated with the various
dispersive elements 400, 401, 402, the magnification factor and output waveform temporal

width associated with each output dispersive element 400, 401, 402 will be different.

[00055] It has been mentioned that establishing a magnification factor, M, of apparatus
100 so that an output resolution is not limited by a measurement resolution of detector unit
300 can be advantageous. It can also be advantageous to establish a magnification factor M
so that an output resolution is limited by a measurement resolution limit of detector unit 300.
While larger magnification factors, M, can lead to better output resolutions, an output record
length of oscilloscope 100 in which a photodetector is utilized for output of a data record
tends to become shorter with higher magnifications. With higher magnification factors, M,
spaced apart but closely spaced pulses can be erroneously represented as overlapping pulses

in an output data record output with use of a photodetector 304.

[00056] Conversely, as a magnification factor, M decreases, an output record length of

oscilloscope 100 having an output data record detected with use of a photodetector can
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increase and can become limited only by an instrument record length given by Eq. 2.
Providing a relatively longer output record length can yield important advantages. For
example, where a set of encoded bits encoded within use of Gaussian pulses is being subject
to analysis, a larger record length provides an expanded succession of pulses that can be

subject to analysis thus allowing types of analyses requiring larger sample.

[00057]  Referring to the oscilloscope 100 incorporated into a system 1000 as shown in
Iiig. 7, oscilloscope 100 includes a plurality of output dispersive elements 400, 401, 402, and
switch 501 for coupling an output of optical element 200 to a select one of dispersive
elements 400, 401, 402 and to spectrometer 302. A photodetector 304 can be coupled to each
dispersive element 400, 401, 402. Switch 501 can be operative to couple an output of optical
element 200 to spectrometer 302, as set forth in the embodiment of IFig. 5. A user interface
510 having both control actuators and an indicator, e.g., an electronic display, can be coupled
to switch 100 such that commands can be entered by an operation using user interface (UI)

510.

[00058]  Oscilloscope 100 can be operative to allow an operator to change an output format
of an output data record by input of one or more commands input utilizing user interface 510.
Oscilloscope 100 can include multiplexer 512 coupled to spectrometer 302 and each
photodetector 304. Multiplexer 512 can be operative for coupling an output data record
output by the appropriate one of photodetector 304 or of spectrometer 302 to user interface
510 based on a state of switch 501. The arrangement of Fig. 7 reduces an amount of signal
loss by way of coupling through multiple dispersive elements. Oscilloscope 100 in the
embodiment of Iig. 7 can be operative to output a data record in a different output format
depending on which of spectrometer 302 or which one of photodetector 304 is active for

output of the data record.

[00059] In one embodiment, user interface 510 of oscilloscope 100 can be replaced with
an application interface (Al) such as a program application as may be executed by a
processing unit, e.g., processing unit 710 as described herein in connection with Figs. 8-9. A
program application, in one example, can be a program application run by a processing unit
for determining an input to a system control. Accordingly, user interface 510 as shown in
Iiig. 7 is referenced with the label UI/AI to designate its replaceability with an application
interface. Examples wherein an output of oscilloscope input into an application interface for

system control are described in connection with Figs. 8 and 9 herein.
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[00060] It has been described that oscilloscopes as set forth herein can record
measurements having resolutions of at least 220 fs and record lengths of at least 100 ps.
Accordingly, for an output series of pulses, an output record can include a representation of a

plurality of pulses.

[00061]  As set forth herein, oscilloscope 100 can be operative to generate a representative
of a temporal profile or an input pulse. An application utilizing oscilloscope 100 is described

with reference to Fig. 8.

[00062] A system 1000 incorporating oscilloscope 100, as set forth in any of the
embodiments herein, can include an optical data encoding source 702 and a fiber optic
transmission line 706. Oscilloscope 1000 can be coupled to transmission line 710 at a
location proximate to the data source 702 for outputting representations of waveform at the
output of the data source. System 1000 can be operative to utilize oscilloscope 100 for

determining a quality of data being transmitted by data source 700.

[00063] Data source 702 can include a transmitter having a modulator and encoder and can
be operative to encode optical data so that encoded data has a predetermined set of nominal
characteristics. For example, data source 702 can be operative to encode a bit stream,
wherein bits are encoded with pulses, wherein each pulse of a succession of pulses includes
predetermined nominal profiles, indicated e.g., by pulse shapes, widths and amplitudes.
Oscilloscope 100, which in one embodiment can be configured in accordance with the
embodiment of Iig. 7, can output records including representations of the temporal profiles
of one or more of pulses and system 1000 can be operative to process the plurality of

temporal profiles.

[00064]  Records output with use of oscilloscope 100 can be transmitted to processing unit
710 for processing. Processing unit 710, which can be CPU-based, can process
representations of a succession of pulses to determine whether the succession of pulses
satisfy criteria indicative of the pulses having the nominal profiles within an acceptable
tolerance. Such criteria can include, e.g., whether a standard deviation of pulse width, shape,
or amplitude over a series of pulses is above a threshold. For determining whether a
succession of pulses exhibit the nominal profiles processing unit 710 in one embodiment can
generate an eye diagram by overlaying a plurality of pulse representations. Processing unit

710 can determine that data encoding is satisfactory if the eye diagram has predetermined
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characteristics. A process executed by processing unit 710 with respect to an eye diagram
can comprise one or more of processing to determine whether there is a clear eye view,
processing to determine whether an extinction ratio is above a threshold, processing to
determine whether a noise level on "ones" is above a threshold, processing to determine
whether a timing jitter is above a threshold value. Quantitative values can be extracted from

such eye diagrams, e.g., bathtub curves.

[00065] In performing a determination respecting data quality, processing unit 710 can be
operative to determine whether a plurality of pulses, e.g., a succession of pulses, have
consistent profiles. The noted eye diagram processing is useful for such determination for
evaluation of data quality. Processing unit 710 can be operative to also evaluate a single
pulse or a limited number of pulses to determine whether the single pulse or series of pulses
have nominal characteristics. In general, for the first type of processing (analysis for profile
consistency), a record having a larger record length can be advantageous. For the second
type of processing (single or limited number of pulse representations examined for deviation
from a nominal profile) a shorter record length, higher output resolution record can be
advantageous. In the embodiments set forth herein, oscilloscope 100 can be operative to
output records in a plurality of output format, including one output format with longer record
length, a second output format with better output resolution. In one embodiment, a data
quality evaluating processing unit 710 can be operative to transmit one or more
communications to oscilloscope 100 so that oscilloscope 100 outputs both a first and second
records, the first record having a first format with longer record length and lesser resolution
and the second record having a second format with shorter output record length and better
resolution. Processing unit 710 can be operative to process each of the first record having a
longer record length and lesser output resolution and the second record having shorter record
length and more optimal output resolution for performance of data quality evaluation, and for
determining an output of the processing unit. For example, processing unit 710 can be
operative to utilize a record having the first format for the first type of processing set forth
herein (analysis for profile consistency) and can further be operative to utilize a record having
the second format for the second type of processing (analysis for deviation from a nominal
profile). For the first type of processing (analysis for profile consistency) processing unit 710
can utilize a record output with use of spectrometer 302. Records output with use of
spectrometer 302 generally have relatively longer output record lengths corresponding to an

instrument record length.
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[00066]  If the quality evaluation performed by processing unit 710 indicates that the data
is satisfactory, an output that is output by processing unit 710 can comprise one or more
communications to an indicator 716 indicating that the data is satisfactory. If the processing
unit 710 determines that the predetermined criteria is not satisfactory, an output that is output
by processing unit 710 can comprise one or more communication transactions to indicator
716 resulting in the indicator indicating failure of the data. If processing unit 710 determines
that the criteria indicative of satisfactory data quality is not satisfied, an output that is output
by processing unit 710 can comprise one or more communications to source 702,
responsively to which source 702 can adjust one or more control parameters controlling a
transmitter of the data source. Such control parameters can be e.g., a light polarization

parameter, a bias voltage parameter, an RIY power parameter.

[00067] Referring now to system 1000 of Fig. 9, one or more oscilloscopes 100, 100' can
be operationally disposed proximate an optical communications data repeater 750 which
comprise a receiver 752 and a rebroadcaster 754, rebroadcaster 754 can include a transmitter
having a modulator and encoder. A first oscilloscope 100 can be coupled to an output of
receiver 752 and can be arranged to transmit an output to processing unit 710. A second
oscilloscope 100’ configured according to any embodiment of oscilloscope 100 set forth
herein can be coupled to an input of receiver 752 and can be operative to transmit an output
to processing unit 710. For determining a quality of data output by rebroadcaster 754,
processing unit 710 can compare data output by rebroadcaster 754 to data input to receiver
752. Responsively to such comparing, processing unit 710 can transmit one or more
communications to rebroadcaster 754 responsively to which rebroadcaster 754 can adjust
operational parameters of a transmitter therein. Such operational parameters can include,
e.g., a light polarization parameter, a bias voltage, an RIF power parameter. Processing unit
710 can also be operative to perform quality evaluation of optical data output by
rebroadcaster 754, in the manner of processing unit 710 of the example of Fig. 10 with
respect to data output by data source 702. Each of source 702 and rebroadcaster 754 can be
regarded as an apparatus for transmission of encoded data. If processing unit 710 determines
that the criteria indicative of satisfactory data quality is not satisfied, an output that is output
by processing unit 710 can comprise one or more communications to rebroadcaster 754,
responsively to which rebroadcaster 754 can adjust one or more control parameters
controlling a transmitter of rebroadcaster 754. Such control parameters can be e.g., a light

polarization parameter, a bias voltage parameter, an RIF power parameter.
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[00068]  In one embodiment, a system 1000, including oscilloscope 100 can be operative
so that oscilloscope 100 outputs data records for processing by processing unit 710 in varying
record formats that vary on an open loop basis. In another embodiment, system 1000 can be
operative so that a record format output by oscilloscope 100 for processing by processing unit
710 is dynamically varied on a closed loop basis, i.e., a record format can be responsive to a
processing of previous record. In one example, processing unit 710 can process a first data
record in a first format output utilizing a photodetector. As part of a processing of the first
data record processing unit 710 can examine an amplitude of a pulse represented in the first
record. System 1000 can be operative so that if processing unit 710 determines that the pulse
amplitude is below a threshold, processing unit 710 can transmit one or more
communications to oscilloscope 100 responsively to which oscilloscope 100 can change an
output format of oscilloscope to a second record output format that is output utilizing
spectrometer 302. Processing unit 710 can then carry out a data quality evaluation processing
as set forth herein utilizing the second record and can provide feedback to an apparatus for
transmission, e.g., a data source 700, responsively to the processing in the manner set forth
herein (resulting in an adjustment of an operational parameter). Because spectrometer 304
can often be provided with a given set of cost restraints in a form having better sensitivity and
greater capacity to sense relatively weak signals, the processing of the data record of the
second format output utilizing spectrometer can improve the accuracy and reliability of the

data processing.

[00069] In the embodiment set forth with reference to Figs. 10-15, elements of an
oscilloscope 100 are shown as being provided in a chip scale product manufactured
(fabricated) by a utilizing a complimentary metal-oxide semiconductor (CMOS) integrated
circuit manufacturing process. It will be understood that while some embodiments of a
photonic chip can be devoid of semiconductor material, a manufacturing method can
nevertheless be regarded as a CMOS manufacturing method as manufacturing steps common

for fabrication of CMOS integrated circuits can be utilized.

[00070]  In the embodiment of Figs. 10-15, first dispersive element 120 and second
dispersive element 140 are shown as being provided by photonic waveguides fabricated by
way of a CMOS fabrication process. Referring to the embodiment of Figs. 10-15 and as seen
in the top device structure view of Iig. 15, oscilloscope 100 can include an optical element

200 provided by a photonic waveguide onto which the outputs of first dispersive element 120
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and second dispersive element 140 can be coupled. A dispersion of second dispersive
element 140 can be matched to a dispersion of first dispersive element 120. An input
waveform that is input at input 1202 can be dispersed by a first dispersive element 120 and
combined by way of four wave mixing with a pump pulse that is input at input 1402 and

dispersed by second dispersive element 140.

[00071] Regarding the specific photonic chip embodiment of oscilloscope as shown in
Figs. 10-15, oscilloscope 100 can include alternating insulator and semiconductor layers.
Oscilloscope 100 as shown in Figs. 10-15 can include a semiconductor substrate 602,

insulator layer 604, a device structure 606, and an insulator layer 608.

[00072]  Regarding device structure 606, device structure 606 can comprise one or more
layers. A method for formation of device structure 606 is described with reference to Figs.
11-15. Referring to Fig. 11 a layer of silicon, Si, 6062 can be deposited onto insulating SiO,
layer 602 to define a mass of waveguiding material. A thin layer of oxide 6064 can be
deposited onto layer 6062. A layer 6066 of Germanium, Ge, or other photosensitive
semiconductor can be deposited onto layer 6064 to define a mass of photosensitive material.
The photosensitive semiconductor material for layer 6066 can absorb photons at a
wavelength band to be detected and can convert the photons into electron hole pairs, which

can be removed by application of an electric field for generation of a detectable current.

[00073]  With oscilloscope 100 in the partially manufactured state as shown in Fig. 11, a
photo or electron beam resist (e.g., a photo or electron beam resist) can be applied to over
layer 6066 and the assembly can be subject to radiant energy to define the devices in the
resist, then etching such as reactive-ion etching (RIE) can be used to transfer the pattern from
the resist to the device material and to remove a portion of Germanium where the resist is not
present so that the Germanium layer 6066 has the appearance as shown in Fig. 12 defining a

plurality of photodetectors.

[00074]  With the assembly in a state as shown in Fig. 12, another resist can be applied
over the exposed portion of layers 6066 and 6064 and exposed to radiant energy for defining
of the silicon devices then etching such as RIE can be used for removal of a portion of oxide
layer 6064 and silicon, Si layer 6062. A resulting assembly can have the form as shown in

Ffig. 13, wherein defined by layer 6062 are a first section 6067 defining first and second
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dispersive elements 120, 140, second section 6068 defining four wave mixing optical element

200 and third section 6069 defining a portion of a spectrometer 302.

[00075] With the assembly in the state as shown in Fig. 13, insulator material 6061, e.g.,
Si0; can be deposited over the assembly to define a new assembly in the state as illustrated in
Ilig. 14. A resist can be applied over the assembly in the state as shown in Iig. 14 after
depositing of the insulator material 6061 and the assembly can be subject to radiant energy to
define vias 6063 extending through insulator material 6061 to the defined photodetectors
defined by the remaining portion of germanium layer 6066. Vias 6063 can be filled with an
electrical conductor, e.g., metal, to define electrical contacts 6065 (Fig. 10) accessible to an
exterior of a completed photonic chip. Electrical contacts 6065 (FFig. 10) can define an
electrical signal output and can output an electrical signal representative of an input
waveform. With device structure 606 complete, insulator layer 608, comprising e.g., Si0,
can be deposited over insulator material 6061 of structure 606. Regarding contacts 6065, a
number of contacts can be scaled up to be at equal or greater than the ratio, R = record length/
Tresolution WHETE Tresomution 18 the instrument resolution of oscilloscope 100. It is seen that if the
number of contacts is less than the ratio R, then an output resolution of oscilloscope 100 will
be limited by a measurement resolution limit of spectrometer 302. Regarding oxide layer

6064, oxide layer can provide electrical isolation.

[00076]  Referring to Fig. 15, a top view of the assembly in the state depicted by Fig. 13 is
shown illustrating various elements of device structure 606. As seen in the top view of Fig.
15, there are defined first dispersive element 120 and second dispersive element 140, each
defined by a semiconductor waveguide formed by the etching process described herein
(comprising application of a resist and exposure to radiant energy including photons or
electrons to define a device shape in the resist layer and then etching, e.g., by way of reactive
ion etching (RIE) to transfer the pattern of the resist layer onto the device material and etch
away the material not desired). There can also be defined in device structure 606 optical
element 200, also defined by a semiconductor waveguide formed by the etching process
described herein. In etching of layer 6062 for definition of various elements 120, 140, 200,
dimensions and therefore dispersions of the various elements can be subject to control as set

forth herein.

[00077] There can further be defined device structure 606 a detector unit, e.g., a

spectrometer 302 or a portion thereof, including in the specific embodiment an optical grating
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3022 for splitting a spectrum of an output waveform output by optical element 200, along
with waveguide array 3024 for providing communication between grating 3022 and
photodetector array 3026. Regarding grating 3022 and waveguide array 3024, grating 3022
and waveguide array 3024 can be formed by etching away of layer 6062 by way of etching
process set forth herein. Regarding photodetector array 3026, photodetector 3026 can

comprise photodetectors defined by etching away of layer 6066 as described herein.

[00078] Germanium, Ge, can be selected for layer 6066 as it is responsive to radiant
energy in the telecommunication bands (including the S, C and L. bands); however, another
semiconductor material, e.g., Indium (III) nitride, gallium antimonide, lead (II), sulfide, etc.
with bandgaps smaller than the telecommunication bands can be selected. Another photo
sensitive material for photodetector array 3026 can be selected if an output waveform output
by optical element 100 is output at a band outside of the telecommunication band. Further
regarding device structure 606, there can be included output dispersive element 400 defined
by a photonic waveguide formed by the etching process set forth herein. Output dispersive
element 400 defines an optical output 4002 accessible from an exterior of the oscilloscope

100.

[00079] Regarding layer 6062 described as being provided by Silicon, Si, a semiconductor,
layer 6062 can be provided by another suitable waveguiding material. Waveguiding material
layer 6062 can be provided by any waveguiding material that can function as a Kerr
nonlinear medium, including an insulator material, e.g., silicon nitride, silicon oxynitride.
Waveguiding material layer 6062 can in general include other types of glasses (e.g., silica,

chalcogenide) and other types of semiconductor material.

[00080] Regarding insulator material 6061, insulator material 6061 can be replaced with
another substance, e.g., air, having an index of refraction less than that of the waveguiding

material forming layer 6062.

[00081]  Additional dispersive material can be coupled at output 4002 to increase a
dispersion of dispersive optical element 400. At a distal end (e.g., at output 4002 or at a
termination of the additional dispersive material) of dispersive element 400 there can be

coupled a photodetector 304 for detecting an output waveform in the time domain.

In one embodiment, there is set forth herein in etching of layer 6062 for definition of various

elements 120, 140, 200, dimensions and therefore dispersions of the various elements can be
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subject to control as set forth herein. There is set forth herein in one specific implementation
of the photonic chip embodiment described with reference to Figs. 10-15, an apparatus for
generating a representation of an input waveform, the apparatus including a first dispersive
element 120 through which the input waveform propagates, a waveguide 200 also formed by
etching of the mass of waveguiding material, the waveguide 200 having a zero-group-
velocity dispersion point in the C telecommunications band and a dispersion yielding a
conversion bandwidth of greater than 100 nm, wherein the waveguide 200 is configured to
output an output waveform; a pump pulse input unit for input of a pump pulse into the
waveguide 200, the pump pulse input unit being coupled to the waveguide, the pump pulse
input unit having a second dispersive element 140 through which the pump pulse propagates,
the second dispersive element 140 also being formed by etching of the mass of waveguiding
material; wherein the apparatus is configured so that each of the input waveform the pump
pulse and the output waveform are within the S, C, and L. telecommunication bands; wherein
the first dispersive element 120 and the second dispersive element 140 are configured by way
of appropriate dimensioning so that a dispersion of the first dispersive element is matched
with a dispersion of the second dispersive element; wherein the apparatus is configured so
that the input waveform which can be input into input 1202 and the pump pulse which can be
input into input 1402 are combined by four wave mixing at the waveguide 200 so that the
output waveform is phase shifted relative to the input waveform; and wherein the apparatus is
configured to that the peak optical power inside the waveguide 200 is maintained below

100mW.

[00082] In another embodiment of a semiconductor chip as set forth herein, a
semiconductor chip can be formed to be devoid of the elements to the right of dashed line
620 and to comprise only elements to the left of dashed line 620. In such a formed
semiconductor chip a first optical output 1002 can be defined at a distal end of optical
element 1002 and a second optical output 4002 can be defined at a distal end of output
dispersive element 400. A spectrometer 302 external to the chip can be coupled to output
1002 for detection of the output waveform in the frequency domain. A photodetector 304
(possibly with use of additional dispersive material between output 4002 and photodetector
304) can be coupled to output 4002 for detection of an output waveform in the frequency

domain.
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[00083]  Certain features of an optical element for combining an input waveform and a
pump pulse have been described herein. As described herein in one embodiment, an optical
element for combining an input waveform and pump pulse by way of four wave mixing can
comprise a semiconductor waveguide. Use of semiconductor waveguide material is power
efficient, and allows negative effects such as self phase modulation (SPM) and free carrier
generation to be avoided. In one embodiment optical element 200 can comprise a
semiconductor waveguide and can be configured to have strong optical confinement and
dispersion that can yield conversion bandwidths greater than 100 nm. In another aspect,

optical element 200 can include a dispersion point in the C telecommunications band.

[00084]  An excerpted section of U. S. Provisional Patent Application No. 61/105,217 filed
October 14, 2008, entitled Semiconductor-Based Ultrafast Optical Oscilloscope, which is
incorporated herein by reference in its entirety, is presented herein below, reformatted to
accommodate formatting rules associated with the present application and to avoid

duplication of figure numbers.

[00085] [Beginning of excerpted section of U. S. Provisional Patent Application No.
61/105,217 filed October 14, 2008, entitled Semiconductor-Based Ultrafast Optical

Oscilloscope]

[00086] Regarding a field of the invention, the invention relates to an optical system in
general and specifically to optical systems for use in measuring characteristics of an input

waveform.

[00087] Regarding a background of the invention, measuring a waveform in the time
domain requires ultrafast optical sensors. The best sensors are only capable of measuring
intervals of 25+ picoseconds. In the frequency domain, however, all frequencies comprising
the waveform can be measured in a single shot, by using a dispersive element (such as a lens)
to scatter the waveform among an array of sensors. This invention, by transforming the
waveform from the time to the frequency domain enables an ultrafast oscilloscope with a

resolution of 100 fs, 20x better than state of the art machines costing $250-500k.

[00088] Regarding a summary of the invention, this device enables measurement of optical
waveforms with better than 100 femtosecond resolution over a record length larger than 100
ps. TFurthermore, this device can measure waveforms in a single shot. The device can utilize

a time lens based on four-wave mixing in semiconductor waveguides. The cross-sectional
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area of the waveguide in the device can be designed in order to produce appropriate
dispersion to allow for conversion bandwidths >100 nm. The device can include a dispersive
element in which the signal passes through a length of dispersive waveguide and then
combines with a pump pulse which is dispersed by passing a dispersive element that is twice
as dispersive as that of the signal through twice the length of dispersion. The dispersion
could result from any dispersive element i.e. optical fiber, semiconductor waveguides, fiber
Bragg gratings, free-space gratings, prism, etc. The combined waves can undergo
wavelength conversion based on four-wave mixing in the appropriately scaled waveguides.
The spectrum of the converted signal can be measured using a spectrometer to retrieve the
temporal shape of the signal. The principle of operation can be based on using the four-wave
mixing as a temporal lens. The signal can travel one focal length worth of dispersion and
then travel through the temporal lens. The spectrum then contains the Fourier transform of
the input signal’s spectrum, which is the input signal’s temporal profile. In principle, using
semiconductor fabrication technology, all the components can be integrated onto a single,

chip-scale device.

[00089] Regarding a brief description of the drawing, Fig. 16 is a schematic diagram of a
waveform analysis apparatus comprising a temporal lens for stimulating four-wave mixing of

a dispersed input waveform and a dispersed pump pulse.

[00090]  Regarding an illustrative example of the invention, there is described an optical
waveform analysis apparatus in which an input optical waveform is subject to dispersion and
stimulated four-wave mixing to output a converted multicolor waveform. The converted
multicolor waveform can be input to a spectrum analyzer, and the measured spectrum directly
yields the input optical waveform expressed in the time domain after scaling with the time-to-

frequency conversion factor.

[00091]  An example of a waveform analysis apparatus 10 according to the present
description is shown in Fig. 16. Apparatus 10 can include a first dispersive element 12 for
receipt of an input waveform 5, a second dispersive element 14 for receipt of a pump pulse 7,
and a temporal lens 20, in which four wave mixing is stimulated. In temporal lens 20 there
can be stimulated four-wave mixing of the input waveform 5 (after it is dispersed) and the

pump pulse 7 (after it is dispersed by second dispersion element 14).

27



WO 2010/045339 PCT/US2009/060656

[00092] Regarding first dispersive element 12 and second dispersive element 14 in one
embodiment, first dispersive element 12 can be adapted so that input waveform 5 travels one
focal length of dispersion prior to reaching temporal lens 20 and second dispersive element
14 can be adapted so that second dispersive element 12 is twice as dispersive as first
dispersive element 12 through twice the length of dispersion. Dispersion characteristics of
first dispersive element 12 and second dispersive element 14 can be selected based on
characteristics of temporal lens 20 and can be varied as characteristics of temporal lens 20 are

changed.

[00093]  First dispersive element 12 and/or second dispersive element 14 can be provided
e.g., optical fibers, semiconductor waveguides, fiber Bragg gratings, free space gratings,

prisms and the like.

[00094] Temporal lens 20 can output a converted color separated waveform which can be
presented to spectrum analyzer 30. The spectrum measured by spectrum analyzer 30 is a
direct measurement of the time domain amplitude of the signal. The wavelength axis can be
converted to the corresponding temporal position using a calibrated time-to-frequency

conversion factor. Outputs having resolutions of above 100 fs are achievable.

[00095] A small sample of systems methods and apparatus that are described herein is as

follows:

(Al.) A method for generating a high resolution time domain representation of an input
waveform comprising: dispersing the input waveform to generate a dispersed input
waveform; subjecting the dispersed input waveform to four wave mixing by combining the
dispersed input waveform with a dispersed pump pulse to generate a converted waveform;
and presenting the converted waveform to a spectrum analyzer for recording of the converted

waveform.

(B1.) An apparatus for generating a high resolution time domain representation of an input
waveform said apparatus comprising: a first dispersive element having an input end for
receipt of said input waveform and an output end; a second dispersive element having an
input end for receipt of a pump pulse and an output end; a temporal lens coupled to said
output ends of each of said first dispersive element and said second dispersive element for
stimulating four wave mixing of said input waveform after being dispersed by said first

dispersive element; and a spectrum analyzer receiving an output of said temporal lens.

28



WO 2010/045339 PCT/US2009/060656

(C1.) A temporal lens comprising an input section and an output section, the input section
receiving a dispersed input waveform and a dispersed pump pulse in such manner that four-
wave mixing is stimulated, the output section outputting a converted waveform to a spectrum

analyzer for recovery of said input waveform.

[00096]  Details of and variations of the described apparatus and related apparatus and
methods are set forth in the following Description: (A) Silicon-chip-based ultrafast optical

oscilloscope.
A. Silicon-Chip-Based Ultrafast Optical Oscilloscope

[00097]  With the realization of faster telecommunication data rates and an expanding
interest in ultrafast chemical and physical phenomena, it has become important to develop
techniques that enable simple measurements of optical waveforms with subpicosecond
resolution [Berrer, . High-speed measurements for optical telecommunication systems.
IEEE Select, Topics Quant, Electron, 12, 843-83% (2006)]. State-of-the-art oscilloscopes
with high-speed photodetectors provide single-shot waveform measurement with 30-ps
resolution. Although multiple-shot sampling techniques can achieve few-picosecond
resolution, single-shot measurements are necessary to analyse events that are rapidly varying
in time, asynchronous, or may occur only once. Further improvements in single-shot
resolution are challenging, owing to microelectronic bandwidth limitations. To overcome
these limitations, researchers have looked towards all-optical techniques because of the large
processing bandwidths that photonics allow. This has generated an explosion of interest in the
integration of photonics on standard electronics platforms, which has spawned the field of
silicon photonics [Jalali, B, Can sihicon change photonies? Phys, Status Solidi 205, 213224
{20083] and promises to enable the next generation of computer processing units and

advances in high-bandwidth communications.

[00098]  For the success of silicon photonics in these areas, on-chip optical signal-
processing for optical performance monitoring will prove critical. Beyond next generation
communications, silicon compatible ultrafast metrology would be of great utility to many
fundamental research fields, as evident from the scientific impact that ultrafast measurement
techniques continue to make [Dudley, J. M., Finot, C., Richardson, D. J. & Millot, G. Self-
similarity in ultrafast nonlinear optics. Nature Phys. 3, 597-603 (2007); Solli, D. R., Ropers,
C., Koonath, P. & Jalali, B. Optical rogue waves. Nature 450, 1054-1057 (2007)]. Here,
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using time-to-frequency conversion [Kauffraan, M. 1., Banyal, W. C,, Godil, A, A, & Bloom,
D. M. Time-to-frequency converter for measuring picosecond optical pulses. Appl, Phys.
fett, 64, 270272 (1994)] via the nonlinear process of four-wave mixing on a silicon chip, we
demonstrate a waveform measurement technology within a silicon-photonic platform. We
measure optical waveforms with 220-fs resolution over lengths greater than 100 ps, which
represent the largest record-length-to-resolution ratio (>450) of any single-shot-capable
picosecond waveform measurement technique [Kauffman, M. T., Banyal, W. C., Godil, A. A.
& Bloom, D. M. Time-to-frequency converter for measuring picosecond optical pulses. Appl.
Phys. Lett. 64, 270-272 (1994); Bennett, C. V., Scott, R. P. & Kolner, B. H. Temporal
magnification and reversal of 100 Gb/s optical data with an upconversion timemicroscope.
Appl. Phys. Lett. 65, 2513-2515 (1994); Bennett, C. V. & Kolner, B.H. Upconversion
timemicroscope demonstrating 1033 magnification of femtosecond waveforms. Opt. Lett. 24,
783-785 (1999); Mouradian, L. K., Louradour, V., Messager, V., Barthelemy, A. & Froehly,
C. Spectro-temporal imaging of femtosecond events. IEEE J. Quant. Electron. 36, 795-801
(2000); Azana, J., Berger, N. K., Levit, B. &Fischer, B. Spectral Fraunhofer regime: Time-to
frequency conversion by the action of a single time lens on an optical pulse. Appl. Opt. 43,
483-490 (2004); Fernandez-Pousa, C. R. Temporal resolution limits of time-to-frequency
transformations. Opt. Lett, 31, 3049-3051 (2006); Bennett, C. V., Moran, B. D., Langrock,
C., Fejer, M. M. & Ibsen, M. 640 GHz real time recording using temporal imaging. In
Conference on Lasers and Electro-Optics [CD] paper CtuA6 (OSA Technical Digest Series,
Optical Society of America, (2008); Kan’an, A. M. & Weiner, A.M. Efficient time-to-space
conversion of femtosecond optical pulses. J. Opt. Soc. Am. B 15, 1242-1245 (1998); Oba,
K., Sun, P. C., Mazurenko, Y. T. & Fainman, Y. Femtosecond single-shot correlation system:
A time-domain approach. Appl. Opt. 38, 3810-3817 (1999); Chou, J., Boyraz, O. & Jalali, B.
Femtosecond real-time single-shot digitizer. Appl. Phys. Lett. 91, 161105 (2007); Bromage,
1., Dorrer, C., Begishev, I. A., Usechak, N. G. & Zuegel, J. D. Highly sensitive, single-shot
characterization for pulse widths from 0.4 to 85 ps using electro-optic shearing
interferometry. Opt. Lett. 31, 3523-3525 (2006)]. Our implementation allows for single-shot
measurements and uses only highly developed electronic and optical materials of
complementary metal-oxide semiconductor (CMOS)-compatible silicon-on-insulator
technology and single-mode optical fiber. The mature silicon-on-insulator platform and the
ability to integrate electronics with these CMOS compatible photonics offer great promise to

extend this technology into commonplace bench-top and chip-scale instruments.
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[00099] Several established nonlinear optical techniques [Kane, D. J. & Trebino, R.
Single-shot measurement of the intensity and PHASE of an arbitrary ultrashort pulse by using
frequency-resolved optical gating. Opt. Lett. 18, 823-825 (1993); Dorrer, C. et al. Single-shot
real-time characterization of chirped-pulse amplification systems by spectral PHASE
interferometry for direct electric-field reconstruction. Opt. Lett. 24, 1644-1646 (1999)] exist
to measure optical waveforms with few-femtosecond accuracy, but have limited single-shot
record lengths of tens of picoseconds and limited update rates. To span the temporal region
between electronic measurement and these methods, and to allow for rapidly updateable
direct optical detection, techniques have been developed using the space-time duality of
electromagnetic waves and related phenomena [Kauffiman, M. T., Banyal, W, C., Godil, A,
AL & Bloom, D, M. Time-to-frequency converter for measuring picosecond optical pulses.
Appl. Phys, Lett, 64, 270-272 (1994 5; Bennett, €, V., Scott, R, P. & Kolper, B, H, Temporal
magnification and reversal of 100 Gb/s optical data with an upconversion timemicroscope,
Appl. Phys. Lett. 65, 25132515 (1994}; Bennett, C. V. & Kolner, B.H. Upconversion
timemicroscope demonstrating 1033 magnification of femtosecond waveforms. Opt. Lett. 24,
T83-785 {199%); Mouradian, L. K., Looradowr, ., Messager, V., Barthelemy, A, & Froehly,
(. Spectro-temnporal imaging of femtosecond evenis. IEEH J. Quant. Electron, 36, 795-80G1
(Z000Y; Azana, 1., Berger, N, K., Levit, B, &Fischer, B, Spectral Praunhofer regime: Time-to
frequency conversion by the action of a single time lens on an optical pulse. Appl. Opt. 43,
483490 (2004); Fernandez-Pousa, . R, Teroporal resolution linuts of tme-to-frequency
transformations, Opt. Lett, 31, 30493051 (2006); Bennett, C. V., Moran, B, D3,, Langrock,
C., Fejer, M. M. & Ibsen, M. 640 GHz real time recording using temporal imaging. In
Conference on Lasers and Blectro-Optics [CHY paper Cte A6 (OSA Techmical Digest Series,
Uptical Society of America, (2008); Kan’an, A. M. & Weiner, A.M. Efficient time-to-space
conversion of femtosecond optical pulses, J, Opt. Soc. Am. B 15, 12421245 (1998); (Uba,
K., San, P. ., Mazarenko, Y. T. & Painmoan, Y. Pemtosecond single-shot correlation systenu:
A time-domain approach. Appl. Upt. 3%, 3818-3817 (1999); Chow, 1., Boyraz, O. & lalali, B.
Femtosecond real-time single-shot digitizer. Appl. Phys. Lett. 91, 161185 (2007); Bromage,
L, Dorrer, O, Begishev, L A, Usechak, N. . & Zoegel, 1. D. Highly sensitive, single-shot
characterization for pulse widihs from 0.4 to 85 ps using electro-optic shearing
interferometry. Opt. Lett, 31, 35233525 ¢2006}]. This duality relies on the equivalence
between the paraxial wave equation, which governs diffractive propagation of a spatial field,
and the scalar wave equation, which governs dispersive propagation of a temporal field

[Akhmanov, S. A, Vysloukh, V, A, & Chirkin, A, S, Self-action of wave packets in a
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nonlinear medivm and femtosecond laser pulse geperation. Sov. Phys. Usp. 29, 642-677
(1986); Kolner, B. H. Space-time doality and the theory of temporal imaging. IEVE I (Juant.
Hlectron. 30, 1951-1963 (19943]. The duality implies that spatial optical components such as
a lens or prism have temporal counterparts known as a time-lens or time-prism, which can be
implemented by imparting a quadratic or linear temporal phase shift, respectively, on the
temporal field [Akhmanov, S. A, Vyslookh, V. A, & Chirkin, A. S, Self~action of wave
packets in a nonlinear medium and ferntosecond laser pulse generation. Sov. Phys, Usp. 29,
642677 {1986}; Kolner, B, H. Space-time duality and the theory of temporal imaging, IHEE
J. Quant, Electron, 38, 1951-1963 (1994)]. Furthermore, these components allow for
temporal processing in a manner analogous to that of the spatial counterparts, such as

temporal-imaging of the waveform.

[000100] Two methods using the space-time duality can be applied to measure ultrafast
optical waveforms. Much like a spatial lens can magnify an image, a temporal lens can
lengthen an ultrafast waveform in time, allowing for measurement using a photodetector and
an oscilloscope that would have insufficient temporal resolution for the unmagnified
waveform. This technique is known as temporal magnification [Bennett, . V., Scott, R P. &
Kolner, B, H. Temporal magnification and reversal of 100 Gb/s optical data with an
upconversion timemicroscope. Appl, Phys, Lett. 65, 2513-2515 (1994); Benneit, C. V. &
Kolner, B.H. Upconversion timemicroscope demonstrating 1033 magnification of
temtosecond waveforms, Opt, Lett, 24, 783-785 (1999); Beopett, . V., Moran, B. D,
Langrock, C., Fejer, M. M. & Tbsen, M. 640 GHz real time recording using fenmiporal
imaging, In Conference on Lasers and Flectro-Uptics [UD] paper CtuA6 ((3SA Technical
Digest Series, Optical Society of America, 2008)1. The second measurement method utilizes
the Fourier property of a lens [Goodman, §. W, Iniroduction to Fourier Optics (McGraw-Hili,
19683]—an object positioned at the front focal plane of a lens will produce a Fourier
transform of the object at the back focal plane (IYig. 17a). As the Fourier transform of a
temporal waveform is its optical spectrum, extending the spatial Fourier processor to the
temporal domain yields a device that converts the temporal (spectral) profile of the input to
the spectral (temporal) profile of the output (Fig. 17b). Thus, a measurement of the spectrum
at the Fourier plane directly yields the temporal amplitude of the incident waveform, and this
process is termed time-to-frequency conversion [Kauffnian, M. 'T., Banyal, W. €., Godil, A,
A. & Bloom, I3, M, Tiume-to-frequency converter for measuring picosecond optical pulses,

Appl. Phys, Lett. 64, 2703-272 (1994}].
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[000101] The phase shift for temporal imaging devices is typically applied using an electro-
optical phase modulator, but an alternative scheme can be realized by using a parametric
nonlinear wave-mixing process such as sum-frequency generation and difference-frequency
generation, This latter technique is called parametric temporal imaging [Bennett, O, V., &
Kolner, B. H. Principles of parametric temporal imaging—Part I: System configurations.
IEEE §. Quant. Electron, 36, 430-437 (200()] , and consists of wave-mixing with a linearly-
chirped pump yielding a converted waveform that is nearly equivalent to the signal waveform
with a linear frequency chirp or equivalently a quadratic phase shift as required for a time-
lens. Parametric time-lenses have phase-shifts in excess of 100x, which is significantly larger
than the 10p maximally possible using an electro-optical phase modulator and therefore
greatly extend the applications of temporal imaging systems. A drawback of using the sum-
frequency generation and difference-frequency generation second-order nonlinear processes
is that only a narrow range of materials possess a second-order nonlinear moment, and the
converted waveform is inherently generated at widely different wavelengths from that of the
pump or input signal. Waveform measurement based on temporal magnification using
difference frequency generation has yielded promising results, including single-shot
measurement of ultrafast waveforms with a resolution of less than 900 fC for a simultaneous
record length of 100 ps. [Bennett, {. V., Moran, B. D.. Langrock, (., Fejer, M. M. & Ibsen,
M. 640 (GHz real time recording using temporal imaging. In Conference on Lasers and
Blectro-Optics {CD paper CtuAS (OSA Techuical Digest Series, Optical Society of America,
(20033]. Waveform measurements based on time-to-frequency conversion using electro-optic
modulation have demonstrated a resolution of 3 ps over a 31-ps record length using multiple-
shot averaging [Kauffrean, M. T, Banyal, W. C,, Godil, A, A. & Bloom, D, M, Time-to-
frequency converter for measuring picosecond optical pulses. Appl. Phys. Let, 64, 270-272

(1994)].

[000102] Here we demonstrate a parametric time-lens based on the third order nonlinear
process of four-wave mixing (FWM), and apply this time-lens to the creation of a silicon-
chip-based ultrafast optical oscilloscope. As our device is based on the third-order Kerr
nonlinearity, the FWM-based time-lens can be implemented in any material platform,
including the CMOS-compatible silicon-on-insulator (SOI) photonic platform used here. The
output of this time-lens is generated at a wavelength close to those of the pump and input
waves, enabling all the interacting waves to be in the S, C and L. telecommunications bands,

for example, which allows for the manipulation of all the waves using the well-established
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instrumentation and components available for these bands. Using our device, we perform
measurements of highly complex waveforms with 220-fs resolution over record lengths
larger than 100 ps. The combination of this 220-fs resolution and greater than 100-ps record
length represents the largest RECORD-length-to-resolution ratio (>450) of any single-shot-
capable waveform measurement technique for the picosecond time range [Kauttman, M. T,
Banyal, W. C., Godil, A. A. & Bloom, 1. M. Time-to-frequency converter for measuring
picosecond optical pulses, Appl. Phys, Lett, 64, 270-272 (1994); Bennett, C. V., Scott, R, P,
& Kolner, B. H. Temporal magnification and reversal of 100 Gh/s optical data with an
upconversion memicroscope. Appl. Phys. Lett. 65, 25132515 (1994); Benpett, O V. &
Kolner, B.H. Upconversion umeraicroscope demonstrating 1033 magnification of
femtosecond waveforms, Opt. Lett, 24, 783-785 (1999); Mouradian, L. K., Louradour, F,,
Messager, V., Barthelemy, A. & Troehly, C. Spectro-temporal imaging of femtosecond
events, FIEHEE J, Quant, Electron. 36, 795-801 (2000); Azana, 1., Berger, N, K, Levit, B, &
Fischer, B, Spectral Fraunhofer regime: Time-to frequency conversion by the action of a
single time lens on an optical pulse. Appl. Upt, 43, 483494 (2004); Fernandez-Pousa, C. R,
Temporal resolution Hmits of time-to-frequency transformations. Opt. Lett. 31, 3049-3051
(2006); Bennett, T, V., Moran, B, D, Langrock, €., Fejer, M. M. & Ihsen, M. 640 GHz real
time recording using temporal imaging. In Conference on Lasers and FHlectro-Optics [CD]
paper CiuAd (OSA Technical Digest Sertes, Optical Society of Awmerica, (2008); Kan’an, A,
M. & Weiner, A M. Efficient tine-to-space conversion of femtosecond optical pulses. 1. Opt.
Soc. Am. B 18, 12421245 (1998); Oba, K., Sun, P. ., Mazurenko, Y. T, & Fainman, Y.
Femtosecond single-shot correlation system: A time-domain approach. Appl Opt. 38, 3810
3817 (199%); Chow, 1., Boyraz, Q. & Jalali, B, Femtosecond real-tire single-shot digitizer,
Appl, Phys. Lett, 91, 161105 (2007, Bromage, 1., Dorrer, C., Begishev, L A, Usechak, N. G,
& Zuegel, I. D. Highly sensitive, single-shot characterization for pulse widths from 0.4 t0 85
ps using electro-optic shearing interferometry. Opt. Lett, 31, 3523-3525 (Z006}].
Furthermore, unlike commonly used techniques such as frequency-resolved optical gating
[Kane, D. J. & Trebino, R. Single-shot measurement of the intensity and phase of an arbitrary
ultrashort pulse by using frequency-resolved optical gating. Opt. Lett. 18, 823-825 (1993)]
and spectralphaseinterferometry for direct electric-field reconstruction [Bromage, J., Dorrer,
C., Begishev, I. A., Usechak, N. G. & Zuegel, I. D. Highly sensitive, single-shot
characterization for pulse widths from 0.4 to 85 ps using electro-optic shearing
interferometry. Opt. Lett. 31, 3523-3525 (2006); Dorrer, C. et al. Single-shot real-time

characterization of chirped-pulse amplification systems by spectral PHASE interferometry
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for direct electric-field reconstruction, Opt. Lett, 24, 1644—1646 (1999), our implementation
directly measures the temporal amplitude profile using no reconstruction algorithm, allowing

for rapidly updateable single-shot measurements.

[000103] We test the capability of the silicon-chip-based ultrafast optical oscilloscope with
various input waveforms. Each input waveform enters the device and passes through a
dispersive element consisting a length of optical fiber. To match to the focal length of the
WM timelens, the input wave is mixed with a pump pulse that passes through twice the
dispersive length of optical fiber. After passing through the optical fiber, the pump pulse and
test waveform are combined and FWM is carried out in an SOI nanowaveguide. The strong
optical confinement of these silicon structures allows for highly efficient nonlinear processes
and for engineerable group-velocity dispersion that can yield conversion bandwidths greater
than 150nm with broad pump tunability [Dulkeith, E., Xia, I., Schares, L., Green, W. M. I. &
Vlasov, Y. A. Group index and group velocity dispersion in silicon-on-insulator photonic
wires. Opt. Express 14, 3853-3863 (2006); Turner, A. C. et al. Tailored anomalous group-
velocity dispersion in silicon channel waveguides. Opt. Express 14, 4357-4362 (2006);
Foster, M. A. et al. Broad-band optical parametric gain on a silicon photonic chip. Nature
441, 960-963 (2006); Lin, Q., Zhang, J., Fauchet, P. M. & Agrawal, G. P. Ultrabroadband
parametric generation and wavelength conversion in silicon waveguides. Opt. Express 14,
4786-4799 (2006); Foster, M. A., Turner, A. C., Salem, R., Lipson, M. & Gaeta, A. L.
Broad-band continuous-wave parametric wavelength conversion in silicon nanowaveguides.
Opt. Express 15, 12949-12958 (2007)] . The resulting FWM-generated spectrum is measured

using an optical spectrometer to determine the temporal profile of the input.

[000104] The pump-pulse bandwidth and the length of the dispersive path determine the
RECORD length and resolution of the oscilloscope. The time-to-frequency conversion factor

for the FWM-based converter is given by

At
AG=BL (1)

where A7 is the temporal shift of the input signal, A@jg the resulting spectral shift,; is the
group-velocity dispersion parameter, and L is the length of the dispersive signal path. For our
system, this relation yields a 1-nm shift in converted wavelength for a 5.2-ps shift in temporal

position. Using FWM, we can convert a narrow-band signal over twice the pump bandwidth,
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which yields the approximate record length rpcorp for the FWM-based oscilloscope rpcorp

for the F'WM-based oscilloscope

TRECORD = QBQLqump (2)

where Qpunp is the spectral bandwidth of the pump pulse. The resolution of the oscilloscope is
predicted by considering the transfer of a temporal delta function through the instrument’s
system. This impulse response is precisely the temporal resolution Tresolution Of the instrument

and is given by

Tesotuion = 22 (3)
V2

[000105] where Tyunp is the pump pulsewidth. For our system, these relationships predict a
record length of 150 ps and a resolution of 200 fs. Practically, the separation between the
pump and signal and the FWM conversion bandwidth will limit the record length. Deviation
from a quadratic phase on the pump pulse, such as that resulting from third-order dispersion,
the FWM conversion bandwidth, and the spectral resolution of the spectrometer will also
determine the temporal resolution. Since the FWM conversion bandwidth limits both the
record length and the resolution, it is important to maximize this value. The silicon
waveguides used in our implementation have sufficiently large conversion bandwidths (>150
nm) Foster, M. A,, Turner, A, C,, Salem, R, Lipson, M, & Gaeta, A. L. Broad-band
continuous-wave parametric wavelength conversion in silicon nanowaveguides, Opt, Express
15, 1294912958 (20071] to allow the performance of the ultrafast optical oscilloscope to be
solely limited by the aberrations caused by third-order dispersion and the spectrometer

performance.

[000106] We experimentally characterize the record length and resolution of our system by
injecting a 342-fs pulse and varying its temporal position. As shown in Fig. 18, we are able to
measure the pulse position across a record length of 100 ps. To characterize the resolution of
the FWM-based oscilloscope, we deconvolve the temporal resolution from the average
observed width of this pulse across the record length of the device. We measure an average
pulse width of 407 fs, which, when compared to the actual pulse width of 342 fs, indicates a

temporal resolution of 220 fs for our implementation.
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[000107] We further investigate the measurement capabilities of the silicon chip- based
oscilloscope by generating test waveforms of varying complexity. First, we measure a pulse
which has undergone nonlinear spectral broadening and dispersion using an ultrafast optical
oscilloscope that exhibits 450-fs resolution and a 100-ps record length. The measurement of
this pulse using an ultrafast optical oscilloscope compared to a cross-correlation is shown in
Ilig. 19a. We measure an optical waveform of even greater complexity by generating a 120-ps
waveform with 900-fs temporal features. We measure this waveform using the silicon-chip-
based ultrafast optical oscilloscope with 220-fs resolution. The results of this measurement
and a comparison to cross-correlation are shown in Fig. 19b. The test waveforms in Figs. 19a,
19B are derived from the same laser source as the pump pulse. We demonstrate that the
ultrafast optical oscilloscope can also be used to perform measurements of waveforms from a
separate source by synchronizing a variable-pulse-width time lens-compressed laser source
[Dorrer, C. et al. Single-shot real-time characterization of chirped-pulse amplification
systems by spectral phase interferometry for direct electric-field reconstruction. Opt. Lett. 24,
1644-1646 (1999)] with a repetition rate of 9.6 GHz with the ultrafast fiber laser pump
source operating at 36 MHz. Using the device with 220-fs resolution, we optimize the pulse-
width of the 9.6-GHz source by observing it compress a 30-ps pulse with 30-mW peak power
to a 6-ps pulse with 150-mW peak power. The results of this optimization using the ultrafast

optical oscilloscope compared to cross-correlation are shown in Fig. 19c.

[000108] Lastly, we demonstrate the single-shot capability of the device by incorporating a
single-shot spectrometer. We measure three single shot optical waveforms composed of two
pulses with temporal separations of 86 ps, 27 ps, and nearly temporally overlapped. The
results of these single-shot measurements compared with a multiple shot cross-correlation are
shown in Fig. 19d. As shown by the 86-ps separation, we maintain the 100-ps record length.
When the pulses overlap, we observe temporal interference fringes with a 3-ps period. For
this implementation, the temporal resolution is limited to 766 fs per pixel, or a record-length-
to-resolution ratio of 130, by the infrared camera. High dynamic range linear arrays with
more than 1,000 pixels are commercially available, and would allow for utilization of the full

(>450) record-length-to-resolution ratio of our device.

[000109] Ultimately, the dynamic range for single-shot measurements is limited by the
maximum power allowed in the silicon nanowaveguide while avoiding self-phase modulation

and free-carrier generation [Dorrer, C. et al. Single-shot real-time characterization of chirped-
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pulse amplification systems by spectral PHASE interferometry for direct electric-field
reconstruction. Opt. Lett. 24, 1644-1646 (1999)], and by the minimum detectable power per
pixel. These constraints should limit the range of signal peak power at the time lens from
100uW to 100mW, which corresponds to a dynamic range of 103 [Dudley, J. M., Finot, C.,
Richardson, D. J. & Millot, G. Self-similarity in ultrafast nonlinear optics. Nature Phys. 3,
597-603 (2007)]. The maximum power into the ultrafast optical oscilloscope is dependent on
the feature width, as a narrow temporal feature will spread during dispersive propagation
before the lens and therefore the peak power at the lens is significantly lower. If resolution-
limited temporal features are considered, a 40W peak power is allowed, which corresponds to
a dynamic range of 105 [Solli, B K., Choy, §. & Jalaii, B. Amplified wavelength-tiroe
transformation for realtime spectroscopy. Nature Photon, 2, 48-51 {(2008}]. Furthermore,
because the minimum detectable power depends on the desired single-shot resolution while
the maximum power does not, higher dynamic range measurements are possible in this

system at reduced resolution.

[000110] In all of our measurements, we observe good agreement between our silicon-based
ultrafast optical oscilloscope and the cross-correlation with a 280-fs pulse. Nevertheless some
deviations are observed, which partially result from the slightly different lengths (less than
3m variation) of optical fiber used to synchronize the arrival time of the waveforms and
pump pulses to the cross-correlator as compared to the oscilloscope. Further inconsistencies
are probably due to pump pulse imperfections in the FWM time-lens. For optimal
performance, care must be taken to obtain a clean and flat spectral amplitude and phase for
the pump pulse. Moreover, the resolution is ultimately limited by the aberrations arising from
third-order dispersion in the dispersive elements. The use of dispersion-flattened fiber or
dispersion engineered waveguides [Dulkeith, E., Xia, I., Schares, L., Green, W. M. J. &
Vlasov, Y. A. Group index and group velocity dispersion in silicon-on-insulator photonic
wires. Opt. Express 14, 3853-3863 (2006); Turner, A. C. et al. Tailored anomalous group-
velocity dispersion in silicon channel waveguides. Opt. Express 14, 4357-4362 (2006)] in the
dispersive paths would alleviate this aberration, and provide a path towards sub-100-fs

resolution by using a sub-100-fs pump pulse.

[000111] The components of this measurement system can potentially be entirely integrated
on-chip. Specifically, the integration of a pulsed laser source [Koch, B. R., Fang, A. W.,
Cohen, O. & Bowers, J. E. Mode-locked silicon evanescent lasers. Opt. Express 15, 11225-
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11233 (2007)], low-loss dispersion engineered waveguides for the dispersive paths [Dulkeith,
E., Xia, IV,, Schares, L., Green, W. M. J. & Vlasov, Y. A. Group index and group velocity
dispersion in silicon-on-insulator photonic wires. Opt. Express 14, 3853-3863 (2006);
Turner, A. C. et al. Tailored anomalous group-velocity dispersion in silicon channel
waveguides. Opt. Express 14, 43574362 (2006)], and an integrated single-shot spectrometer
and detectors [Cheben, P. et al. A high-resolution silicon-on-insulator arrayed waveguide
grating microspectrometer with submicrometer aperture waveguides. Opt. Express 15, 2299—
2306 (2007)] are all areas of current research in silicon photonics. Furthermore, the flexibility
of the FWM time-lens and the dispersion engineering available in nanowaveguides allow for
straightforward extension of this technique to different wavelength regimes (for example,
visible) by using other CMOS-compatible waveguiding materials such as SiN and SiON.
Additionally, using our oscilloscope for measuring an arbitrary repetition-rate source requires
an ultrafast pump laser with repetition-rate flexibility and can be implemented, for example,
using a time-lens compressed source [van Howe, I., Lee, J. H. & Xu, C. Generation of 3.5 nJ
femtosecond pulses from a continuous-wave laser without mode locking. Opt. Lett. 32, 1408—
1410 (2007)]. Interestingly, the single-shot capability will not only allow for measurements
of single optical events but, when synchronized with an optical clock, will also allow for
measurements of ‘eye-diagrams’ by overlaying many single-shot measurements of a
communications signal. Beyond communications, an integrated measurement device would
facilitate studies in many branches of science where simple, ultrafast measurements of optical

waveforms are required.

METHODS SUMMARY

[000112] To experimentally characterize the silicon-based ultrafast optical oscilloscope, we
generate the pump and input waves from an ultrafast fiber laser or an optical parametric
oscillator. The pulse train is spectrally separated into a 280-fs pump pulse and a signal pulse.
Each input waveform enters the oscilloscope and passes through a dispersive element
consisting of a 50-m length of dispersion compensation fiber and is mixed with a pump pulse
that has been passed through a 100-m length of dispersion compensation fiber. The test
waveforms in Fig. 19a-c were created using combinations of nonlinear spectral broadening,
dispersion, and interference. The 1.5-cm-long silicon nanowaveguide has a cross-sectional
size of 300nm by 750 nm, a linear propagation loss of 1.5 dB cm-1, and a 3-dB coupling

efficiency. For multiple-shot measurements, the FWM optical spectrum is characterized using
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an optical spectrum analyzer. For the single-shot demonstration, a single-shot spectrometer is
implemented using a monochromator and infrared camera and a single event is created per

frame.

METHODS

[000113] Laser sources. The ultrafast fiber laser used produces 80-fs pulses at a 38-MHz
repetition rate. The optical parametric oscillator used produces 150-fs pulses at a 76-MHz
repetition rate. The pump pulse is a 280-fs pulse with 15nm of bandwidth centered at 1,550
nm. The test waveforms for F'ig. 19 are generated from a variable bandwidth signal pulse

centered at 1,580 nm.

[000114] Optical fiber. We chose to use dispersion compensation fiber (Corning model:
DCM-D-080-04) as it has a dispersion slope that is 12x smaller than that of standard single-
mode fiber (Corning model: SMI-28). This smaller third-order dispersion reduces lens
aberrations, and experimentally we find a 2x improvement in the temporal resolution as
compared to an equivalent system using SMI-28. After passing through the dispersion
compensation fiber, the 15-nm-bandwidth pump pulse is amplified using an erbium-doped
fiber amplifier, and subsequently FWM is carried out in a CMOS-compatible embedded SOI

nanowaveguide.

[000115] Test waveforms. The test waveform in Fig. 19a is created by amplifying the signal
pulse in an erbium-doped fiber amplifier and inducing nonlinear spectral broadening in the
amplifier. The spectrally broadened pulse is subsequently passed through a 20-m length of
optical fiber. The test waveform in Iiig. 19b is generated by dispersing and interfering two
300-fs pulses using 50-m of optical fiber and a Michelson interferometer. The test waveforms
in Fig. 19¢ are generated by synchronizing a time-lens compressed laser source [van Howe,
1., Lee, J. H. & Xu, C. Generation of 3.5 nJ femtosecond pulses from a continuous-wave laser
without mode locking. Opt. Lett. 32, 1408—1410 (2007)] with a repetition rate of 9.6GHz
with an ultrafast fiber laser pump source operating at 36MHz. The pulse width of the 9.6-
GHz source is determined by the magnitude of the electrical sine wave sent into a phase
modulator used for the time-lens compressor. The test waveforms in Fig. 19d are generated
by chirping a 300-fs pulse using 50-m of SMFI-28 and splitting it into two pulses using a
Michelson interferometer. The separation between the pulses can then be adjusted using a

delay stage on the interferometer.
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[000116] Silicon waveguide. The dimensions of the silicon waveguide were chosen to
maximize the conversion bandwidth by positioning a zero-group-velocity dispersion point in
the C telecommunications band. The peak optical power inside the nanowaveguides is
maintained below 100mW to avoid self-phase modulation and two-photon induced free-
carrier effects in the silicon [Foster, M. A., Turner, A. C., Salem, R., Lipson, M. & Gaeta, A.
L. Broad-band continuous-wave parametric wavelength conversion in silicon

nanowaveguides. Opt. Express 15, 12949-12958 (2007)].

[000117] Single-shot measurements. A single event is created per frame of the single-shot
spectrometer. The 38-MHz source is down-sampled using an electro-optical modulator such
that only one pulse is generated every 0.5 ms, which corresponds to the integration time of

the camera and therefore a single-shot per camera image.

[000118] A description of information presented in Figures 17a-19d is presented herein

below.

[000119] TFigure 17 - The silicon-based ultrafast optical oscilloscope. An ultrafast optical
oscilloscope is implemented using a four-wave mixing based parametric time-lens on a
silicon chip. a, A spatial optical Fourier transform processor. The spatial lens can generate the
Fourier transform of an input waveform using the two-focal-length configuration shown. b, A
temporal optical Fourier transform processor. The time-lens can convert the temporal profile
of the input to the spectral profile of the output. For the FWM timelens, the focal length (D)
is half the dispersive-length of optical fiber through which the pump pulse passes (2D).
Single-shot temporal measurements can then be carried out by simply measuring the

spectrum at the output of the processor.

[000120] Figure 18- Characterization of the record length and resolution of the ultrafast
oscilloscope. A 342-fs pulse is temporally scanned and measured using the silicon-chip-based
ultrafast optical oscilloscope demonstrating a record length of 100 ps. The average width of
the 342-fs pulse across this scan range, as observed by the oscilloscope, is 407 fs, indicating a
deconvolved resolution of 220 fs. a.u., arbitrary units. Each color represents a separate

measurement as the pulse is scanned.

[000121] Figure 19 - Comparison of measurements using the ultrafast oscilloscope and a
cross-correlator. a, 30-ps pulse generated through nonlinear spectral broadening in an erbium-

doped fiber amplifier and subsequently propagated through 20m of single-mode optical fiber.
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b, Highly complex waveform generated by dispersing and interfering two 300-fs pulses.
Inset, magnified view of the 10-ps temporal region from 60 ps to 70 ps. ¢, Measurement of a
separate ultrashort-pulse laser source operating at various pulse durations. The silicon-chip-
based ultrafast optical oscilloscope is used to minimize the pulse width emitted from this
source in real time by varying the voltage to an electro-optic modulator within the laser
source. d, Single-shot measurements of two chirped pulses with various temporal separations
compared to a multiple-shot cross-correlation. When the pulses temporally overlap,

interference fringes are observed in the time domain.
[000122] [End of Description of A. Silicon-Chip-Based Ultrafast Optical Oscilloscope]

[000123] While the present invention has been described with reference to a number of
specific embodiments, it will be understood that the true spirit and scope of the invention
should be determined only with respect to claims that can be supported by the present
specification. Further, while in numerous cases herein wherein systems and apparatuses and
methods are described as having a certain number of elements it will be understood that such
systems, apparatuses and methods can be practiced with fewer than the mentioned certain

number of elements.

[000124] [End of excerpted section of U. S. Provisional Patent Application No. 61/105,217
filed October 14, 2008, entitled Semiconductor-Based Ultrafast Optical Oscilloscope]

[000125] A small sample of systems methods and apparatus that are described herein is as

follows:
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Al.  An apparatus comprising:

a first dispersive element through which an input waveform propagates;

an optical element for outputting an output waveform; and

a pump pulse input unit for input of a pump pulse into the optical element, the pump
pulse input unit being coupled to the optical element, the pump pulse input unit having a
second dispersive element through which the pump pulse propagates;

wherein the optical element and the pump pulse input unit define a temporal lens,
wherein each of the first dispersive element and the pump pulse input unit are coupled to the
optical element;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched with a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the input waveform and the pump pulse
are combined by four wave mixing at the optical element, so that the output waveform is

phase shifted relative to the input waveform.

A2.  The apparatus of claim Al, wherein for coordinating a dispersion of the first
dispersive element with the second dispersive element the second dispersive element and the

first dispersive element have a 2:1 dispersion ratio.

A3.  The apparatus of claim Al, wherein the optical element in which the input waveform
and the pump pulse are combined by four wave mixing comprises a waveguide provided on a

photonic chip.

A4.  The apparatus of claim Al, wherein the first dispersive element and the pump pulse
input unit are arranged so that the input waveform travels through one focal length of

dispersion prior to reaching the optical element.

AS5.  The apparatus of claim Al, wherein the pump pulse input unit is provided by a pump

pulse source and the second dispersive element.

A6.  The apparatus of claim Al, wherein the apparatus further comprises a detector unit for

detecting the output waveform.

A7.  The apparatus of claim Al, wherein the apparatus further comprises a detector unit for

detecting the output waveform, the detector unit having a spectrometer and a photodetector.
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AS8.  The apparatus of claim A1, wherein the optical element is provided by a photonic
waveguide and wherein the first dispersive element, the second dispersive element, and the

photonic waveguide are incorporated into a photonic chip-scale device.

A9.  The apparatus of claim A8, wherein the photonic waveguide is a semiconductor

waveguide.

A10. The apparatus of claim Al, wherein the optical element is configured to include a

dispersion that yields a conversion bandwidth of greater than 100 nm.

All. The apparatus of claim Al, wherein the optical element is configured to include a

dispersion that yields a conversion bandwidth of greater than 150 nm.

Al2. The apparatus of claim Al, wherein the optical element is adapted to include a zero-

group-velocity dispersion point in the C telecommunications band.

Al3. The apparatus of claim Al, wherein the optical element is configured so that a signal

peak power dynamic range of the optical element is 10°,

Al4. The apparatus of claim A1, wherein the optical element is configured so that a signal

peak power dynamic range of the optical element is within a range of 100 uW to 100 mW.

Al5. The apparatus of claim Al, wherein the optical element is configured so that each of
the input waveform the pump pulse and the output waveform are within the S, C, and L

telecommunication bands.

Al6. The apparatus of claim Al, wherein the apparatus is configured so that the peak
optical power inside the waveguide is maintained at level sufficiently low for avoidance of

self phase modulation.

Al7. The apparatus of claim Al, wherein the apparatus is configured so that the peak
optical power inside the waveguide is maintained sufficiently low for avoidance of two

photon induced free carrier effects.

Al18. The apparatus of claim Al, wherein the apparatus is configured so that the peak

optical power inside the waveguide is maintained below a 100 mW.
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B1.  An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a first dispersive element through which the input waveform propagates,

an optical element for outputting an output waveform;

a pump pulse input unit for input of a pump pulse into the optical element, the pump
pulse input unit being coupled to the optical element, the pump pulse input unit having a
second dispersive element through which the pump pulse propagates; and

a detector unit for detecting the output waveform;

wherein the optical element and the pump pulse input unit define a temporal lens,
wherein each of the first dispersive element and the pump pulse input unit are coupled to the
optical element;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched with a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the input waveform and the pump pulse
are combined by four wave mixing at the optical element so that the output waveform is

phase shifted relative to the input waveform.

B2.  The apparatus of claim B1, wherein the detector unit includes each of a spectrometer

and a photodetector.

B3.  The apparatus of claim B1, wherein the apparatus includes a spectrometer

substantially directly coupled to the optical element.

B4.  The apparatus of claim, wherein the apparatus includes an output dispersive element
having an output dispersion and wherein the first dispersive element has an input dispersion

Resy, T

pump

V2

where Resy is the resolution limit of the detector unit, Tpump is the pump pulsewidth and M is

and wherein the apparatus is configured so that the condition applies,

the magnification factor determined by the ratio of the output dispersion to the input

dispersion.

B5.  The apparatus of claim, wherein the apparatus includes an output dispersive element

having an output dispersion and wherein the first dispersive element has an input dispersion
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Resy, T

pump

V2

where Resy, is the resolution limit of the detector unit, Ty, is the pump pulsewidth and M is

and wherein the apparatus is configured so that the condition applies,

the magnification factor determined by the ratio of the output dispersion to the input

dispersion.

C1.  An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a first dispersive element through which the input waveform propagates,

a waveguide provided on a photonic chip, the waveguide having a zero-group-
velocity dispersion point in the C telecommunications band and a dispersion yielding a
conversion bandwidth of greater than 100 nm, wherein the waveguide is configured to output
an output waveform;

a pump pulse input unit for input of a pump pulse into the optical element, the pump
pulse input unit being coupled to the optical element, the pump pulse input unit having a
second dispersive element through which the pump pulse propagates, wherein the apparatus
is configured so that each of the input waveform the pump pulse and the output waveform are
within the S, C, and L telecommunication bands; and

a detector unit for detecting the output waveform, the detector unit comprising one or
more of a spectrometer and a photodetector;

wherein the waveguide and the pump pulse input unit define a temporal lens, wherein
each of the first dispersive element and the pump pulse input unit are coupled to the
waveguide;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched with a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the input waveform and the pump pulse
are combined by four wave mixing at the waveguide so that the output waveform is phase
shifted relative to the input waveform;

wherein the apparatus is configured to that the peak optical power inside the

waveguide is maintained below 100mW.

46



WO 2010/045339 PCT/US2009/060656

D1.  An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a waveguide provided on a photonic chip, the waveguide being adapted for coupling
of the input waveform;

a pump pulse input unit for input of a pump pulse into the waveguide, the pump pulse
input unit being coupled to the waveguide, wherein the pump pulse input unit in combination
with the waveguide defines a temporal lens;

wherein the apparatus is configured so that the input waveform and the pump pulse
combine by way of four wave mixing in the waveguide,

wherein an output waveform is output from the waveguide;

wherein the apparatus further includes a detector unit for detecting the output

waveform.

D2.  The apparatus of claim D1, wherein the waveguide is configured to include a

dispersion that yields a conversion bandwidth of greater than 100nm.

D3.  The apparatus of claim D1, wherein the waveguide is configured to include a

dispersion that yields a conversion bandwidth of greater than 150nm.

D4.  The apparatus of claim D1, wherein the waveguide is adapted to include a zero-group-

velocity dispersion point in the C telecommunications band.

D5.  The apparatus of claim D1, wherein the waveguide is configured so that a signal peak

power dynamic range of the waveguide is 10°,

D6.  The apparatus of claim D1, wherein the waveguide is configured so that a signal peak

power dynamic range of the waveguide is within a range of 100uW to 100mW.

D7.  The apparatus of claim D1, wherein the apparatus is configured so that each of the
input waveform the pump pulse and the output waveform are within the S, C, and L.

telecommunication bands.

D8.  The apparatus of claim D1, wherein the apparatus is configured to that the peak
optical power inside the waveguide is maintained at level sufficiently low for avoidance of

self phase modulation.
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D9.  The apparatus of claim D1, wherein the apparatus is configured to that the peak
optical power inside the waveguide is maintained sufficiently low for avoidance of two

photon induced free carrier effects.

D10. The apparatus of claim D1, wherein the apparatus is configured to that the peak

optical power inside the waveguide is maintained below 100mW.

D11. The apparatus of claim D1, wherein the waveguide provided on a photonic chip

comprises semiconductor material.

El.  An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a first dispersive element through which the input waveform propagates;

a waveguide provided on a photonic chip, the waveguide for output of an output
waveform, the waveguide being adapted for coupling of the input waveform;

a detector unit for detecting the output waveform; and

a pump pulse input unit for input of a pump pulse into the waveguide, the pump pulse
input unit being coupled to the waveguide wherein the pump pulse input unit includes a
second dispersive element, wherein the pump pulse input unit in combination with the
waveguide defines a temporal lens;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched to a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the pump pulse combines with the input
waveform by way of four wave mixing in the waveguide so that the output waveform is

phase shifted relative to the input waveform.

E2.  The apparatus of claim E1, wherein the first dispersive element and the second

dispersive element are provided on the photonic chip.

E3.  The apparatus of claim E1, wherein the first dispersive element, the second dispersive

element and the detector unit are provided on the photonic chip.

I1. A method for generating a high resolution time domain representation of an input

waveform comprising:
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dispersing the input waveform to generate a dispersed input waveform;

subjecting the dispersed input waveform to four wave mixing by combining the
dispersed input waveform with a dispersed pump pulse to generate a converted waveform;

and

presenting the converted waveform to a spectrum analyzer for recording of the

converted waveform.

I2. The method of claim F1, wherein the dispersing the input waveform includes
matching a dispersion through which the input waveform is dispersed with a dispersion

through which the pump pulse is dispersed.

I3. The method of claim 2, wherein the matching includes providing a dispersion for
dispersing the pump pulse that is twice as dispersive as the dispersion through which the

input waveform is dispersed.

I4. The method of claim F1, wherein the subjecting the input waveform to four wave
mixing includes utilizing a waveguide provided on a photonic chip, the waveguide that is

adapted to include a zero-group-velocity dispersion point in the C telecommunications band.

I'S. The method of claim F1, wherein the subjecting the input waveform to four wave
mixing includes utilizing a waveguide provided on a photonic chip, wherein the waveguide is
configured so that the peak optical power inside the waveguide is maintained below

100mW.

6. The method of claim F1, wherein the method includes providing the input waveform
the pump pulse and the output waveform to be within the S, C, and L. telecommunication

bands.

G1.  An apparatus for generating a representation of an input waveform, the apparatus
comprising:

an optical element, wherein the apparatus is configured so that the input waveform is
coupled to the optical element;

wherein the apparatus is configured so that the input waveform is subjected to a
quadratic phase shift within the optical element for outputting an output waveform that is

phase shifted relative to the input waveform; and
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a detector unit operative to detect the output waveform;
wherein the apparatus is configured so that the detector unit is operative to output a
first record having a first output record length, and is further operative to output a second

record having a second output record length.

G2.  The apparatus of claim G1, wherein the apparatus includes first and second output
dispersive elements having first and second dispersions, the first dispersion being different
than the second dispersion, wherein the apparatus is operative for coupling the output
waveform to each of the first and second output dispersive elements, the detector unit having
a first photodetector coupled to the first output dispersion element for output of the first data
record, the detector unit having a second photodetector coupled to the second output

dispersion element for output of the second record.

G3.  The apparatus of claim G2, wherein the detector unit includes a spectrometer for

output of the first record and a photodetector for output of the second record.

G4.  The apparatus of claim G1, wherein the apparatus includes a first output dispersive
element and a second output dispersive element, and wherein the apparatus further includes a
switch for selectively coupling the output waveform to one of the first output dispersive

element and second output dispersive element.

GS5.  The apparatus of claim G1, wherein the apparatus is configured so that the quadratic

phase shift is provided utilizing four wave mixing.

H1. A system for processing an input waveform, the system comprising:

an oscilloscope having an optical element for coupling of the input waveform,
wherein the oscilloscope is configured so that the input waveform is subjected to a quadratic
phase shift within the optical element for outputting an output waveform that is phase shifted
relative to the input waveform, the oscilloscope having a detector unit for output of first and
second records representative of the input waveform; and

a processing unit for processing each of the first and second records, wherein the
processing unit is operative for determining a processing unit output responsively to the

processing.

H2.  The system of claim H1, wherein the processing unit output controls an apparatus for

transmission of encoded optical data.
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H3.  The system of claim H1, wherein the system is operative so that the first and second

records for processing are varied on an open loop basis.

H4.  The system of claim H1, wherein the system is operative so that the second record
output by the detector unit is output responsively to a processing by the processing unit of the

first record.

HS5.  The system of claim H1, wherein the system is operative so that the first record is
output with use of a spectrometer detecting the output waveform, and wherein the system is

further operative so that the second record is output with use of a photodetector.

H6.  The system of claim H1, wherein the system is operative so that the first record is
output with use of a photodetector that detects the output waveform dispersed through a first
output dispersion, and wherein the system is further operative so that the second record is
output with use of a photodetector that detects the output waveform dispersed through a

second dispersion.

I1. A system for use with an apparatus for transmission of encoded optical data, wherein
transmitted data includes binary data encoded utilizing a succession of optical pulses, the
optical pulses having nominal characteristics, the system comprising:

an oscilloscope coupled to an output of the apparatus for output of at least one record
representing the succession of optical pulses output by the apparatus, the oscilloscope being
operative to impart a phase shift to an input waveform, wherein the oscilloscope is operative
so that the record has a resolution of equal to or better than 220fs and a record length of equal
to or greater than 100ps;

a processing unit for processing the record, the processing unit being operative for
processing one or more pulse representations of the record to determine whether one or more
optical pulses satisfy a criteria indicative of the one or more pulses having acceptable quality;

wherein the processing unit is operative to generate an output responsively to the

processing.
12. The system of claim I1, wherein the output controls an indicator.
I3. The system of claim I1, wherein the output controls the apparatus.
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14. The system of claim I1, wherein the oscilloscope is operative to output a first record
having a first output record length and a second record having a second output record length
wherein the processing unit is operative to transmit one or more communications to the
oscilloscope responsively to which the oscilloscope returns to the processing unit for
processing by the processing unit a first record in a first format of longer output record length
and a second record in a second format of a shorter output record length, wherein the

processing unit is operative for processing of the first record and the second record.

I5. The system of claim I1, wherein the system is operative so that responsively to the
output that is output by the processing unit, the apparatus adjusts one or more of a light
polarization parameter, a bias voltage parameter, a bias voltage parameter, and an RIF power

parameter.

J1. A photonic chip comprising:

a substrate; and

a device structure having the elements of (a) a first dispersive element having a
dispersion for dispersing an input waveform, (b) a second dispersive element adapted for
dispersing a pump pulse having a dispersion matched to a dispersion of the first dispersive
element; (c) a waveguide for outputting an output waveform, the waveguide adapted for
combining of the input waveform and the pump pulse by way of four wave mixing, so that
the output waveform output by the waveguide is phase shifted relative to the input
waveform;

wherein each of the first dispersive element, the second dispersive element, and the
waveguide are formed by etching a mass of waveguiding material disposed above the

substrate.

12. The photonic chip of claim J1, wherein the device structure further comprises portion
of a detector for use in detecting the output waveform, the portion of the detector formed by

etching of the mass of waveguiding material.

I3. The photonic chip of claim J1, wherein the device structure further comprises a
detector for detecting the output waveform, wherein a first portion of the detector is formed
by etching of the mass of waveguiding material, wherein a second portion of the detector is

formed by etching a mass of photosensitive semiconductor material, the mass of
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photosensitive semiconductor material being disposed proximate the mass of waveguiding

material.

J4. The photonic chip of claim J1, wherein the device structure further comprises a
spectrometer having a grating and a photodetector array, the spectrometer for detecting the
output waveform, wherein the grating is formed by etching of the mass of waveguiding
material, wherein the photodetector array is formed by etching a mass of photosensitive
semiconductor material, the mass of photosensitive semiconductor material being disposed

proximate the mass of waveguiding material.

J5. The photonic chip of claim J1, wherein the device structure further comprises an
output dispersive element for dispersing the output waveform, the output dispersive element

being formed by etching of the mass of waveguiding material.

J6. The photonic chip of claim H1, wherein the device structure has defined therein an
electrical signal output for outputting an electrical signal record representing the input

waveform, and an optical output for output of the output waveform.

I7. The photonic chip of claim H1, wherein the device structure has defined therein a first
optical input for input of an input waveform, a second optical input for input of a pump pulse,
and at least one output selected from the group consisting of an optical output and an

electrical signal output.

[000126] While the present invention has been described with reference to a number of
specific embodiments, it will be understood that the true spirit and scope of the invention
should be determined only with respect to claims that can be supported by the present
specification. Further, while in numerous cases herein wherein systems and apparatuses and
methods are described as having a certain number of elements it will be understood that such
systems, apparatuses and methods can be practiced with fewer than the mentioned certain

number of elements.
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WE CLAIM

1. An apparatus comprising:

a first dispersive element through which an input waveform propagates;

an optical element for outputting an output waveform; and

a pump pulse input unit for input of a pump pulse into the optical element, the pump
pulse input unit being coupled to the optical element, the pump pulse input unit having a
second dispersive element through which the pump pulse propagates;

wherein the optical element and the pump pulse input unit define a temporal lens,
wherein each of the first dispersive element and the pump pulse input unit are coupled to the
optical element;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched with a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the input waveform and the pump pulse
are combined by four wave mixing at the optical element, so that the output waveform is

phase shifted relative to the input waveform.

2. The apparatus of claim 1, wherein for coordinating a dispersion of the first dispersive
element with the second dispersive element the second dispersive element and the first

dispersive element have a 2:1 dispersion ratio.

3. The apparatus of claim 1, wherein the optical element in which the input waveform
and the pump pulse are combined by four wave mixing comprises a waveguide provided on a

photonic chip.

4. The apparatus of claim 1, wherein the first dispersive element and the pump pulse
input unit are arranged so that the input waveform travels through one focal length of

dispersion prior to reaching the optical element.

5. The apparatus of claim 1, wherein the pump pulse input unit is provided by a pump

pulse source and the second dispersive element.

6. The apparatus of claim 1, wherein the apparatus further comprises a detector unit for

detecting the output waveform.
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7. The apparatus of claim 1, wherein the apparatus further comprises a detector unit for

detecting the output waveform, the detector unit having a spectrometer and a photodetector.

8. The apparatus of claim 1, wherein the optical element is provided by a photonic
waveguide and wherein the first dispersive element, the second dispersive element, and the

photonic waveguide are incorporated into a photonic chip-scale device.

9. The apparatus of claim 8, wherein the photonic waveguide is a semiconductor
waveguide.
10. The apparatus of claim 1, wherein the optical element is configured to include a

dispersion that yields a conversion bandwidth of greater than 100 nm.

11. The apparatus of claim 1, wherein the optical element is configured to include a

dispersion that yields a conversion bandwidth of greater than 150 nm.

12. The apparatus of claim 1, wherein the optical element is adapted to include a zero-

group-velocity dispersion point in the C telecommunications band.

13. The apparatus of claim 1, wherein the optical element is configured so that a signal

peak power dynamic range of the optical element is 10°.

14. The apparatus of claim 1, wherein the optical element is configured so that a signal

peak power dynamic range of the optical element is within a range of 100 uW to 100 mW.

15. The apparatus of claim 1, wherein the optical element is configured so that each of the
input waveform the pump pulse and the output waveform are within the S, C, and L.

telecommunication bands.

16. The apparatus of claim 1, wherein the apparatus is configured so that the peak optical
power inside the waveguide is maintained at level sufficiently low for avoidance of self phase

modulation.

17. The apparatus of claim 1, wherein the apparatus is configured so that the peak optical
power inside the waveguide is maintained sufficiently low for avoidance of two photon

induced free carrier effects.
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18. The apparatus of claim 1, wherein the apparatus is configured so that the peak optical

power inside the waveguide is maintained below a 100 mW.

19. An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a first dispersive element through which the input waveform propagates,

an optical element for outputting an output waveform;

a pump pulse input unit for input of a pump pulse into the optical element, the pump
pulse input unit being coupled to the optical element, the pump pulse input unit having a
second dispersive element through which the pump pulse propagates; and

a detector unit for detecting the output waveform;

wherein the optical element and the pump pulse input unit define a temporal lens,
wherein each of the first dispersive element and the pump pulse input unit are coupled to the
optical element;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched with a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the input waveform and the pump pulse
are combined by four wave mixing at the optical element so that the output waveform is

phase shifted relative to the input waveform.

20. The apparatus of claim 19, wherein the detector unit includes each of a spectrometer

and a photodetector.

21. The apparatus of claim 19, wherein the apparatus includes a spectrometer

substantially directly coupled to the optical element.

22. The apparatus of claim 19, wherein the apparatus includes an output dispersive
element having an output dispersion and wherein the first dispersive element has an input

Res,, T

< pump
V2

applies, where Resy is the resolution limit of the detector unit, Tpump i the pump pulsewidth

dispersion and wherein the apparatus is configured so that the condition

and M is the magnification factor determined by the ratio of the output dispersion to the input

dispersion.
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23. The apparatus of claim 19, wherein the apparatus includes an output dispersive
element having an output dispersion and wherein the first dispersive element has an input

Res,, T

dispersion and wherein the apparatus is configured so that the condition Vi Py

NG

applies, where Resy is the resolution limit of the detector unit, Tpumpis the pump pulsewidth

and M is the magnification factor determined by the ratio of the output dispersion to the input

dispersion.

24, An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a first dispersive element through which the input waveform propagates,

a waveguide provided on a photonic chip, the waveguide having a zero-group-
velocity dispersion point in the C telecommunications band and a dispersion yielding a
conversion bandwidth of greater than 100 nm, wherein the waveguide is configured to output
an output waveform;

a pump pulse input unit for input of a pump pulse into the optical element, the pump
pulse input unit being coupled to the optical element, the pump pulse input unit having a
second dispersive element through which the pump pulse propagates, wherein the apparatus
is configured so that each of the input waveform the pump pulse and the output waveform are
within the S, C, and L telecommunication bands; and

a detector unit for detecting the output waveform, the detector unit comprising one or
more of a spectrometer and a photodetector;

wherein the waveguide and the pump pulse input unit define a temporal lens, wherein
each of the first dispersive element and the pump pulse input unit are coupled to the
waveguide;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched with a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the input waveform and the pump pulse
are combined by four wave mixing at the waveguide so that the output waveform is phase
shifted relative to the input waveform;

wherein the apparatus is configured to that the peak optical power inside the

waveguide is maintained below 100mW.
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25. An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a waveguide provided on a photonic chip, the waveguide being adapted for coupling
of the input waveform;

a pump pulse input unit for input of a pump pulse into the waveguide, the pump pulse
input unit being coupled to the waveguide, wherein the pump pulse input unit in combination
with the waveguide defines a temporal lens;

wherein the apparatus is configured so that the input waveform and the pump pulse
combine by way of four wave mixing in the waveguide,

wherein an output waveform is output from the waveguide;

wherein the apparatus further includes a detector unit for detecting the output

waveform.

26. The apparatus of claim 25, wherein the waveguide is configured to include a

dispersion that yields a conversion bandwidth of greater than 100nm.

27. The apparatus of claim 25, wherein the waveguide is configured to include a

dispersion that yields a conversion bandwidth of greater than 150nm.

28. The apparatus of claim 25, wherein the waveguide is adapted to include a zero-group-

velocity dispersion point in the C telecommunications band.

29. The apparatus of claim 25, wherein the waveguide is configured so that a signal peak

power dynamic range of the waveguide is 10°,

30. The apparatus of claim 25, wherein the waveguide is configured so that a signal peak

power dynamic range of the waveguide is within a range of 100uW to 100mW.

31. The apparatus of claim 25, wherein the apparatus is configured so that each of the
input waveform the pump pulse and the output waveform are within the S, C, and L.

telecommunication bands.

32. The apparatus of claim 25, wherein the apparatus is configured to that the peak optical
power inside the waveguide is maintained at level sufficiently low for avoidance of self phase

modulation.
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33. The apparatus of claim 25, wherein the apparatus is configured to that the peak optical
power inside the waveguide is maintained sufficiently low for avoidance of two photon

induced free carrier effects.

34, The apparatus of claim 25, wherein the apparatus is configured to that the peak optical

power inside the waveguide is maintained below 100mW.

35. The apparatus of claim 25, wherein the waveguide provided on a photonic chip

comprises semiconductor material.

36. An apparatus for generating a representation of an input waveform, the apparatus
comprising:

a first dispersive element through which the input waveform propagates;

a waveguide provided on a photonic chip, the waveguide for output of an output
waveform, the waveguide being adapted for coupling of the input waveform;

a detector unit for detecting the output waveform; and

a pump pulse input unit for input of a pump pulse into the waveguide, the pump pulse
input unit being coupled to the waveguide wherein the pump pulse input unit includes a
second dispersive element, wherein the pump pulse input unit in combination with the
waveguide defines a temporal lens;

wherein the first dispersive element and the second dispersive element are configured
so that a dispersion of the first dispersive element is matched to a dispersion of the second
dispersive element;

wherein the apparatus is configured so that the pump pulse combines with the input
waveform by way of four wave mixing in the waveguide so that the output waveform is

phase shifted relative to the input waveform.

37. The apparatus of claim 36, wherein the first dispersive element and the second

dispersive element are provided on the photonic chip.

38. The apparatus of claim 36, wherein the first dispersive element, the second dispersive

element and the detector unit are provided on the photonic chip.
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39. A method for generating a high resolution time domain representation of an input
waveform comprising:

dispersing the input waveform to generate a dispersed input waveform;

subjecting the dispersed input waveform to four wave mixing by combining the
dispersed input waveform with a dispersed pump pulse to generate a converted waveform;
and

presenting the converted waveform to a spectrum analyzer for recording of the

converted waveform.

40. The method of claim 39, wherein the dispersing the input waveform includes
matching a dispersion through which the input waveform is dispersed with a dispersion

through which the pump pulse is dispersed.

41. The method of claim 40, wherein the matching includes providing a dispersion for
dispersing the pump pulse that is twice as dispersive as the dispersion through which the

input waveform is dispersed.

42. The method of claim 39, wherein the subjecting the input waveform to four wave
mixing includes utilizing a waveguide provided on a photonic chip, the waveguide that is

adapted to include a zero-group-velocity dispersion point in the C telecommunications band.

43. The method of claim 39, wherein the subjecting the input waveform to four wave
mixing includes utilizing a waveguide provided on a photonic chip, wherein the waveguide is
configured so that the peak optical power inside the waveguide is maintained below

100mW.

44, The method of claim 39, wherein the method includes providing the input waveform
the pump pulse and the output waveform to be within the S, C, and L. telecommunication

bands.
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45. An apparatus for generating a representation of an input waveform, the apparatus
comprising:

an optical element, wherein the apparatus is configured so that the input waveform is
coupled to the optical element;

wherein the apparatus is configured so that the input waveform is subjected to a
quadratic phase shift within the optical element for outputting an output waveform that is
phase shifted relative to the input waveform; and

a detector unit operative to detect the output waveform;

wherein the apparatus is configured so that the detector unit is operative to output a
first record having a first output record length, and is further operative to output a second

record having a second output record length.

46. The apparatus of claim 45, wherein the apparatus includes first and second output
dispersive elements having first and second dispersions, the first dispersion being different
than the second dispersion, wherein the apparatus is operative for coupling the output
waveform to each of the first and second output dispersive elements, the detector unit having
a first photodetector coupled to the first output dispersion element for output of the first data
record, the detector unit having a second photodetector coupled to the second output

dispersion element for output of the second record.

47. The apparatus of claim 46, wherein the detector unit includes a spectrometer for

output of the first record and a photodetector for output of the second record.

48. The apparatus of claim 45, wherein the apparatus includes a first output dispersive
element and a second output dispersive element, and wherein the apparatus further includes a
switch for selectively coupling the output waveform to one of the first output dispersive

element and second output dispersive element.

49. The apparatus of claim 45, wherein the apparatus is configured so that the quadratic

phase shift is provided utilizing four wave mixing.
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50. A system for processing an input waveform, the system comprising:

an oscilloscope having an optical element for coupling of the input waveform,
wherein the oscilloscope is configured so that the input waveform is subjected to a quadratic
phase shift within the optical element for outputting an output waveform that is phase shifted
relative to the input waveform, the oscilloscope having a detector unit for output of first and
second records representative of the input waveform; and

a processing unit for processing each of the first and second records, wherein the
processing unit is operative for determining a processing unit output responsively to the

processing.

51. The system of claim 50, wherein the processing unit output controls an apparatus for

transmission of encoded optical data.

52. The system of claim 50, wherein the system is operative so that the first and second

records for processing are varied on an open loop basis.

53. The system of claim 50, wherein the system is operative so that the second record
output by the detector unit is output responsively to a processing by the processing unit of the

first record.

54. The system of claim 50, wherein the system is operative so that the first record is
output with use of a spectrometer detecting the output waveform, and wherein the system is

further operative so that the second record is output with use of a photodetector.

55. The system of claim 50, wherein the system is operative so that the first record is
output with use of a photodetector that detects the output waveform dispersed through a first
output dispersion, and wherein the system is further operative so that the second record is
output with use of a photodetector that detects the output waveform dispersed through a

second dispersion.

56. A system for use with an apparatus for transmission of encoded optical data, wherein
transmitted data includes binary data encoded utilizing a succession of optical pulses, the
optical pulses having nominal characteristics, the system comprising:

an oscilloscope coupled to an output of the apparatus for output of at least one record
representing the succession of optical pulses output by the apparatus, the oscilloscope being

operative to impart a phase shift to an input waveform, wherein the oscilloscope is operative
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so that the record has a resolution of equal to or better than 220fs and a record length of equal
to or greater than 100ps;

a processing unit for processing the record, the processing unit being operative for
processing one or more pulse representations of the record to determine whether one or more
optical pulses satisfy a criteria indicative of the one or more pulses having acceptable quality;

wherein the processing unit is operative to generate an output responsively to the

processing.

57. The system of claim 56, wherein the output controls an indicator.

58. The system of claim 56, wherein the output controls the apparatus.

59. The system of claim 56, wherein the oscilloscope is operative to output a first record

having a first output record length and a second record having a second output record length
wherein the processing unit is operative to transmit one or more communications to the
oscilloscope responsively to which the oscilloscope returns to the processing unit for
processing by the processing unit a first record in a first format of longer output record length
and a second record in a second format of a shorter output record length, wherein the

processing unit is operative for processing of the first record and the second record.

60. The system of claim 56, wherein the system is operative so that responsively to the
output that is output by the processing unit, the apparatus adjusts one or more of a light
polarization parameter, a bias voltage parameter, a bias voltage parameter, and an RIF power

parameter.

61. A photonic chip comprising:

a substrate; and

a device structure having the elements of (a) a first dispersive element having a
dispersion for dispersing an input waveform, (b) a second dispersive element adapted for
dispersing a pump pulse having a dispersion matched to a dispersion of the first dispersive
element; (c) a waveguide for outputting an output waveform, the waveguide adapted for
combining of the input waveform and the pump pulse by way of four wave mixing, so that
the output waveform output by the waveguide is phase shifted relative to the input

waveform;
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wherein each of the first dispersive element, the second dispersive element, and the
waveguide are formed by etching a mass of waveguiding material disposed above the

substrate.

62. The photonic chip of claim 61, wherein the device structure further comprises portion
of a detector for use in detecting the output waveform, the portion of the detector formed by

etching of the mass of waveguiding material.

63. The photonic chip of claim 61, wherein the device structure further comprises a
detector for detecting the output waveform, wherein a first portion of the detector is formed
by etching of the mass of waveguiding material, wherein a second portion of the detector is
formed by etching a mass of photosensitive semiconductor material, the mass of
photosensitive semiconductor material being disposed proximate the mass of waveguiding

material.

64. The photonic chip of claim 61, wherein the device structure further comprises a
spectrometer having a grating and a photodetector array, the spectrometer for detecting the
output waveform, wherein the grating is formed by etching of the mass of waveguiding
material, wherein the photodetector array is formed by etching a mass of photosensitive
semiconductor material, the mass of photosensitive semiconductor material being disposed

proximate the mass of waveguiding material.

65. The photonic chip of claim 61, wherein the device structure further comprises an
output dispersive element for dispersing the output waveform, the output dispersive element

being formed by etching of the mass of waveguiding material.

66. The photonic chip of claim 61, wherein the device structure has defined therein an
electrical signal output for outputting an electrical signal record representing the input

waveform, and an optical output for output of the output waveform.

67. The photonic chip of claim 61, wherein the device structure has defined therein a first
optical input for input of an input waveform, a second optical input for input of a pump pulse,
and at least one output selected from the group consisting of an optical output and an

electrical signal output.
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