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Time stretch and its applications

Ata Mahjoubfar'2, Dmitry V. Churkin®45, Stéphane Barlands, Neil Broderick’, Sergei K. Turitsyn?
and Bahram Jalali%8°*

Observing non-repetitive and statistically rare signals that occur on short timescales requires fast real-time measurements that
exceed the speed, precision and record length of conventional digitizers. Photonic time stretch is a data acquisition method that
overcomes the speed limitations of electronic digitizers and enables continuous ultrafast single-shot spectroscopy, imaging,
reflectometry, terahertz and other measurements at refresh rates reaching billions of frames per second with non-stop recording
spanning trillions of consecutive frames. The technology has opened a new frontier in measurement science unveiling transient
phenomena in nonlinear dynamics such as optical rogue waves and soliton molecules, and in relativistic electron bunching. It
has also created a new class of instruments that have been integrated with artificial intelligence for sensing and biomedical
diagnostics. We review the fundamental principles and applications of this emerging field for continuous phase and amplitude

characterization at extremely high repetition rates via time-stretch spectral interferometry.

information content of analog data. The theorem prescribes that

unpredictability — the element of surprise — is the property that
defines information. No information is carried by a periodic signal,
such as a sinusoidal wave, because its evolution is entirely predictable.
Conversely, events that are rare and random convey a large amount of
information as their arrival was not expected by the observer.

Such occurrences of random events contain precious information
about systems that produce them'. Also known as outliers and black
swans?, these phenomena appear in complex dynamic systems such
as hydrodynamics, plasma physics, nonlinear optics and financial
markets. In this context, chaos is another example of random pro-
cesses that emerge in complex systems and offers a wealth of informa-
tion about the underlying nonlinear system and its interaction with
its surroundings.

Detection of rare events and non-stationary processes in ultra-
fast electronic and optical systems imposes daunting technological
challenges. To detect fast events whose time of arrival are unknown,
the instrument must have fine temporal resolution and long record
lengths. It needs to resolve the fast (intrapulse) timescale as well as
the slow (interpulse) timescale spanning trillions of sequential pulses.
These requirements cannot be met by temporal reconstruction via
pump-probe techniques as they operate in equivalent-time (similar to
a strobe light) rather than in real time. A new generation of instruments
based on photonic time stretch is opening the path to measuring and
understanding the behaviour of non-stationary and rare phenomena in
ultrafast systems, and harvesting their potential for practical applica-
tions such as metrology, machine vision and biomedicine. While these
instruments rely on optics for the transformation of a signal’s timescale,
they are able to operate with either electrical, optical, or terahertz inputs.

The development of spectroscopy by Kirchhoftf and Bunsen in
the mid-nineteenth century unveiled the quantized nature of atomic
radiation that led to the development of quantum theory. The history
of science consists of a number of such episodes where breakthroughs

_|_he Shannon-Hartley theorem provides a tool to quantify the

in instrumentation have led to new science. We anticipate that a new
type of instrument that performs time-resolved single-shot measure-
ments of ultrafast events and that makes continuous measurements
over long timescales spanning trillions of pulses will unveil previously
unseen physical phenomena leading to advances in applications and
understanding of complex systems.

Challenges with current systems

Optical systems are characterized by their spectral and temporal
responses. Conventional tools for measurement of laser spectra (for
example, optical spectrum analysers) only capture data averaged over
a considerable time period. Standard spectroscopy relies on well-
developed mechanically scanning or imaging techniques®. However,
the achievable scanning rate (or frame rate) is usually too slow, often
by many orders of magnitude, to resolve the fast spectral dynamics
of laser systems* such as soliton complexes. The same limitation also
prevents the use of conventional spectrometers for the study of rare
events, such as optical rogue waves and probabilistic soliton dynam-
ics, a field that has been rapidly growing since its inception in 2007°-'°.
In such a nonlinear dynamic system, a wealth of information can be
obtained from the capture and digital analysis of non-repetitive spec-
tra generated by noise or chaotic dynamics. However, owing to the
spontaneous occurrence and non-cyclical nature of rogue events, tra-
ditional pump-probe techniques fail to capture them. The problem is
further exacerbated by the rarity of their appearance, which requires
long and continuous recording in addition to fast real-time operation.

The difficulty in fast real-time measurements

There are two fundamental challenges with any fast real-time optical
measurement’. The first is the limitation of the data converter, that
is, the trade-off between the dynamic range (measured in number of
bits) and the speed of the real-time analog-to-digital converter (ADC;
the digitizer). The second is the trade-off between the speed and the
sensitivity of the optoelectronic front-end. High speed comes at the
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Box 1| Nominal versus effective number of bits of a digitizer.

The performance of an ADC cannot be specified by its nominal
(physical) bit-depth. In most ADCs, the last few bits of the digital
value are inaccurate due to the noise and distortion. Therefore, a
characteristic measure named effective number of bits, ENOB, is
defined to indicate the number of meaningful bits. ENOB at an
analog input frequency can be measured as

10 x 1 P 1.76
x Oglo Pnoise + Pdistortion o
ENOB =
6.02
where Py Proie and Pyygoron are the signal, noise and distor-

tion powers, respectively. Also, it is assumed that the input sig-
nal amplitude matches the full-scale range of the ADC input.
Generally, ENOB decreases at higher frequencies.

price of low sensitivity because few photons are collected during the
short integration time'.

The most successful non-electronic method to alleviate the ADC
speed limitations has been the photonic time-stretch technology,
which slows down the signal prior to digitization'>*. This technol-
ogy has led to the discovery of optical rogue waves®, inspection of
other noise-driven ultrafast dynamics such as fibre soliton explo-
sions', observation of internal motions of soliton molecules' and
relativistic electron structures in accelerators'”', charcterization
of noise-induced fluctuations in gain spectrum', and single-shot
stimulated Raman spectroscopy of biochemicals?®. Recently,
label-free classification of cancer cells in blood has been achieved
using time-stretch spectral interferometry augmented with artificial
intelligence and big-data analytics®. Further advances in the form
of warped (anamorphic) stretch can engineer the time-bandwidth
product of the signal envelope?*, with direct utility in foveated
(non-uniform) sampling for improvement of data acquisition rate®,
optical data compression?, enhancement of signal-to-noise ratio
and feature detection?®.

The second problem of an insufficient number of collected photons
during fast real-time measurement is solved by distributed amplifi-
cation implemented using stimulated Raman scattering within the
same optical element where time stretch occurs (typically a dispersive
fibre). Alternatively, a discrete amplifier can be used. The amplified
time-stretch technique was originally developed to enable real-time
analog-to-digital conversion with femtosecond resolution®, and later
was applied to a variety of time-stretch instruments for spectroscopy®
and imaging®%*.

Here, we review photonic time-stretch technology and discuss its
use in data acquisition and data analytics for the measurement and
characterization of rare events in the context of electronic signals,
spectroscopy and imaging. Finally, the newest developments including
the combination of time-stretch instruments with artificial intelligence
and machine learning for data capture and classification are examined.

Fundamentals of time stretch

In this section, we describe the fundamental challenge in single-shot
continuous measurements posed by the ADC and describe how it
can be overcome with time stretch. We also describe various realiza-
tions of group delay dispersion used to implement linear and warped-
stretch transformations.

ADC limitations and improvement by time stretch. ADCs meas-
ure the amplitude of a continuous-time signal at periodic time inter-
vals and round the measurement value to a set of digital numbers
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Figure 1| Digitizer bottlenecks and solutions via time stretch. As the
sampling rate of an analog-to-digital converter (ADC) increases, its dynamic
range, measured by the effective number of bits (ENOB), reduces. Three
factors are responsible for this: comparator ambiguity caused by the limited
gain bandwidth of the transistors, sampling error due to the clock jitter
(known as aperture jitter), and thermal (Johnson) noise of the electronic
components. a, Among these, the comparator ambiguity and the aperture
jitter are the dominant performance-limiting factors at high speeds. b, By
slowing down the signal, time stretch resolves these issues by suppressing
the effect of the aperture jitter and the comparator ambiguity™. ¢,d, Consider
a high-frequency signal being sampled directly by an ADC. A small jitter will
cause a significant error in the sampled amplitude (¢), whereas if the signal
is slowed down by time stretch prior to the sampling, the effect of clock
jitter is considerably reduced (d). Also, slowing down the signal relaxes the
comparator speed requirements. Time-stretch ADC works on burst data, but
also on continuous data using a technique known as virtual time gating®.

specified by the bit depth. The process of measurement at specific
time points is known as sampling. The rounding operation, also
called quantization, is implemented by comparators that associate
the analog amplitude with a set of reference levels. Depending on
the speed and accuracy requirements, ADCs are designed with dif-
ferent architectures and contain a various number of sample-and-
hold blocks and quantizers. Because precision of the sampling times
and the quantization levels directly influence the performance, many
designs utilize additional circuitry for stable sampling clock genera-
tion and for digital calibration.

Because an ADC approximates an analog value to a discrete
number of digital levels, it inevitably introduces an error. This error
appears as a noise source referred to as quantization noise, the amount
of which depends on the nominal bit depth. However, there are other
non-idealities that reduce the effective bit depth and prevent reaching
the nominal value (Box 1). Among them, the most fundamental are
thermal noise, comparator switching speed that causes ambiguity in
the quantized level, and jitter of the sampling clock (Fig. 1). The per-
formance of the ADCs designed for low frequencies is often limited
by the aggregate thermal noise. For high-speed data converters, the
gain bandwidth of the transistor technology causes ambiguity in the
amplitude. Also limiting the performance of high-speed digitizers is
the aperture jitter that is caused by the phase noise of the sampling
clock or the timing skews rooted in mismatches between different
channels in parallel architectures.

By slowing down the analog signal before the digitizer, time stretch
addresses the sampling jitter and the comparator ambiguity prob-
lems, while thermal noise remains unchanged®?***. Also, it brings
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other intrinsic benefits of optics to the data converter such as low-jit-
ter optical clocks formed by mode-locked lasers**, high bandwidth,
negligible crosstalk and immunity to electromagnetic interference. In
a recent demonstration of a time-stretch ADC, the aperture jitter is
reduced from 270 fs to 20.5 fs, a 13-fold jitter suppression®.

Photonic time-stretch data acquisition. This technology consists
of four steps (Fig. 2). In step 1, the information is modulated onto
the optical spectrum. When the starting information is a temporal
waveform, this step consists of electro-optical or all-optical modu-
lation of the information onto a broadband, chirped optical carrier.
For imaging applications, this step is spectral encoding of the target
onto a broadband pulse via illumination with a rainbow (spatially dis-
persed broadband pulse). For spectroscopy, the desired information
is already present in the spectrum so this step is not necessary and can
be viewed as modulation with a unity transfer function. In step 2, the
information residing in the spectrum is stretched in time by means
of a natural or synthetic dispersive element (Fig. 3). In step 3, the
optical signal is photodetected and digitized using a real-time data
converter. Coherent detection via spectral interferometry is employed
when signal phase, in addition to its amplitude (full-field) is required.
Step 4 consists of digital signal processing and data analytics such as
machine learning for classification of the captured data?’. These four
steps of a time-stretch system resemble an optical data communica-
tion link consisting of modulation by the transmitter (step 1), propa-
gation in a channel, albeit a dispersive channel (step 2), detection by
the receiver (step 3) and data processing in higher layers of the com-
munication link (step 4). The combination of time stretch functioning
as a photonic hardware accelerator with parallel data processing via

Step 1: spectral modulation

graphics processing units, field-programmable gate arrays, or tensor
processing units (TPU) plus novel artificial-intelligence algorithms
optimized for high-performance computing opens up a new frontier
in real-time metrology, sensing and imaging.

In step 2, distributed Raman amplification is induced in the dis-
persive fibre to overcome the intrinsic loss caused by reduction of
peak power from temporal spreading of energy, and to compensate
for extrinsic loss due to fibre and component losses. With other
types of dispersive element, such as a chirped fibre Bragg grating or
a chromomodal dispersion device (Fig. 3), a lumped element ampli-
fier is placed before the dispersive element to overcome its losses. The
high sensitivity of the time-stretch system is partially due to the use
of distributed optical amplification but also because the system does
not rely on nonlinear optical interaction. The resolution of the spec-
tral measurement is set by the maximum amount of dispersion that
can be employed (equation (6) in Box 2). However, larger dispersion
comes at the expense of higher loss.

As shown in Fig. 3, there are several device options for implement-
ing the group delay dispersion in step 3 of the time-stretch system.
These devices can generate both linear dispersion for the classical
time stretch and nonlinear dispersion for warped (foveated) stretch.
The latter has been used for optical data compression via non-uni-
form Fourier domain sampling, whereby information-rich portions
of the spectrum are sampled at a higher density than sparse regions,
leading to the concept of the analog information gearbox***%. One
practical approach to creating large amounts of nonlinear dispersion
with arbitrary frequency dependency is by using an arrayed wave-
guide grating in a feedback configuration known as the recirculating
photonic filter* (Fig. 3¢).

Step 2: stretch and amplification

Without

amplification o .
. e,
" / ! t
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Step 4: data analytics
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With distributed
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Step 3: analog-to-digital conversion

Figure 2 | Building blocks of a time-stretch system. A photonic time-stretch system consists of four steps. Step 1: an input signal along with the
information carried by it is modulated onto the spectrum of wideband ultrashort optical pulses. Step 2: a group delay dispersive element spreads the
spectral components in time causing the information modulated onto the spectrum to be slowed down. This relaxes the speed requirement of the ADC
and enhances the digitizer performance as described in Fig. 1. Depending on the amount of dispersion used and the optical bandwidth of the input, this
dispersive transformation can be in the near- or far-field. The so-called time-stretch dispersive Fourier transform (TS-DFT) occurs in the far-field regime

where the amount of dispersion is large enough to satisfy the stationary phase approximation. Step 3: the optical signal is converted to an analog electrical
waveform through photodetection, and then digitized by a real-time ADC. Step 4: digital data analysis and classification using artificial intelligence (Al) is
performed in a central processing unit (CPU) or a dedicated processor such as a graphics processing unit (GPU). Images: infinite spiral clock, liseykina /
iStock / Getty Images Plus; oscilloscope, RaymondAsiaPhotography / Alamy Stock Photo; Al, Alexey Kotelnikov / Alamy Stock Photo; CPU, Petr Bonek /
Alamy Stock Photo; GPU, Patrik Slezak / Alamy Stock Photo.
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Figure 3 | Different dispersion devices. Group delay dispersion used in time stretch can be experimentally realized using a number of different device

designs. a, An optical fibre with internal Raman amplification provides high dispersion combined with net gain. The pump power is gradually transferred to
the signal (Stokes wavelength) avoiding noise (low-power) and nonlinear (high-power) regions. EDFA, erbium-doped fibre amplifier. b, Chirped fibre Bragg
grating is advantageous at implementing arbitrary group delay profiles. ¢, A different approach is a recirculating photonic filter using an arrayed waveguide

grating in which an arbitrary delay is applied to each spectral channel*. d, Spectral-to-angular-to-temporal mapping (chromomodal dispersion device)
exploits the large modal dispersion of a multi-mode waveguide (a fibre or a pair of planar reflectors) to achieve extremely high chromatic dispersion at
800 nm or visible bands where dispersive fibres are not available'®. e, Chromomodal dispersion can be extended to synthesize nonlinear group delay
profiles using curved reflectors (middle) to warp the spectro-angular profile (from (i) to (ii)), and then radially transform and map this nonlinear profile
into angular excitation of the modes of a multi-mode waveguide (iii)?%. Panels a,b,d,e adapted from ref. 28, IEEE.

With sufficient dispersion satisfying the stationary phase approx-
imation, the spectrum is mapped into the time domain that, in the
case of linear dispersion, results in the classical time-stretch dispersive
Fourier transform (TS-DFT). This far-field regime of temporal disper-
sion (TS-DFT) is a special case of the general time-stretch transform.
The general form also includes the near-field regime, where both
intensity and phase are used for the reconstruction of the input wave-
form. Such full-field real-time measurements can be realized using
phase retrieval from intensity measurements*, or with coherent detec-
tion’>*. While the stretch factor achieved in the near field is smaller
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than that in the far field, in many cases, the smaller factor is sufficient
to overcome the key problem of the ADC speed bottleneck. Therefore,
it is important to note that even though achieving a Fourier transform
simplifies signal reconstruction and interpretation, it does not enable
fast real-time measurements. The ability to slow down the waveforms
timescale is what overcomes the critical ADC speed bottleneck.
Common methods for the characterization of ultrafast opti-
cal pulses such as frequency-resolved optical gating (FROG)* and
spectral phase interferometry for direct electric-field reconstruction
(SPIDER)* are proven and successful laser-pulse-characterization
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Box 2 | Time-stretch spectral shearing interferometry for full-field measurements.

Time stretch can be readily analysed by modelling the band-pass
optical signals with low-pass complex envelopes. The transfer
function of the dispersive element in the time-stretch system,
H(w), is mainly a phase propagator:

H(w) = e#0= e220t =TT H, (@) @
m=0

in which ¢(w) is the phase profile of the group delay dispersion®,
and its range can reach 10° radians. ¢,,(w) are the phase modes
resultant from the expansion of the phase function space in a basis
set. The transfer function can be viewed and implemented as a
cascade of mode operators, H,,(w). The group delay profile of this
propagator, 7(w), is

©(w) = 7= =2 7,(w) 2)

where 7, (w) are the group delay modes of the cascaded operators.

Assuming the optical carrier frequency is at w,_, the down-con-
verted spectrum of an optical pulse with complex envelope Ej(t) is
denoted by E(w = w, - w.), where w, is the optical frequency and
w is the modulation frequency. On propagation through the time-
stretch system, the pulse is reshaped into a temporal signal with a
complex envelope given by

E(f) = i_[:ﬁi(w)H(w)emdw 3)

Using stationary phase approximation, which is satisfied when
filter group delay is relatively large leading to the far-field regime
of dispersion, only the frequency component w contributes to the
signal at time t according to the relation t = 7(w) and equation (3)
is estimated as

E () x E(w =1(t)) (4)

which means the spectrum is mapped to time with the group delay
profile. 7\(¢) is the inverse function of the mapping described by

techniques. A common feature of both methods is the reliance on
nonlinear optical interactions. FROG uses a nonlinear medium to
gate the electric field of an optical pulse with its own intensity. The
optical field is gated at different time delays and captured by a spec-
trometer, resulting in a spectrogram. As long as the time windows
of the gated measurements overlap, the spectrogram implicitly con-
tains the phase information, and an iterative algorithm can recover
the optical pulse phase and intensity from the spectrogram. On the
other hand, SPIDER uses the nonlinear medium to mix two copies
of the input pulse with a chirped pulse as the source of spectral shear.
The chirp pulse is generated from the input pulse itself by dispersing
it in time until its frequency components are separated. The difference
in frequency shift of the copies results in a beating pattern (fringes)
in the spectrum, which is the basis of spectral shearing interferom-
etry. The optical pulse phase can be derived from this spectral inter-
ferogram. Another novel technique is based on the measurement of
power spectra before and after propagation of the pulse through a
nonlinear fibre followed by an iterative algorithm®.

All three methods are excellent tools for laser pulse characteriza-
tion, but because of their reliance on nonlinear optical interactions,
they may not be ideal for sensing and metrology applications, where
weak signals must be detected. Also, the use of a conventional opti-
cal spectrometer limits their continuous real-time operation at high
speed, hindering their ability to detect rare events (this issue can be

NATURE PHOTONICS | VOL 11| JUNE 2017 | www.nature.com/naturephotonics

equation (2), and it can be nonlinear. Only if the group delay pro-
file is linear, 7(w) = 7,’w + 7, (the group delay dispersion is con-
stant), equation (4) is simplified as

E(f) E,.[w = t;O,TO) (5)

where 7, is the time of arrival at the photodetector for the car-
rier frequency, w,, and the mapping of the spectrum to time
is uniform. This is the regime called time-stretch dispersive
Fourier transform (TS-DFT). The spectral resolution, corre-
sponding to the ambiguity in frequency-to-time mapping®*'%, is
approximately

4m

)
dw

Sw(w) = )

Resolution scales inversely with the amount of group delay
dispersion. In coherent time stretch (also known as time-stretch
spectral interferometry), an interferometer splits the pulse into
two arms with delay of 7, with respect to each other. Once these
two copies of the pulse are recombined, an interference pattern
is formed in the output of the interferometer, which embeds the
pulse phase information:

IE(D o |Ew)]? + B + 2
2 |Ex(w1)|| Ei(wz)lcos (A(P + (w, - w,)t)

in which, w, = 7(t), w, = T!(t - 7,), and the difference of the
input pulse phases at these two frequencies is contained in Ag,
forming time-stretch adaptation of spectral shearing interferom-
etry. The time-stretch interferogram can be captured by an ADC,
providing complex field acquisition in single shot, but in a con-
tinuous fashion. The accuracy of the complex field measurement
would be bound by the spectral resolution given by equation (6)
and by the ENOB of the ADC.

resolved by the time-stretch spectrometer). The use of complex recov-
ery algorithms may also challenge continuous-time operation in sig-
nal acquisition and metrology.

Time-stretch spectral interferometry, also known as coherent time
stretch, directly captures the phase and intensity of the optical pulses
without relying on nonlinear optical interactions. The system has
been developed for high-speed imaging vibrometry®, full-field gas
spectroscopy”” and label-free flow cytometry?>*. Recently, it was used
to capture real-time dynamics of soliton molecules'®. In these works,
the relative phase of optical pulses was measured. Measurement
of absolute phase performed by other techniques described above
is more challenging. Time-stretch spectral shear interferometry
(Box 2) offers a path for absolute phase measurements.

Time-stretch systems are often used in burst-mode regime, but
continuous-time operation is also possible and has been demon-
strated®2. In the continuous-time mode, a virtual time gate is
employed to form parallel measurement channels, each acquiring
part of the temporal waveform®.

Applications

In this section, we describe various applications spanning digital
data processing, characterization of optical fluctuations and discov-
ery of new soliton phenomena, optical data compression via fove-
ated sampling affected by warped stretch as well as the integration
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of time-stretch data acquisition with machine learning for bio-
medical applications.

Wideband ADC and digital processing. Originally developed
to overcome the ADC speed-accuracy trade-off'>*, photonic time
stretch has spawned numerous variations where wideband electronic
or optical temporal data are subjected to analog slow-motion pro-
cessing to enable real-time digital capture and digital processing®*'-*"
(Fig. 4). Taking advantage of its ability to mitigate noise caused by the
sampling clock jitter and ambiguity caused by the finite speed of elec-
tronic comparators, time stretch has led to the demonstration of an
ADC with the highest speed and dynamic range combination among
any ADC technology”".

Acting as a hardware accelerator, time stretch can enhance the
speed of digital processors, such as field-programmable gate arrays
or graphics processor units, for real-time sensing and monitoring of
ultrahigh-speed data. As a case in point, optical networks must be
able to monitor data transmission quality at all times and be able to
direct traffic as needed. For this purpose, fast digital processors are
essential, however, they are exceedingly power hungry. The time-
stretch accelerated processor combines an optical front-end with a
digital processor to monitor quality of data transmission in optical
networks in real time®. It achieves burst-mode digital processing
speeds exceeding one terabit per second with a single processor for
real-time monitoring of data in the Internet backbone. Reducing
the required clock speed of both the digitizer and the processor, the
time-stretch hardware accelerator offers superior scaling of power
dissipation in the electronic front-end®. Future applications include
photonic Internet protocol routing® and optical code division multi-
ple access (CDMA)®.

Characterization of noise and fluctuations. The study of noise and
fluctuations in nonlinear optics is a fast-growing and high-impact
field. Spontaneously generated fluctuations not only set the limit for
optical data detection, but also contain a wealth of information about
the underlying physics and behaviour of complex dynamic systems.
Owing to their non-stationary nature and short timescales, such meas-
urements require a real-time recording system with time resolution in
the pico- and femtosecond regimes and long record lengths. Motivated
by its success in unveiling previously unseen spectral and temporal
phenomena, such as optical rogue waves® and stochastic behaviour
in supercontinuum generation®, it has been suggested that the time-
stretch technique “should become the standard method for study of
noise and noise driven nonlinear dynamics in optics, the characteriza-
tion of quantum-optical intensity-correlations in soliton dynamics, and
in the study of spectral instabilities in ultrafast nonlinear optics™.
Complex dynamics originate from the interplay of noise and nonlin-
earities and generate fascinating non-cyclical and rare spectral features.
Being able to capture single-shot spectra with continuous recording
over trillions of pulses allows researchers to study fluctuations in dif-
ferent regions of the spectrum. The time-stretch spectrometer applied
to modulation instability shows that statistical distribution of fluctua-
tions can vary widely ranging from near-Gaussian distribution in the
short-wavelength regime to heavy-tail (extreme-value) distributions at
long wavelengths®. Such wavelength-resolved noise characterization
can revolutionize development of low-noise supercontinuum sources
for metrology and microscopy. Exploiting the wideband nature of
optical dispersion, such statistical studies of a supercontinuum can be
carried out over an octave of bandwidth, providing unparalleled utility
in understanding and optimization of coherent white-light sources®.

Discovery of previously unseen soliton phenomena. Until 2007,
extreme-value phenomena were generally not associated with the
field of optics. While studying real-time dynamics of supercontinuum
generation in photonic crystal fibres, it was observed that extremely
rare and random flashes of coherent light are generated at input
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power levels below the threshold for a supercontinuum?. Utilizing the
time-stretch spectrometer’s ability to capture single-shot events with
continuous recording over a very large number of events, the statistics
of these events was constructed showing heavy-tail (L-shape) distri-
butions in which outliers occur much more frequently than expected
from Gaussian statistics. Such unusual distributions describe the
probabilities of freak ocean waves and other fascinating phenomena
in the physical and social sciences**>". The term optical rogue wave
was created to draw attention to statistical similarities to the ocean
waves and to the fact that nonlinear optical pulse propagation shares
similar mathematics to water waves (both can be described using the
nonlinear Schrédinger equation). In this context, photon econom-
ics' and financial rogue waves” capture the parallel between optical
and financial systems — both being noise-driven nonlinear systems.
Originating from quantum fluctuations via spontaneous emission,
optical rogue waves are truly unpredictable, a property not shared
by many other extreme-value phenomena because of their classical
origin”. The ability to collect extensive datasets has created fertile
ground for the theoretical study of these noise-driven nonlinear inter-
actions, resulting in new insights in complex systems?®.

Another experimental milestone is the observation of fibre
soliton explosions'. Soliton explosions is a dissipative phenom-
enon that can occur in mode-locked lasers”. A soliton in the laser
cavity can unexpectedly collapse, only to reappear within a small
number of cavity round trips. Originally identified in studies with
the complex cubic-quintic Ginzburg-Landau equation™, soliton
explosions have been difficult to observe experimentally due to
their transient appearance. Recently, the time-stretch technique has
been employed to observe soliton explosions in single-shot meas-
urements of the spectra of numerous consecutive pulses in the out-
put of a Yb-doped mode-locked fibre laser (2 MHz repetition rate)
operating in a regime between stable and noise-like emission'>”.
These single-shot measurements show that the laser spectrum
unpredictably collapses into a structured form and rapidly returns
to its original soliton profile'>”.

Direct observation of transient rare phenomena has enhanced
theoretical understanding of stochastically driven nonlinear systems
and spawned new ideas such as the generation of rogue waves’®-*
(Fig. 4). In addition, time stretch has revealed shot-to-shot stochas-
ticity and coherence in mode-locked lasers® and observations of
spectral dynamics during the onset of optical parametric oscilla-
tion*? (Fig. 4). Soliton molecules are complexes formed by attrac-
tive and repulsive forces mediated by the propagation environment.
They are another fascinating manifestation of stochastically driven
nonlinear systems'®#-5.

There are yet other examples of intriguing non-stationary soliton
dynamics that can be studied such as the rains of solitons®”*. Initial
observation of these solitons in mode-locked fibre lasers was through
a few frames of intensity dynamics measured at different times. Later,
the rains of solitons phenomenon was demonstrated in fibre lasers
with different gain mechanisms®, with different cavity configura-
tions® and with different saturable absorbers®.

Recently, it has been experimentally found that collections of both
dark and grey solitons can be generated in fibre lasers during the onset
of noise-like lasing®? and in various modes of operation of a passively
mode-locked laser®***. Mutual dynamics of dark and bright coherent
structures result in distinctive features on the noise-like envelope of
the main pulse, making its properties difficult to access in the pure
temporal domain with conventional techniques.

Relativistic electron beam diagnostics. One of the remarkable
applications of time stretch is in particle accelerators. In a milestone
demonstration, the time-stretch ADC has been used to study elec-
tron-beam instability caused by the interaction between a relativistic
electron bunch with its own electromagnetic field'”*¢. This important
effect is encountered in linear accelerators and synchrotron radiation
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Figure 4 | Applications of time stretch. Blue: photonic time stretch was initially developed to overcome the speed and resolution limitations of high-
speed ADCs" (i) leading to the development of a femtosecond digitizer? (ii), and later became the foundation of many ultrafast instrumentation
techniques in spectroscopy, for example stimulated Raman spectroscopy'@?° (vii), imaging and microscopy?° (iv), and in the observation of
relativistic'” (v) and nonlinear dynamics for example optical rogue waves® (iii), soliton explosions'™ (vi), build-up of mode-locking' (viii), and
internal dynamics of soliton molecules™ (ix). Green: the coherent (full-field) version, which uses phase measurement using interferometry or phase
retrieval algorithms to recover the phase of the optical pulses, has enabled record-breaking instruments in laser vibrometry and velocimetry®' (x),
quantitative phase imaging and a time-stretch microscope augmented by artificial intelligence for label-free cell classification?? (xii). Orange: the
new concept of warped time stretch is opening up opportunities in real-time optical data analytics and data compression?®?’ (xi). Panel (i) shows
an eye diagram of 45 Gbps data captured by a 1.5 GHz electronic digitizer after its speed was boosted by 34x using photonic time stretch®. Figure
adapted from: (i), ref. 35, (iv), ref. 124, Wiley; (ii), ref. 29, AIP Publishing LLC; (v), ref. 17, (xi), ref. 26, (xii), ref. 22, under a Creative Commons
licence (https://creativecommons. org/licenses/by/4.0/); (vi), ref. 15, (vii), ref. 20, OSA; (viii), ref. 123, Macmillan Publishers Ltd; (ix), University of

Goettingen; (x), ref. 125, SPIE.

sources and produces pulses of intense terahertz emission. The evolu-
tion of microscopic structures appearing within charged relativistic
electron bunches was observed"’.

There are two main types of accelerator: one is the linear acceler-
ator where the electrons are accelerated and discarded shortly after;
and the other is the storage ring in which the electrons go through a
closed-loop trajectory and are stored over a long duration. Previous
methods captured structures of electron bunches destructively and
at low repetition rates (typically 10-60 Hz) by traversally deflecting
the electrons and discarding them at a fluorescent screen®. Owing
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to their destructive nature, the use of these observation methods
was limited to the linear accelerators. Time stretch enables non-
destructive observation of electron bunches through direct meas-
urements of their electromagnetic radiation fields, and therefore
it can be used in storage rings, where the electron bunches need
to be preserved. Furthermore, time stretch improves the observa-
tion rates by several orders of magnitude. Such vital quantitative
measurements are expected to lead to new levels of understanding
of electron-beam dynamics, validation of theoretical models, and
creation of high-power sources of coherent radiation'”'s.
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Warped stretch, spectrotemporal gearbox and optical data com-
pression. By virtue of their high single-shot rates and continuous
measurements, time-stretch instruments generate a torrent of data
creating a big-data predicament. Serendipitously, new concepts based
on warped-stretch transformation are emerging that can potentially
solve this problem. These transformations enable the engineering of
the time-bandwidth product of the information carried by an opti-
cal carrier®, a discovery that runs counter to expectation that linear
processes conserve the time-bandwidth product. Warped-stretch
transformations are implemented using frequency-dependent group
delay; a process nonlinear in frequency but linear in amplitude.
While (amplitude) linear processes do indeed conserve the time—
bandwidth product of the carrier, they do not exclude modification
of the envelope’s time-bandwidth product. The warped reshaping
prior to analog-to-digital conversion solves the fundamental problem
with Nyquist sampling of frequencies above the Nyquist rate being
undersampled and those below being oversampled. Warped stretch
solves this problem by causing non-uniform Fourier domain sam-
pling, where the sampling rate self-adapts to the local information
content (local entropy) of signals, leading to more efficient utilization
of samples*??%. The function of warped time stretching is analogous
to mechanical gearboxes with automatic gear ratios?*.

To implement arbitrary frequency-dependent group delay dis-
persions, the phase profile of the dispersive device is expanded in
terms of basis functions®. These basis sets can be viewed as a series
of cascaded group delay operations each performing primitive stretch
operations. Nonlinear group delay modes have been introduced as
primitive building blocks for complex warped-stretch transforma-
tions (Box 2). In addition to non-uniform Fourier domain sampling
for data compression, a subset of stretch primitives with proper sym-
metry can perform edge and event detection®. For the case of data
compression, digital reconstruction is not lossless. The reconstruc-
tion quality depends on the signal-to-noise ratio of the signal, and the
amount of information loss is predominantly limited by the dynamic
range (the effective number of bits (ENOB)) of the ADC used®.

Imaging and cancer detection. In time-stretch imaging®®®, the
object’s spatial information is encoded in the spectrum of laser pulses
within a short (picoseconds) pulse duration. Each pulse representing
one frame of the camera is then stretched in time so that it can be
digitized in real time by an ADC. With a shutter speed (illumination)
in the picosecond range, the camera freezes the motion of objects
travelling at high velocity to achieve blur-free imaging. The frame
rate is the same as the laser pulse repetition rate and reaches billion
images per second”. Detection sensitivity is challenged by the low
number of photons collected during the ultrashort shutter time (opti-
cal pulse width) and the drop in the peak optical power resulting from
the time stretch. These issues are solved with amplified time stretch
that implements a Raman amplifier within the dispersive device for
simultaneous amplification and stretching. In the coherent version of
the instrument®', the time-stretch imaging is combined with spectral
interferometry to produce quantitative phase and intensity images in
real time and at high throughput.

To address the big-data problem arising in such a high-frame-
rate imaging modality, the warped-stretch transform has been used
to achieve non-uniform spatial resolution leading to optical image
compression?. This bioinspired method emulates the function of the
fovea centralis in the retina of the human eye to offer high resolu-
tion in the central field of view and lower resolution in the peripheral
vision®. It is important to note that this foveated sampling is achieved
not by varying the sampling rate, but by warping the signal prior to
fixed-rate sampling.

Integrated with a microfluidic channel, a coherent time-stretch
imaging system captures quantitative phase and intensity images of
particles or individual cells in flow. In this fashion, the system acts as
a high-speed imaging flow cytometer with cell flow rates as high as
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10 m s, reaching up to 100,000 cells s™ throughput. The information
of quantitative optical loss and phase images are fused and transformed
into biophysical features and analysed using artificial-intelligence algo-
rithms, leading to record label-free classification accuracy of 96%?.

Spatiotemporal dynamics. In laser cavities, non-stationary behav-
iour occurs over two distinct timescales. ‘Fast time’ is the intrapulse
timescale corresponding to the structure within each pulse. ‘Slow
time’ is the number of round trips and is the timescale over which
pulse-to-pulse fluctuations occur.

For many dynamical and transient phenomena, the same pulse has
to be observed over many consecutive cavity round-trips to capture
events such as soliton explosions. Light evolution in a cavity has an
inherent cyclic spatiotemporal nature, that is, radiation is propagating
through the cavity and changing its properties from one round trip to
another. In other words, the temporal characteristics of the radiation
change in space during propagation along the laser cavity. Visualizing
the spatiotemporal dynamics provides useful insights into the inter-
nal structure and properties of laser radiation, including the appear-
ance and precursors of rare non-repetitive structures. The term spatio
refers to the axial dimension in the laser cavity.

Studying lasers as systems generating multiple spatiotemporal
regimes has led to the observation of previously unknown mecha-
nisms of light generation with links to other fields of physics. In par-
ticular, it was found that a quasi-continuous-wave (quasi-CW) fibre
laser could generate a large number of strongly correlated modes
with highly suppressed intensity fluctuations, in sharp contrast to
more typical operation with greatly pronounced fluctuations. Such
systems exhibit a laminar-turbulent transition similar to that seen
in fluid flows”. Optical wave turbulence in quasi-CW lasers has a
variety of well-distinguished spatiotemporal fingerprints'® that can
be used to characterize the system. A similar transition is found
theoretically using the complex Ginzburg-Landau model of a mode-
locked laser'.

Mode-locked fibre lasers offer even larger variety of temporal
operational regimes that depend on pump power and mode-locking
settings. In passively mode-locked fibre lasers, alongside conventional
stable single-pulse operation, much more complex dynamics with
noise-like pulses has been observed”!'**'%, While in the temporal
domain such pulses might have a complex and rather irregular struc-
ture making it difficult to classify and study them, distinct and steady-
state generation regimes are revealed in the spatiotemporal domain®.

Experimental access to the additional degree of freedom offered by
the time-stretch technique, both fast and slow dynamics over cavity
round-trips, offers new possibilities to tailor and control the lasing.
Advanced applications such as high-performance micromachin-
ing and ablation'” rely not only on the properties of each individual
pulse, but also on mutual dynamics of the pulses over a slow evolution
scale. Spatiotemporal generation regimes could be controlled in real
time by prescribing a set of cavity parameters, for example by means
of evolutionary algorithms'®.

Besides the distinct spatiotemporal generation regimes, the ability
to experimentally assess intensity both over the temporal and spa-
tial coordinate opens up new possibilities to study emerging coherent
structures. Dissipative rogue waves can be generated via bunching of
structures within a noise-like pulse'®'*°. Similarly, when looking at
the spatiotemporal dynamics of a quasi-CW fibre laser"!, researchers
made the first observation of polarization rogue-waves. Other types
of optical rogue wave have been recently identified as aperiodically
generated spatiotemporal structures: dark three-sister rogue waves''?
and waves emerging from the interaction of three pulses having dif-
ferent group velocities*'!,

Future perspectives
Beam diagnostics in particle accelerators, such as the recently dem-
onstrated measurement of relativistic electron beam structure using
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the time-stretch ADCY, represents an extremely challenging but
high-impact application for single-shot measurement techniques.
Utilities include advanced diagnostics during machine development
to beam-performance monitoring during regular operation'®. In
addition to the wideband ADC for data capture, sensors based on
interaction of the beam with light are also essential. Going forward,
advances in instrumentation will enable observations of new physi-
cal phenomena with potential translation into practical applications
such as sources of coherent radiation.

An important class of optical instruments are those based on
Mie and Rayleigh scattering of light for measuring the morphologi-
cal features of particles. Light scattering is the basis of flow cytom-
eters, which are the workhorse of the blood-testing industry''®. By
combining time stretch with spectrum-to-angle-encoded illumi-
nation, a new class of dynamic light scattering instruments can be
created that feature higher dynamic range with faster acquisition'"”.
This type of instrument captures the complete angular spectrum of
light scattered by a particle using a single detector without the need
for mechanical scanning. By shaping the power spectral density
of the illuminating pulse, it compensates for lower power at large
scattering angles, thereby equalizing the angular spectrum'". In the
future, application of time stretch to light scattering measurements
can create new medical and industrial applications for this impor-
tant optical phenomenon.

A rarely explored application of time-stretch spectroscopy is in
fast interrogation of fibre Bragg grating sensors''s. Such sensors are
able to measure strain, temperature and, when functionalized, chem-
ical and biochemical changes in their environment. Being optics
based, they can be placed in harsh environments and interrogated
from a remote location in power plants, engines, motors, dams and
bridges. The high-speed nature of time-stretch spectroscopy will
enable multiplexed and fast real-time monitoring of a large number
of distributed sensors networks for structural health monitoring. A
more challenging but impactful future direction is direct measure-
ment of optical spectra during combustion for optimization of output
power and efficiency.

Recently, there has been renewed interest in optical comput-
ing. The concept has been reintroduced as an analog engine able to
serve as a specialized processor to augment digital electronic com-
puters'. This approach exploits the fact that dynamical processes
occur much faster in optical systems than can be simulated with
a digital computer. An analog optical computer based on nonlin-
ear dynamics in a photonic medium will be orders-of-magnitude
faster in exploration of nonlinear phenomena. However, these
rapid dynamics must be observed as they unfold in real time and,
to detect transient events, measurements must span long inter-
vals. Time-stretch instruments are the ideal output device for such
analog optical computers.

Moving forward, one area where innovations are needed is in
dealing with the massive amount of data generated by high-frame-
rate real-time instruments and metrology equipment. Some of the
technologies that will be needed include data compression, digi-
tal processing and machine learning. Recent progress in this area
has come from generalization of time stretch to nonlinear stretch
and full-field optical detection*?*?. In such systems, the disper-
sion profile is designed based on the known spectral sparsity of
the data®. Warped spectrum-to-time mapping enables real-time
spectroscopy with non-uniform (foveated) spectral resolutions,
pinpointing the spectral features at specific wavelengths. In this
context, it has been recently shown that warped-stretch transfor-
mations will also lead to improved signal-to-noise ratio compared
with linear stretch, leading to higher sensitivity of the instrument?.
The optical data compression capabilities enabled by these trans-
forms” further push the boundaries of data acquisition rate and
record length, attributes that are critical in the study of nonlinear
dynamics in photonic and electronic systems. In the context of

NATURE PHOTONICS | VOL 11| JUNE 2017 | www.nature.com/naturephotonics

Box 3 | Time stretch in computational imaging.

The Phase Stretch Transform is a computational algorithm
inspired by the physics of photonic time stretch. While it can also
be implemented in the analog domain to detect transitions and
events in temporal waveforms, its biggest impact may be in com-
putational imaging for feature detection and super-resolution
imaging. Emulating the physics of group velocity dispersion, but
in two-dimensional space, the algorithm applies a frequency-
dependent nonlinear phase kernel, K[u,v], to the two-dimensional
Fourier transform of the image, FFT*{E,[x,y]}, and uses the phase
of the spatial output to locate the edges'* as well as to improve the
point spread function for super-resolution imaging'*:

PST{E,[x,y]} £ 2{IFFT*FFTXE,[x,y]} x K [u,v] x L [u,v]}}

where FFT is the fast Fourier transform and IFFT is the inverse
FFT. In detection of fast transitions, corners and edges (image),
high-frequency components receive a larger phase shift from the
phase kernel K[u,v] compared with the low-frequency elements
and become emphasized. A localization kernel, L[u,v], can be
employed to apply the phase kernel to only a range of spatial fre-
quencies in order to ignore highly local variations such as speckle
noise. The features identified by the Phase Stretch Transform are
used in an image recognition or computer vision pipeline, and
the kernel parameters can be adaptively adjusted by the artificial-
intelligence algorithms. (The Matlab code for the Phase Stretch
Transform is available on Github.)

Feature detection and resolution enhancement by the Phase Stretch
Transform. Digital implementation of the Phase Stretch Transform

in two-dimensional spatial domain'?°'. Here, an astronomical

image (left) and its Phase Stretch Transform (right) are shown. The
transform unveils hidden features and improves the image quality with
applications to super-resolution microscopy'?. Left panel: NASA Ames
Research Center / Brian Day.

photonics, time-stretch spectral shearing interferometry (Box 2)
presents a fertile ground for expanding the full-field characteriza-
tion capabilities.

Research on the physics of time stretch has led to the creation
of a new class of image-processing algorithms. Implemented in the
numerical domain and extended to two dimensions, digital emula-
tion of the optical physics inherent in group delay dispersion has
shown several applications in digital image processing'**'?'. One real-
ization of this is the Phase Stretch Transform that has already proven
utility in computational imaging (Box 3). Although in its infancy, this
area of research is poised to have applications in machine vision via
artificial intelligence.
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