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Manipulating the phase of an optical wave over time and frequency gives full control to the user to
implement a wide variety of energy preserving transformations directly in the analogue optical domain.
These can be achieved using widely available linear mechanisms, such as temporal phase modulation
and spectral phase filtering. The techniques based on these linear optical wave energy redistribution
(OWER) methods are inherently energy efficient and have significant speed and bandwidth
advantages over digital signal processing. We describe several recent OWER methods for optical
signal processing, including denoising passive amplification, real-time spectrogram analysis, passive
logic computing, and more. These functionalities are relevant whenever the signal is found on a
classical or quantum optical wave, or could be upconverted from radio frequencies or microwaves,
and they are of interest for a wide range of applications in telecommunications, sensing, metrology,

biomedical imaging, and astronomy. The energy preservation of these methods makes them
particularly interesting for quantum optics applications. Furthermore, many of the individual
components have been demonstrated on-chip, enabling miniaturization for applications where size

and weight are a main constraint.

The transition from electrical to optical technologies for the transmission of
information is what enabled the Internet as we know it today'. The extra-
ordinary pace of improvements in bandwidth, speed, energy efficiency, and
cost of optical fibres provided the foundation for the revolutionary growth of
available information over the past three decades. Alongside the develop-
ments of optical technologies for transmitting information, the increased
demand for higher information processing capabilities has been met by
advances in digital signal processing (DSP). These technologies, based on
electronic transistors, have so far kept pace in terms of number of compo-
nents per unit area on a circuit, increased performance of those components,
and cost under Moore’s law and other scaling relations”™. However, the
physical size of transistors has reached the scale where quantum effects
prevent their further miniaturization, and the difficulty of properly mana-
ging the heat generated from transistors at higher speeds limit their overall
performance®’. Therefore, researchers expect Moore’s law to fail within the
next decade’. These fundamental limitations have led naturally to the sug-
gestion of replacing electronics with optics for the processing of informa-
tion, just as how fiber optics replaced copper wires for data transmission in
the 90s°. Some optical signal processing technologies already have a long
history of application (see the history of optical amplifiers’, switches®, filters’,

and demultiplexers’). More advanced techniques await to provide the
increased bandwidth, speed, energy efficiency, size, and cost reductions that
will define the progress in the upcoming decades".

In this review, we discuss recent developments in optical signal pro-
cessing, restricting our attention to those set of technologies which rely on
linearly redistributing (i.e., reusing) the energy of a one-dimensional ana-
logue optical wave, thereby providing maximum energy efficiency. We refer
to these methods as linear optical wave energy redistribution (OWER)
techniques. While information can be encoded on the many degrees of
freedom of photons such as polarization, orbital angular momentum, or
position (for free space and multimode fiber optics), we focus here on time
and frequency for their unique versatility and scalability in terms of infor-
mation processing capacity. The information encoded in the signal over
these degrees of freedom could be artificially placed there or originate from a
natural phenomenon under investigation. For instance, in optical tele-
communications, the information to be transmitted is most commonly
encoded in the changes of the intensity and/or phase of an optical carrier
wave along the time domain'. Optical signal processing here thus refers to a
set of mathematical transformations implemented directly in the analogue
optical domain to perform a specific target function for encoding,
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processing, or detecting the information on the time and/or frequency
degree of freedom of an optical wave. It is important to note that this
approach is interesting whenever the information of interest is encoded on
an optical wave, not just for applications in teleccommunications'. Take for
example the emerging field of astrophotonics, describing a whole range of
new astronomical capabilities enabled by the reduced losses, increased
bandwidth, and on-chip integration of photonics''. Or consider the field of
biomedicine, where photonics has quickly become an irreplaceable tool for
in vivo imaging and diagnostics'>"’. Other examples include sensing,
metrology, imaging, and spectroscopy using light waves at both the classical
and quantum levels'*™"°. The information may also be originally encoded in
RF waves or microwaves, and then modulated onto an optical frequency.
Up-conversion from microwave to optical frequencies is a strategy that has
been shown to effectively facilitate both the transmission and processing of
these signals, particularly when they are high speed, extend over a broad
bandwidth, or are on a high frequency carrier'®”. This strategy, generally
referred to as “microwave photonics”, forms the basis of radio-over-fibre
communications and has proven useful for many other applications, such as
for software-defined radar, or microwave and mm-wave sensing and
imaging'*"*.

The key advantages of implementing information processing in the
optical domain, rather than with digital electronic components, are speed
and bandwidth. However, this is often achieved at the cost of increased
power consumption and a larger form factor. Focusing on linear optics over
nonlinear optics minimizes the power consumption, and restricting further
to optical transformations which only redistribute the energy of the wave
(i.e., in contrast to intensity modulation or filtering) theoretically maximizes
the energy efficiency”. This is the general strategy we refer to as OWER.
Minimizing losses and optimizing energy efficiency is generally desired but
it is a particularly relevant requirement for processing ultra-low intensity
light distributions, such as optical quantum states”>". Another key advan-
tage of OWER methods is that they can be readily implemented using off the
shelf low-loss fibre-optic components that are commercially available.
Furthermore, many of these efficient fibre-optic technologies have already
been demonstrated on silicon waveguides or “on-chip””. This strongly
suggests the potential for future integration and miniaturization of both
classical and quantum OWER techniques. Figure 1 shows a summary of
some of the important functionalities which are enabled by OWER methods
and will be discussed in this article.

The means by which wave energy redistribution is carried out involves
a combination of linear phase-only transformations. Phase shift can be
implemented over the two domains of interest, i.e. time and frequency. For
both domains, a device implementing a phase transformation can be

Telecom Dispersion
Compensation On-the-fly High-Speed

[ Waveform Processing

Denoising
Passive Amplification

thought of as a black box which changes in optical path length from the
perspective of the incoming signal. Importantly, as the optical path length
through a device is what is being modified, the energy is rearranged but
overall, the total energy input into the device will be near to equal the total
energy output, after accounting for an amount of minimizable loss.

In Chapter 2, we review the basic mathematical definitions and
implementations of the two fundamental linear wave processing mechan-
isms used for the realization of OWER techniques, namely, spectral phase
filtering (SPF) and temporal phase modulation (TPM). Chapter 3 begins the
investigation into OWER techniques with spectral analysis and Fourier
transformations using a single dispersive element. This is followed by a
discussion of two more advanced methods for real-time spectral analysis,
and the potential applications enabled by these state-of-the-art techniques.
Chapter 4 discusses passive amplification of optical waveforms, resulting in
particularly interesting results such as the mitigation of incoherent noise for
both narrow and broadband waveforms. Chapter 5 gives an overview of
other possible functionalities not presented in detail but that have been
developed for specific use cases. In Chapter 6, the transformations pre-
viously introduced are demonstrated to have analogues in the quantum
regime of low intensity signals, and the conceptual differences with the
quantum versions are highlighted. Chapter 7 presents some recent reali-
zations of OWER transformations in integrated and on-chip formats,
leading to the practical implementation of the previously discussed tech-
niques in application. Finally, Chapter 8 concludes the review and gives
some examples of further directions to be investigated.

Theory and Technology Implementations

Theory

There are two main linear mechanisms that can be used to manipulate the
phase profile of a temporal optical wave, enabling the implementation of
efficient OWER methods on a target signal. One is spectral phase filtering
(SPF), in which the wave phase profile is linearly manipulated along the
frequency domain, and the other, is temporal phase modulation (TPM), in
which the wave phase profile is modulated along the time domain®. To
illustrate these manipulations, we briefly recall that a temporal signal a(¢) is
related to its spectrum A(w) by the Fourier transform,

A(w) = |A(0)|e®*@ = Fla()} = / h a(t)e " dt, 2.1

which can be thought of as decomposing a temporal signal into a linear
combination of different single-frequency components. Each is character-
ized by an amplitude variation (magnitude of the single-frequency
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Fig. 1 | Overview of key functionalities enabled by optical wave energy redis-
tribution (OWER) techniques. The fundamental basis of these functionalities are
the two linear OWER techniques known as spectral phase filtering (SPF) and
temporal phase modulation (TPM). Both simply rearrange the energy of an input
optical wave to perform a desired mathematical transformation directly in the
analogue optical domain. Chapter 3 deals with real-time spectrum analysis and

processing functionalities. Chapter 4 treats on-the-fly high-speed waveform pro-
cessing as well as lossless control of optical pulses and combs. Chapter 5 discusses
other functionalities including optical logic and optical neural networks. Chapter 6
discusses extensions to and techniques unique to the quantum domain. Chapter 7
discusses how TPM and SPF at the heart of OWER methods can be implemented
on chip.
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oscillation, |A(w) |) and a phase delay @ ,(w) with respect to an overall time
reference (e.g, zero time). The SPF and TPM are inherently linear
mechanisms, as defined from a signal processing perspective’”. In
particular, we consider the system to be an operation H, in time or
frequency, that we wish to implement on the signal. If H is a linear system,

then

H{aa, + pa,} = aH{a,} + fH{a, }, (2.2)
for two inputs 4, and a,, and two constants « and 3. We are particularly
interested in the case where the system H is a multiplication with another
function, as will be true for SPF systems (along the frequency domain) and
TPM systems (along the time domain). In other words,

H{a(s)} = K(5)e'® . q(s), (2.3)
over a domain variable s representing time or frequency, where K(s) and
@ (s), representing the magnitude and phase of the system H(s), respec-
tively, are not functions of the input a(s). In this case, it is simple to show
using the convolution theorem that the system is linear both in the time and
frequency domains™. Equation (2.2) implies that impulses, or Dirac deltas,
representing single frequency components in the spectral domain for SPF
systems and localized amplitudes in the temporal domain for TPM systems,
can be treated independently by the system and then the results combined.
This means that for an SPF, each frequency component of a signal is
transformed irrespective and independently of the rest. By knowing what
the system does to each individual frequency, any combination can be
reconstructed at the output. Furthermore, when considering phase-only
operations such as SPF and TPM, we restrict ourselves to the operations
where K(s) = 1, such that

|H{a(s)}{2 = [P a(s){2 = |a(s)|2, (24)

which implies that energy of the waveform, given by integrating Eq. (2.4), is
not affected by the phase-only operation.

One of the ways to conceptualize how both the SPF and TPM
mechanisms work is by considering the optical path length through an
analogue device meant to implement such a transformation. SPF involves
the implementation of a customized optical path length through the device
depending on the frequency or wavelength of the optical wave. The different
frequency components of the input signal are simply delayed with respect to
each other following a prescribed phase shift profile*.

The relevant case of SPF that is inherent to a propagating optical
electromagnetic (EM) wave in a dielectric material, such as a waveguide or
an optical fibre, is chromatic dispersion. Mathematically, the relative

spectral phase shift ¢(w) can be expanded as a Taylor series,

H(w) = e %@ = exp{—zkpo — iy — i%w’z - }, (2.5)
expanded around the wave’s centre frequency wj, (carrier frequency). In this
equation, v’ = w — w, defines the baseband frequency variable, ¢, =
¢(w,) denotes the phase shift of the carrier frequency component, ¢, =
% is the average group delay of the propagating wave, and ¢, = % is
referred to as group-velocity dispersion (GVD), also known as the second-
order dispersion coefficient™”. Assuming the bandwidth or range of
frequencies is sufficiently narrow, all higher-order terms can be neglected.
Often it is required to take the third-order dispersion term for example,
when treating high speed telecommunications signals. GVD represents a
linear group delay over frequency and can be positive, corresponding to a
normal dispersion process, or negative, corresponding to an anomalous
dispersion process. Focusing solely on the effect of GVD, the transfer
function can be expressed as,

—i%w2

H(w) = e @ =¢ (2.6)

As mentioned above, Fig. 2 shows an illustration of the SPF process
induced by a GVD medium on an incoming pulsed waveform. The different
frequency components of the waveform are phase shifted with respect to
one another following the expected quadratic phase profile, broadening the
input pulse shape in time.

TPM also involves the implementation of a customized optical path
length through a device, but depends on time instead of frequency. Figure 3
illustrates the special case of a time lens, the temporal analogue of a spatial
thin lens”, detailed further below. It is convenient to think of the TPM
device as slowly varying in length depending on time. The result is a change
in the required number of optical cycles to traverse the device, modifying the
phase of the cycle upon exit as a function of time. Mathematically, a TPM
implemented in the temporal domain of a wave can be expressed as™,

H(t) = ¥V (2.7)
where ¢(t) defines the relative phase shift introduced by the TPM process
depending on time t. In practice, the optical path length of the device varies
with time much slower than the optical carrier frequency, so that the phase
modulation happens over many optical cycles.

For an indicative example, the specific TPM known as a time lens will
be introduced. As a thin spatial lens provides a quadratic phase modulation
depending on the transverse spatial variable”, a time lens provides a
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Fig. 3 | Illustration of Temporal Phase Modulation (TPM) process for the special
case of a time lens. The device implementing a phase transformation changes in
optical path length over time from the perspective of the incoming signal. The optical
wave profile at three different time locations along the enveloped optical carrier is
shown above the input. After implementing the quadratic TPM, shown in black
dotted lines, the optical wave will be given a phase depending on the time of arrival.
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At the output, the optical wave shown with a blue solid line exhibits a different
relative phase in comparison to the input optical wave, overlayed as a red dashed line.
The centre of the time lens, experiencing no phase shift, stays coherent relative to the
input. The change in periodicity seen in the zoomed sections represent the actual
linear instantaneous frequency shift that is being performed, but is greatly exag-
gerated for clarity.
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Fig. 4 | Illustration of the basic structure of an OWER system. An input signal to be
processed may be in the form of an optical, RF, or microwave signal. In the case of an
RF or microwave signal, the electronic signal must first be modulated onto an optical
carrier from a continuous wave (CW) laser. Once the signal is on an optical carrier, it
is ready for the OWER system processing. The most basic implementation may
consist of one or two linear optical phase modulations. For the majority of the
techniques discussed in this paper, these are TPM and SPF. The order of the

modulations, TPM then SPF or SPF then TPM, is determined by the desired func-
tionality. Additionally, including other transformations such as intensity modula-
tion at any point in the process can provide more functionality and implement a
wider variety of techniques such as noise filtering or passive logic. The output of the
OWER system can be converted back into the electrical domain, further analysed by
optical methods, or even sent to additional OWER systems.

quadratic phase shift depending on time”””. Mathematically, the relative
temporal phase shift ¢(f) can be written as,

CL

H(t) = 90 = ¢+ (2.8)
where t' =t — ¢, is the shifted time with respect to the centre of the lens,
and C, is a parameter defining the curvature or focusing power of the lens.
This parameter defines the slope of the instantaneous frequency variation,
or chirp, over time that is imparted to the wave due to the phase shift
(instantaneous frequency is defined here as the derivative of the temporal
phase™). The product of the temporal width over which the modulation is
applied, or temporal aperture, along with C; determine the bandwidth of
the time lens, equivalent to the difference between the lowest and highest
instantaneous frequency shifts. Figure 3 shows a TPM according to a time
lens for a certain input wave consisting of an enveloped optical carrier. The
figure is illustrative in nature, and thus exaggerates the instantaneous fre-
quency shift, seen as a change in the period of the optical carrier oscillations
at the output over time.

Finally, notice the similarity in form of Eq. (2.8) with Eq. (2.6). It is this
similarity that connects TPM and SPF in the theory of temporal imaging”””.
Combining SPF and TPM into a single linear system as in Fig. 4 can provide
key processing functionalities such as spectrum analysis which will be the

subject of Chapter 3.

Implementations

In practice, a linear SPF system of an optical wave can be implemented using
a large variety of physical mechanisms based on free-space optics, fibre-
optics, and optical waveguide devices and technologies™***. A convenient
way of implementing SPF involves the use of a so-called optical pulse
shaper™”, where a target spectral phase shift profile can be electronically
programmed and imposed on the input light wave. Optical pulse shapers are
commercially available that can operate over a very large range of fre-
quencies (operation bandwidth), easily extending over tens of THz and with
frequency resolutions down to ~10 GHz”, ultimately limiting the amount of
GVD that can be emulated to a maximum of 100 ps/nm per 50 GHz
channel.
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As discussed above, quadratic SPF can be easily implemented using
GVD. In the optical domain, this process occurs naturally in the standard
single-mode fibres (SMF) that are routinely used for optical tele-
communications. GVD is known to represent a key impairment for high-
speed communcations™. Several technologies have been developed to
compensate for the dispersion (GVD and higher-order terms) introduced
by fiber links. These technologies are designed to provide a spectral phase
response (or group delay profile) identical in magnitude but opposite sign to
that of the optical fibre to be compensated for. As such, optical GVD
compensation in optical fibres in fact represents one of the most funda-
mental and simple examples of optical processing methods based on the
OWER principle. An important consequence of the development of optical
GVD compensation is that there is a wide range of available technology
alternatives for the implementation of a desired amount of GVD, including
dispersion compensating fibres (DCFs)*, linearly chirped fibre Bragg
gratings (LC-FBGs) ™", integrated optical waveguide devices™*™”’, arrayed-
waveguide gratings”, wavelength-selective switches”, and many others.
Many of these devices are able to compensate the GVD equivalent of
hundreds of km of SMF. LC-FBGs are particularly interesting as these are
fibre-optics devices based upon specially designed micro-structured grat-
ings photo-inscribed inside an optical fibre that can be designed to provide a
very large GVD coefficient in a very compact format™”. In particular, there
are techniques for writing highly compact LC-FBG devices (mm physical
lengths) operating over hundreds of nm of bandwidth®, but with relatively
low overall chirps. On the other hand, there are techniques which have
shown that LC-FBGs can be fabricated over a meter long"'. Commercially
available devices such as those from Proximion are able to provide tens of
ns/nm chirp rates over 6 nm bandwidth®, or less chirp for larger band-
widths up to 40 nm, both compensating for hundreds of km of dispersion in
SMF. Customized SPF, including GVD, has been demonstrated using in
compact integrated-waveguide implementations, including discrete phase
filters, arrayed waveguide gratings, and ring resonators, as detailed further in
Chapter 8.

TPM can be efficiently implemented on optical waves using the Pockels
effect. Although the Pockels effect is a manifestation of the second order
nonlinear susceptibility tensor, it is considered a linear electro-optic phase
modulation (EOPM) because the index of refraction of a suitable crystal,
lithium niobate (LiNOs) for example, placed between metal plates varies
linearly with the electric field strength between those plates'*. From the
perspective of the optical wave being modulated, as long as the intensity is
not sufficiently high as to introduce unwanted higher order nonlinear effects
in the crystal, there will be no dependence on the input optical field strength.
Note in this situation, aside from the unavoidable coupling loss and loss
from material non-idealities, all the optical energy input into the crystal will
make it to the output, thus conserving the energy of the signal. Linear
EOPMs based on the Pockels effect are commercially available with RF
modulation bandwidths from DC to 100 GHz. An arbitrary waveform
generator (AWG) can be used to generate any desired driving electrical
signal with bandwidths up to 100 GHz, thereby producing any desired phase
modulation up to that bandwidth. A common, simple way to produce time
lenses according to Eq. (2.8) is to approximate them using the troughs of a
sinusoidal modulation, requiring only an RF synthesizer". In this case, the
period of the sinusoidal modulation should match the repetition rate of the
pulses being analysed. It is also possible to implement TPM using higher
order nonlinear optics effects such as four-wave mixing"™*" and cross
modulation®, which are capable of significantly faster modulations since
they are based on nonlinear interactions with another optical wave, rather
than a bandlimited RF wave or microwave. However, nonlinear TPM
methods trade speed for energy efficiency, and are notoriously power-
hungry*’. More compact on-chip implementations (discussed in Chapter 8)
include plasmonic resonators* and thin-film lithium niobate™, which have
the potential to lower losses, latency, and increase speed.

Finally, it is pertinent to note that there are many more methods still of
implementing phase modulation functions by moving into the domain of
free-space optics. The analogy between diffraction in space and dispersion in

time for optical light is known as the space-time duality”’. In particular, the
analogue of TPM is spatial phase modulation (SPM), while the analogue of
SPF is free space diffraction (FSD). The same principles of energy redis-
tribution apply, and by combining SPM and FSD, a wide variety of image
processing functionalities can be implemented’". Two examples of this are
using a machine-learning algorithm to create a spectral phase mask for the
purposes of optimizing a femtosecond laser source® as an extension of pulse
shaping techniques’"**, or creating many consecutive spatial phase masks to
mimic the layers of a deep neural network™. The interest in using optics for
implementing machine learning algorithms and neural networks is similar
to the motivations of photonic processing for temporal signals, namely,
potential decreased energy requirements, lower latency, and the faster
treatment of larger amounts of data. As mentioned, the focus of this review
will be on TPM and SPF for one-dimensional, temporal signals. Optical
neural networks have also been described in the time domain®’, and are
briefly discussed in Chapter 5 on other functionalities. In principle, space-
time duality” suggests that all temporal signal processing methods and
techniques to be discussed have analogues in the spatial domain, and vice
versa. This motivates investigation into both domains to find novel and
unreported phenomenon that can be transferred between each.

Real-time Spectral Analysis

Spectral analysis refers to the measurement and detection of a signal’s fre-
quency content. It is key for applications including communications, radar,
and sensing systems'®”. In a controlled environment, spectral measure-
ments can be repeated and there is plenty of time to analyse the results.
However, in many real-world applications such as automotive systems'*,
astrophysicsas, or defence”, signals of interest can occur only once, and
responsive action must be taken immediately. If this signal cannot be
reproduced on demand, then the acquisition must be performed in a single-
shot manner, which means that the complete analysis must be done on a
single instance of the signal of interest. Real-time spectrum analysis (RT-SA)
means that the processing is completed as fast as the signal of interest is
arriving, preferably with a latency (input-to-output delay) as low as possible.
DSP-based methods, such as fast Fourier transform (FFT)-based algo-
rithms, are commonly used for RT-SA. These DSP techniques offer flex-
ibility and high resolution but can suffer from high computational
complexity, leading to increased latency in large-scale implementations and
applications involving large instantaneous bandwidths®. In contrast, this
chapter will focus on the description of two state-of-the-art, single-shot,
photonic RT-SA techniques known as the time lens spectrogram (TLS) and
the Talbot array illuminator spectrogram (TAIS). These techniques only
require the SPF and TPM transformations discussed in the previous chapter,
and are therefore completed entirely in the analogue optical domain,
bringing all the advantages of low latency and energy efficiency. First
however, the simplest implementation of RT-SA will be introduced,
involving a single SPF on a time-limited waveform.

Dispersive Fourier Transform

A main strategy for spectral analysis relies on mapping the spectral intensity
distribution of an optical wave along the time domain, known as a time-
mapped Fourier transform (TM-FT)***"*". A dispersive Fourier transform
(DFT) is the technique involving just a single SPF step, specifically,a GVD of
exactly the type discussed in Chapter 2. Recall for GVD, the group delay
varies linearly with frequency. Therefore, when a temporally short wave-
form is transmitted through a dispersive medium having a sufficiently large
amount of GVD (¢), the different frequency components of the propagating
signal are effectively separated along the time domain. It is then the fre-
quency spectrum of the signal that is directly mapped along the time-
domain (i.e. Fourier transform by frequency-to-time mapping). The DFT is
based on the analogy between the paraxial diffraction of free space optical
beams in the far-field (Fraunhofer) regime and the dispersive propagation of
temporal waveforms™*. Therefore, the dispersion amount should satisfy
the so-called temporal Fraunhofer condition™*™”, |¢| > 12 /(27), where t,,
is the temporal duration of the signal of interest. The frequency axis is then
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mapped along the temporal axis of the output waveform following the
scaling law

(.1)

where w, is the input frequency variable relative to the signal’s central carrier
frequency and ¢ is the output time variable relative to the centre of the output
waveform. The time-mapped spectrum can then be directly recovered with
a photodetector and analysed in a real-time, single shot fashion. The DFT
approach allows for capturing spectral information over large instantaneous
bandwidths ( > THz) through time-domain instrumentation with measure-
ment update rates well in the MHz or even GHz regimes, but the frequency
resolution is typically sacrificed for high refresh rates. Although this
approach is simple and promising for spectral analysis over large
bandwidths, it is constrained to time-limited short pulses (~ps or ~ fs
durations) since more GVD is needed to separate the bandwidth and
provide an adequate sampling of the spectrum at the output. Additionally,
the output temporal waveform (time-mapped spectrum) is necessarily
much longer than the input one. Thus, the time-limited waveforms, or
pulses, to be analysed must be spaced apart by a long temporal period.

To overcome the limitations of pulse width and pulse period, a set of
techniques based on temporal imaging, called time lens Fourier transforms,
have been developed”*"°. These techniques combine the SPF with TPM to
increase user control. The use of a single time-lens for waveform analysis has
been demonstrated for time-to-frequency mapping’’, enabling the mea-
surement of a high-speed waveform through a frequency-domain mea-
surement. However, in the context of RT-SA, temporal imaging approaches
most typically involve the use of dispersive lines in addition to the time-lens
manipulation. For instance, a time-lens Fourier transformer can be designed
using the temporal analogue of the two-focal-length (2-f) spatial lens system
(ie., two dispersive elements separated by a time lens), or the one-focal-
length (1-f) spatial lens system (i.e., a time-lens followed by a single dis-
persive line). These methods differ in their achievable analysis bandwidth,
compactness, and experimental simplicity, and for a comprehensive review,
the reader is referred to Salem et al.”. Generally, these methods have the
advantage that the spectral phase profile is also mapped to the time
domain®, in contrast to DFT, where the phase profile is severely distorted.
Furthermore, time-lens FT methods allow for the measurement of sig-
nificantly longer signals ( ~ ns)”, limited by the duration of the time lens,
which is in turn typically constrained by the achievable phase excursion of
the phase modulation process™. Furthermore, the spectral analysis of signals
of longer durations necessitates sharper frequency resolution. Time-lens FT
methods also lead to an output frequency-to-time mapped spectrum that is
significantly shorter than those obtained by DFT, which is particularly
useful for the analysis of high repetition rate pulsed waveforms”. The
development of alternative methods to increase both the frequency reso-
lution and the maximum duration of the signal under test (SUT) while
maintaining a broad analysis bandwidth remains an active field of research.
This includes for instance the use of loop structures allowing for kHz fre-
quency resolutions®, using chirped broadband waveforms for the needed
quadratic temporal phase variation instead of an electro-optic (EO) time
lens”, and sampling on a train of pulses™.

Even though the time-lens Fourier transformer allows the processing of
a more general class of signals than the DFT, both methods are inherently
restricted to treating time-limited waveforms, such as short pulses. How-
ever, many important applications demand the real-time, single shot
spectral analysis of continuous waveforms, such as in the fields of sensing
and ranging’, spectroscopy’’, and telecommunications’. It is possible to
chop a continuous signal into many time-limited segments, and then per-
form either time-lens FT or DFT on each segment. This allows one to obtain
information on the signal’s spectrum as it evolves over time, as long as the
segments are sufficiently divided and separated from one another”’. Rather
than multiply the number of analysis systems to match the division of
segments, there are techniques which discard most of the segments and
simply assume the spectrum is evolving slow enough such that analysing

only periodic sections is justified”. However, these methods necessarily
suffer from large gaps in the analysis which is often unacceptable if short
transient events are involved”.

Time Lens Spectrogram

To address the applications requiring real-time, single shot spectral analysis
of continuous varying signals extending over arbitrarily long time durations,
alternative schemes have been proposed, in which the analysis is performed
in an entirely dynamic and gap-free manner®””™*". However, it has been
challenging to extend the operation bandwidth of these methods over a few
GHz. Here we review two photonic-based analogue processing approaches
based on the OWER principle that have allowed for the analysis of broad-
band and time-continuous signals (>10GHz) through time-mapped
spectrogram techniques. A spectrogram provides a joint time-frequency
(TF) distribution of a SUT, representing the variation of the signal energy as
a function of the two variables, time and frequency simultaneously’**. This
is calculated as the squared magnitude of a short-time Fourier transform
(STFT), in which adjacent or overlapping temporal sections of the SUT are
consecutively Fourier transformed.

We first discuss the time lens spectrogram (TLS)*, which can provide
very large operation bandwidths (sub-THz) and high temporal resolutions
(tens of ps), although with a relatively limited number of analysis points per
spectrum ( ~ 10-30)**"”. In contrast to the array of time lenses generated
using a sinusoid from an RF synthesizer, the TLS is based on the imple-
mentation of consecutive quadratic time-lenses generated by an AWG. As a
result, the TLS consists of lenses placed edge-to-edge, with no gaps. After the
lenses, the dispersion is chosen to match the spectral phase induced by each
individual time lens, similarly to the time-lens FT mentioned above. The
maximum signal bandwidth is then set equal to the time-lens bandwidth,
such that the output spectra are mapped within the temporal width of the
time lenses, and therefore do not overlap with neighbouring spectra. This
method mathematically corresponds to an STFT, with adjacent, non-
overlapping temporal analysis windows".

The fundamental principle behind the TLS is shown in Fig. 5a. A
linearly chirped signal, here taken as an example input signal to be analysed,
is first sent to a set of consecutive quadratic time-lenses. This is then followed
by a second-order dispersive propagation. Following the TPM and the SPF,
the consecutive spectra of the SUT are effectively mapped along the time
domain. The required condition relating the two transformations for a
proper Fourier transform is C; ¢ = 1, meaning the dispersion is inversely
proportional to the time lens strength®. Finally, assuming the bandwidth of
the SUT is less than or equal to the bandwidth of the time lens implemented,
B,, < C, T, /2m, enables the full spectrum to be mapped within the temporal
size of a singlelens, T'; , and mapped linearly over this duration following the
same frequency-to-time scaling law as in Eq. 3.1.

Since EO time lenses can be implemented with bandwidths exceeding
hundreds of GHz, the TLS allows for the analysis of much broader wave-
forms compared to other real-time dynamic spectrum analysis methods. As
shown in Fig. 6a, EO TLS systems have been demonstrated that can provide
over 400 GHz of instantaneous bandwidth®’, while maintaining a real-time
and gapless analysis for continuous signals. The TLS also excels at providing
very short time resolutions, demonstrated to below 70 picoseconds“Z . Since
the analysis windows are concatenated edge-to-edge, this implies that the
time resolution of the obtained spectrogram analysis is determined by the
width of the temporal analysis window, namely, the time lens aperture size
T;. The frequency resolution is inversely related to the time resolution
8f oc 1/T,;”. The analysis bandwidth and frequency resolution also
determine the number of points for the representation of each of the cal-
culated signal spectra along the analysis window. The TLS is quite flexible in
its design parameters, having been demonstrated to produce full instanta-
neous bandwidths as low as 11.2 GHz with sub-GHz frequency resolution
and about a nanosecond of time resolution®.

However, the TLS method that can capture the dynamic spectra of
signals is limited to around 30 analysis points per measured spectrum®’. The
limitation is mainly caused by the maximum possible phase excursion ¢,
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Fig. 5 | Principle and experimental diagram of the time lens spectrogram (TLS)
and Talbot array illuminator spectrogram (TAIS) scheme. a The TLS involves an
array of adjacent time lenses followed by GVD to time map the frequency spectrum of
each of the temporal sections of the signal under test (SUT) under each time lens

aperture along the corresponding temporal slot, ensuring real-time spectral analysis of

consecutive time sections of the SUT in a gapless and continuous manner. b The

scheme of a real-time spectrogram analysis based on similar principles but using Talbot
phase modulation, implementing a TAIS. In the shown example, the scheme is utilized
for the analysis of microwave signals (SUT), e.g., as captured by a suitable antenna, by
simply modulating this SUT on a continuous-wave (CW) light beam (optical carrier).
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Fig. 6 | Experimental results for a time lens spectrogram (TLS) and a Talbot array
illuminator spectrogram (TAIS). a TLS results for time-frequency analysis of a
complex double-chirped optical waveform with bandwidth of 411 GHz". b Results
corresponding to a TAIS used for the analysis of 40-GHz microwave signal

consisting of a double-chirped signal with single-frequency interferences occurring
at different time-frequency locations, illustrating the sharp (sub-GHz) frequency
resolution that is offered by this method while enabling to capture nanosecond
events.

of the temporal phase modulation. Specifically, the number of analysis
points per output spectrum can be estimatedas N = 4¢_ /7. For EOPMs,
the maximum total phase excursion is typically around 77. This can be a
significant issue for recovering highly complex spectra, as the frequency
resolution may not be sufficient to discern closely spaced frequency features.

Talbot Array llluminator

The second method combining TPM and SPF, aimed at addressing the
limitation of analysis points, is the Talbot array illuminator spectrogram
(TAIS). As depicted in Fig. 5b, the TAIS is based on a discrete and wrapped
phase that is determined by the framework of the temporal Talbot array
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illuminator*". Recent work has also shown that within certain conditions,
the TAI phase modulation can be also interpreted as a discretized and
bounded version of an array of time lenses***. Each temporal phase mod-
ulation profile consists of a discrete pattern composed of g levels (green,
solid curve), each over a duration of ¢, where the n" phase step satisfies:

an?(q—1
P = (q )7
q

3.2)

where n = 1,..., q. The phase shifts in Eq. (3.2) can be practically imple-
mented using the equivalent modulus 27 phase, which limits the maximum
phase excursion to 27 while implementing a manipulation equivalent to
that of a conventional time-lens with a large phase excursion (orange dashed
line). The phase modulated signal then propagates through a dispersive
medium providing a GVD ¢ satisfying,
2n|¢| = qt2. (3.3)

Consequently, the frequency content of the SUT is analysed over
successive temporal sections, each with a duration of T} = gt,, and is
consecutively mapped along the time domain following Eq. (3.1). The
resulting full analysis bandwidth is given by the inverse of the duration of a
single phase step, ie. 1/f,, while the temporal resolution is approximately
given by the period of the phase pattern T, which is again inversely related
to the frequency resolution®*. The total number of analysis points per
mapped spectrum corresponds to the number of the modulation phase
levels g. As such, this design enables the realization of hundreds of analysis
points, well beyond the capabilities of the TLS method.

Figure 5b illustrates an experimental demonstration of the TAIS*. The
input optical SUT is first modulated by the TAI phase, which can be
implemented with an EOPM device. Subsequently, the phase-modulated
SUT propagates through a linear dispersive line providing the required
GVD. The resulting temporal signal corresponds to consecutive time-
mapped spectra within each period T, after the photo-detection. This
system enables the analysis of high-speed microwave signals by simply
modulating the SUT on a continuous wave (CW) light beam. This scheme
has been successfully demonstrated for real-time spectrogram analysis of
arbitrary signals with full bandwidth up to 92 GHz". Figure 6b shows the 2D
representation of the resulting time-mapped spectrogram of a SUT com-
posed of a two-chirped signal and isolated interferences with varying fre-
quency content and temporal durations™. The figure includes three different
zoomed-in regions showing the time-mapped spectra of different analysis
periods, corresponding to some of the interference locations. The main
limitation of the TAIS for improving frequency resolution even further is the
large amount of GVD required. Hundreds of analysis points can be
achieved, but this requires hundreds of kilometres of SMF-
equivalent GVD*.

Discussion

For both the TLS and the TAIS, the signal of interest may be an optical wave,
or an electrical (microwave to mm-wave) signal upconverted onto an optical
carrier. These methods are real-time, single shot, and gapless spectral ana-
lysis techniques with unprecedented speed and bandwidth, as required for
applications such as for software-defined radar, cognitive high-speed
communications, and the recovery of complex modulation tele-
communication signals'*’***"'. Finally, it is worth emphasizing that the
spectrum of the input SUT is directly mapped along the time axis in the
original physical wave domain, enabling direct access to the time-frequency
distribution of the signal in a real-time manner. This allows for the use of
well-established time-domain waveform modulation and manipulation
methods to implement a user-defined time-frequency filtering operation,
such as a target ultrafast reconfigurable filter’. A key consideration for this
application is that the frequency-to-time mapping process is implemented
using linear phase-only transformations. As such, the filtered signal can be
recovered through the inverse transformations (i.e. the ssme OWER system

backwards and with opposite sign). This provides a possibility to manipulate
the signal dynamically and can offer unprecedented capabilities across a
wide range of applications.

Denoising and Passive Amplification Methods

The problem of noise is significant in almost all scientific fields and real-
world applications. Specifically in optical systems, amplified spontaneous
emission (ASE) noise can corrupt the accurate retrieval of information in
applications such as microwave photonic links”’, LIDAR™, communication
systems™, and spectroscopy”. Noise (random disturbances affecting
amplitude and/or phase) can originate from various sources, including from
thermal effects, ASE, or background ambient light'>*’. Whereas optical
amplifiers like erbium-doped fibre amplifiers (EDFAs)”’ and fibre-optic
parametric amplifiers (FOPAs)™ are typically employed to boost the signal’s
intensity, they also indiscriminately amplify pre-existing noise and intro-
duce additional noise (e.g., ASE), thereby degrading the signal-to-noise ratio
(SNR). For this reason, amplification and noise mitigation are two closely
related operations. While the use of amplifiers is ubiquitous, noise mitiga-
tion strategies strongly vary depending on the signal’s characteristics. As a
precursor to denoising and passive amplification, we review past develop-
ments in controlling optical pulse rates, or the frequency spacing of the
related optical frequency combs, with TPM and SPF.

Lossless Pulse Rate and Frequency Comb Spacing Control
Controlling the repetition rate of periodic optical waveforms or the fre-
quency spacing of their spectral representation (typically referred to as
optical frequency combs)”, is an indispensable functionality for a large
number of applications, including ultrafast optical and microwave signal
generation and processing'®"”"'®*'"', high-resolution spectroscopy'*"'** and
frequency metrology'”™'”, high-capacity telecommunication systems'*'”,
as well as for quantum information processing and computing'"’.

Lossless pulse rate control methods are most typically based on the
temporal Talbot effect'" """, a set of self-imaging phenomena that also form
the basis of the TAIS discussed in Chapter 3. The Talbot effect is observed
when a periodic temporal waveform undergoes second-order GVD, such as
in the case of a periodic optical pulse train propagating through a dispersive
fibre, and for specific well-defined amounts of dispersion relative to the
waveform repetition period, the original pulse train is replicated with the
exact same repetition rate (integer Talbot phenomena). The amount of
dispersion can also be a fraction of the integer amount, in which case the
original pulse train is replicated with a repetition rate that is an exact integer
multiple of the input one (fractional Talbot phenomena). In this latest case,
the rate-multiplied pulses exhibit pulse-to-pulse phase shifts that follow a
precise well-defined profile, what is usually referred to as a Talbot phase
profile'®. Using these fundamental principles, it has been shown that the
repetition rate of a given periodic waveform can be modified at will through
a suitable combination of Talbot phase modulation and GVD applied on the
input pulse train"*'*’. As this method is based on TPM and SPF, the overall
energy of the input pulse train is maintained throughout the OWER process.
Therefore, in the case of repetition rate division, the overall energy of the
pulse train is split among a smaller number of pulses leading to an effective
energy increase, i.e., passive amplification, of each of the individual wave-
forms in the output train'". It was also observed that this passive amplifi-
cation effect was applied only to the periodically repeating components of
the signal, ignoring any other non-repeating components such as inco-
herent optical noise'’. The effect of passive amplification was first proposed
and experimentally demonstrated in this context and later extended to the
case of arbitrary, generally non-periodic, waveforms, as described in the
following section.

Note that the spectral representation of a periodic temporal waveform
is also a periodic function of frequency, namely, an optical frequency
comb'”. As such, arbitrary control of the frequency spacing of the comb can
be also achieved using the equivalent SPF and TPM transformations on the
original pulse train”'*'""**, Similarly, increasing the comb frequency spacing
enables passive amplification of the frequency comb lines over any non-
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Fig. 7 | Schematic of noise mitigation systems using a T-TAI and an S-TAL The
top row illustrates the T-TAI, which involves TPM of the signal under test (SUT)
with a quadratic periodic phase pattern derived from the Talbot effect, followed by
quadratic spectral phase filtering via GVD. This process focuses the waveform
energy into short temporal pulses, resulting in an effective local amplification by a
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magnification factor of q. The bottom row shows the S-TAI, which starts with GVD
and is followed by TPM, achieving similar amplification effects along the spectral
domain. In both methods, the phase-coherent target signal is locally amplified, while
noise remains nearly unaltered.

repeating components, such as background noise’'”. Examples of

denoising passive amplification of periodic pulses and optical frequency
combs using these methods are shown in Fig. 8 and described in the fol-
lowing section.

Talbot-based processing of optical pulses and frequency combs have
been extensively demonstrated and applied. The reader is addressed to
Cortéz et al.”, which provides a comprehensive review of this field. In
practice, the minimum rate or frequency spacing that can be manipulated
using these methods is limited by the fact that the needed amount of GVD
scales up with the square of the input or output temporal pulse period.
Therefore, these solutions are mainly suited for processing optical pulses
and frequency combs with frequency spacings of a few GHz at least. Talbot
processing has enabled the generation of THz rate optical pulse trains from
GHz and even sub-GHz rate pulse trains'”. On the other hand, rate division
processes are limited by the need of temporal phase modulations as fast as
the input pulse rate, namely, to a few tens of GHz using EOPM mechanisms.

Temporal and Spectral Talbot Array llluminators

For the purposes of treating noise, we categorize optical signals into two
overarching groups: narrowband signals’, with slow temporal variations
and bandwidths below the GHz range (e.g., vibration monitoring, bio-
sensors, LIDAR, microwave photonics, telecommunications), and broad-
band signals™, with frequency ranges over tens of GHz, typically associated
with short pulses (e.g., ultrafast processes, spectroscopy, radio astronomy,
bioimaging).

Narrowband signals lend themselves to conventional filtering techni-
ques using optical band-pass filters (BPFs) based on Fabry-Perot cavities,
Fibre Bragg Gratings (FBGs), or microring resonators, among others, since
in this case, most of the noise is outside the signal’s frequency band'*.
Unfortunately, building BPFs with sub-GHz passbands poses significant
challenges, including the necessity to precisely align the BPF passband with
the frequency of the signal of interest, which may be unknown or dyna-
mically fluctuate. Alternatives based on the stimulated Brillouin scattering
(SBS) effect have been exploited to create narrowband optical filters, but
these approaches are mostly suitable for microwave photonics applications
where the laser source is controlled by the user'”~'*’. On the other hand,
noise mitigation in broadband signals is challenging due to most of the noise
being within the signal’s bandwidth. Some advances in the mitigation of in-

band noise include the use of matched filters'” and spatio-spectral

filtering"', both of which rely on having prior knowledge of some of the
signal’s parameters. Solutions for mitigating in-band noise through digital
signal processing (DSP) have been proposed in the realms of acoustic and
radio-frequency signals'**™'*, but they are not suitable for aperiodic ultrafast
optical signals due to the significant challenge posed by the digitization of
broadband complex optical fields.

Noise mitigation based on passive amplification was initially demon-
strated for periodic pulse trains as described in the previous section'”.
Subsequently, the dual effect was observed in the frequency domain for
frequency combs'®. A simultaneous spatial and temporal focusing has also
been demonstrated for femtosecond pulses to improve the performance of
multiphoton microscopy and medical imaging'”’. More recently, the con-
cept has been generalized for arbitrary continuous input signals, as detailed
in what follows.

Figure 7 presents the schematic of a system used for noise mitigation in
arbitrary narrowband optical signals, known as the Temporal Talbot Array
Hluminator (T-TAI)"*Y. Similar to the TAIS, the T-TAI begins with a TMP
according to the TAI pattern of Eq. (3.2), bounded once again to 27. After
TPM, a quadratic SPF is applied according to Eq. (3.3). The link to the
optical pulse control from the previous section is that an arbitrary signal can
be thought of as a limiting case when the pulse width equals the pulse
period'*, which is much shorter than the arbitrary waveform’s duration,
corresponding to the envelope of these virtual pulses. Each “optical pulse” is
then given a different phase according to the TAI pattern, and the repetition
rate can be divided by g = T /t, as in Fig. 7. The same energy conservation
applies, and the output peaks outline a copy of the input signal amplified by
the factor g. This is very similar to the interpretation of the T-TAI as a
temporal counterpart to a periodic optical lens system, which focuses the
energy of the illuminating light into equally spaced spots on the focal plane.
At these spots, the peak power of the output is linearly proportional to the
input waveform, by an amplification factor g, passively increasing the signal
locally within the extent of the spot. Indeed, this coherent sampling
operation was first demonstrated using an RF tone to drive the TPM,
implementing an array of time lenses, but this approach results in a relatively
modest amplification factor of 3.6'”. Connecting with the TAIS of Chap-
ter 3, if the signal envelope is slowly varying in comparison to the TAI
repetition period T, then the TAIS process results in single pulses for each
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pattern representing a DC frequency component with no other spectral
features, whose amplitude depends on the amplitude of the signal within the
pattern period®. If the noise is broadband, then using the TAIS framework it
is easy to see why the phase-coherent signal of interest focuses to a single
peak while the broadband noise is mapped along a much longer time
duration. The T-TAI has been demonstrated experimentally for passive
amplification and noise mitigation of both periodic optical pulse trains and
continuous arbitrary temporal waveforms, such as microwave photonic
signals (e.g., sinusoids modulated on optical carriers) and optical tele-
communication data streams. The T-TAI method achieved amplification
factors greater than 100, which enabled the recovery of ultra-weak optical
signals with power levels below the detector threshold, buried under a much
stronger noise background"” (noise power more than 30 times higher than
the signal). Examples of denoising passive amplification of an optical pulse
train and a narrowband square-like temporal pulse are shown in Fig. 8a, b,
respectively. By using high amplification factor g = 120, effective filtering
passbands of about 320 MHz has been achieved with the T-TAI system.
Interestingly, similar phenomena can be achieved along the frequency
domain representation of the SUT using a system known as the Spectral
Talbot Array Illuminator (S-TAI)”. The S-TAI achieves passive amplifi-
cation along the frequency domain by redistributing the energy into spectral
peaks, rather than along the time domain, and can be immediately gen-
eralized to arbitrary waveforms similar to the T-TAIL The way to realize the
S-TALI is simply to reverse the TPM and SPF. This system is particularly
effective for noise mitigation in broadband signals affected by in-band noise.
S-TAIs have been demonstrated experimentally for the passive amplifica-
tion and noise mitigation of both periodic optical frequency combs (Fig. 8c)
and ultrabroadband arbitrary optical waveforms” (Fig. 8d). The S-TAI
enabled the real-time and single-shot recovery of broadband optical
waveforms with picosecond resolution, even when the signals were buried
under in-band noise. This was demonstrated with waveforms extending
over a full-width frequency bandwidth up to ~ 400 GHz, corresponding to
temporal variations as fast as ~ 2 ps. The system demonstrated significant
noise mitigation capabilities, increasing the visibility (a measure of signal
detectability) by 18 dB, almost two orders of magnitude (see Fig. 8d).

Hardware Challenges

Specific to the T-TAI and S-TAl, there are practical implementation chal-
lenges to overcome. For the SPF stage, third-order dispersion effects can
become non-negligible for broadband signals'*’, as fabricating devices such
as LC-FBGs with constant GVD over THz bandwidths is challenging'*'. For
the TPM, applying such a sophisticated phase pattern as the TAI may
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Fig. 8 | Various realizations of passive amplification using the Talbot effect.

a Noise mitigation of a periodic optical pulse train with amplification factor of 5.
Passive amplification is compared with active amplification, with the latter method
significantly degrading the signal quality'””. To evaluate the passive amplification
effect beyond the processing system losses, the pulses are measured at the output of
the Talbot amplifier when the TPM stage is off (PM-OFF), in which case the output
waveform is just an exact copy of the input waveform, and when the TPM stage is on
(PM-ON), leading to the anticipated rate division of the input pulse train and the

demand bandwidths that are currently unachievable for state-of-the-art
digital-to-analogue converters. For example, to use the T-TAI for the passive
amplification of high-speed telecommunication waveforms of tens or
hundreds of Gbaud/s, the TAI pattern would need to be much faster than
the telecom symbol rate. A significant trade-off exists between the achiev-
able amplification g, and the phase modulation period T . To overcome
this, it becomes necessary to leverage the nonlinear optical processes
mentioned in Chapter 2. For instance, ultrafast TLs have been implemented
by exploiting cross-phase modulation (XPM) and four-wave mix-
ing (FWM)”.

Recently, innovative methodologies have been developed leveraging
nonlinear XPM and FWM in optical fibres to achieve an ultrafast imple-
mentation of the required TPM, surpassing the speeds achievable through
EO approaches by orders of magnitude. An XPM-based discrete-multilevel
TPM was first demonstrated through a tailored pulse-shaping process,
wherein a pump with an intensity profile proportional to the required TPM
is engineered™. This approach has been demonstrated in the context of a
T-TAI'* and S-TAI'*, and a Talbot amplifier for periodic pulses'*. Due to
its phase restriction of 2m, this design requires much less power than a
conventional XPM-based parabolic TL¥. Alternatively, an ultrafast TPM
can be achieved using FWM'*, where in this case the pump is obtained by
multiplying the repetition rate of a short-pulse train by an integer factor g
through its propagation in a GVD medium satisfying a fractional self-
imaging condition. This process results in a pump with a discrete multilevel
phase profile directly proportional to the desired TPM, which is then
transferred to the idler through the FWM process. This approach has been
applied in the context of a T-TAI'**'* and in a spectral Talbot amplifier to

mitigate noise in optical frequency combs'*.

Other Functionalities

The techniques of OWER discussed above, namely RT-SA, optical pulse
control, denoising, and passive amplification, are just a small sample of the
many functionalities enabled by SPF and TPM. In this chapter, a number of
noteworthy examples of OWER implementations are introduced to give
more perspective on the potential applications.

TPM and SPF transformations have been designed for the realization
of many important operations on data sequences such as those used for
communication purposes. For example, dispersion-induced Talbot self-
imaging effects have been exploited for accurate recovery of the underlying
periodic clock reference from intensity modulated optical pulse sequences
(on-off keying data, OOK) at the exact same bit rate of the original data'” or
at a fraction of this rate'*’. Additionally, linear SPF has been used for highly
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associated passive amplification effect. b Noise mitigation of a narrowband square-
like optical pulse using a T-TAI system with q = 37*“. The T-TAI method sig-
nificantly outperforms optical bandpass filtering (BPF). ¢ Noiseless spectral
amplification of a frequency comb with zero visibility, i.e., when the comb is entirely
buried under incoherent noise, for several passive amplification factors'*. d In-band
noise mitigation and recovery of a broadband isolated pulsed waveform, which is

entirely buried under a significant amount of noise"”. Figures adapted from'***"*>"*¢,
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energy-efficient modulation format conversions of ultrafast optical tele-
communication data sequences, such as for conversion of ultrahigh-speed
return-to-zero OOK data (in which the data are codified on pulses much
shorter than the bit period) and more bandwidth efficient non-return-to-
zero OOK data (in which each bit pulse occupies the entire bit period)'*.
OOK data sequences correspond to binary data sequences such as those
routinely used for encoding information in DSP engines. Based on this
principle, logic functions have been implemented on the binary data
encoded on OOK sequences using a well-chosen linear SPF''*'*’. This
approach has been referred to as passive logic processing, and it has been
successfully used for the implementation of NOT and XNOR logic functions
as well as for pattern matching operations'”. Specifically, a NOT logic
operation can be achieved by simply inverting the phase of (or 7 phase
shifting) the central carrier frequency component of the input optical data
sequence with respect to the rest of the sequence’s spectral content'”’. Pas-
sive logic processing has been demonstrated to enable ultrafast processing
speeds or binary rates, up to 640 Gbps, well beyond the capabilities of
conventional electronic DSP, while avoiding the unpractical power con-
sumption levels of alternative photonic solutions'. This functionality offers
optimal energy efficiency, particularly when the information is already on an
optical carrier, only limited by the practical insertion loss of the phase filter
technology, with demonstrated energy dissipations down to a few f]/bit.
Demonstrations have been reported using optical pulse shapers'"” and far
more compact FBGs"’ for implementation of the SPF operations.

As mentioned in Chapter 2, optical neural networks have been realized
in fiber optics, the backbone of such implementations being OWER
methods of TPM and SPF. For example, an iterative process of TMP and
SPF create connecting layers of a neural network entirely in the optical
domain®. The temporal data processing was done in a completely real-time
manner with a data rate of 12 Gbps. Contrary to some free space optical
neural networks, this fiber-based system is fully reconfigurable. Another
example is a convolutional neural network formed by combining SPF with
non-energy preserving operations in fiber optics which has been demon-
strated for the classification of originally 2D images™.

An important aspect of OWER methods emphasized again is that the
original input signal energy and information are preserved, allowing for easy
recovery of this input signal without any significant loss by simply reversing
the implemented SPF and TPM operations. This is the very principle behind
optical dispersion compensation in fibre-optic telecommunication
systems”. Furthermore, this approach enables additional manipulation and
processing of the information of interest in the transformed domain before
reversal. This principle has been successfully utilized to manipulate at will
the time-frequency distribution, or spectrogram, of high-speed signals as
described in Chapter 3, as well as to mitigate narrowband noise in micro-
wave signals'* following the approach described in Chapter 4.

Quantum-level Implementations
The connection between entangled biphotons and classical pulse shaping
was first articulated by Pe’er et al, who showed that the two-photon
wavefunction of time-energy entangled photon pairs could be manipulated
like a coherent, classical ultrafast pulse'’. The large impact of this work is
evidenced by the number of publications soon after, continuing up through
today, that have applied classical signal processing methods using standard
telecom equipment on entangled photon pairs. Of the many techniques that
have been borrowed from the classical signal processing toolbox, TPM and
SPF hold particular importance for quantum processing because they
provide a versatile framework that is inherently low loss, a critical
requirement for quantum information where signals cannot be amplified'*.
TPM and SPF can be interpreted as unitary transformations on a quantum
state (up to the insertion losses of the devices themselves)'*>'"*", allowing for
important manipulations such as wavefunction shaping'’™'*', quantum
state generation and processing''”'*, and quantum state characterization
and detection®"'""'®,

In this chapter, we will first provide a brief overview on time-energy
entangled biphoton wavefunctions in the context of Fourier processing and

then review recent progress pertaining to the application of TPM- and SPF-
based OWER manipulations for three key areas: 1) efficient detection of the
spectral content of quantum states, 2) improved temporal detection reso-
lution, and 3) noise mitigation.

Biphoton Wavefunctions

Common approaches to entangled photon pair (or biphoton) generation
rely on spontaneous nonlinear parametric processes, where photons from
the pump beam of frequency w, are converted into signal and idler daughter
photons having a continuum of frequencies w, and w;, but where each
detection event satisfies energy conservation, namely w, + w; = w, for
spontaneous parametric down conversion (SPDC) or @, + w; = 2w, for
spontaneous four wave mixing (SFWM). The time and frequency properties
of these daughter photons can be represented by the joint spectral intensity
(JSI) and joint temporal intensity (JTI), Fig. 9a, b, respectively'®'””. These
correspond to the modulus square of complex amplitudes, y(w,, w;) and
w(t,, t;), which are related by a 2D Fourier transform'**"”*'”°. Entangled
photon joint amplitudes are described by inseparable functions,
Y(w,, w;)2Y(w)X(w;) and y(t,,t;)=y(t,)x(t;). This is the key to non-
locality, that the processing of one photon of a pair, even though it may be
disconnected in space from its twin, always affects the joint biphoton
distribution.

In some cases, it is desirable to have entangled photons that are
indistinguishable, requiring daughter photons that have as little frequency
correlations as possible, yielding a circular JSI'”. In other cases, high fre-
quency correlations are favoured'”, like those in Fig. 9a. A key aspect of
entangled photon generation is that large, coherent, shapeable, biphoton
bandwidth is created from random, spontaneous generation whether the
pump is CW or pulsed. Looking at the signal or idler photon alone gives a
random, incoherent wavefunction. However, once the time or frequency
characteristics of a signal photon are measured, the parameters of its idler
twin are known with high precision, leading to a well-defined, coherent
phase of the biphoton wavefunction.

As shown by Fig. 9¢, d, the spectral and temporal difference-
coincidence counts can be found by summing photon counts along the
diagonal of the JSI and JTT distributions, respectively. Along the time
domain, this gives a probability distribution of the photon arrival times as a
function of relative delay, described by the Glauber second order cross-
correlation, Gfi)(ts — t;). Since the 1D coincidence probability amplitudes
are simpler to measure than their 2D counterparts, most studies have
focused on these 1D representations to describe how the biphoton function
can be shaped similar to classical (1D) pulses'**'””. However, it is generally
more informative to look at the joint 2D representation since 1D difference-
coincidence measurements mix and combine important information from
the 2D joint JSI/JTI maps.

The 2D joint representations are particularly useful to visualize phase
manipulations. Imposing large spectral phase from GVD on entangled
photons gives similar effects as in a classical ultrafast pulse, but now achieved
non-locally on the joint probability distribution, see Fig. 9e-j, showing large
nonlocal temporal dispersive stretching, nonlocal frequency-to-time map-
ping, and nonlocal dispersion cancellation, respectively. We note nonlocal
quadratic TPM (time-lensing) on entangled biphotons can be similarly
understood by simply making the change of variables, w, — t,, and
w; — t;, (and noting that all JTTs become JSIs and vice versa). In this case,
Fig. 9e-j would instead show large nonlocal bandwidth broadening, non-
local time-to-frequency mapping, and nonlocal bandwidth cancellation'”*.
For a more thorough review of joint spectral and temporal distributions and
their connections through Fourier processing, as well as further applications
of energy redistribution methods via phase manipulations in quantum
optics, we address the reader to refs. 171-173,179-181.

SPF of Biphoton Wavefunctions

Accurately measuring the JSI of entangled biphotons is critical to char-
acterize the quantum frequency correlations of a source. Reconstructing the
JSI is often performed by raster scanning photon pairs using narrowband
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obtained by correlating the measurement of the spectrum of one photon from an
entangled pair using dispersion-induced frequency-to-time mapping, while the
spectral phase of the other photon is measured by electro-optic shearing inter-
ferometry. d For instance, this allows measuring correlations in the spectral phase
resulting from chirped-pulse pumping. Figures adapted from'®.

spectral filters. Thus, if we consider that a spectral measurement is needed
over N analysis points per spectrum on the signal and idler photons, this
means that the JSI is characterized by N* points. A simple raster scan using
two detectors implies that the signal counts are therefore also reduced by N*
compared to detection without filtering, significantly increasing the inte-
gration time to achieve a similar signal-to-noise performance. This example
illustrates the importance of preserving signal counts in quantum processing
by avoiding losses and/or techniques that reduce the signal or signal-to-
noise ratio.

The frequency-to-time mapping approach, described for classical
waves in Chapter 3, provides a clever energy-preserving solution by per-
forming correlated frequency measurements in the time-domain, Fig. 10a,
b'*'”, In this way, all frequencies can be probed simultaneously, limited
only by the dead time and resolution of the detectors'”. The use of low-loss

gratings for the dispersive line allows characterization for wavelengths
outside of the telecommunication band where standard dispersive optical
fibres have prohibitive losses'®. Ongoing research aims at improving the
frequency resolution, which is limited to ~ 10 s of GHz due to impractically
large amounts of dispersion required and insufficient temporal resolution of
detectors'®. Frequency-to-time mapping can also be merged with other
signal processing techniques for more intricate measurements, such as
intensity interferometry towards measuring the joint spectral mode of
photon pairs'*’ and spectral shearing interferometry'**'** for reconstructing
the phase of the joint spectral amplitude y(w,, w,)'**, Fig. 10c, d.

TPM of Biphoton Wavefunctions
Time-lens techniques have been used extensively for quantum state
engineering'®, temporal resolution enhancement'*'®, and bandwidth
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compression**'”. In the context of quantum state detection, it is often
difficult to probe the wavefunction with sufficient temporal resolution using
standard detectors. One solution is to employ time-lens magnification prior
to detection by using a suitable combination of dispersive lines and a time-
lens modulation process‘“, Fig. 11b. Alternatively, this system can be
designed to achieve time-to-frequency mapping, enabling the measurement
of the biphoton temporal wavefunction in the spectral domain with an
increased resolution, Fig. 11c. An important advantage of magnification
techniques is that they maintain the energy of the input wavefunction, up to
device insertion loss, allowing for both high-resolution and high efficiency
detection. However, they are relatively limited in the maximum duration
that a waveform can have due to the limited phase excursion of the TPM
process. In contrast, temporal gating techniques face similar challenges as
raster scan approaches mentioned above for spectral measurements'”>'*.

Another application of time-lens manipulation in quantum optics is
for bandwidth compression, using SPF followed by TPM (see Fig. 11d).
Using this approach, 6-fold bandwidth compression of heralded single-
photon wave packets generated by SPDC was shown as a method towards
efficient interfacing between broadband photons and narrowband absor-
bers, such as quantum memories'™ as shown in Fig. 11e. Ideally, all the
photon counts can be concentrated to a much narrower frequency region,
boosting the conversion efficiency between different platforms operating at
different frequency bandwidths. More recently, this principle was adapted
with a temporal analogy to the Fresnel lens to enable a 154-fold
compression'”, confirming the solid potential of this efficient technique
for interfacing quantum information processing platforms with very dif-
ferent spectral bandwidths.

Finally, as a last example of work borrowing classical TPM and SPF
techniques towards energy preserving quantum wave shaping, we note
that noise mitigation based on the TAI principle described in Chapter 4
has also been recently shown to enhance the correlation properties of
entangled photons’'. Here, the single photon waveform is redistributed
into a series of peaks, and moreover, the joint temporal distribution of the
corresponding biphoton is also distributed into peaks along the 2D joint
distribution, JTI. This allows for the post selection of the coherent signal
counts contained in the peaks at the expense of the incoherent background
noise, enabling improvements in key quantum correlation metrics such as
coincidences-to-accidental counts (the quantum equivalent of signal-to-
noise ratio).

Discussion

Though many classical signal processing techniques have already been
demonstrated on entangled biphoton waveforms, there still exists numerous
opportunities to bring concepts over from the classical signal processing
toolbox to the quantum optics regime, particularly since entangled biphoton
processing requires manipulation of a 2D, inseparable, joint wavefunction
for which there is no classical analogue. However, for entangled biphoton
processing techniques to have practical impact for quantum information
engineering, they will need to critically address loss and noise. In this
chapter, we have focused our brief review on OWER processing techniques
based on TPM and SPF since they introduce only passive insertion loss,
which can often be engineered to just a few dB. However, it should be also
noted that in some quantum channels, even a few dB of loss cannot be
tolerated. For instance, in quantum communications, the secret key rate is
directly proportional to the channel link loss, which grows exponentially
with distance. Since the diminished rates cannot be recovered due to the
non-cloning theorem, the reach of quantum communication fiber links is
fundamentally limited to a few hundreds of km until efficient quantum
repeaters become reality'®. For example, at a distance of 400 km, only ~ 10
qubits/s would be detected when considering a GHz clock rate'; further
losses induced by a processing unit would thus undesirably directly decrease
the reachable distance and/or secret key rate. In quantum computing, fault-
tolerant architectures have loss thresholds of 50% — implying that the entire
processing system must have less than 3 dB loss'”’, representing a stringent
bound for future development of photonic hardware. Alternatively, avoid-
ing loss altogether by engineering phase manipulations directly in the
biphoton source itself may hold possible solutions'”***'**. Likewise, tech-
niques whose signal enhancements exceed the losses they introduce, like
high-dimensional cluster state generation'”” and coherent energy redis-
tribution enhancement’, may additionally offer pathways to practical wave
shaping and processing in quantum networks.

Integrated Waveguides

Instead of the prepackaged tabletop components employed in the techni-
ques of the previous chapters, it is highly desirable to perform these trans-
formations miniaturized on-chip. Integrated photonics has seen rapid
development over recent decades, resulting in the emergence of numerous
integrated photonic devices across various platforms. A strong motivator for
why integration is so sought after is that certain applications are extremely
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constrained in the available weight and footprint, such as in automotive,
arial, or satellite applications'*”. Along with reducing the physical size of the
processing unit, on-chip integration allows for lower latency, more con-
strained light modes resulting in higher nonlinear coefficients*>'**, and the
potential for wafer scale processing'”. The last of these allows for the rea-
lization of photonic circuits composed of a much higher number of devices
for a lower cost than realistically possible using bulk components'”. A
plethora of both active and passive fundamental devices have been suc-
cessfully integrated on-chip including couplers™'**'”, photodetectors'* ",
light sources™™”, modulators****?"”, and integrated dispersive
elements™7*'**". These and integrated TPM and SPF elements are crucial
building blocks for fully on-chip OWER signal processing systems.

Integrated TPM

Recall from Chapter 2 that in an EOPM, the optical signal of interest is given
a TPM linearly through an electrical driving signal. One typical imple-
mentation of integrated EOPMs involves the use of the plasma dispersion
effect on a silicon photonics (SiP) or silicon-on-isolator (SOI) chip, which
can readily offer modulation bandwidths greater than 40 GHz and phase
modulation efficiencies VL <0.3V - cm ****"*'¥, where V_ is the half wave
voltage that results in a 7 phase shift on the incoming light wave. A key
advantage of plasma dispersion effects based EOPMs is that they are
complementary metal-oxide-semiconductor (CMOS) compatible and can
be directly found in the process design kits of commercial foundries.
However, a main limitation of EOPM designs on SOI is that they exhibit a
severe trade-off between their maximum modulation bandwidth and V. A
lower V_ is desired to limit the voltage excursion, i.e., overall energy, of the
electrical modulating signal. Recently, various techniques have been
investigated to overcome this bottleneck. A promising approach is based on
surface plasmon photonics, and this has been shown to enable high-speed
EOPM (>65GHz) with a very low halfwave voltage-length product
VL~ 1.3V.-mm *; however, the insertion loss of this device is sig-
nificantly increased, to ~ 12 dB over a 29 um long device. Another approach
relies on thin film Barium titanate (BaTiO;, BTO) that can provide a large
Pockels coefficient, enabling high-speeds (> 70 GHz) and half wave voltages
of VL ~ 4.8V - mm “**'°. More recently, the emerging thin-film lithium-
niobate (TFLN) platform has shown extraordinary advantages in the
implementation of EOPMs using the Pockels effect. A TFLN EOPM with a
length of 5 mm has been recently reported that can readily reach a very high-
speed modulation > 100 GHz witha V, of only 1.4 V (equivalent to VL ~
0.7 V- mm) and a low insertion loss < 0.5 dB*'"*',

Integrated SPF

In terms of SPF, the realization of large GVD in an integrated format
remains a significant challenge. As an example, the time-lens and TAI-based
photonic signal processing schemes discussed above require a GVD
equivalent to a SMF hundreds of kilometers long over a wide bandwidth
easily exceeding tens or hundreds of GHz. Different solutions have been
proposed and demonstrated for the realization of the functionality of a
chromatic dispersive line, including arrayed waveguide gratings™”, lattice
filters based on multi-mode interference (MMI) couplers’”, single’® or
multistage-microring resonators” etc. However, most of these techniques
suffer from a severe trade-off between useable bandwidth and the amount of
GVD that they can provide. An alternative technology is that of the chirped
waveguide Bragg grating (CWBG). Similar to a FBG, this device involves a
controlled grating corrugation along an optical waveguide in which the
grating period or corrugation width is varied along the device length to
ensure that different frequencies (or wavelengths) of the propagating light
wave are reflected at different locations along the grating, effectively
achieving a reflection response with a group delay profile that depends
linearly on the wave frequency”'**"”. This technology can offer a remarkable
performance, e.g.,a measured GVD of ~ 1.3 ps/nm over a 3 dB bandwidth of
~ 11 nm for a 500 um CWBG'®. As a substantial relative phase excursion
necessitates a longer device, the practical implementation of a CWBG is

ultimately restricted by the propagation losses of the material platform (e.g.,
~ 1.5 dB/cm in the case of SOI*).

To circumvent this limitation, a CWBG design based on a wide mul-
timode waveguide has been proposed and demonstrated, achievinga 2.7 cm
long CWBG witha GVD of = 27.7 ps/nm and a propagation loss of = 0.7 dB/
cm’. More recently, different low-loss integration platforms have been
investigated for the implementation of dispersive devices with a wide
operation bandwidth, such as the TFLN platform (low propagation loss =~
3 dB/m’"*") and silicon nitride (SiN) platform (e.g., propagation loss =
2.4 dB/m™"). A demonstration of the remarkable potential offered by these
technologies has been reported in Yu et al.’", in which an EOPM-based
time-lens combined with a highly dispersive device has been used for the
generation of ultrafast pulse trains from a continuous-wave (CW) light
beam. Modulators (intensity and phase) and the CWBG (GVD = 1.6 ps/
nm) have been integrated together to perform this signal processing
functionality.

Novel design strategies have been also explored to minimize the
nominal length of the integrated SPF devices. In recent work, ultra-compact
discrete phase filters have been designed to implement the functionality of a
conventional GVD element on an arbitrary optical signal”. In contrast to
conventional CWBG based implementations, the proposed discretization
process ensures that individual spectral phase transitions are bounded
within a 27 range, exactly as suggested in previous chapters, leading to a far
more compact device typically in the mm range. The design flow is repre-
sented in Fig. 12. The discretization process involves evaluation of the
continuous phase variations of the form Eq. (2.6), at discrete frequency
locations (+kw,),k=0,1,2,... over the target operation bandwidth”,
where w, is the filter’s angular frequency resolution. Next, a modulo-27
operation of the discrete spectral phase values is performed to ensure that
the resultant phase profile is bounded within the 0 to 27 range, shown in
Fig. 12b for the case of a 31.12-km fibre-optic link. This 4.1 mm long discrete
phase filter effectively emulates the continuous phase variation of the target
dispersive line as long as this phase profile remains approximately constant
over the filter’s frequency resolution (v, = 10 GHz in this case). Supported
by mathematical derivations and system-level simulations, it has been
shown that the maximum group-delay excursion (i.e., the product of GVD
and operation bandwidth) that can be emulated with the proposed discrete
SPF approach is inversely proportional to the frequency resolution v, of the
filter. For example, the GVD equivalent to 70.56-km SMF can be achieved
when v, = 2 GHz"***.

Discussion

GVD compensation of telecom data signals with speeds up to 32 Gbps
has been successfully demonstrated over a 31.12-km fibre optic link,
utilizing mm-long WBG-based discrete phase filters in the SOI platform.
The reported devices provide at least five times reduction in length
compared to a CWBG. A schematic of the designed on-chip layout is
displayed in Fig. 12e. The SOI chip in this case was fabricated using
electron beam lithography and inductively coupled reactive ion etching.
Experimental verification of the device’s potential for GVD compensa-
tion of telecom data signals was demonstrated for both non-return-to-
zero on-off keying (NRZ-OOK) and four level pulse amplitude mod-
ulation (PAM4) formats. The respective eye diagrams are presented in
Fig. 13a, b.

We envision that highly dispersive lines offering the required GVD and
bandwidth performance for demanding high-speed OWER signal proces-
sing applications could be realized in integrated formats through a combi-
nation of novel and more compact design strategies, such as the discrete SPF
approach discussed above, and lower-loss photonic integration platforms,
such as TFLN and SiN. This would enable the integration of high-speed
OWER signal processing systems, such as those described in the previous
chapters, on a single chip through co-integration of SPF elements such as
highly dispersive lines and TPM elements such as EOPMs, all with the
required control electronics.
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element. a A continuous quadratic spectral phase variation of a 31.12-km SMF.

b The resultant discretized and bounded within [0, 2r) phase levels with frequency
resolution v, = 10 GHz. Note, the amplitude response of the filter is assumed to be
constant over the operation bandwidth (i.e., all-pass response)”’. The target spectral
transfer function is implemented using a waveguide Bragg grating (WBG) structure.
¢ The complex coupling coefficient profile (k = ‘K(Z)| exp( j(I)K(z))) of the WBG;
magnitude |k(z)| on the left and phase ¢, (z) on the right. An inverse layer peeling
algorithm is employed to calculate the complex coupling coefficient (k) profile,
k(z) = |K(Z)‘ exp ( j¢k(z)) i.e., the strength and phase of the coupling induced
between the forward and backward propagating modes per unit length along the
WBG, that is required to achieve the target spectral response’””. A phase modulated
apodization technique is employed to practically implement the target coupling

sically realize the target coupling coefficient by modulating the distances (d;)
between adjacent corrugations while keeping the corrugation width (AW) constant.
A, is the nominal grating period. H and W represent the waveguide height and
width, respectively. e Schematic of the on-chip layout utilized for coupling light in
and out of the WBG-based phase filter. The zoomed-in view shows the SEM image of
one of the fabricated WBGs. The cross-sectional schematic of the fully etched silicon
waveguide on top of the buried oxide is also shown. A Y-splitter collects the reflected
signal from the WBG. A 20-pm linear adiabatic taper connects the input single-
mode waveguide (W = 0.5 um) with the 2-um wide multimode waveguide. The
transmitted signal from the WBG is terminated using a taper. Figures adapted
from}T,ZZZ,ZZ}.

Fig. 13 | Measurements related to GVD compensation of NRZ-OOK and PAM4
data signals after propagation through a 31.12 km section of SMF using the
WBG-based phase filter. The top row corresponds to eye diagrams of a.1 the input

24-Gbps NRZ signal, a.2 after dispersive propagation, a.3 and after reflection from
the WBG. The bottom row depicts the b.1 input, b.2 dispersed, and b.3 WBG output
eye diagrams for a 16-GBd (32 Gbps) PAM4 signal. Figures adapted from™.
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Conclusion

An overview of several optical signal processing functionalities based on
linear optical wave energy redistribution (OWER) methods has been pre-
sented. Using spectral phase filtering (SPF) and temporal phase modulation
(TPM), ideally preserving the total energy of the signal of interest, a wide
variety of mathematical transformations can be implemented. Specifically,
we have discussed real-time and gapless spectral analysis, passive denoising
and amplification, passive logic operations, and quantum optics signal
processing, as well as recent advances in integration on-chip. These tech-
niques are relevant to any application involving information encoded on an
optical wave, naturally or artificially, including when an RF or microwave
signal is upconverted to an optical carrier. This includes optical tele-
communications, radar, sensing, metrology, astronomy, biomedical ima-
ging, and more. The continually increasing demand for faster signal
processing over higher bandwidths necessitates the inclusion and integra-
tion of optical processing technologies. Energy preserving OWER methods
provide competitive functionalities which will continue to improve and
generalize.
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