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Precise detection and monitoring of the frequency spectrum of microwave signals are essential to myriad scientific and
technological disciplines, including both civil and defense areas, such as telecommunications, radar, biomedical instru-
mentation, radio astronomy, etc. Historically, microwave engineering has provided solutions for these tasks. However,
current radio-frequency (RF) technologies suffer from inherent shortcomings that limit their capability to provide
agile (e.g., real-time) measurements over a large operation bandwidth in energy-efficient and compact (e.g., integrated)
formats. Overcoming these limitations is key to fulfilling pressing performance requirements in the above-mentioned
application fields, as well as for compatibility with platforms that require chip-scale integration and/or low weight and
dimensions, such as satellites and drones. Integrated microwave photonics is an emerging field that leverages the advan-
tages of optical technologies for realization of microwave operations with high bandwidth, low power consumption,
and increased agility and flexibility in on-chip platforms, offering an alternative path for integration of advanced RF
processing and analysis methods in mature semiconductor technologies. This mini review surveys some of the latest
advances in microwave spectral measurement and monitoring techniques realized through photonic approaches, with a
special focus on methods suitable for on-chip integration. © 2020 Optical Society of America under the terms of the OSA Open

Access Publishing Agreement
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1. INTRODUCTION

Microwave signals—typically defined as frequencies in the
300 MHz to 300 GHz range—have been extensively exploited
over almost a century for myriad fields of fundamental science and
applied technologies [1]. In its origins, the capability to generate
and measure radio-frequency (RF) signals opened the path to long-
range communication systems, before the advent of optical fiber
transmission [2]. Nowadays, these technologies are used widely in
both civil and defense disciplines, such as in telecommunications,
radar, navigation, astronomy research, spectroscopy and sensing,
biomedical fields, etc. [3,4].

In particular, accurate and reliable detection and measurement
of microwave signals are key for technologies tackling these appli-
cation areas, as the quality of the measurement ultimately limits
the performance of the system in virtually every scenario [5]. This
is especially important in situations where detailed information
of the signal under test (SUT) is required. Operations that require
characterization of the frequency content of the SUT are fun-
damental for a wide range of applications. Such measurements
provide key information, typically unavailable or difficult to obtain
through other means, including, for instance, the location of the

SUT in the overall RF spectrum, information on the occupied
spectral resources, identification of interferences or other unde-
sired signals, etc. Specific applications may require monitoring
of the complete SUT frequency spectrum, or information about
some of its properties, such as its central frequency or bandwidth.

The arrival of new-generation mobile communications, radars,
and other microwave-based systems demands high-performance
RF measurements, posing critical challenges to current microwave
systems [3–10]. These applications require RF spectral measure-
ments that extend over a very broad frequency range, e.g., well
above a few GHz, and with a superior performance, e.g., in terms
of frequency resolution, sensitivity, etc. In many practical cases,
the desired frequency-domain information should be obtained
in a rapid and agile fashion, even in a real-time manner [3–12].
Finally, emerging applications also require that the measurement
techniques can be implemented in platforms with a very low
size, weight, power consumption and cost, often labeled as the
SWaP-C factor. This latest requirement is particularly critical for
applications that involve the use of satellites, unmanned aerial
vehicles (drones), etc. [13]. However, microwave technologies
have shown limited potential to achieve the desired high perform-
ance, including agile and high-quality measurement capabilities
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over broad bandwidths, with a reduced footprint. State-of-the-
art RF technologies are inherently constrained by the relatively
low instantaneous frequency bandwidth of the electronics [5].
A key limitation in this regard concerns the speed of available
analog-to-digital converters (ADCs), for which direct digitization
of microwave signals in the high microwave range, e.g., above
20 GHz, becomes challenging [14]. Additionally, the RF receivers
presently used for measurement tasks tend to be bulky, power-
hungry systems with limited hardware capabilities. This is due
mainly to the poor compatibility of current RF components with
large-scale integration, resulting in systems with high SWaP-C
factors [15–18].

The field of microwave photonics (MWP) represents a prom-
ising alternative towards future RF technologies [19–21]. This
prominent field leverages the unique advantages of photonics
to overcome crucial limitations of present microwave systems.
Figure 1 shows a basic illustration of a general MWP system.
In particular, MWP has been shown to provide unprecedented
performance capabilities for modern microwave measurement
techniques, including, among others, large instantaneous fre-
quency bandwidths and/or broadband reconfigurability (well
above the GHz range), ultralow noise operation, and chip-
scale integration with high energy and cost efficiency, enabling
significant SWaP-C reductions [15–18]. Another important
inherent advantage of MWP technologies is their increased immu-
nity to electromagnetic interference. This set of features would
be challenging or simply unattainable for current microwave
technologies.

Pioneering work demonstrated the potential of MWP solutions
to provide important performance improvements over conven-
tional RF technologies [19,20]; however, this often came at the
expense of lower reliability and the need for km-long optical fibers
and/or bulky and costly optical components, thus practically
worsening SWaP-C and robustness. In the attempt to address this
issue, over the last decade, we have witnessed a clear transition in
the general field of MWP towards integrated photonic implemen-
tations [15–18], promising to improve performance and SWaP-C.
Important progress has also been reported towards the realization
of programmable MWP processors in integrated formats [22].
The reader can find detailed information on the state of the art
in the field in the following recent comprehensive review papers:
[15–18,23]. Indeed, numerous MWP solutions have been demon-
strated in a variety of integrated photonics platforms, including
indium phosphide (InP) [24], silicon nitride [25], and perhaps

Optical
source
(laser)

Opto/electronic
conversion
(detection)

Electro/optic
conversion

(modulation)

Optical
signal

processingOptical
carrier

Optical
SUT

Microwave
SUT

Optical
output

Microwave
output

Microwave
system

Microwave
system

RF domain

Optical domain

Fig. 1. General description of a MWP system. A microwave system
generates a SUT to be processed. An optical carrier is modulated with
the microwave SUT and manipulated by an optical signal processing
system, implementing the desired operation. The resulting optical signal
is then converted back to the microwave domain via a detection process.
In the particular case of radio-frequency spectral measurement and mon-
itoring, the combined effect of the optical signal processing system and
opto-electronic conversion is designed to implement the desired analysis
functionality on the microwave SUT.

most interestingly, silicon photonics (SiP). This latest technology
is especially attractive for its compatibility with mature micro-
electronic complementary metal-oxide-semiconductor (CMOS)
foundries, enabling realization of photonic devices with excellent
processing control and low fabrication cost [15–18,26]. Research
in this direction has flourished in recent years, opening a promising
alternative to integration of advanced RF measurement equipment
on a chip, a critical feat across the above-mentioned application
fields.

This mini review surveys some of the latest advances in RF spec-
tral measurement and monitoring technologies enabled by MWP,
with special emphasis on solutions realized in integrated formats.
The paper is structured as follows: Section 2 reviews the latest
advances in photonic implementation of broadband/multiband
scanning RF receivers, with particular attention to the efforts made
towards chip-scale integration. These receivers can capture the
frequency content of a microwave SUT by scanning its spectrum.
This is an effective and widespread approach for wideband spec-
tral measurement; however, the need for a frequency scan may
affect the capability to achieve real-time operation. In order to
circumvent this limitation, optical signal processing approaches
based on frequency-to-time mapping have been proposed, as
reviewed in Section 3. These approaches can achieve ultrafast
characterization of the full spectral content of RF signals, but they
typically rely on bulky photonic devices (e.g., optical fibers) that
limit their feasibility for chip-scale integration. However, many
practical applications do not require a complete characterization
of the full frequency spectrum of the SUT. A relevant case is that
of instantaneous RF measurement (IFM) systems, which aim to
obtain information on the central frequency of the incoming signal
only. Towards this aim, integrated MWP solutions have proven
successful in achieving high performance with compact footprints.
Section 4 reviews the latest developments in photonics-based
on-chip IFM systems.

2. COMPACT BROADLY TUNABLE
PHOTONICS-BASED RF RECEIVERS

Broadband and multiband RF receivers capable of perform-
ing spectral analysis of incoming RF signals in an agile and
user-defined fashion are critical enabling components in many
important applications, such as for multi-standard communica-
tions, cognitive radio, or electronic defense [7]. An effective and
agile solution is to scan the whole SUT spectrum through fast
tunable down-conversion [3,7]. This requires a single broadly
tunable heterodyne receiver consisting of (i) a wideband mixing
stage, (ii) a broadly tunable RF local oscillator (LO), and (iii) a
broadly tunable image-reject bandpass filter (IRF). The receiver
would down-convert the portion of the spectrum adjacent to the
LO (within the filter bandwidth) to intermediate frequency (IF),
where an ADC with relaxed performance requirements would
acquire the low-frequency down-converted SUT.

Nowadays, there is an urgent need to identify and develop
alternative concepts and technological solutions for chip-scale
integration of such receivers, in order to reduce their SWaP-C,
while increasing their hardware capabilities. Unfortunately, cur-
rent RF crystal oscillators—or phase-locked loops—and bandpass
cavity filters with broadband tuning capability are not feasible
for on-chip integration, preventing the realization of a compact
scanning receiver. Moreover, the operation bandwidth of such
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a receiver would be severely limited by the bandwidth of the RF
mixer [3,7]. To overcome these limitations, current solutions
exploit channelization receivers that decompose the broadband
SUT into multiple channels by means of an RF filter bank. The
problem in turn is that the volume of the filter bank increases
dramatically with the number of channels (i.e., with the measure-
ment frequency bandwidth) [3,4,7]. Alternative designs have been
proposed using entirely different physical principles, and this has
enabled, e.g., the demonstration of on-chip spectroscopes operat-
ing over a large frequency range (up to ∼300 GHz) using purely
electronic circuits [27]. However, these designs require a significant
post-processing of the measured data, affecting their capability to
achieve the measurement agility and speed that is needed in many
practical cases.

Recently, MWP coherent architectures have been exploited
to achieve extremely wideband RF mixing while avoiding the use
of RF filter banks in the receiver design [19,21]. In addition, the
photonics implementation provides a solid path for chip-scale
integration of the resulting schemes, beyond the potential of con-
ventional RF components [17]. Recent progress in this direction is
reviewed in the following.

In an MWP coherent framework [21,28,29], the broadband
RF SUT is first up-converted to optical frequencies by modulating
a continuous-wave (CW) optical carrier (OC) in an electro-optic
(EO) amplitude modulator (AM), as illustrated in Fig. 1. Then, a
portion of the detected spectrum is selected via optical processing,
e.g., through an optical IRF with bandwidth of a few GHz, or
optical “in-phase” and “quadrature” (I/Q) demodulation. Finally,
the selected portion of the spectrum is coupled with an optical LO
tone set at a suitable frequency, and converted back to baseband
through mixing in a photodiode. A key parameter to manage in this
approach is the phase noise between the OCs used in the schemes.
In order to preserve the RF input signal integrity, the OC and the

tunable optical LO must be phase locked; otherwise the phase noise
between them dramatically corrupts the down-converted signal
[30]. Techniques for reduction of optical noise contributions in the
system exist, but they face limitations in their compatibility with
an effective chip-scale integration, as described in what follows.

A. Simple Self-Heterodyne Architectures

The simplest solutions for achieving low-phase-noise photonics-
assisted RF receivers stem from the use of optical self-heterodyning
[see Fig. 2(a)]. This technique exploits a single OC laser, and the
optical LO is derived from the OC through amplitude modulation
(inset II), e.g., by means of an EO modulator (AM2) driven by a
tunable RF tone [21,28,29].

Although straightforward, methods based on self-heterodyning
present a strong drawback: they require a synthesizer (or multiple
crystal oscillators) at the input of the EO modulator (AM2) to
generate the tunable optical LO. This prevents a reduced form
factor, making them unsuitable for chip-scale integration.

B. Optical-Frequency-Comb-Based Receivers

In order to avoid the use of the RF synthesizer, alternative
solutions use an optical frequency comb as the LO for the
down-conversion operation [29,31–35] [see Fig. 2(b)]. Recall
that an optical frequency comb (OFC) is a spectrum consist-
ing of discrete frequency components periodically separated
by a frequency spacing known as the free spectral range (FSR).
For example, in a self-heterodyne scheme, Fig. 2(a), the comb
generator replaces the EO amplitude modulator. As a comb gen-
erator, a cavity-less structure is generally preferred, due to its
higher compactness and increased robustness to environmental
instabilities [31]. These are composed of a cascade of EO ampli-
tude and phase modulators driven by a single, low-frequency

Fig. 2. (a)–(d), (g) MWP coherent architectures. Insets depict optical or RF signals at different points. (e), (f ) Power spectrum of the noise-free recon-
structed SUT, produced by the injection-locking-based receiver of scheme (d) [31], and the FF receiver with SiP modulator of scheme (g) [32], respectively,
when 28.3 and 40 GHz tones are used as input. OC, optical carrier; LO, local oscillator; AM, amplitude modulator; IRF, image-reject filter; TOF, tunable
optical filter; EOC, electro-optic converter.
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RF oscillator at a fixed frequency, fCK. When the generator is
fed by the OC at a frequency νOC, a coherent OFC with cen-
tral frequency νOC and FSR fCK is generated (inset II). The
n-th comb line, which is the closest in frequency to the filtered out-
put of AM1, acts as the optical LO at frequency νLO = νOC + n fCK

for the down-conversion at IF (insets III and IV). However,
because the scheme stems from generating the OFC from the
OC, only half of the resulting comb lines are de facto usable for
the down-conversion, so, this inefficiency leads to difficulty in
achieving a wide operating bandwidth [35].

C. RF Filtering Based on Optical I/Q Demodulation

The second main issue concerning coherent MWP receiver
approaches arises when the microwave application requires
high filtering performance [3,7], with specifications that may
be difficult to attain using the optical IRF approach at the core
of (self-)heterodyne detection schemes [Figs. 2(a) and 2(b)]. In
fact, albeit optical narrow bandpass filters can be achieved in very
compact formats if implemented using integrated technology, at
present, they show limited out-of-band rejection (∼30 dB), high
insertion loss (>10 dB), low rate of roll-off (∼20 dB/GHz), and
poor thermal stability [29].

Alternatively, optical I/Q demodulation can be used for nar-
row bandpass filtering and image rejection in lieu of the IRF
[Fig. 2(c)] [31–35]. If the I/Q imbalance is properly compensated
for, image and out-of-band rejection over 40 dB can be achieved
[36]. However, these schemes require a tunable optical filter (TOF)
to extract a single comb line for the baseband down-conversion and
suppress the other lines (>40 dB for most practical applications)
in order to avoid channel crosstalk as well as phase-to-amplitude
conversion at the output of the receiver [31–35]. The TOF requires
a lower performance, in terms of flatness and roll-off ratio, than the
IRF, but a reduced out-of-band rejection (∼30 dB) could lead to an
equivalent (and insufficient) level of channel crosstalk. Moreover,
through this approach, the receiver is able to scan the input spec-
trum only at discrete steps, affecting the flexibility offered by the
scheme [35].

D. Optical Injection Locking for Filtering of Comb Lines

A filtering approach based on optical injection locking can improve
the crosstalk performance of the previous technique [see Fig. 2(d)]
[31,34]. By injecting the whole OFC generated by the OC into the
cavity of a slave laser, i.e., the LO laser, the latter is forced to match
the OC’s frequency and phase, also inheriting its phase noise
characteristics. This way, the LO laser is phase locked with the
OC during the OC-LO detuning. As an example, Fig. 2(e) shows
the power spectrum of the OC-LO noise-free signal acquired by
the receiver in Ref. [31], using a 28.3 GHz tone as the input. In
this approach, the comb line within the locking range of the LO
laser is amplified while the other lines are greatly suppressed. In
Refs. [31,34], a series of two injection locking stages is exploited
to achieve a channel crosstalk below 40 dB. Some drawbacks are
introduced, however, as a consequence of the injection-locking
process; this technique requires precise alignment of the involved
lasers, and is ultimately affected by their linewidths, the injection
power, and environmental instabilities, posing a serious tradeoff
between performance and robustness [31,35]. Moreover, current
optical circulators, which are essential for injection locking, are not

suitable for monolithic integration, limiting the foreseen on-chip
realization and related footprint reduction [37].

E. Receivers Based on Digital Feed-Forward Laser
Noise Cancelling

In Ref. [35], a novel design of a MWP receiver with digital feed-
forward laser noise cancellation was proposed to overcome the
main drawbacks of the previously described schemes. This novel
design uses two independent free-running lasers as OC and LO
[see Fig. 2(g)]. The method stems from recording at IF the OC-LO
beating noise that affects the baseband output of the signal receiver
by means of a second receiver, i.e., the reference receiver. The
reference signal (signal r in inset V) contains information about
the frequency detuning position between the OC and LO lasers,
as well as about their differential beat noise (in both amplitude
and phase). This information is then exploited to reconstruct a
noise-free representation of the incoming RF signal through a
simple digital signal processing (DSP) algorithm [35]. In more
detail, at the EO converter (EOC), both the OC and LO are split to
be coupled together in a 3 dB optical coupler. The coupled signals
are sent to the reference receiver by an optical fiber, where they are
heterodyned with an OFC using another optical coupler (inset
IV) and photodiodes. The electrical output of the photodiodes
(signal r in inset V) is digitized and used by the digital feed-forward
algorithm.

In the proposed solution, the performance and integration
capability improvement rely on the following key features. First,
the OFC acts only on the reference receiver; as a result, no optical
filtering of the comb lines is required, leading to the following ben-
efits: 1.i. the channel crosstalk is cancelled out because the signal
receiver is completely isolated from the OFC; 1.ii. the thermal
stability and the photonic-integration capability are improved due
to the absence of optical filters or injection-locking mechanisms;
1.iii. this design inherently enables a continuous tunability because
no filtering or locking-range bandwidth are involved. Second,
the OFC generator is outside the signal receiver; as a result: 2.i.
the chip-scale integration of the EOC is greatly simplified; 2.ii.
since all interferometric structures susceptible to vibrations are
contained within the EOC, this would provide high mechani-
cal stability when they are realized through photonic integrated
technology. Third, the OFC is independent of the OC and LO
lasers; this way: 3.i. the scheme is able to fully exploit the frequency
lines provided by the OFC, and the receiver can potentially reach
a much wider RF input range; 3.ii. the OFC generator can be
implemented through different techniques, e.g., EO modulation
or mode locking.

In recent work, the feed-forward noise-cancelling architecture
has enabled the realization and experimental demonstration of
the first on-chip broadly tunable RF scanning receiver, using SiP
technology [38]. The device was fabricated using a multi-project-
wafer service, and it achieved ultralow-noise operation in the
frequency range of 0−35 GHz, with an unprecedented image
rejection>80 dB. A key element in the demonstrated scheme is a
traveling-wave, push–pull, SiP Mach–Zehnder modulator, which
shows a noise-reduced operation in the mentioned frequency range
and above, combined with a linearity performance comparable to
those obtained using standard lithium niobate technology [32].
As an example, Fig. 2(f ) shows the power spectrum of the OC-
LO-noise-free reconstructed signal when an RF tone at frequency
fRF = 40 GHz is used as input [32].
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3. FREQUENCY-TO-TIME MAPPING FOR
REAL-TIME SPECTRAL ANALYSIS OF
MICROWAVE SIGNALS

Widespread microwave applications such as advanced telecom-
munications, radar, astronomy observations, and biomedical
imaging and sensing require the capability of dynamic monitoring
of the RF spectrum, involving measurement solutions that can
enable spectral analysis in real time [3,4,6–12]. Scanning receivers,
such as those reviewed in Section 2, are inadequate for high-speed
spectral analysis of broadband RF signals with fast frequency vari-
ations, due to their relatively slow refresh rate and the related poor
probability of interception. Real-time spectral analysis entails the
capture of the entire frequency content of the SUT in a single, fast
measurement. Optical signal processing has provided promising
solutions for realization of this task. An inherent advantage of
photonic solutions is that they provide easy access to measurement
capabilities over ultra-broad instantaneous frequency bandwidths,
even exceeding the THz range [39–42]. However, spectral mea-
surements over such large bandwidth in a real-time fashion requires
the use of advanced strategies.

Towards this aim, an important set of demonstrated MWP
techniques relies on the modulation of an OC by the RF SUT
followed by a frequency-to-time mapping (FTM) process (optical
signal processing box in Fig. 1), allowing one to capture the SUT
spectrum information directly in the time domain. In the follow-
ing, we provide a review of conventional and recent developments
of real-time RF Fourier analysis based on FTM.

A. Conventional Methods for FTM-Based Spectral
Analysis

Several methods for FTM of RF signals on an OC have been pro-
posed, most of which rely on the application of dispersive Fourier
transform and the time lens concept.

1. Dispersive Fourier Transform

The fundamentals of the dispersive Fourier transform—or disper-
sive FTM (D-FTM)—are derived from the so-called space–time
duality [43–46]. This establishes a formal similarity between the
linear operators that describe Fresnel diffraction and second-order
group velocity dispersion (GVD). In free-space optics, it is possible
to obtain the Fourier transform of the transverse wavefront profile
of a wave in the far-field propagation regime [47]. The space–time
duality allows for a similar process to occur in the time domain:
an optical pulse propagating through a medium exhibiting a cer-
tain amount of GVD is re-shaped into a temporal waveform that
resembles its own frequency spectrum [48,49]. Optical GVD
(particularly, second-order GVD) occurs in a transparent medium
in which the different frequency components of the input signal
propagate through the medium at different speeds, following
a linear group delay versus frequency distribution [47,50,51].
Figure 3(a) illustrates this duality.

Intuitively, the FTM process arises from the fact that each spec-
tral component of the SUT arrives at the output of the dispersive
medium at a different time, thus mapping the SUT’s frequency
content to the time domain [see Fig. 3(a)]. For a brief mathematical
analysis, we consider the case of an optical pulse with complex
envelope E i (t) that propagates through a transparent, second-
order GVD medium in the linear regime. In this case, the output

Fig. 3. Space–time duality and D-FTM. (a) Equivalence between the
diffraction in the far field of an input spatial wavefront and the propaga-
tion of an input temporal waveform through GVD, leading to D-FTM.
(b) Example of D-FTM: the temporal waveform of a pulse recorded by
an oscilloscope precisely maps the pulse spectrum measured by a con-
ventional optical spectrum analyzer. Reproduced under the terms of the
CC-BY Creative Commons Attribution 4.0 International License [52].
Copyright 2012, Macmillan Publishers Limited (now Springer Nature).
(c) Principle of Fourier analysis of RF signals by combining the modula-
tion of a chirped light pulse, with dispersive propagation. Reprinted with
permission from [53] c©The Optical Society.

waveform exhibits a temporal envelope given by the following
equation [51]:

Eo (t)= e i t2
2β2z

∫
∞

−∞

E i (τ )e
i τ2

2β2z e−i tτ
2β2z dτ, (1)

where t is the time variable, β2 is the second-order dispersion coef-
ficient (the second-order derivative of the wave-vector with respect
to radial frequency), and z is the propagation length of the wave
in the medium. Note that the effects of attenuation, latency, and
higher-order dispersion are neglected for simplicity.

Provided that the so-called temporal Fraunhofer—or temporal
far-field—condition is satisfied, |β2|z�1t2/2π (where1t is the
total duration of the input waveform), the τ 2 term in the integral
of Eq. (1) can be neglected, and Eo (t) becomes proportional to a
scaled version of the Fourier transform of E i (t), with an additional
time-dependent quadratic phase factor. The intensity of the wave-
form at the output of the dispersive medium maps then the power
spectrum of the input waveform along the time domain [48,49].
The FTM law (i.e., the scaling factor between the time axis of the
output waveform, and the frequency axis of the input spectrum)
writes t←−4πβ2zν, where ν is the frequency variable. A less
restrictive condition, called the antenna designer’s formula, can
also be used as an approximation of the far-field regime condition:
|β2|z>1t2/π [54].

Owing to its simplicity—only a transparent optical medium
with suitable GVD is required—this D-FTM realization has been
extensively used in various domains of science and engineering,
including real-time spectroscopy [55], high-speed microwave spec-
trum sensing [56], ultrafast metrology and imaging [52,57,58],
and many others [59]. Particularly relevant for the purposes of this
review, the principles of D-FTM have been applied to real-time
Fourier transform of RF signals. First, the RF SUT modulates a
light wave with a flat spectral phase (e.g., a CW laser). Then, the
modulated optical signal is sent through a dispersive line (optical
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signal processing block in Fig. 1). The output instantaneous power
follows the power spectrum of the RF SUT mapped along the time
domain [see Fig. 3(a)]. Various kinds of dispersive media have been
used for implementation of D-FTM [57], the simplest one being
a single-mode fiber (SMF) section [60]. This medium exhibits a
relatively modest GVD (∼17 ps/nm/km at 1550 nm [61]), such
that the D-FTM typically requires a long fiber section to provide
the prescribed amount of dispersion, resulting in detrimental
losses, higher-order dispersion, and polarization mode dispersion.
Alternatively, dispersion-compensating fibers can offer higher
GVD values (e.g., 120 ps/nm/km at 1550 nm [53]). Linearly
chirped fiber Bragg gratings (LC-FBGs) are an attractive alter-
native, as they can provide large amounts of GVD in a compact
format [62]. As such, LC-FBGs have thus been extensively used
for MWP applications [49,63]. Other solutions based on spatial
dispersion have been also demonstrated, including diffraction
gratings [50] and chromo-modal dispersion in multimode optical
waveguides [64].

It should be noted, however, that the far-field condition require-
ment of the D-FTM imposes inherently stringent constraints.
Achieving the required amount of GVD can be quite demanding,
potentially requiring long propagation distances and the associated
high losses, which may need to be compensated for through simul-
taneous re-amplification of the propagating light wave [65]. More
importantly, the far-field condition imposes severe tradeoffs on the
performance specifications of the technique, most prominently, on
the maximum duration of the input optical waveform, or equiv-
alently, the minimum achievable frequency resolution (i.e., the
minimum frequency difference identifiable between time-mapped
frequency components), and the related time-bandwidth product
(TBP, the ratio of the SUT’s full bandwidth to its frequency reso-
lution, serving as a metric for the “number of resolvable frequency
bins” in the performed spectral measurement). For example, let us
consider using a 1 km long section of SMF-28 as the GVD medium
at 1550 nm; the duration of the input light pulse—modulated
by the RF SUT—should not exceed 7 ps, corresponding to a fre-
quency resolution larger than 150 GHz. This would be clearly
impractical for most microwave applications; in fact, spectral
analysis of signals with a frequency resolution below the tens-of-
GHz range would require extremely large, possibly unreachable,
amounts of GVD. On the other hand, the key advantage of optical
GVD media is that they can provide extremely large processing
bandwidths, in the THz range and above. D-FTM of nanosecond-
long RF signals has been directly implemented in the microwave
domain, i.e., using microwave dispersive lines based on microstrip
chirped electromagnetic bandgaps [66], but this cannot be easily
scaled for operation over frequency bandwidths exceeding just a
few GHz. Finally, D-FTM techniques are intrinsically limited in
terms of latency time, which is ultimately set by the propagation
time of the waveform through the dispersive medium, about 5 ms
per km of single-mode optical fiber.

2. TimeLensApproach

To circumvent these limitations, D-FTM can be applied in a dif-
ferent configuration, namely, by modulating the RF SUT onto a
linearly chirped optical waveform, prior to dispersive propagation
[67,68]. The system can be designed so that the introduced GVD
perfectly compensates for the phase of the original chirped optical
pulse by canceling the τ 2 term in Eq. (1) [53]. This configuration,
known as near-field FTM [69], has been demonstrated to achieve

Fig. 4. (a) Fourier analysis by means of the 2 f setup in the space (top)
and time (bottom) domains. GVD and TL are respectively equivalent to
free-space propagation and a thin lens. (b) Simplified setup for Fourier
analysis, where the first dispersion step is omitted [71]. (c) Example of
spectral analysis of a digital RF input signal modulated on an optical
carrier based on the combination of an electro-optic TL and a dispersive
fiber. The blue traces represent the intensity of the waveform along the
fiber. At the proper propagation distance (L= 1.5 km), the intensity
maps the spectrum of the RF SUT. Reprinted with permission from [72]
c©The Optical Society.

FTM of significantly longer RF signals (as long as a few ns, corre-
sponding to sub-GHz frequency resolutions), while relaxing the
GVD requirements.

The multiplication of an optical waveform by a linear chirp
term can be interpreted as the temporal analog of a thin lens in
free-space optics [70]. The implementation of this so-called time
lens (TL) has led to new design architectures for real-time spectral
analysis, such as the temporal 2 f setup (GVD–TL–GVD) shown
in Fig. 4(a) [73]. This scheme has the advantage of forming the
exact Fourier transform (in both amplitude and phase) in the tem-
poral focal plane of the TL [47]. The time-domain processing setup
consists of a TL between two suitable GVD propagation lengths
[74] [see Fig. 4(a)]. When only the power spectrum of the RF SUT
is needed, the input GVD line can be omitted [69,71,72,75], as
illustrated in Fig. 4(b).

In general, as compared to the basic D-FTM scheme, Fourier
processing techniques based on the TL approach offer an improved
frequency resolution, e.g., into the sub-GHz range, but at the
cost of a more complex implementation, as they typically require
additional optical active components, high-power laser sources,
and precise temporal timing control. Different realizations of the
TL have been demonstrated: by driving an EO phase modulator
with a quadratic voltage signal [76], by exciting four-wave mixing
(FWM) with a linearly-chirped pump pulse [77], or by cross-phase
modulation with a parabolic-shaped pump pulse [78]. Nonlinear
TLs have been demonstrated to significantly outperform their EO
counterparts [73], in terms of frequency chirp value (slope of the
linear frequency variation along the time axis) and temporal aper-
ture (duration over which the lens imposes the desired frequency
chirp) [46]. A higher-frequency chirp translates into a smaller
amount of dispersion in the Fourier transformer design, whereas
the measurement frequency resolution is ultimately determined by
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the inverse of the TL aperture. The improved performance offered
by the nonlinear-optics TL with respect to the EO implementa-
tion is, however, achieved at the expense of significantly higher
power requirements and more complex setups. The TL scheme
based on EO modulation of the microwave SUT onto a chirped
optical waveform, Fig. 3(c), can offer a set of specifications (chirp,
aperture) similar to the nonlinear-optics designs, with demon-
strated frequency resolutions into the sub-GHz range [53], but
without the stringent optical power requirements of the nonlinear
approach.

B. FTM Through Periodic Sampling

A different class of solutions for photonics-based RF Fourier
processing is based on the use of optical sampling, in relation
to the Talbot self-imaging effect [79,80]. When a periodic
diffraction grating is illuminated by a plane wave, the inten-
sity of the diffracted light in the vicinity of the grating maps the
grating transmission function at specific propagation distances,
namely, at integer multiples of the so-called Talbot length; similar
“self-images,” but with a multiplied periodicity, are observed at
propagation distances equal to a fractional multiple of the Talbot
distance [81–83]. A temporal version of the Talbot effect arises in
the propagation of a train of phase-locked optical pulses through
a specific amount of GVD [84], an effect that has been exploited
for multiplication of the repetition rate of pulsed lasers [85,86].
When the input optical pulse train is temporally modulated (in
amplitude and/or phase) by a periodic RF SUT, the instantaneous
power in the Talbot plane, i.e., the temporal profile of the resulting
waveform, follows the discrete Fourier transform of the SUT [see
Fig. 5(a)] [89,90]. This concept has been used for generation of
high-repetition-rate periodic pulse trains with a reconfigurable,
user-defined temporal envelope [91]. Perhaps most importantly,
it has been recently shown that a similar scheme involving optical
sampling of the microwave SUT followed by GVD can also be
used for real-time spectral analysis of arbitrary RF signals, not
restricted to the case of periodic waveforms only, in an entirely
dynamic and continuous fashion. In particular, the output of this
system maps along the temporal domain a representation of the
full spectrogram (frequency spectrum versus time) of the input
SUT as the signal is processed by the system [87]. Figure 5(b) shows
experimental results of photonic-based time-mapped spectrogram
analysis of a chirped microwave signal, with a frequency varying
from 500 MHz to 2.43 GHz. The analysis was conducted with a
resolution of∼340 MHz.

The Talbot effect can be interpreted as the coherent addition
of the wavefronts diffracted by the individual grating apertures.
In the corresponding time-domain equivalent, multiple replicas
of the light waveform modulated by the SUT, shifted in both time
and in frequency, are coherently added to produce the resulting
waveform. This process can be achieved without the use of GVD
in a recirculating frequency-shifting loop (FSL), i.e., a fiber loop
comprising an acousto-optic frequency shifter [92] [see Fig. 5(c)].
First the RF SUT is applied to a CW laser by an EO modulator
and then coupled to the FSL. Provided that a certain relationship
is satisfied between the time shift (i.e., the round-trip time) and
the acousto-optic frequency shift, the output instantaneous power
maps the power spectrum of the SUT. This new FTM technique—
later extended to the fractional Fourier transform of RF signals in
real time [93]—has shown a record frequency resolution in the

Fig. 5. Fourier analysis through periodic sampling. (a) A periodic
wavefront (wavelength λ) is sampled by a transmission grating. For spe-
cific propagation distances (e.g., the Talbot length zT ), the intensity maps
repeatedly the input angular spectrum. In the time domain, the process is
equivalent to sampling followed by GVD. (b) Demonstration of real-time
spectrogram analysis by temporal sampling and GVD (bottom plot,
showing the evolution of the time-mapped spectrum, vertical axis, along
the time domain, horizontal axis) of an input linearly chirped microwave
signal (top plot) [87]. (c) Fourier analysis based on FSL: the interference
of replicas of the SUT, simultaneously shifted in both time and frequency,
results in a time trace mapping the input signal frequency spectrum.
(d) Example of high-resolution FTM in a FSL for input microwave tones
of different frequency values, fm . Adapted with permission from [88]
c©The Optical Society.

kHz range, and a minimum latency time set by the inverse of the
achieved frequency resolution [see results in Fig. 5(d)] [88].

C. On-Chip Integration of FTM Techniques

The main difficulty for integration of FTM techniques remains
in the design and fabrication of compact (sub-cm) dispersive
lines. Some solutions have been proposed, including coupled
chirped vertical gratings [94–96], silicon waveguides [97], and
nanophotonic waveguides or resonators [98,99]. Nonetheless,
these technologies cannot provide the needed large amounts of
GVD over broad operation bandwidths, in a short propagation
length, suitable for chip-scale integration. To our knowledge, the
first integrated optical D-FTM system, capable of computing the
Fourier transform of pulses with up to 20 ps durations, was demon-
strated in a silica glass [100]; however, SiP-compatible solutions
remain to be demonstrated with the needed specifications for reali-
zation of dispersion-based FTM of microwave signals, i.e., capable
of providing a frequency resolution at least within the sub-GHz
range (corresponding to durations exceeding 1 ns).

On the other hand, integration of FSL-based approaches could
be foreseeable. The passive building blocks of the FSL, such as the
waveguides, couplers, and bandpass filters, are readily accessible
through standard SiP foundries [26], while the lasers and ampli-
fiers could be implemented through hybrid integration strategies
[101]. Finally, integrated frequency shifters can be implemented
through serrodyne phase modulation in silicon [102], or through
EO single-sideband modulation in lithium niobate [103], or in
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silicon [104]. This way, FSL architectures could provide a feasible
path to integration of microwave FTM processors.

4. PHOTONICS-BASED INSTANTANEOUS RF
FREQUENCY MEASUREMENT SYSTEMS

A number of important applications do not require a full measure-
ment of the entire SUT spectrum, but rather extracting some of
its parameters only. In particular, many applications rely on the
capability to measure the instantaneous frequency—the carrier
or central frequency—of the incoming unknown RF signal over a
large and continuous frequency span—from a few MHz up to the
GHz range and beyond—in a rapid and accurate manner. Some
examples include biomedical instrumentation [105], systems for
monitoring radar environments [106], electronic countermeasures
[107], etc. To this scope, so-called instantaneous frequency mea-
surement (IFM) systems have been successfully employed since the
1950s.

Important figures of merit of photonic IFM systems include
operation bandwidth, frequency resolution, variance and maxi-
mum error of estimation, sensitivity (i.e., the minimum detectable
RF signal level), minimum required optical power, latency, capabil-
ity of detecting multiple simultaneous unknown frequencies,
and, last but not least, SWaP-C. A comprehensive review of the
implementations of IFM systems and their evolution over the years
into advanced digital IFM (DIFM) and all-digital systems was
reported in Ref. [108]. However, even state-of-the-art DIFM are
generally limited in their maximum frequency of identification. As
mentioned above, direct digitization of microwave signals becomes
challenging above∼20 GHz [14].

To overcome this limitation, photonic IFM systems were first
reported in the mid-2000s [109]. While the very first demon-
strations offered similar overall performance compared to their
all-electronic counterparts, the newly introduced concepts of
operation, leveraging various photonic techniques, opened the way
towards a series of developments that ultimately enabled remark-
able performance improvements for IFM systems. In particular,
the most reliable and highest-performing photonic IFM systems
proposed to date are based on integrated optics platforms, fol-
lowing the general trend of current MWP technologies. Multiple
approaches have been proposed for the implementation of inte-
grated photonic IFM systems, which can be classified based on
whether they rely on linear or nonlinear optics phenomena.

A. Linear Optics Approaches to Photonic IFM

1. Frequency-to-PowerMappingApproach

Historically, the first photonic IFM systems proposed were based
on optical filtering, in particular, on optical interferometers, repro-
ducing the typical approach used in all-electronic IFM [108].
In this scheme, the RF SUT, whose unknown frequency is to be
identified, modulates an OC, and it is then processed by one or
more optical filters, prior to photodetection (see general scheme
in Fig. 1). Frequency identification is achieved by exploiting the
frequency dependency of the filter’s transfer function to induce
a corresponding RF-frequency-dependent attenuation of the
modulation sideband. As a result, the photodetected RF power
becomes a function of the sideband attenuation, resulting in a
frequency-to-power-mapping process of the SUT, where the
mapping law is given by the transfer function of the optical filter.

The correspondence between photodetected power and SUT fre-
quency is unambiguous if the filter transfer function has a nonzero
slope that does not change sign over the desired frequency range.
Often, this frequency-to-power mapping is obtained as the ratio
of different filter responses featuring opposite slopes. This is done
in order to increase the system frequency estimation accuracy, and
the relationship is generally known as the amplitude comparison
function (ACF).

Different types of filters have been proposed and evaluated.
Relatively simple examples include optical interferometers, where
the modulated signal is split into two parts, which are sent through
different optical delays and then recombined at the photodetector,
creating an RF-frequency-dependent power response.

Implementations utilizing optical state of polarization.
Several demonstrations are based on interferometers operat-
ing in the polarization domain. In these systems, the different
group velocities experienced by different polarizations of light in
a birefringent medium or transmission line (the most common
being a polarization-maintaining fiber) create an RF-frequency-
dependent interference pattern, which, in turn, is used for
frequency discrimination. Implementations using the differ-
ential group delay of a polarization-maintaining fiber were shown,
e.g., up to 26 GHz [110], and covering the 1–18 GHz range with
peak frequency error below 200 MHz [111]. Another imple-
mentation was demonstrated operating up to 40 GHz [112]. In
Ref. [113], the RF frequency is derived from the evolution of the
Stokes parameters at the output of a birefringent medium. [114]
reports a system where measurement range and resolution can
be adjusted by varying the angle between the principal axis of a
polarization beam splitter and one principal axis of a polarization
modulator. Other examples leverage fading effects in optical fibers
to create differential delay [115]. In Ref. [116], the authors propose
a concept using a polarization-maintaining fiber Bragg grating
(PM-FBG) with different transmission profiles at different polar-
izations, where measurement range and resolution can be tuned
by tuning the polarization angle. Recently, [117] reports an IFM
system based on a dual-polarization dual-drive Mach–Zehnder
modulator (Dpol-DMZM) where the upper and lower bounds of
the frequency measurement range can be adjusted independently
by adjusting the DC bias on both arms of the Dpol-DMZM.

Tunable ring resonator implementation. The first imple-
mentations of photonic IFM systems that made use of integrated
filters were reported in Refs. [118,119]. The system reported in
Ref. [118] was based on a compact programmable optical ring
resonator (ORR), fabricated on a silicon nitride platform [see
Figs. 6(a)–6(c)]. The SUT (modulated on an OC) was filtered by
both the through and drop responses of the ORR filter, Fig. 6(b),
to implement a frequency discriminator. The filtered signals
were detected by separate photodiodes, and the ratio between
the through and drop response determined the ACF [Figs. 6(d)
and 6(e)]. In addition, tuning the quality factor of the ORR via
micro-heaters allowed to modify the ACF range and slope, choos-
ing the optimal tradeoff between measurement range and accuracy
[Figs. 6(d)–6(g)]. The system is capable of estimating frequencies
between 0.5 and 4 GHz with a standard deviation below 100 MHz.
A version of this scheme employing a silicon micro-ring resonator
was also reported [120]; this system could be tuned to feature either
a broad bandwidth coverage, from 0.5 to 35 GHz, or high accuracy,
as little as 63 MHz.

Monolithic InP implementation. The work reported in
Ref. [119] demonstrated an IFM system using double-sideband
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Fig. 6. Photonic IFM system using an on-chip frequency discrimina-
tor. (a) Experimental setup; (b) through and drop responses of the optical
ring resonator filter; (c) photograph of the packaged chip. (d), (f ) Position
of the optical carrier (red arrow) with respect to the ORR responses;
(e), (g) corresponding RF responses and ACF. Copyright 2013 IEEE.
Reprinted with permission from [118].

suppressed-carrier modulation, where the optical filter—a
ring-assisted Mach–Zehnder interferometer (RAMZI)—was
integrated on an InP chip [Fig. 7(a)]. Aligning the carrier with
the center of the bar response passband, Figs. 7(b)–7(c), the
complementary bar and cross responses were used to determine
the ACF [Figs. 7(d)–7(e)]. The system can identify frequencies
between 5 and 15 GHz with a root mean square (RMS) error
below 200 MHz. It should be noted that InP platforms may enable
monolithic integration of active and passive photonic components
(including lasers) to realize low SWaP-C photonic IFM systems
[119].

Waveguide Bragg grating implementation. Photonic IFM
implementations using on-chip discriminators based on resonant
filters such as those reported above are generally limited in their
maximum frequency range due to the finite FSR of the optical
filters used. An alternative approach using non-frequency-periodic
filters exploits the transmission and reflection responses of fiber
Bragg gratings to create the ACF [121,122]. Recent works explored
the potential of integrated waveguide Bragg grating filters (WBGs)
to implement multiple MWP signal processing functions in a com-
pact and low-power platform [23]. Among others, the possibility to
replace ring- or fiber-based filters with WBGs to implement broad-
band, compact, and low-power IFM was shown. In particular, a
novel, fully linear, low-optical-power (below 10 mW) IFM system
was reported using an ultra-compact phase-shifted WBG on a
silicon-on-insulator waveguide only 65 µm long [Fig. 8(a)] [123].
The WBG is inserted into a MWP link based on single-sideband
modulation [Fig. 8(b)]. The opposite responses used to define the

Fig. 7. Photonic IFM system based on a RAMZI filter. (a) Microscope
photograph of the filter. (b) Simulated and measured bar (circles) and
cross (triangles) responses. (c) Operation principle; (d) simulated and
(e) measured ACF; (f ) root-mean-square error. Adapted with permission
from [119] c©The Optical Society.

ACF are given by the transmission and reflection responses of the
WBG, which can be accessed using separate dedicated waveguide
output ports [Figs. 8(c)–8(d)]. Successful frequency identifica-
tion up to 32 GHz with a standard deviation of approximately
755 MHz was demonstrated, limited by the amplified spontaneous
emission (ASE) noise of the erbium-doped fiber amplifier (EDFA).
This system has the potential for an unprecedented latency reduc-
tion, as low as tens of picoseconds. In addition, this photonic
IFM was demonstrated for identification of frequency-varying
signals dynamically, without fast measurement instrumentation
[Fig. 8(e)]. Accurate frequency extraction was achieved up to
12 GHz, using a comparatively much-lower-speed electronic
circuit, i.e., with a bandwidth below a few hundreds of MHz. This
aspect, together with the low power and extreme compactness
characteristics of the WBG, highlights the solid potential of this
dynamic IFM system for a complete on-chip integration (possibly
including active photonic elements).

2. Frequency-to-TimeMappingApproach

As discussed in Section 3, the frequency information of each tone
of an RF SUT can be mapped to the time domain through FTM,
using a scheme where different spectral components undergo dif-
ferent propagation delays. This concept was applied to IFM using
a system comprising carrier-suppressed double-sideband modula-
tion, time gating, and propagation through a dispersive medium
[124]. The problem of frequency identification is then reduced to a
problem of measuring relative time delays. In this work, a LC-FBG
with a GVD of 1000 ps/nm was used as the dispersive medium,
achieving correct identification of RF signals from 15 to 45 GHz
with frequency errors originating from the group-delay ripple of
the LC-FBG below 1.56 GHz.

3. Sagnac LoopApproach

A recent IFM implementation [125] makes use of phase modu-
lation within a Sagnac loop. The system produces a DC output
that is a function of the unknown RF frequency, thus requiring
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Fig. 8. Photonic IFM system based on WBG filter. (a) Schematic
and scanning-electron microscope image of the WBG. (b) Experimental
setup: CW, continuous-wave laser; PM, polarization-maintaining fiber;
PC, polarization controller; DP-MZM, dual-parallel Mach–Zehnder
modulator; EDFA, erbium-doped fibre amplifier; PS-WBG, phase-
shifted waveguide Bragg grating; PD, photodetector; RX, reflection port;
TX, transmission port. (c) Optical transmission from the TX (top) and
RX (bottom) ports. (d) RF responses and ACF. (e) Dynamic frequency
identification: (top-left) frequency-hopping RF SUT; (top-right) output
amplitude encoding the SUT frequency; (bottom-left) instantaneous
output signal power; (bottom-right) extracted time-varying frequency
content of the SUT. Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International License [123]. Copyright 2016,
Macmillan Publishers Limited (now Springer Nature).

only a low-speed detector. It shows a range of 0.01–40 GHz, with
less than 6% error for RF level as little as −30 dBm and 10% at
−51 dBm. Not requiring long path lengths, this work may be
suitable for on-chip integration as well.

B. Nonlinear Optics Approaches to Photonic IFM

Nonlinear optics phenomena have been successfully leveraged to
obtain IFM systems with particularly high selectivity and broad
bandwidth.

1. Four-Wave-MixingApproach

A first approach uses FWM in a highly nonlinear fiber (HNLF)
[126]. A solution was proposed in which two equal-power OCs
at different wavelengths are modulated by the same SUT and
then delayed compared to each other via propagation through a

LC-FBG [112]. After proper optical amplification, they are sent
through 1 km of HNLF, where they produce FWM idler tones.
The idler power is a sinusoidal function of the RF frequency, and
as a result, a simple low-speed photodetector can perform the
desired IFM over the 1–40 GHz range. In a later work, the system
capability was extended to independently measure both frequency
and amplitude of the signal, up to 20 GHz [127]. In another imple-
mentation, the use of lock-in amplification allowed to increase the
sensitivity and reach a 51 dB dynamic range, over a 0.04–40 GHz
bandwidth with a 0.35% measurement error [128].

An important step forward was achieved in Ref. [129], which
reports the first FWM-based IFM where the nonlinear medium—a
35 cm long spiral-shaped strip waveguide—was fully integrated
on a SiP chip. A 0–40 GHz measurement bandwidth was achieved
with an RMS error of 318.9 MHz (0.8% of the bandwidth). The
system can also be reconfigured to work in a higher-accuracy mode
by operating on 7.2 GHz sub-bands, further lowering the error to
40.2 MHz (0.52%).

2. StimulatedBrillouin ScatteringApproach

The use of stimulated Brillouin scattering (SBS) was also proposed
to implement IFM [130]. The concept performs single-sideband
suppressed-carrier modulation of an optical CW by the RF fre-
quency to be identified; the generated sideband is then used as a
pump for the SBS process [126]. A probe signal is tuned to be at a
fixed frequency shift from the pump, equal to the Brillouin shift
plus a small detuning. Since the Brillouin shift depends on the
pump frequency, the probe will experience a Brillouin gain that
varies with the unknown frequency. The resulting probe power
variation can be sensed with a low-speed photodetector. The
demonstration used 2 km long SMF as the nonlinear medium and
showed frequency identification up to 25 GHz with an error of
272 MHz (∼1%). A novel approach was presented [131] using
an SBS-based notch filter with anomalously high rejection with a
1 km SMF to achieve frequency estimation of multiple frequen-
cies with an error as low as 250 kHz [132]. Exploiting on-chip
SBS [133], those methods open new possibilities for on-chip,
wideband, and high-resolution photonic IFM.

C. Other Approaches to Photonic IFM

A number of recent demonstrations have shown powerful
approaches to fast and wideband RF spectrum analysis based on
dual-comb interferometry [134–137]. These include recent work
on a wideband staring receiver capable of detecting low-probability
of intercept signals over a 40 GHz range. The RF SUT to be ana-
lyzed modulates an OC and is split and heterodyned with two
separate electro-optically generated frequency combs with slightly
mismatched repetition rates. The Vernier relationship between the
combs assures that the down-converted signals obtained from the
heterodyning occur at different frequencies and can be measured
to retrieve the frequency of the SUT in real time and over transient
signals as well [135]. Another related approach focused on on-chip
realization, not requiring frequency shifting stages, pulse compres-
sion, or optical filtering, ripe for integration using, e.g., on-chip
combs [138] and compact broadband modulators [139,140].
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5. CONCLUSION

In this mini review, we have summarized the latest trends for
photonic-assisted RF spectral measurement and monitoring,
including approaches for coherent MWP spectrum-scanning
receiver architectures, real-time spectral analysis based on FTM,
and MWP-based IFM systems. These important measurement
tools can benefit from the inherent frequency bandwidth advan-
tage of photonic solutions to enable an overall performance that
may be challenging to achieve otherwise. On-chip integration
is a much-desired goal for these technologies as well. Promising
progress in this direction has been recently reported, as reviewed
herein. We have also discussed remaining important challenges
to be addressed towards practical applications of these MWP
solutions. These include the need to achieve significant improve-
ments in some of the central specifications provided by these tools,
such as in regard to their frequency resolution and/or reliability
(measurement errors), or the realization of crucial components not
yet available in compact integrated formats, such as the required
highly dispersive lines for on-chip real-time RF spectral analysis.
Research is under steady progress to address these challenges as
well as to achieve full integration of the resulting measurement
platforms, including the development of alternative design archi-
tectures, e.g., FSL-based FTM schemes, or digital feed-forward
laser-noise-cancelling MWP receivers. Further studies are also
needed to understand the potential of the MWP approach, and/or
optimize the resulting MWP system designs, to provide the needed
performance in terms of other important parameters, such as
sensitivity and dynamic range under different noise conditions,
according to the specific requirements of the target applications.
The works discussed in this mini review clearly show the benefits
that integrated MWP approaches could bring in the pursuit of
future wideband microwave spectral measurement and moni-
toring schemes on-chip with unprecedented performance and
capabilities.
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