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ABSTRACT: Time reversal is an established wave imaging and focusing method that has proved to be robust and compatible with super-
resolution imaging and focusing, i.e., to provide images and foci with subwavelength features beyond the diffraction limit. The method
has been applied to numerous wave systems. We propose a systematic review of super-resolution time reversal applied to electromagnetic
waves in the radio-frequency regime. We examine the theoretical foundation, the methods and the applications of radio-frequency super-
resolution time-reversal. We explain a seeming contradiction between a widely used model of resolution due to the time-reversal cavity,
and a common approach of Fourier optics highlighting the significance of evanescent waves for super-resolution. We also present an
application of one of the algorithms of time-reversal imaging (known as TR-MUSIC) to measurements in a highly reflective environment,
such as a resonant cavity. Finally, we outline open questions and applications.

1. INTRODUCTION

ne of the most remarkable features of many wave systems
Ois that their behaviour is largely unaffected by the direc-
tion of time. Givena wave f (¢, r), its time-reversed counterpart
f(—t,r) is— usually — physical and, more importantly, can be
realised in practice using limited measurements of f (¢, r). Con-
cretely, the emitted wave is measured on one or several sensors,
the measurement is time-reversed, and sent back from these
sensors. This process gave rise to the name “time-reversal mir-
ror” (TRM) for such sensors. It can be used to focus waves and
to image their source. In this case, in the “direct-time” stage,
the fields emitted are recorded on the time-reversal mirror. In
the “backpropagation” stage, the time-reversed waveforms are
propagated back from the mirror into the medium. This stage is
often performed in a digital full-wave equivalent of the system.
Unfortunately, time reversal is marred by the same limitation

as classical optical lenses: the diffraction limit, i.e., the fact that
two point sources placed less than ~)\/2 apart, where X is the
wavelength, appear as a single point source. In radio frequen-
cies, this means that features as large as hundred millimetres
at gigahertz frequencies are blurred, hindering practical appli-
cations such as medical imaging. As a consequence, there has
been significant effort to overcome this resolution limit, result-
ing in so-called “super-resolution” techniques. The pervasive-
ness of radio-frequency wireless systems and techniques (low-
cost medical and scientific imaging, radars, high-throughput
or low-power embedded or wearable communication devices,
wireless power transfer, to name a few) has increased the need
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for these super-resolution techniques. The goal of this review
is to highlight and summarize the development in theory, meth-
ods, and applications of these techniques, while also proposing
areas of investigations that are yet to be developed.

To the best of our knowledge, no review has yet systemat-
ically addressed the proposed scope (time reversal, radio fre-
quencies, and super-resolution). Indeed, the focus is either on
the optical regime [ 1-3] or on specific techniques such as meta-
materials [4—6], non-destructive testing [7], geophysical and
biological media [8], power networks [9], or they share part
of a common scope but are now outdated [10, 11]. There is
a large intersection between the time-reversal method and the
broader field of far-field subwavelength imaging (FFSI), which
we do not discuss in details here. FFSI includes numerous ap-
plications and methods such as point spread function modula-
tion [12], subwavelength MRI (magnetic resonance imaging)
enhanced by planar and bulk metamaterials [13—15], image re-
construction from multiple MRI scans [16], and the so-called
SREMI method for ground-penetrating radar [17], among oth-
ers. We refer to the review by Astratov et al. [18] for a discus-
sion of some aspects of the time-reversal method within FFSI.

The systematic process used to find relevant references is de-
tailed in Appendix A. The review is structured as follows: We
begin with various theoretical tools and analyses in Section 2,
then review common methods for super-resolution imaging and
focusing in Section 3 and their applications in Section 4. Fi-
nally, we conclude with a summary, remarks on methodolog-
ical issues and an outlook in Section 5. Moreover, we ex-
plain the seeming contradiction in resolution between the time-
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FIGURE 1. z slice at y = 0 from the (a) 1D, (b) 2D, and (c) 3D point-spread functions of two coherent in-phase sources separated by a distance d.
For each separation, the x slice is max-normalised. The positions of the two sources are indicated by the white lines. Solid black: half-max isolines.

Dashed black: maximum along x.

reversal cavity and Fourier optics. We also report our own ap-
plication of the so-called TR-MUSIC algorithm to a resonant
cavity.

2. THEORETICAL CONTRIBUTIONS TO SUBWAVE-
LENGTH TIME-REVERSAL IMAGING AND FOCUSING

This section reviews theoretical contributions to subwavelength
time-reversal imaging and focusing.

2.1. Super-Resolution Metrics

We start with an aside on the diffraction-limited resolution at-
tainable by the time-reversal method in the electromagnetic
regime and ways to measure it. Note that we base our anal-
ysis on the theory of the time-reversal cavity (see [19] or Sec-
tion 2.3 below) and not the classical Rayleigh-Abbe diffraction
limit. Quantitative analyses of super-resolution rely on met-
rics that evaluate the achieved focusing or imaging resolution.
There are two commonly used metrics: (i) the full width at half-
maximum (FWHM), which measures the width at half peak
value of the point spread function (i.e., the image or focusing
of a point source), and (ii) the capability of the system to distin-
guish two closely spaced sources. Note that most of the time,
the full width at half-maximum is given for a linear quantity
(voltage, electric field), and not the power. While it is reason-
able to use the power, the obtained metric seems to perform
better than with a linear quantity, as the power is a quadratic
function of the field or voltage (and the same for higher or-
ders [20]).

To give a baseline and contrast the two metrics (the full width
at half-maximum and the distinction of neighbouring sources),
we propose the following analysis. We consider the point-
spread function of two neighbouring, in-phase, z-polarised
dipoles (at x = +d/2 and y = z = 0) separated by a distance
d in a vacuum as predicted by the time-reversal cavity [19].
This function describes the image that would be obtained by
performing time reversal on a perfect time-reversal mirror (one
that entirely surrounds the sources). We illustrate the x slice
at y = 0 from this point-spread function (norm of the electric
field) in Figure 1 for varying source separations. Both metrics
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can be readily derived from this plot. First, for a source separa-
tion d = 0, we get the point-spread function of a single source
and we can derive a full width at half-maximum of \/1.8, where
A is the wavelength of illumination. Second, by observing the
smallest non-zero source separation at which the image max-
ima match with the source position, we see from Figure 1 that
a separation of two neighbouring sources of more than A/1.5
is necessary to distinguish them. Note that these metrics dif-
fer slightly. For completeness, we repeat this experiment for
the two- (resp. one-) dimensional case obtained by numerically
integrating the three-dimensional Green’s function over the en-
tire z (resp. y and z) axis. The results are presented in Table 1.
These numbers show that, while the diffraction limit is usually
described by A/2, the actual limit of the system might range
from A/3 to \/1.6.

TABLE 1. Metrics obtained from Green’s functions.

. . . Full width at Min. source
Dimensionality ] ]
half-maximum separation
1D A/3 A/2
2D A/2.1 /1.6
3D A/1.8 A/1.5

In some cases, the resolution is not the most relevant met-
ric: for instance, in medical imaging (see Section 4.2) for the
detection of tumours (which present a low contrast compared
to neighbouring media), the signal-to-clutter ratio is preferred.
In the presence of noise or back-propagation mismatch, the
localisation error might also be more appropriate. Ghaderi
Aram etal. also investigate time-reversal under a correlation
index for total image quality [21].

2.2. Multiple Scattering and Random Media

Part of the allure of time reversal is its “self focusing” capabil-
ity in complex media: no matter their complexity, time reversal
ensures the focusing of waves in space and time. These com-
plex media are typically categorised as either multiple scatter-
ing media (i.e., highly inhomogeneous media) or random me-
dia. While the latter category shares physical propagation char-
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acteristics with the former, its random nature necessitates dif-
ferent analyses.

2.2.1. Multiple Scattering Media

Bal and Ryzhik [22] showed that, in the acoustic regime, “con-
trary to intuition, multiple scattering enhances the spatial reso-
lution of the refocused signal and allows one to beat the diffrac-
tion limit obtained in homogeneous media.” They provide
quantitative predictions on the attainable resolution based on
a convolution of the source with a medium-dependent filter.

Later, Fink summarised the important link between time re-
versal, multiple scattering and super-resolution [23]. While an
ideal time-reversal mirror samples continuously over a closed
surface (see Section 2.3), practical time-reversal mirrors are
discrete and cover only limited angular apertures, leading to
degraded focusing in homogeneous media. Yet, when multiple
scattering or reflections occur, even a small-aperture mirror can
exploit the medium’s complexity to sharpen focus. This can be
explained by the “kaleidoscopic” effect seen in environments
with reflective boundaries, such as waveguides. Fink shows
that in a parallel-walled acoustic waveguide, multiple reflec-
tions create virtual images of the time-reversal mirror. Record-
ing over a sufficiently long time window captures these multi-
path arrivals, effectively expanding the aperture by the number
of echoes and improving lateral resolution by up to an order of
magnitude compared to free-space focusing.

Later, Shi and Nehorai [24] quantitatively confirmed this
resolution improvement in scattering media by comparing the
Cramér-Rao bounds with and without multiple scattering. Am-
mari et al. [25] further developed a mathematical framework to
predict super-resolution in high-contrast media. Finally, multi-
ple scattering can also provide super-resolution through a dif-
ferent mechanism: Simonetti [26] showed that multiple scatter-
ing within inhomogeneous media enables super-resolution by
allowing the propagation of evanescent waves from the source
to a far-field time-reversal mirror. In this case, the resolution-
enhancement mechanism is not through the improvement of an-
tenna aperture, but by recording of evanescent waves.

2.2.2. Random Media

Random media are complex materials in which the precise spa-
tial distribution of inhomogeneities is unknown, but certain sta-
tistical characteristics are known. An example is the propaga-
tion of electromagnetic waves through Earth’s atmosphere [27].
Fouque and Solna [28] show that, in the acoustic regime, as for
multiple scattering media, the randomness improves the focus-
ing resolution. Again, super-resolution is caused by an increase
of the time-reversal mirror effective aperture. This property
has been numerically verified [29] for random inclusions [30],
continuous random media and varying polarisation [31], and
random waveguides [32]. Moreover, the time-reversal process
is statistically stable (or self-averaging) [33], meaning that the
backpropagation focusing occurs near the source irrespective of
random realisations. Ishimaru et al. [27] provide a comparison
of several imaging methods, including classical time reversal
and time-reversal MUSIC (see Section 3.3.2) in random media.
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2.3. The Time-Reversal Cavity

We have seen that the imaging or focusing resolution of a
time-reversal system depends on the effective aperture of the
time-reversal mirror. However, previous analyses in the opti-
cal regime (discussed in Section 3.3.2 below) also show that
the diffraction limit arises from the inability of waves with
wavenumbers larger than the free-space wavenumber ky =
27 f [co (Where ¢ is the free-space speed of light and f is the
frequency) to propagate. Such waves are called “evanescent” as
they decay exponentially away from sources or scatterers. The
time-reversal cavity, described by Carminati et al. [19], offers
a theoretical framework to describe the resolution attainable in
an inhomogeneous, possibly anisotropic, medium. By using
Green’s (or the divergence) formula, the time-reversal mirror
becomes a closed surface where the time-reversed field is in-
tegrated to obtain the diffraction-limited field inside the cav-
ity. Carminati et al. show that the focal spot (or point-spread
function) at a single frequency is given by the imaginary part
of Green’s function. For a scalar wave in a vacuum, this imagi-
nary part behaves like a sinc function, and we obtain the diffrac-
tion limit illustrated in Figure 1. To obtain a super-resolution
system, one must design structures where the imaginary part
of Green’s function oscillates on a subwavelength scale. Of
course, the theory is not as descriptive for broadband excita-
tions, as an inverse Fourier transform is needed for time-domain
excitations. Le Boudec et al. extended this theory for nonre-
ciprocal media [34] and provided a heuristic to determine the
point-spread function from the medium’s dispersion relation.

2.4. The Time-Reversal Mirror

In its theoretical form, the time-reversal mirror (TRM) is an ide-
alised, continuous sensing, and closed surface surrounding the
region of interest (which either contains the source to be imaged
or the target location for wave focusing). We have seen that in
practice, the finite aperture of a time-reversal mirror results in
a reduced resolution, a limitation that can be mitigated by the
presence of a multiple scattering or random medium. More-
over, we discuss in Section 3.2.2 that the distance between an
ideal time-reversal mirror and the source does not matter for
super-resolution focusing. In fact, this was already noted by
de Rosny and Fink [35]. From the divergence theorem, they de-
compose the ideal time-reversal mirror [19] into monopole and
dipole mirrors. The monopole time-reversal mirror stems from
Green’s function G, and the dipole from its normal derivative
OG /On. While the ideal time-reversal is diffraction-limited, the
monopole-only and dipole-only mirrors can “record” evanes-
cent waves. Thanks to its directivity, the dipole-only mirror can
moreover improve the resolution beyond the diffraction limit
when placed in the source near-field. This research has then
been extended to multiple scattering media [36]. An original
approach consists in an optimised adjustment of the weights of
time-reversal mirror channels to maximize the resolution [37].
However, some prior information about the imaged system is
needed.

Related work by Farhi [38] introduces a different view of
the time-reversal mirror. He proposes to tailor the resonance of
a dielectric spherical shell to possess a resonance for a given
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multipole field. This finds applications when the realisation of
a time-reversal mirror using discrete sensors is impossible. By
exciting the shell with a dipole placed at an arbitrary location
outside of it, a given multipole field can be excited inside the
shell, possibly with super-resolution focus.

2.5. Transmission Line Networks

The transient analysis of networks of power lines is an inter-
esting tool to locate faults (e.g., short circuits). Branches of
these networks can be modelled as transmission lines, and their
single-dimensional nature makes it the first application of an
experimental and ideal time-reversal cavity [39]. To the best
of our knowledge, applications of time-reversal imaging or fo-
cusing in two-dimensional transmission line networks (for ex-
ample, a fully meshed network) have not been reported. The
resolution obtained in an experimental case study by Wang et
al. [40] is remarkably high. For a solid phase (a)-to-ground fault
(i.e., a short circuit between phase (a) and ground), an equiv-
alent! full width at half-maximum of roughly 1’100 m is ob-
tained. The fault voltage features oscillations at ~5 kHz, which
entails a resolution around A/55.

In fact, He et al. provide a theoretical analysis [41] of the
obtained resolution in transmission line networks. They derive
the distribution of the correlation between the measured signal
and those obtained at probe locations,

o) o / WV (@) PH (w0, 0)H(w,2) (1)

where x is the probe location; V; is the surge signal; and
H(w, ) is the response of a line to a source placed at the
location x. It is assumed that the actual source is placed at
the origin. While this does not correspond to traditional time-
reversal, there is a strong link because of the time-reversal op-
erator H* H. The results from a single-phase lossless overhead
line, with an example in Figure 2, show super-resolution around
A/67. This behaviour is caused by the resonances in lines with
high-impedance terminations, such as transformers, and it is in-
fluenced by propagation losses. Finally, contrary to intuition,
extending the analysis from a single line to a network with lat-
eral branches or to three-phase systems decreases the resolu-
tion [41]. In this reference, the deterioration is treated as a re-
duction of the system sensitivity to the fault position, and is not
associated with higher losses linked to an overall longer trans-
mission line. This seems to oppose the earlier notion that mul-
tiple scattering increases resolution through a larger effective
aperture, warranting further investigation to understand the un-
derlying physical limitation and to allow a reliable application
of the method in power networks.

2.6. The Instantaneous Time-Reversal Mirror

Because of the usual duality between space and time in wave
physics, we expect a dual of the time-reversal mirror to exist.

The considered fault in [40, Figure 17] occurs close to a line end (node
55); the full width at half-maximum can only be determined in one direction, at
node 49, which is 312 m + 230 m away from the fault. We double this distance
by symmetry — which, of course, is a simplification — to obtain 1’084 m.

46

Correlation

x/A % 100

FIGURE 2. Correlation functions p(z) for the transfer functions in a line
with a fault 6 km from the probe for two resonances, fi = 37.3kHz
and fo = 87.6kHz at the fault location. The x axis is normalised
with respect to the corresponding wavelength. Adapted from the data
in [41].

The time-reversal mirror reverses measurements over time on
a spatial boundary, i.e., a surface, whose dimensionality is one
less than the dimensionality of spatial propagation. The dual
object should reverse measurements over the entire space on a
temporal boundary. Since we expect time to flow only in one
dimension, this boundary has to be an instant, i.e., a point in
time. Indeed, this corresponds to the concept of instantaneous
time-reversal mirror [11]: an instantaneous discontinuity in the
entire space (e.g., a Dirac spike in the propagation speed) cre-
ates a time-reversed wavefront that converges back to the orig-
inal source. This is interesting as no recording of the wave by
sensors is needed. Moreover, this process benefits from the
same resolution enhancement in multiple scattering media [42]
as the classical time-reversal mirror.

2.7. Negative Transient-Flux

The significance of evanescent waves to super-resolution moti-
vates a careful analysis of small (subwavelength) sources, such
as point sources. Bossy and Carminati [43] analyse the near-
field of a transient point source and show that some energy is re-
absorbed by the source before being emitted as radiation. This
has been experimentally confirmed [44]. Of particular interest
to us, a consequence of this transient absorption of the source
is that “perfect subwavelength refocusing (i.e., without energy
scattered away from the focal spot) cannot be achieved by use
of a passive subwavelength absorber [...] since the dynamic ex-
change of energy is a necessary condition for a localised absorp-
tion of the full energy of the wave field” [43]. This statement
is directly linked to the concept of the time-reversal sink, dis-
cussed in Section 3.1 below. Indeed, this suggests that the high-
est resolution can only be attained by active sinks, i.e., those
that can partially and momentarily re-emit the absorbed energy.

This fact resonates with the standard analysis of reactive en-
ergy, a classical concept of electrical engineering. The concept
could be linked to the reactive power in an inductor or capacitor,
which is really stored as potential energy of a field (magnetic
for the inductor, electric for the capacitor). There is no radia-
tion because the size of such devices is small compared to the
wavelength.
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3. METHODS FOR SUBWAVELENGTH TIME-
REVERSAL IMAGING AND FOCUSING

In this section, we cover practical methods used in conjunc-
tion with time reversal that have been shown to achieve super-
resolution focusing or imaging.

3.1. The Time-Reversal Sink

The theory of the time-reversal cavity demonstrates that the
diffraction limit in time-reversal imaging or focusing can be ex-
plained by the interference between the converging and diverg-
ing wavefronts [19] (see Section 3.2.2). In fact, this can also
be seen by the mismatch between the direct-time field, which
is emitted by a source, and the time-reversed field, which lacks
a corresponding time-reversed source. As a result, the energy
of the time-reversed field cannot be absorbed by the original
source and must continue to propagate.

This consideration brings up the idea of a time-reversed
“sink”, whose role is to absorb the energy of the converging
time-reversed wave. De Rosny and Fink showed that an exper-
imental realisation of such a sink is not only possible, but also
yields super-resolution [45]. This sink can also be connected
to the generation of the evanescent waves, which are necessary
for achieving super-resolution imaging or focusing. In the cited
work, the same acoustic transducer is used both as the direct-
time source and the time-reversal sink, an ideal case scenario.
In fact, the resolution appears to be limited only by the physical
size of the transducer.”

A weaker version of the time-reversal sink involves placing
passive absorbers at the original source location [47]. Such
an approach also leads to super-resolution. Ma et al. [47]
achieve super-resolution with a purely passive component (an
absorber). However, the existence of the negative transient flux
presented in Section 2.7 suggests that a perfect time-reversal
sink needs to be able to perform both absorption and emission.
This prompts the apparently still open question: Is there a fun-
damental physical limit to the extent to which passive absorbers
can act as time-reversal sinks, or does the discrepancy reflect a
subtle difference in interpretation between the two approaches?

3.2. Metamaterials

Metamaterials are synthetic materials whose subwavelength
structure is designed to possess a given macroscopic behaviour
unavailable in natural materials.

3.2.1. Lenses

Our first class of metamaterials is of particular historical sig-
nificance. Lenses are designed to focus waves in a given re-
gion to allow imaging by direct sampling of the field. The
promise of super-resolution is rooted in the idea of a “per-
fect lens” [48], also linked to time reversal by Pendry [49].
Liao et al. realise a limited version of such a lens (based on en-
hancement of evanescent waves) using a slab of multilayered
dielectrics [50]; Katko et al. use split-ring resonators loaded

2For completeness, we note the work of Zverev [46] who argues that de
Rosny et al. did not interpret the results correctly.
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with varactor diodes to realize a phase-conjugation slab. Time-
reversal is also used to design flat lenses [51].

3.2.2. Reconciling Super-Resolution Imaging Predictions from the
Time-reversal Cavity and Fourier Optics

In Fourier optics [52], the diffraction limit is understood to
arise from the evanescent nature of waves with high transverse
numbers associated with fine (below the wavelength) source
details.> In time reversal imaging, this same limit emerges
from the interaction between the converging wave caused by
the time-reversal mirror, and the diverging one that exists be-
cause of the absence of a time-reversal sink [19]. The latter
limit exists irrespective of the shape of the time-reversal mir-
ror; in particular, no matter how far the sensors are from the
source. This seems to contradict the well-known fact that the
capture of evanescent waves is key to beating the diffraction
limit [48].

In this section, we show how to resolve this seeming contra-
diction, which results from a simplistic interpretation of both
theories. We illustrate the results in a numerical simulation of
a two-dimensional resonant metalens. Doing so, we summa-
rize key properties that a time-reversal subwavelength imaging
system must possess.

First, we review the origin of the diffraction limit in time-
reversal and classical optics, highlight the seeming contradic-
tion, propose an explanation to reconcile both approaches, and
introduce the simulation setting used to test the explanation.
We begin by recalling the theory of the time-reversal cavity for
electromagnetic fields, introduced in [19] and extended in [34].
In this setting, a source radiates electromagnetic fields (the
direct-time fields) which are then recorded on a closed time-
reversal cavity surrounding the source. These fields are then
time-reversed and propagated back from the cavity boundary.

Since the source is not present during this backpropagation
stage, the time-reversed fields are the sum of a converging and a
diverging wave to satisfy the source-free wave equation. In the
frequency domain, if the direct-time electric field at an angular
frequency w = 2w f and position r is denoted by Fpr(w,r),
then the time-reversed electric field is [19, 34]

ETR(CU7 r) = EBT (OJ, r) — EDT* (o.), r) (2)

where -* denotes complex conjugation. Efy;(w, r) is a converg-
ing wave, equal to the time-reversal of the direct time wave.
Epr+(w, r) is the diverging wave that would be radiated by the
time-reversed original source. For an electric dipole, the time-
reversed field is proportional to the imaginary part of the elec-
tric Green’s function, exhibiting a sinc-like behaviour at the
dipole location. The width of this sinc is determined by the
free-space wavenumber kg, resulting in an approximate focal
spot size of Ag/2.

In Fourier optics [52], we analyse the fields radiated by a pla-
nar source distribution in the xy-plane. The wavenumbers as-
sociated with the corresponding Fourier transform are k, and
ky, and the propagation away from the source occurs in the
z direction, associated with the wavenumber k,. Outside the
source region, the propagation obeys a wave equation whose

3This section is adapted and updated from [53].
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dispersion relation is a sphere in wavenumber space such that
k24 kL 4+ k2 =kj 3)

Hence, the fields radiate away from the source according to the
positive solution

JEE K2 - k2, K2 HR2< K]
k.

= “)

g/ kg + K2+ k2, K2+ K> kG

where j2 = —1. The propagation involves the delay oper-
ator e~7%=%, Hence, small source details, described by high
transverse wavenumbers whose norms exceed kg, have a purely
imaginary wavenumber, and the corresponding wave decays
exponentially. In other words, details finer than )\ are asso-
ciated with evanescent waves, and far-field sensors must be
diffraction-limited. For example [54], the imaging of a rect-
angular ¢ x ¢ aperture in a shield illuminated by a plane wave is
a focal spot of surface ~\% when imaging from the far field.
However, at distances less than roughly ¢/3, the evanescent
wave carries information about the aperture’s true size, that is,
2.

It should be pointed out here that the subwavelength de-
tails associated with the source near-field are technically always
transmitted to the far zone. However, they decay as 1/73, where
r is the distance to the source, and are thus overwhelmed by the
radiating part (in 1/7).

The seeming contradiction is that, on the one hand, a conse-
quence of Equation (2) is that the distance between the time-
reversal mirror and the source is predicted to have no effect
on the focal spot size (i.e., the imaging resolution) and, on the
other hand, the source near-field is necessary to obtain sub-
wavelength images (Equation (4)). The nuance needed to solve
this seeming contradiction is that the Fourier optics approach
does not describe how to obtain the image (e.g., through time-
reversal, a classical optical lens, a near-field scan, etc.). Indeed,
in agreement with the time-reversal theory, time-reversal imag-
ing is always limited to resolutions dictated by Equation (2);
however, this limited resolution might exhibit a A/2 focal spot
much smaller than in a vacuum, as long as A < \g. An aca-
demic example is radio-frequency imaging in pure water, with
a real part of the electrical permittivity of 80 [55] yielding a
Xo/2/+/80 & X\o/18 super-resolution. Additionally, the time-
reversal cavity does not provide an explanation of how to im-
prove the imaging resolution (other than the use of a time-
reversal sink [45]). There, the classical optical theory comes
into play: a path towards super-resolution involves transmit-
ting near-field information to the time-reversal mirror.

In summary, the Fourier optics approach shows that sub-
wavelength information is contained in the source near field.
The near-field waves then need to couple to the imaging sys-
tem, without regard for the distance between the time-reversal
mirror and the source region®.

To illustrate the explanation above, we perform a set of two-
dimensional radio-frequency simulations. The geometry of the

40f course, in practice, the time-reversal mirror is replaced with a finite
number of sensors. The placement of these sensors is well known to be critical.
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experiments is shown in Figure 3. In the direct-time phase,
we measure the scattering parameters from two simultaneous,
identical sources (ports 1 and 2) placed 30%Ag (\g = 1m)
apart (at the positions x = +15cm, y = 0) to a nine-channel
time-reversal mirror indexed from 10 to 18, i.e.,

ZDT(fn) = Sm,l(fn) + Sm,Q(fn) (5)

m = 10,...,18, over a frequency range f,, from 200 MHz to
300 MHz, every half megahertz (n = 1,...,201).

In the time-reversal phase, we measure the scattering pa-
rameter from each element of the time-reversal mirror to a
port (0, not shown in Figure 3), placed on the source plane
at position x, and vary x from —50cm to +50 cm in steps of
5 cm, thus obtaining Sg ., ( fr, ). We time-reverse the direct-
time measurement by taking the complex conjugate of zpr(f,,).
We backpropagate this time-reversed measurement to the im-
age plane (z = 0) by multiplying by the scattering parameter
S0,m(fn, ), obtaining the time-reversed field along the x co-
ordinate:

18
ZTR(fmI) = Z So,m(fmI)ZDT(fn)* (6)

m=10

Finally, we average the frequency dependence out by taking the
normalised energy

1/2

T 2
ZTR($> = an |21R (fr, )]

= (7
mem 150,m (fn, )|
The denominator serves as a normalisation with respect to the
source-to-time-reversal-mirror coupling strength.
Next, we study six imaging cases, illustrated in Figure 3:

(a) Propagation in vacuum, with a far-field time-reversal
mirror;
(b) As (a), with a near-field time-reversal mirror;

(c) We introduce a resonant metalens as in [56, 57] with
41 metallic rods of height Ao /2 and a pitch of Ao /40. First,
we place this lens far, i.e., Ag/2, from the source, with
a far-field time-reversal mirror. The lens supports res-
onant eigenmodes that are transversally subwavelength,
and whose far-field radiation pattern can be used to recon-
struct a subwavelength image.

(d) Next, we bring the metalens close (\o/20) to the
source.

(e) We bring the time-reversal mirror in the near-field from
the source-and-metalens complex, with the metalens far
(Mo/2) from the source.

(f) Finally, we keep a near-field time-reversal mirror and
bring the metalens close (Ag/20) to the source.

The time-reversed energy zrgr () is shown in Figure 4, along
with an example of scattering parameter.

As the source separation is below the diffraction limit for a
two-dimensional problem (Ao /1.7 or ~60%\o), the sources are
indistinguishable without a resonant metalens. Including the
metalens, both sources are clearly visible, as long as it is placed
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(a) Far-field time-reversal mirror (b) Near-field time-reversal mirror
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FIGURE 3. Geometries of all performed simulations. (a), (b) in a vacuum, with a (a) far-field and (b) near-field time-reversal mirror (TRM); (c),
(d) with a resonant metalens placed (c) far or (d) near the sources, and a far-field time-reversal mirror; (), (f) with a resonant metalens placed (e)
far or (f) near the sources, and a near-field time-reversal mirror. The ports are simulated as electrically small lumped ports with a time-harmonic
excitation.
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FIGURE 4. (a) Normalised time-reversed energy ztr () as in Equation (7) for a source separation of 30%X\o and the cases shown in Figure 3. The
original source positions are indicated by red arrows. (b) Example time-reversal scattering parameter So,10(fn,* = 0m) for all cases (a)—(f) in
Figure 3.
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FIGURE 5. Microstructured antenna experiment in [70]. (a) A time-reversal mirror made of eight commercial dipole antennas operating at 2.45 GHz
(i.e., A = 12cm) is placed in a 1 m® reverberating chamber. A subwavelength receiving array consisting of eight microstructured antennas \/30
apart from one another is placed ten wavelengths away from the time-reversal mirror. (b) Details of one microstructured antenna. It consists of the
core of a coaxial line that comes out 2 mm from an insulating layer and is surrounded by a microstructure consisting of a random distribution of
thin copper wires. (c) Photo of the eight-element subwavelength array surrounded by the random distribution of copper wires. Antennas 3 and 4
are indicated by the red and blue arrows. Reproduced from Lerosey etal., Focusing Beyond the Diffraction Limit with Far-Field Time Reversal,

Science, 10.1126/science.1134824 [2007], AAAS.

in the source near field. However, the placement of the time-
reversal mirror, far or near the source, has no significant effect.

This reconciles both points of view, from the time-reversal
cavity and Fourier optics: one the one hand, we need the
evanescent waves for super-resolution, illustrated here by the
necessity of 1) capturing the evanescent components using the
metalens in the source near-field, ii) and making these compo-
nents visible to the time-reversal mirror by various resonances
(see Section 3.2.3 or [58]); and, on the other, a near-field dis-
tance between the time-reversal mirror and the source is not, by
itself, sufficient for super-resolution. In the conclusion, we dis-
cuss a more general statement about super-resolution require-
ments.

3.2.3. Other Metamaterials, Often Resonant

In 2010, Lemoult et al. [57] introduce a resonant metalens to
provide far-field subwavelength imaging. This metamaterial
consists of an array of metallic rods arranged on a subwave-
length scale in the transverse zy plane. Individually, they pos-
sess a resonance at a frequency fy whose wavelength is double
the rods’ length. The array supports a wide number of eigen-
modes whose wavenumbers exceed that of vacuum. In turn, a
source with subwavelength feature can couple with those eigen-
modes. Finally, each of these eigenmodes has a distinctive ra-
diation pattern (dipole, x or y quadrupole, or octupole). See
Lemoult et al. [58] for a detailed analysis of the resonant met-
alens. The time-reversal method enables to handle the complex
mapping from subwavelength source to the far field. To note,
this metalens’ operation is inherently wideband: attempting to
image a source at a bandwidth comparable to that of the eigen-
modes will yield the periodic field distribution of that eigen-
mode. Beyond the point-spread function, the resonant metalens
was used to image subwavelength details in [59], and in [60]
with the time-reversal method. In this reference, the authors
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identified two main factors that limit resolution: the array pitch
and the losses in the metalens. To maximize resolution, thin
low-loss rods should be used with a narrow spacing.

Speaking of losses, Guan et al. [61] demonstrate the use of
complex frequencies to compensate for losses in a hyperbolic
metamaterial. These complex frequencies are designed to pro-
vide gain for wavenumbers which are of negligible amplitude,
thereby enabling super-resolution. Importantly, this gain is ap-
plied virtually during postprocessing, without the need to phys-
ically realize active media.

Time-reversal imaging and focusing can also be ap-
plied to planar metamaterials, such as surfaces of split-ring
resonators [62] (including an adaptation for magnetic
sources [63]), fractal resonators [64] coupled with a resonant
cavity for multi-incidence excitation, grating plates [65], spoof
surface plasmon polaritons [66], or a recording metasurface
with interpolation to compensate for low field sampling [67].
Wang etal. [68] propose using a metasurface with pro-
grammable defects which allows subwavelength imaging
of intricate sources at the cost of requiring prior source
knowledge.

Finally, de Rosny et al. [69] show the relevance of the
impedance matrix for time-reversal focusing on antenna arrays.

3.2.4. A Widespread Approach: Microstructured Antennas

The term “microstructured antennas” [70] is used to describe
metamaterial-based systems where antennas are placed in a
subwavelength array and combined with near-field structures
to enhance resolution. In a seminal work, Lerosey et al. [70]
placed an eight-channel array of monopole antennas placed
/30 apart. This array was then surrounded by randomly placed
insulated copper wires (see Figure 5). Super-resolution at an-
tenna array pitch scale is obtained by a similar mechanism to
resonant metalenses: a subwavelength arrangement of scatter-
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TABLE 2. Proposed microstructured antennas. *No experiment.

’ Ref. ‘ Setup Excitation band Pitch
[70] Random wires 2.45 GHz, bandwidth 150 MHz 4 mm
[71] Planar antenna elements etched with defect oval rings 2.5-4.5GHz 4.3 mm
[72] Triangle monopole antennas etched with cross slots 2.5-4.5GHz 4.3 mm
[73] Planar monopoles etched with circular slots Pulse centred at 4.5 GHz 3.3mm
[74] Array with chirped delay line feeds 3-6 GHz 2 mm
[75] Split-ring-based metamaterial sheets 2-6 GHz Smm
[76] | Antennas with micro-structured fractal slots and split ring resonators™ 2.5-5GHz 10 mm
[77] Planar resonant lens with periodically distributed strip resonators 1-2GHz 10 mm
[78] Array with pulse-shaping circuit feeds 3.5-6.5GHz 10 mm
[79] Array with non-reciprocal chirped delay line feeds 3-6 GHz 6.7 mm
[80] Compact multiport antenna 2.5 GHz sinus, 3 periods 3mm
[81] 2D array of monopoles™ 2-6 GHz 2.1 mm
[82] Two wire antennas for multi-frequency operation 1-1.5GHz and 1.5-2 GHz Smm
[83] Subwavelength scatterers and auxiliary source™ 0-2 GHz N/A
[84] MIMO antenna with complementary split-rings™ 2.4-2.8 GHz ~35mm
[85] | Random wire array with bowtie antenna-based time-reversal mirror™ | 3 ns Gaussian pulse at 2.45 GHz then 5.2 GHz 10 mm
[86] Planar array of spiral resonators™ 0.8-1.8 GHz 9.1 mm
[87] 2D array of cylindrical dielectric rods 3 GHz Ricker wavelet [88] 20 mm

ers (supporting high-wavenumber modes) whose effect is per-
ceptible in the far field. Other related approaches are sum-
marised in Table 2.

Among the proposed microstructured antennas, one dis-
tinct variation involves the use of dispersion in the antenna
feeds [74, 78, 79]. This approach relies on engineering different
antenna responses such that their cross-correlation is minimal.
Finally, an important limitation of the methods presented in this
section is that imaging and focusing are, by design, restricted to
discrete antenna channels rather than continuous images. While
this makes the approach less general, it allows for relatively
high performance and finds applications in radio communica-
tions (see Section 4.3).

3.3. Algorithms

In this section, we group together all methods that enhance res-
olution not by altering the physical propagation characteristics
of the system, but through advanced postprocessing techniques.
These methods generally exploit prior knowledge of the under-
lying physical processes behind the data.

3.3.1. DORT

Is it possible to use time reversal in a multistatic radar setting?
Prada et al. show it is, by introducing DORT (decomposition
of the time-reversal operator®) [89]. While DORT alone does
not usually lead to super-resolution images, we introduce the
method here because its formalism is used in TR-MUSIC and
other super-resolution variants, such as TR-ESPRIT [90].

SFrench: “Décomposition de 1’opérateur de retournement temporel.”
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Assuming an array of M transmit-receive transducers, we
measure the inter-elements transfer functions H;j(w), 1 <
1,7 < M, and build the transfer matrix (i.e., multistatic data
matrix) H(w). We send a pulse ¢(w) on the transducers and ob-
tain the response H(w)e(w). By time-reversing this response
(i.e., taking the complex-conjugate, denoted by -*) and retrans-
mitting it back from the array, we obtain the new measured re-
sponse® H(w)H*(w)e*(w). The total operation (up to conju-
gation) corresponds to the time-reversal operator H* (w)H(w).
Prada et al. show that, for up to M well-resolved reflective
targets, the eigenvalues of H*(w)H(w) are linked to each tar-
get’s reflectivity. By transmitting the corresponding eigenvec-
tor from the array, the resulting field focuses on the right target.
Moreover, by sorting the (real and positive) eigenvalues, the
number of scatterers can be estimated by counting those with
significant magnitude.

3.3.2. TR-MUSIC

To improve the resolution of the DORT method, Devaney pro-
posed (in an unpublished work) to combine it with the multi-
ple signal classification (MUSIC) method [91]. This method,
described in [92, 93], is known as TR-MUSIC’. To apply the
method, we perform a singular value decomposition of the
transfer matrix:

H(w) = U(w)S(@)Vi(w) ®)
6The imaged and imaging systems are assumed to be reciprocal, hence
H(w) is symmetrical.
"The difference between TR-MUSIC and MUSIC is mainly syntactic; MU-
SIC, as originally introduced, focuses on angle-of-arrival estimation, and TR-
MUSIC on source imaging.
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FIGURE 6. Point imaging in a resonant cavity. Max-normalised (a) point-spread function according to classical time-reversal and (b) pseudospectrum
based on TR-MUSIC. The original source location ry is indicated by the intersection of the white lines. The half-max isolines are shown in solid

black.

using the unitary matrices U(w) and V(w). S(w) is a real diag-
onal matrix of singular values. We assume that the singular val-
ues have been sorted by decreasing order, so that the first col-
umn u; (w) of U(w) corresponds to the largest singular value. -f
denotes Hermitian conjugation. Note that the columns u;(w),
j=1,..., M of U(w) (resp. V(w)) correspond to eigenvectors
of H(w)H' (w) (resp. H (w)H(w)), establishing the strong link
with the DORT method. Unlike DORT, which assumes only the
presence of a few well-resolved scattering sources as prior in-
formation, TR-MUSIC also incorporates a model of field prop-
agation through “steering vectors” a(w, r) (a vector of length
M) [91]. Often, it is sufficient to model propagation in vac-
uum,

a(w,r) o [erbolr=rl ir— ] ©)

where r; are the transducer positions, and kg = w/cg is the
free-space wavenumber where ¢ is the speed of light in vac-
uum. These steering vectors are introduced by computing the
pseudospectrum

1
M T
Or + XN+ [0y (@)a(w, 1)

where o, is an optional regularisation parameter, and N is the
expected number of scatterers. The rationale behind this for-
mula is that the last M — N left eigenvectors u, (w) are assumed
to correspond to noise; hence, when r matches the source lo-
cation, u;r (w)a(w, r) is an eigenvalue corresponding to noise,
hence, of negligible value. As a result, the pseudospectrum is
maximised at the source location.

Subsequent work investigated the influence of noise [94] and
polarisation [95], and introduced adaptations aimed at reducing
computational resources [96], relaxing the frequency and ar-
ray size requirements through time gating [97], enabling opera-
tion in highly cluttered environments [98], and achieving lower
side-lobe levels and improved resolution in noisy data [99].

Illustration in a resonant cavity The need for the steering
vectors a(w, r) limits the applicability of TR-MUSIC to cases

P(w,r) = (10)
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where these vectors are either known analytically or numeri-
cally — usually at a high modelling and computational cost.
Here, to the best of the authors’ knowledge, we present the first
application of TR-MUSIC in a resonant cavity. This cavity is
used for the localisation of spurious radiation sources in an elec-
tromagnetic compatibility pre-compliance test setup. The de-
tails of the experiments are presented in [100]. We record on
an eight-channel time-reversal mirror the radiation from a short
monopole antenna placed at r( in a cavity excited by a Gaus-
sian pulse centred at 3 GHz with a 3 GHz bandwidth®, obtain-
ing the vector h(wg) = [h;(we)]i=1,....s. The time-reversal ma-
trix is obtained by the outer product H(w;) = h*(w,)h(we) .
From the singular value decomposition of H(wy), we get the
left eigenvectors ug(wy), & = 1,...,8, ordered by decreas-
ing singular values. The steering vectors are obtained experi-
mentally by measuring the scattering parameters between the
time-reversal mirror and the short monopole antenna moved
on a 100 mm x 100 mm region around the original source lo-
cation, yielding a(wg,r) = [Sr,i(we)]i=1,... s, where Sy ;(wy)
is the scattering parameter between the time-reversal channel
1 and the scanner placed at the location r. Finally, the pseu-
dospectrum is computed as

P(r) = (11)

1
2 S o at (we, 1)k (we)|

L

This pseudospectrum, alongside the classical time-reversal
result, is shown in Figure 6. As expected, the classical time-
reversal approach in Figure 6(a) has a full width at half-
maximum of ~ )\ /1.8, in agreement with Table 1 for 3D prob-
lems (here, \g corresponds to the central frequency of 1.5 GHz).
However, the pseudospectrum P(r) displays a full width at
half-maximum of ~\/19, displaying super-resolution imaging.
This approach could be interesting in electromagnetic compat-

8We record 6000 frequency points from 100 kHz to 2.9996 GHz, i.e., every
500 kHz.
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FIGURE 7. Evolution of the achieved super-resolution over time for the
references considered in this review.

ibility settings, by leveraging the resolution enhancement of
both multiple scattering and MUSIC-based approaches.

3.3.3. Complementary Radar Methods

We briefly summarise methods that do not correspond to DORT
or TR-MUSIC alone. Liu et al. investigated [101] radar imag-
ing of reflective target in a cluttered environment, using the
difference model with and without targets. Wang et al. [102]
combined DORT with TR-MUSIC for a higher computational
efficiency, while Engin and Ozcan [103] integrated TR-MUSIC
with delay estimation MUSIC to image moving targets. An
outlying method, which warrants further investigation, is pre-
sented by Zhang et al. [104]. The method improves imaging
resolution by combining different “looks” (sub-arrays) of an
antenna array.

3.3.4. Numerical Methods

There has also been some investigation of super-resolution
imaging and focusing in connection with numerical methods.
Shi et al. propose [105] an adaptation of the ubiquitous finite-
difference, time-domain (FDTD) method for subwavelength
structures. Similarly, Wei et al. [106] provide a domain de-
composition method to improve FDTD efficiency for subwave-
length problems.

In an idiosyncratic set of publications [107-112], So and
Hoefer propose to use the transmission-line matrix method with
a mesh size that is “too coarse” for the given frequency con-
tent to obtain high resolutions in various settings (ergodic cavi-
ties, scattering media, non-simultaneous sources). Some fur-
ther work is needed to measure the impact of the proposed
method, notably with respect to the source frequency content
and validity with other numerical methods.

3.4. Trends in Resolution

After over twenty years of research into super-resolution in
radio-frequency systems, a natural question arises: is there a
discernible trend in the achieved resolution? We attempt to an-
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swer this question with Figure 7, which illustrates the temporal
evolution of reported super-resolution achievements over time.
Interestingly, we do not see an increase in the achieved resolu-
tion — rather, the opposite seems to hold when analysing the
highest resolution over a five-year span. This counter-intuitive
trend can be explained by several factors:

1. First, a methodological aspect: once a high resolution
has been demonstrated and published with a given method,
subsequent studies using the same approach are not ex-
pected to re-report the same result.

2. There seem to be several physical constraints limiting,
so far, resolutions higher than ~\/100, such as losses,
measurement noise, and mismatch between the physical
channel and its model (numerical or analytical).

3. Practical applications of super-resolution must also take
into account factors other than resolution alone, such as
bandwidth, lack of control of the excitation signal, limited
field of view, reliability (e.g., a method that yields high
resolutions but also requires frequent recalibration might
not be attractive for practical applications), high computa-
tion burden, etc.

4. Selection bias: some high-resolution methods were
excluded because the published images did not allow to
derive a full width at half-maximum or minimum source
separation — this is especially true in later, more applied
work.

5. Finally, in many practical contexts, other performance
metrics such as localisation error or signal-to-clutter ratio
may be as important as raw resolution.

4. APPLICATIONS OF SUBWAVELENGTH TIME-
REVERSAL IMAGING AND FOCUSING

Thanks to its straightforward implementation, time reversal has
been adopted in a wide range of applications, which are detailed
in this section.

Electromagnetic Compatibility Electromagnetic compati-
bility (EMC) and antenna performance evaluations are conven-
tionally carried out within anechoic chambers — substantial,
high-cost installations designed to eliminate stray reflections.
Cozza shows [113] that a modified time-reversal approach can
be used in a reverberation chamber to obtain given space- and
time-dependences, which could reduce the need for anechoic
environments.

Phased-array Diagnostics Maisto et al. use TR-MUSIC to
detect faulty elements in a phased-array [114]. A difference
model between the reference antenna and a faulty one fed to
TR-MUSIC allows detection with reduced data. Compared
with compressive sensing, TR-MUSIC requires less prior in-
formation.

Resonant Cavities Time-reversal schemes ordinarily ex-
ploit the matching of the forward-time propagation channel
and its time-reversed backpropagation counterpart — a direct
consequence of the reversibility of wave physics. Taddese et
al. [115], however, demonstrate that intentional channel mis-
matches can be equally revealing. By replacing the air in a res-
onant cavity with gases of differing permittivity (e.g., nitrogen
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or helium), they alter the cavity’s effective electrical size. A
comparison of the chamber’s response under standard air con-
ditions versus alternative gas fillings then permits the detection
of volume changes as small as 54 parts-per-million.

Wireless Power Transfer Wirelessly powering remote de-
vices is an impactful application where the resolution and fre-
quency band work against each other: lower frequencies re-
duce cost, complexity, and improve range, but suffer from a
diffraction-limited resolution that is usually unacceptable for
practical applications. Time reversal has been used to that
effect together with a one-dimensional metamaterial to selec-
tively turn on LEDs at a subwavelength scale [116], inside a
resonant cavity [117], and numerically explored for selective
focusing in concrete [118].

4.1. Radar Imaging

Radar (radio detection and ranging) relies on the echo from re-
flective targets to an impinging wavefront to form remote im-
ages. Practically, an array of antennas use either a multistatic
configuration — where transmitters and receivers occupy dis-
tinct locations and a multistatic data matrix is built from the
transfer functions between each transmit-receive pair — or a
monostatic configuration — where emitter and receiver are co-
located. The radar time-reversal methods introduced in Sec-
tion 3.3 (DORT, TR-MUSIC, and their variants) have been ap-
plied for moving targets [119, 120], by using average and dif-
ferential multistatic data matrices [120]. Again, Bahrami et al.
observe an increase in resolution in random media [119]. Time
reversal has also been used to reduce multipath effects (ghosts
in Doppler images) [121]. Finally, Yu et al. propose a low cost
experimental setup [122].

Below, we describe a number of specialised applications of
radar imaging that have been identified:

Ground-penetrating radar (GPR) This form of radar is de-
veloped to locate underground targets, such as buried pipes or
landmines [123]. Detecting landmines in conflict zones is cru-
cial for safeguarding civilian populations. Karami et al. pro-
pose a review of time-reversal methods for GPR [123] and a
detailed performance analysis of TR-MUSIC for landmine de-
tection [124]. Liu et al. [125] combine Green’s function for
multilayered media to apply TR-MUSIC to subsurface detec-
tion.

Through-wall imaging Another flavour of radar consists in
locating targets behind a partially reflective object, such as a
wall. Zhang et al. [126] use TR-MUSIC with Green’s function
evaluated with the saddle point method to detect multiple tar-
gets through a wall (only numerically in the cited work).

Non-destructive evaluation Defects in composite materials
can lead to catastrophic failures. Non-destructive evaluation al-
lows to detect these defects before they become an issue [127].
Mukherjee et al. propose to use time reversal combined with
a metamaterial lens [128] to image defects in composites. Fi-
nally, Tian et al. show that a combination of DORT and TR-
MUSIC is also a viable approach [129].
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4.2. Medical Imaging and Focusing

Considerable effort has been devoted to medical imaging and
therapeutic focusing — particularly for breast cancer detection
and hyperthermia-based tumour treatment. Microwave tech-
niques present several advantages: they are non-ionizing (un-
like X-rays) and, in contrast to ultrasound, they probe variations
in electrical properties rather than tissue density [130]. More-
over, microwave systems are cost-effective, owing to their rel-
atively simple and inexpensive hardware requirements.

Time-reversal techniques compatible with tomography, such
as DORT and TR-MUSIC, have been applied; Hossain et
al. [130] also use a combination of beamspace transformation
with DORT and TR-MUSIC to improve the signal-to-clutter-
ratio in dense fibroglandular tissue clutter. This ratio is more
important that resolution alone for the detection of tumours. In
a related work, they use a coherent beamspace maximum like-
lihood method to image highly dense breasts [131]. Given the
complexity of data and its acquisition, Fasoula et al. [132] pro-
pose a preprocessing scheme that incorporates frequency se-
lection, and spatial filtering modules. Metamaterials, in the
form of multi-layered sub-wavelength structures [133] or split-
ring embedded square patches [134] have been used to im-
prove imaging. The possibility of using an instantaneous time-
reversal mirror (see Section 2.6) to image tumours in hetero-
geneous, lossy, and dispersive biological media has also been
investigated numerically [135]. Casu et al. [136] propose a
low-cost off-the-shelf-components-based breast tumour detec-
tion setup using a TR-MUSIC related technique known as in-
terferometric MUSIC. Affordable tumour detection methods of
this kind are particularly impactful for developing countries.

The dual of imaging, namely focusing, has been used to treat
brain tumours via hyperthermia [137] with metasurfaces used
for improved focusing. This technique increases the tempera-
ture of the cancerous tumour to make it more sensitive to ad-
junct therapies, such as radiotherapy or chemotherapy.

4.3. Communication

In communication applications, the focusing capability of time-
reversal is of particular interest. As discussed in Section 2.2.1,
multiple scattering (multipathing) has no detrimental effect on
time-reversal focusing: on the contrary, it improves the reso-
lution by enhancing the effective aperture of the time-reversal
mirror. Henty and Stancil [138] leverage this phenomenon for
communication in an electromagnetically cluttered (work of-
fice) environment. They establish two communication chan-
nels (instead of one without multiple scattering) between a four-
element time-reversal mirror and two subwavelength-spaced
locations. Similarly, in random media, Borcea et al. [139] pro-
vide estimates of the effective aperture, its link to the focal spot,
and a secure communication scheme that leverages propagation
randomness. This selective focusing property of time-reversal
in complex environments is also used to locate a mmWave
user in a “canyon” using Green’s function of a multi-layered
medium [140], and to mitigate compatibility issues between
ultra-wide-band radio devices and IEEE 802.11a systems [141].
Additionally, DORT has been adapted into a multi-frequency
variant called cascaded DORT [142] to locate radiated passive
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intermodulation sources, a critical challenge for communica-
tion systems.

Another approach, mentioned in Section 3.2.4, using mi-
crostructured antennas, is used by Ge et al. [143] to selectively
communicate with two antennas equipped with complemen-
tary split-rings with a subwavelength separation. Without such
micro-structuring, a signal encoding a sentence sent simultane-
ously to both antennas from the time-reversal mirror is not re-
coverable on the individual antennas. Finally, Wang et al. [144]
propose to use time reversal to reduce spurious couplings in a
subwavelength MIMO antenna applied to an intra-car commu-
nication relay.

5. CONCLUSION

In this review, we have provided a summary of the theoreti-
cal foundations of subwavelength time-reversal imaging, cov-
ering different aspects such as metrics, multiple scattering, ran-
dom media, time-reversal cavity, and a seeming contradic-
tion that arises from simplistic conclusions on resolution pre-
dictions, time-reversal mirrors, transmission-line networks, in-
stantaneous time-reversal, and the negative transient flux. We
saw that methods to obtain super-resolution are based on time-
reversal sinks, metamaterials, and algorithms (signal-subspace-
based methods and numerical methods). Finally, we surveyed
applications of subwavelength imaging and focusing using time
reversal in electromagnetic compatibility, phased-array diag-
nostics, resonant cavities, wireless power transfer, radar imag-
ing, medical imaging and focusing, and radio communications.
To summarize, the recipe of super-resolution imaging and fo-
cusing requires three main ingredients: (1) enhancement of the
effective aperture of the time-reversal mirror (e.g., through re-
flections); (2) coupling between the source to image or target
to focus at and the time-reversal mirror that enables the prop-
agation of evanescent waves (e.g., through resonance); and (3)
postprocessing algorithms that use a priori knowledge of the
system (e.g., steering vectors in MUSIC-based approaches).
The analysis of the considered references allows us to for-
mulate several methodological recommendations for future
work: 1) super-resolution claims should always be bench-
marked against a diffraction-limited baseline. We note that this
baseline is difficult to predict theoretically as highlighted in
the varying resolutions reported in Table 1. Likewise, in gen-
eral, sampling the field at two points at subwavelength distance
alone is not enough to ascertain super-resolution. ii) Super-
resolution methods that depend on the source characteristics
(e.g., location) should, by fairness with other methods, make
this limitation explicit and evaluate how resolution varies with
different source placements. In a limiting case, one could im-
age sources close to metallic scatterers only, which would artifi-
cially enhance the imaging resolution. iii) As imaging problems
are a subset of inverse problems, one should be careful to avoid
the “inverse crime” [145], i.e., using the same model for both
test data acquisition (direct-time stage) and for the backpropa-
gation stage. Doing so can mask issues or artificially enhance
the achievable resolution. For instance, drawing on the authors’
experience in frequency-domain experimental studies, we first
measure the scattering parameter Sa; coupling the transmitting
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source (port 1) to the time-reversal mirror (port 2), and then
implement time-reversal by backpropagating through the recip-
rocal channel S75. Committing the inverse crime could con-
sist in using the same physical data, e.g., S2; together with an
inverse filter, for both forward and reverse propagation. Be-
cause both operations share the same noise realisation, the re-
constructed image could exhibit spurious super-resolution. By
contrast, when the proper cascade is used — S1255;, with in-
dependent noise realisations for each step — the image remains
constrained by the conventional diffraction limit.

Finally, we highlight some areas that either need further in-
vestigation or offer open and new possibilities:

1. The application of the multipole expansion to time
reversal is at an early stage. Recent work on the time-
domain multipole expansion [146, Figure 3] indicates that
the use of high-order multipole moments could be linked
with super-resolution. A path towards super-resolution
could involve designing metamaterial cells that couple
with these higher-order multipole moments.

2. There seems to be no experimental application of active
time-reversal sinks for subwavelength imaging or focus-
ing. Also, the issue of negative transient-flux mentioned
in Section 3.1 raises the question of whether passive ab-
sorbers face inherent performance limits?

3. In general, there is room for exploring links with op-
timisation or machine-learning techniques to find ways to
include prior knowledge into classical time-reversal, akin
to the subspace-based methods such as MUSIC.

4. Given that the resolution does not seem to have im-
proved in recent years, could the use of complex fre-
quencies mitigate losses in resonant metalenses, enabling
super-resolution better than A/100?

5. In electromagnetic compatibility, novel applications of
reverberation chambers are of great practical value. How
else could signal-subspace methods such as MUSIC be
combined with resonant environments?

6. Is there a new paradigm in the work by So and Hoefer on
numerical methods? Would it be possible to use data mea-
sured or obtained through classical methods, and back-
propagate it in an artificial medium that retains the orig-
inal geometry but allows for subwavelength wave propa-
gation?

7. More generally, mismatch between direct-time exper-
iments and backpropagation, often seen as a limiting fac-
tor, was shown to be a powerful imaging tool in Section 4.
Could similar time-reversal mismatches enable novel ap-
plications such as passive sensing?

APPENDIX A. METHODS

In this appendix, we describe the method used to discover
and filter relevant contributions. First, scientific databases
were queried for titles, abstracts or keywords containing
mentions of time reversal and super-resolution, including
syntactic variants. The query used was “(” “time revers*''
OR ~“time-reversx'') AND (" “super resolution''

OR " “super-resolution'' OR " “subwavelength'' OR
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““sub-wavelength'' OR ~“diffraction limit*'').”
The results were next manually filtered by reading all abstracts
to determine whether they were relevant to radio frequencies.
The result of this process is summarised in Table Al.

TABLE A1. Database results on May 23, 2025. * Results not already
present in the Scopus query. T Results not already present in the Sco-
pus and Web of Science queries. * Results not already present in the
Scopus, Web of Science, and Google Scholar queries.

R Rel t
Database Filter aw clevan
results to RF
Scopus Articles in English 245 78
Web of Science | Articles in English 265 10"
Google Scholar None 8 of
All but
IEEE Xplore " 63 14t
conference papers

Next, the results were sorted by their number of citations ac-
cording to Crossref. The result (for the final set of articles) is
shown in Figure Al. There is a clear set of five highly-cited,
outlying references at more than 150 citations. For all these ref-
erences, we went through each reference (according to Cross-
ref) and citation (according to Web of Science) to determine
whether it needed to be further included in the review. The re-
sult from this recursive step is given in Table A2.

Distribution of Crossref citations

—— Citations
- === Cutoff

Logyp of number of citations

-0.5 T T T T T T T T
0 20 40 60 80 100 120 140 160

Paper
FIGURE A1. Distribution of citations (log scale). Some articles do not
have any citation (not shown).

The remaining 132 references were read and classified ac-
cording to keywords. Of these, some needed to be disqualified.
Their number and reason is given in Table A3. During classifi-
cation and review of the remaining references, ad hoc citations
were added when needed. The code and data used to obtain the
presented results are publicly available [147].
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