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Abstract: Holographic subsurface radar (HSR) is not currently in widespread usage. This is due to a
historical perspective in the ground-penetrating radar (GPR) community that the high attenuation of
electromagnetic waves in most media of interest and the inability to apply time-varying gain to the
continuous-wave (CW) HSR signal preclude sufficient effective penetration depth. While it is true
that the fundamental physics of HSR, with its use of a CW signal, does not allow amplification of
later (i.e., deeper) arrivals in lossy media (as is possible with impulse subsurface radar (ISR)), HSR
has distinct advantages. The most important of these is the ability to do shallow subsurface imaging
with a resolution that is not possible with ISR. In addition, the design of an HSR system is simpler
than for ISR due to the relatively low-tech transmitting and receiving antennae. This paper provides
a review of the main principles of HSR through an optical analogy and describes possible algorithms
for radar hologram reconstruction. We also present a review of the history of development of systems
and applications of the RASCAN type, which is possibly the only commercially available holographic
subsurface radar. Among the subsurface imaging and remote sensing applications considered
are humanitarian demining, construction inspection, nondestructive testing of dielectric aerospace
materials, surveys of historic architecture and artworks, paleontology, and security screening. Each
application is illustrated with relevant data acquired in laboratory and/or field experiments.

Keywords: holographic subsurface radar; ground-penetrating radar; nondestructive testing; cultural
heritage objects; land mine detection; security applications

1. Introduction

The earliest (1960s/1980s) subsurface radars were developed for electromagnetic
detection of objects up to several meters below the ground surface [1-3]. This was dictated
by the achievable (at that time) operational frequency range of 100 MHz to 500 MHz for
impulse radar. Depth resolution in this band was limited to 0.5 m to 1 m in the common
media of soils and freshwater ice [3]. These early applications coined the now widely used
name ground-penetrating radar, or the abbreviation GPR. This abbreviation is still widely
used, even though modern subsurface radars have developed much wider applications
deserving of the more accurate name surface-penetrating radar [2] or subsurface interface
radar (SIR) [4].

All types of so-called GPR can be divided into three categories by the characteristics
of the emitted signal:
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Time-domain impulse radars
Frequency-modulated continuous-wave radars
Holographic radars

This classification, as adapted from [2], is presented in Figure 1. The last type of
subsurface radar—holographic subsurface radar (HSR)—is the topic of this review. Note
that (contrary to the figure, and as described below) HST can also be multi-frequency.

radar system design options

domain time frequency spatial
. . linear stepped holographic
modulation amplitude sweep frequency pseudorandom (single frequency)
recelver matched filter complex I/Q mixer correlator

direct sampling

sequential
sampling

down-conversion

singularity expansion
processing methods
wavelet transforms

image pattern recognition
processing neural networks

Figure 1. Classification of main types of subsurface radar [2].

In optics, the term “hologram” means an interference pattern between two elec-
tromagnetic waves, with one of them modulated by diffraction. The etymology of the
term “hologram” comes from ancient Greek, with the meaning “whole description” or
“whole picture”.

The first HSR may be the work of Keigo lizuka, who, with only the rudimentary
technology available in the late 1960s, used polaroid film to register holograms from signals
in the millimeter range (frequency = 34 GHz) [5,6]. Due to technological limitations of
the time, the first HSRs were continuous wave (CW), but it was immediately evident that
for inspection of materials at great depth, signal attenuation was a serious limitation. In
addition, due to the CW signal, it was not possible to compensate for attenuation with
depth or distance by applying a time-varying gain using front-end electronics [2,7], as
is possible for impulse subsurface radar (ISR). After later theoretical and experimental
studies, a solution has been found for the realization of an HSR for inspecting low-loss
media at shallow depths. The great advantage of this type of HSR is that it can record
the amplitude of the interference pattern for each position of an antenna moving across
the inspected surface, providing a subsurface image immediately upon completion of
the scanning pattern. These images can be considered “real time” since they do not, in
principle, need any processing; only a device for recording the composite interference
pattern (i.e., the sensor plus memory). It will be shown that this type of radar achieves a
good compromise in the trade-off between depth of investigation and spatial resolution in
the image plane [8]. These characteristics of HSR (i.e., real time and high resolution) have,
in particular, motivated considerable research on its use for military and humanitarian
land mine detection and identification [9-11].

HSR differs from the two other types of GPR in that it provides (from the raw data)
plan-view (as opposed to cross-sectional) radar images [8]. In this sense, HSR is analogous
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to the optical hologram technology first achieved by Gabor in 1948 [12]. Gabor’s method is
illustrated for a point target hologram, as shown in Figure 2.

Object Reference wave
A Object wave
h Image plane
\ V4 & &L Y.V,

0 r
Fresnel zone plate

Conjugate  Reconstructed
object wave image

Figure 2. Simple optical hologram of a point target.

In this example, the interference between a plane wave incident perpendicular to the
recording plane and the wave diffracted by the point reflector at a distance / from the plane
can be recorded as a variation in amplitude by an analog or digital sensor. It is assumed by
convention that the reference plane wave has constant phase and amplitude uy.

We denote by u(r) the distribution of the amplitude of the divergent hemispherical
diffracted wave. This wave has an amplitude distribution defined by u;(r) on the recording
plane. The variation of this amplitude on the plane forms the holographic image.

u(r) = uy(r) exp(ig(r)) @

with phase ¢ given by
o) = Ve @

where A is the wavelength and 7 is the radius or distance on the recording plate from the
axis of symmetry directly beneath the target. With interference of these two waves (1, and
u), the image plane records an intensity distribution I [13,14]

1(r) = ug + 13 (r) + uour (r) [exp(ig(r)) + exp(~ig(r))] ®)

which describes a Fresnel zone plate [15] or interference pattern, as shown in the lower-right
corner of Figure 2.

To reconstruct a hologram, the interference pattern is illuminated by a wave u,,
identical to the reference wave. So, directly behind the interference pattern, the distribution
pattern or holographic image looks like

up(r,0) = uo, {u% + u%(r)} + ugpuoun (1) exp(i@(r)) + ugruous exp(—ip(r)). 4)

It is interesting to analyze the composition of the transmitted wave by evaluating the
individual terms of Equation (4). The first term is the transmitted plane wave or reference,
while the second and third terms correspond to the virtual and real images of the object,
respectively.

Gabor’s method [13] had many limitations on the quality of images and presented
complexities that make practical application difficult. Thanks to the invention of the
laser and its rapid adoption in laboratories worldwide, a solution was proposed by Leith
and Upatnieks [16], who solved the limitations of the Gabor system. Their method uses
the coherence of incident laser light at a certain angle to the registration plate (or image
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plane), as shown in Figure 3. Subsequent innovations in optical holography have similarly
involved the use of different combinations of mirrors and beam splitters.

Mirror

¥y vx « ¥

Recording plane

Object wave

Figure 3. Schematic optical holography using an inclined beam (e.g., laser).

The inclined reference wave configuration (Figure 3) is well suited to modern optical
holography since the attenuation of air in the visible spectrum is negligible for the charac-
teristic size of the system. In aerial or satellite remote sensing, HSR has been successful
due to the low levels of attenuation and dispersion in clear air or a vacuum. However,
for subsurface inspection of materials with much higher attenuation (i.e., lossy media),
using typical operating frequencies below 1 GHz, applications have been limited. One of
the areas where HSR has found successful applications is security. In fact, HSR scanners
have been designed to detect concealed weapons at airport boarding gates in near real
time [17,18].

Systems for optical holography and microwave (MW) or radar holography differ
substantially in signal wavelength, and consequently the characteristic dimensions of the
recording apparatus. This difference can be estimated by the ratio between the characteristic
dimension of the system d and the signal wavelength A. For an optical system, d/A = 10°,
while for HSR, it is <10! due to the high attenuation in lossy media requiring larger sources—
almost comparable to the wavelength. Furthermore, the laws governing the propagation of
electromagnetic waves also differ in the two cases: While the laws of geometric optics are
valid for optical systems (see Figures 2 and 3), these are not strictly valid for the analysis
and development of HSR where attenuation, diffraction, and near-field coupling to the
medium must be considered. Therefore, only the basic principles are common to optical
holography and HSR. Nevertheless, the analogy is critical for understanding the physics
of HSR, for interpretation of subsurface radar holograms, and for derivation of hologram
reconstruction algorithms [8,19-22].

Although there are practical differences, it is interesting to compare optical holograms
with HSR holograms. Gabor’s first published holograms [12] are presented in Figure 4. In
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Figure 4a (top left) is the original photomicrograph. Figure 4b (top right) is the micrograph
directly photographed through the optical system used for reconstruction. The interference
pattern is shown in Figure 4c (lower left). Finally, Figure 4d (lower right) shows the
interference pattern illuminated to reconstruct the original, and the letters have become
legible again.

AUYGER

| YOUNG

Figure 4. Gabor’s optical hologram [12].

To produce an MW analogy to Gabor’s original optical hologram, an HSR experiment
was devised using a target of metallic letters affixed to a sheet of paper (Figure 5). The sheet
with letters was covered by a 12 mm gypsum board and scanned with a CW RASCAN
model HSR (4 GHz). Additional gypsum boards were added for subsequent scans, as
shown in Figure 6.

Figure 5. Paper sheet with aluminum foil letters (ruler is 12 inches, or 30.48 cm).
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R holograms Number of plaster sheets over letters|

Figure 6. RASCAN holograms recorded through varying stacks of plaster sheets.

To obtain an HSR image, it is necessary to perform accurate spatial sampling. There-
fore, the holograms in Figure 6 were recorded as parallel lines with fixed spacing and fixed
sampling step along lines. The radar head was swept manually along these parallel lines,
with sampling triggered by an optical survey wheel [23]. To avoiding distortions in the
HSR image, spatial sampling errors must be much smaller than the signal wavelength in
the scanned medium. The time to complete a scan depends on the size of the area and
the number (spacing) of raster lines. Typically, for a 4 GHz RASCAN HSR, the distance
between the parallel lines is 0.5 cm, and this value is also used for the spatial sampling
along the lines for a pixel size of 0.5 cm x 0.5 cm. This is a compromise between scan time
and image quality, but it is also necessary to consider the spatial resolution of the radar
at the depths of investigation, which in turn depends on the type of antenna and signal
frequency [24].

In Figure 6, we show eight MW holograms recorded at 4 GHz frequency [8] and
different depths (numbers of covering gypsum plates).

The first three images correspond to target depth increasing using one, two, and three
gypsum plates. It can be seen the word “RASCAN" remains legible. When the thickness of
the gypsum plates goes to four and above, the letters become increasingly blurred. This is
due to first principles of the propagation of electromagnetic waves: At shallow depth, the
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reflection to the nadir from the metal surface of the letters has high amplitude—greater
than the level of the reference signal and other oblique reflections (off-nadir).

At greater depth (thickness), the radar antenna, due to its directivity, receives off-nadir
reflections from the metal letters and the signal level begins approach the reference level—
see Equation (4). This phenomenon also explains the non-uniformity of the brightness
(amplitude) of the letters, which manifests as an undulation. At the maximum depth of
about 10 cm obtained by stacking 10 gypsum plates, the image of the hologram obtained
with the RASCAN radar resembles the optical hologram of Gabor. The comparison of
the images shown in Figures 4 and 6 shows, albeit qualitatively, the differences between
holograms in the optical and MW spectra. Due to the different ratios between characteristic
dimensions and wavelength for these holograms, the number of visible Fresnel zones
varies greatly, from 3 to 4 orders or more for these two types of holograms.

When using HSRs for soil inspection, the medium may have low attenuation when dry
and sandy but may also have high dispersion. The variability in the dielectric properties of
these natural materials has a great influence on the quality of radar holograms. Experiments
have shown that in many cases, this variability makes the interpretation of holograms
impossible. These studies, both theoretical and experimental, for the investigation of soils
are available in various publications [7,13,19,20,25]. Since the attenuation and heterogeneity
of the medium and the scale of roughness of the surface limit the maximum effective depth
of penetration for HSR, the main advantage of ISR is the ability to investigate greater depths,
while maintaining a high contrast and signal-to-noise ratio, thanks to the time-varying gain
in a stroboscopic receiver, which amplifies deeper reflected signals that have a longer time
of flight (TOF). In a CW radar system, it is not possible to discriminate reflections by their
TOEF, so applications for HSR are limited to reduced depths.

At the shallow depths where HSR is applicable, its main advantage is the ability to
record images that have higher resolution in plan view than ISR because of the compact-
ness of the antenna and the easy selection of frequency. High resolution in plan view at
shallow depths is extremely important for many applications, including diagnostics of
composite materials in aerospace and other industries [26-34]; determination of building
details and constructions, including cultural heritage monuments [35-39]; archaeological
and paleontological imaging [40—42]; land mine detection and discrimination [9-11,43-46];
security systems [47-53]; detection of wood-boring insect damage [54]; and medical imag-
ing [55-58].

2. HSR Design and Image Reconstruction

The main problem in designing a holographic subsurface radar is selection of the
reference signal. Usually, the emitted signal is used, but the simplest way is to produce a
coupling signal between the transmitter and receiver antennae. This requires an antenna
appliance that can guarantee the independence of the phase and amplitude of this coupling
signal from properties of the sounding surface and heterogeneities in the medium. To
achieve this, for the RASCAN-type radar, the antennae are mounted in a round, open-ended
waveguide, as in Figure 7 [8,59,60].

Initially, two receivers were used, for parallel polarization and cross-polarization,
with both recorded simultaneously for several frequencies [39]. The recording of cross-
polarization enhanced detection of elongate targets by reducing the influence of the angle
between the long axis of the object and the plane of the receiving antenna feed.

This scheme is simple, but it allows recording of only amplitude radar holograms. This
is sufficient when registering holograms in media with a high dielectric constant ¢ and a
high level of attenuation of electromagnetic waves [19,20], which produces no outer Fresnel
zones in the recorded image (see Figure 8) [47]. For such images, digital reconstruction
of the radar hologram does not significantly improve the image. The interference pattern
alone provides a good approximation of the target shape in plain view.
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Figure 7. Design of a holographic subsurface radar antenna [59]. The drawing shows the main ele-
ments of the design, as described in the following: (1) emitting feed antenna, (2) receiver feed antenna
for parallel polarization, (3) receiver feed antenna for cross-polarization, (4) round waveguide, and
(5) open end of waveguide. The dimensional parameters are D—waveguide diameter, L—waveguide
length, and [—distance between the closed end of the waveguide and the plane of pin antennas 1
and 2.

Figure 8. Radar image of reinforcing in concrete at 3.9 GHz. Mesh spacing is 20 cm x 20 cm at a
depth of 3 cm to 4 cm [39].

Another feature of images recorded at cross-polarization is the asymmetry of point
targets, as in Figure 9a. In this case, the interference pattern depends on the orientation
of the antenna. However, at parallel polarization (Figure 9b), the symmetrical concentric
circles in the interference pattern are directly analogous to the optical image in Figure 2.

g ‘
@) (b)

Figure 9. Cross- (a) and parallel (b) polarization-received signals recorded at a frequency of
4.0 GHz [39]. These images were recorded for a test wall inside of which small coins and metal wires
were placed at different depths.
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RASCAN:-style HSR has been designed with programmable electronics capable of
emitting a sequence of discrete frequencies (up to a maximum of 5). This multi-frequency
operating mode is fundamental for a CW HSR since the phase difference between the
sinusoidal reference and object waves for a target at a certain depth can result in zero
amplitude in the hologram. In fact, for a given frequency and a medium with a constant
propagation speed, there will be cyclically repeating distances (depths) that provide a
phase that cancels the sinusoidal function and therefore the detection of the object [61].
The effect of changes in contrast with frequency is demonstrated in an animation in [62].
This animation recorded by RASCAN HSR presents a multi-frequency hologram of a
rectangular Soviet PTM-3 antitank (AT) mine buried in sand. Each frame of the animation
corresponds to a selected frequency of the radar. Note that there are frequencies at which
the mine is clearly visible and others where it nearly disappears. Recording at discrete
frequencies within the antenna band [63,64] ensures that any reflective target will appear
in an image for at least at one frequency.

Mathematically, this phenomenon can be expressed by considering a reflector (target)
plane perpendicular to the propagation direction of the incident electromagnetic wave
generated by the holographic antenna. The waves emitted by the HSR have a constant
frequency w, but amplitude and phase that are not constant over time. A, is defined as the
amplitude of the reflected wave of constant value, and with phase ¢, depending on the
depth of the plane reflector.

[
¢r = zﬁ%} +Ag ©)

where Ag is the phase shift that arises upon reflection of the electromagnetic wave from
the object, ¢ is the dielectric permittivity of the medium, I is the distance to the object, w is
the angular frequency, and c is the speed of light. Thus, the reflected signal as a function of
time t can be written as

Ay cos(wt + @r) 6)

The reflected wave (Equation (6)) mixes with a constant-phase radar reference signal
of the form
A, cos(wt + @), ()

where A, and ¢, are the amplitude and phase of the reference signal, respectively. The
reflected signal (Equation (6)) is mixed with the radar reference signal (Equation (7)) at
the receiver. The amplitude of the signal in the mixer output at the difference frequency is
given by

Ay Ap cos(@o — ¢r). (8)

From this relation, one can conclude that if the phase shift between the reference signal
and the reflected one is close to

Qo —@r=(k+1/2)m1,k=0,1,2,... )
the level of recorded signal from the object is low, and at
Qo — @r=km,k=0,1,2,... (10)

the recorded signal level is maximal. To avoid “blind” depths, the original RASCAN-
type HSR used multiple discrete frequencies across a bandwidth that ensured high target
contrast for one or more images [63].

Typical surveyed media (soils, concrete, etc.), often have a relatively high dielectric
constant due to moisture content. This also enhances electrical conductivity, and therefore
attenuation, so that the outer Fresnel zones of the holographic interference pattern are
suppressed—sometimes to the point where only reflections in nadir are recorded. In these
cases, the interference pattern strongly resembles the footprint of the target, and no image
processing is needed [19,20].
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However, for media with a high degree of transparency for MWs and a low level of &,
reconstruction of the hologram from a relatively complete interference pattern significantly
improves the quality and resolution of HSR images [21]. To achieve this, a modification of
the HSR (RASCAN-5) with accompanying software was developed (Figure 10). The general
layout of the radar antenna was retained, but the cross-polarized antenna channel was
eliminated, and the generator signal was used as a reference signal. This allows recording
of complex MW holograms of hidden objects. The radar antenna head containing both
transmitter and receiver is connected via cable to a microcontroller unit with a USB link to
an ordinary PC. The microcontroller unit drives the transmitter and receiver, digitizes data,
and transmits them to the computer.

Figh

. .
LS RASCA:

. \% = (] o
S\ R

Figure 10. Holographic subsurface radar RASCAN-5 [64].

RASCANS-5 allows the acquisition of complex holograms. In low-loss media, where
the outer fringes of the interference pattern are retained, the raw image is (somewhat
paradoxically) poor. However, in these cases, hologram reconstruction algorithms can
be adopted [21,50,65-69]. These make it possible to focus/improve the resolution of the
HSR images at selected depths of investigation. For example, Figure 11 illustrates the data
acquisition method for reconstructing the MW hologram of an object that has a 2D shape
at a depth z.

radar antenna

scanned aperture

target point (x, y, z,)

target

Figure 11. Geometry of a holographic imaging system.

The target is assumed to be flat, parallel to the scanning plane, lying at a constant
depth zj. The key relationships can be summarized as follows:

1 .
Fkx, ky) = WU E(x,y)e "tk dxdy (11)
S(ks, ky,20) = F(ky, ky)elVA@VETT Ktz (12)
Er(x,y,20) = [[ S(kx,ky,z0)e > ¥ dkc,k, (13)

where E (x, y) is the recorded hologram. E (x, y) represents a complex quantity whose
values are sampled by the holographic antenna on the scanning surface at z = 0. Applying
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the Fourier transform to E (x, y) in the space domain (x, i), we obtain the distribution F
(kx, ky), which is the spectrum of the plane waves of the hologram, and k, and k, represent
the wave numbers corresponding to x and y, respectively. At a different coordinate zg or a
parallel plane, it is possible to calculate the spectrum of the plane waves of the hologram S
(kx, ky, zo). From the latter, by means of the inverse Fourier transform, we can obtain Eg (x,
Y, zg), which represents the holographic image for z = zg. The mathematical formulation of
the calculation process is described by Equations (11)—(13).

Since HSR is CW, target depths cannot be calculated from known wave propagation
speed and TOF. However, depth can be estimated empirically by reconstructing Eg (x, y, z)
for a range of z( values, with the best focus occurring at a good approximation for the target
depth. In general, the determination of the depth of a buried object through measurements
with either ISR or HSR is typically a difficult problem requiring the solution of an inverse
and ill-posed problem [70]. Another reconstruction algorithm based on Green’s formula
was proposed in [70]. Kirchhoff approximation [71] and less strict empirical algorithms
used for the reconstruction of MW holograms of land mines are described in [44,72].

Often, scanning is performed on an uneven surface, which distorts HSR images. This
is especially true when detecting plastic-cased land mines that may have low dielectric
contrast with soils and are located close to the (potentially uneven) scanned surface. The
problem of reconstructing MW holograms for media with an uneven surface is considered
in [73-75].

3. Main Applications of Holographic Subsurface Radars

The greater effective sounding depth of ISR has led to its dominance in the GPR
industry [76,77]. However, HSR is preferred in specialty or niche applications requiring
high resolution at only shallow depths. Thus, the early development and testing of
HSR focused on application to land mine detection [45,78], and mapping of plastic and
metal pipes in concrete floors [7,31]. Twenty years of further research has expanded the
applications for HSRs, many of which are described in [79] with diverse examples below.

3.1. Land Mine Detection

In the latter two-thirds of the 20th century, conflicts all over the world were charac-
terized by widespread use of both antipersonnel (AP) and antitank (AT) mines. From the
1960s onward, a significant proportion of deployed mines had plastic casings, and some
had almost no metal, making them difficult to detect. Although use has declined since the
1998 Ottawa mine ban treaty, an estimated tens of millions remain in over 60 countries
worldwide. According to the Landmine Monitor, global mine casualties reached a mini-
mum in 2013, and have risen steadily since [80]. Armed conflicts involving mines continue
in places such as Afghanistan, Iraq, Mali, Libya, Myanmar, Nigeria, Syria, Ukraine, and
Nagorno-Karabakh. According to UN estimates, the average cost for demining is about
$0.6/m?, with a daily coverage for a single operator of between 10 m? and 20 m? [81,82].
Casualties during demining are variable and unfortunately high, approaching one to two
deaths for every 1000 min removed.

The widespread introduction of first wood- and then plastic-bodied and minimal-
metal mines in the second half of the 20th century (starting with the infamous Schu-42
and PMD-6M in WWII) made metal detectors (MDs) ineffective. By the 1980s, significant
research began on the use of radio waves to detect mines based on variations in the
dielectric constant ¢ of the soil caused by the installation or presence of a mine [45].

The main problem with using radio-frequency devices for detecting plastic mines with
low dielectric contrast with soil is a high level of false alarms caused by soil inhomogeneities
and/or an uneven ground surface. Experience shows that with a false alarm rate of 1 to
2 per m?, a sapper will reject any high-tech device and work with a simple probing spike—
which is dangerous because it puts the sapper close to potential explosive devices and may
trigger sensitive ones. One of the ways to reduce the level of false alarms is to obtain an
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image of a target while it is still in the ground—allowing discrimination of actual mines
from soil inhomogeneities [46,78,82].

Figure 12 depicts a laboratory setup of a wide-span mine detection system designed in
the late 1980s [45,46] consisting of five standard 600 MHz CW mine detector sensors (not yet
called HSRs but quite similar in principle). The advantages of wide-span systems include
higher scanning efficiency and the reduction of false alarms through recording of accurate
images due to the fixed geometry of the sensors. This system was able to distinguish soil
heterogeneities from mines and could discriminate AT (20-cm- to 30-cm-diameter) from
AP (7-cm- to 12-cm-diameter) mines [83].

Figure 12. Mock-up of a wide-span system for mine detection.

The wide-span mine detector in Figure 12 has a scanning swath width of 2 m and is
suspended over a 6 m test bed containing 1.5 m of soil. Figure 13 shows one of the first
tests of the radar array: an image of a metal pipe (labeled 1), two AT mines (metal casing
TM-62M labeled 2 and plastic casing TC-6 labeled 3), #4 is a brick, and #5, a 30 cm x 30 cm
sheet metal plate. The depths of these objects vary from 5 cm to 10 cm.

Figure 13. Radar images recorded by a wide-span mine detector.

The radar images in Figure 13 show in black-and-white the amplitude of the signals
reflected and recorded with the MW antenna array. The image of a mine has two opposing
arcs perpendicular to the direction of the array movement reflections from the cylindrical
body), with an intense reflection in the center (the raised detonator). The characteristic
response for 2 and 3 allows discrimination of the mines from clutter objects 1, 4, and 5, and
the estimated diameter of 20 cm to 30 cm is consistent with AT mines. Further testing of
such scanning systems has shown that they tolerate well the effects of soil inhomogeneities.

A spatial filtering algorithm has been developed and tested that identifies buried
mines by the characteristic shape of their response on MW images. A simple correlation
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filter is used with a recognition matrix F; ,, which depends on the shape and dimensions of
the selected targets [45,46].

011100001110
Fin = |l finll = || 111001100111 ;32575 ) (14)
011100001110

The following algorithm then provides target recognition. This describes the relation
between each element of the radar image brightness matrix ||; ;|| and the element of the
matrix || f; k||, which is calculated as follows:

3 12
lix=0 (Z Y. fin Mitj—2kin—s — P) (15)
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where p is the value of the detection threshold.
The function @(x) in Equation (15) is determined as follows:

o) = (55320 (16)

In addition, it should be noted that the calculated values of the matrix M = ||m; ||
may go beyond the region where it is defined. In this case, the corresponding values of the
matrix are taken to be zero.

The proposed algorithm made it possible to recognize both AT and AP mines in this
experimental setup. Considering the relative crudeness of computers and displays, and the
general novelty of using computers to evaluate image data in the late 1980s, these results
were encouraging.

Development of HSRs of the RASCAN progressed in the mid-1990s [78]. The design
of these was quite simple and could be easily adapted to any desired frequency range. The
prototype of a wide-span mine detector MiRascan included elements for detecting five
frequencies of HSR in two orthogonal polarizations, and a metal detector (MD) [78]. The
sensors were installed on a cart, which was driven by a stand-off operator using a control
box connected by an umbilical cord (Figure 14a). A block diagram of the MiRascan radar
with MD is presented in Figure 14b.

Signal
processor
Transmitter
TN

N
“\__ Mine

(b)

Figure 14. (a) Two-sensor MiRascan mine detection system and (b) block diagram of MiRascan HSR
with MD.

The radar operated at five CW frequencies (cycled in sequence) in the range of
1.6 through 2.0 GHz with parallel- and cross-polarized receivers and transmitted un-
modulated signals at each frequency. Its signals were received in two polarizations. The
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emitted power was only 10 mW, providing complete safety for the operator. A 2 MHz
induction loop MD was located on the 120 mm aperture of the radar, providing coinci-
dent HSR and MD images. The cyclical recording of signals at each frequency and both
polarizations of HSR and from the MD was realized at a high rate, while the sensor head
was electromechanically swept side-to-side as the entire system advanced at a rate of
0.17 m/min along a 112-cm-wide lane.

Inert Soviet TM-62M and PTM-3 and Italian TC-6.1 metal-cased AT mines were used
in testing MiRascan. Testing on plastic-cased AT mines used the Italian TC-2.5 and Soviet
TM-62PZ. As examples of AP mines, Soviet plastic-cased PMN-2 mines were used, as well
as a plastic-body MS-3 booby trap. All these mines are shown in Figure 15.

Figure 15. Mines used in experiments: (1) TC-6.1, (2) TC-2.5, (3) TM-62M, (4) TM-62PZ, (5) PTM-3,
(6) MS-3, and (7) PMN-2.

The experiments to detect and identify inert plastic- and metal-cased mines were
conducted under realistic conditions in a special military test ground near Moscow. The
proving ground had sites with several characteristic soils: sand, chernozem, loam, etc. This
ensured testing across wide variations in soil dielectric properties. To research the impact
of moisture content on the quality of HSR images received by the different channels, tests
were conducted under differing weather conditions: both during hot/dry periods and
following rain events.

Since many mine fields are in populated areas and/or former conflict zones, human
debris and shrapnel (clutter) produce false alarms that greatly outnumber actual explosive
threats. To test discrimination between mines and clutter, glass and plastic bottles (empty
and filled with water) were buried in the test bed. The AT mines and bottles were laid in
the ground at a depth of 5 cm to 10 cm and the AP mines at a depth of 1 cm to 5 cm.

The experimental results are shown in Figure 16 for two polarizations of HSR and MD.
Although HSR images were recorded at five discrete frequencies, only the most distinct
image is shown for each polarization. The high MD contrast for the plastic-bodied MS-
3 booby trap (top right image) is due to the presence of a metal retaining ring around
the casing.

In the second row of Figure 16, two PMN-2 AP mines are shown. Both appear clearly
in HSR, but only the upper one shows on MD because the metal arming pin has not been
pulled as it has for the lower one. The metal-cased TM-62M AT mine in the third row of
Figure 16 displays a clear round footprint in all channels, with the raised pressure plate
clearly visible on HSR. The bottom row presents the images of glass (top of each image)
and plastic (bottom of each image) bottles filled with water. Since the bottles have no metal,
there is no MD image. It is worth noting that in the years after this test, approaches that
merge or fuse two sensor outputs were adopted for other dual-sensor mine detectors such
as Minehound [84] and ALIS [82].
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MS-3 booby trap in chernozem

MD image

Two PMN-2 AP mines in chernozem

- N

TM-62M AT mine in chernozem

=

Glass and plastic bottles filled with water in sand

Figure 16. HSR and MD images of mines and clutter.

Later experiments with higher-frequency RASCAN radar provided further MW holo-
grams of explosive devices, as shown in Figure 17 [85]. The items were buried horizontally
in a sand test bed and scanned with at a frequency of 3.8 GHz. In general, large explosive
objects are buried at varying depths, as in the case, for example, the ends of the object
ranged from 0 to about 8 cm. In particular, the rocket’s fins were almost exposed, while the
cylindrical body was about 7 cm deep. The thickest part of the 8 cm shell body was on the
surface, with the fins at about 4 cm and the thinnest part of the body at 7 cm or 8 cm. This
information is used to understand how the various parts of the body reflect plane waves,
and the figures shown show the wave nature of the HSR interference pattern. However,
considering the response of the first lobe of the interference pattern, the 2D images faith-
fully reproduce the shape and size of the real target, even though the 3D reconstruction of
the hologram from the recorded interference pattern has not been performed.
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MW hologram

80 mm shell

Figure 17. HSR images recorded by RASCAN-4/4000.

It has been shown that HSR images of mines are sufficiently distinct from common
clutter items and that they can be discriminated using a machine learning neural network
approach. In a study using a cylindrical mine simulant and four clutter objects (rock,
crushed can, shell casing, and segment of barbed wired), a neural network was trained to
identify in any HSR image the mine with a 100% detection rate and zero false alarms [86].

HSRs of other designs intended for mine detection have been described in [10,11,44].
The operational frequency for these radars is 2 GHz. In most conditions, this seems to
be the optimal frequency for land mine detection [78,87]. The HSR for mine detection
using a spiral scanning method [10] is shown in Figure 18. The device is attached to a rail
rotating around the mounting axis, as shown in Figure 18b, and records the MW hologram
in polar coordinates.

Lncooer

g Rudar |

(@) (b)

Figure 18. (a) HSR for mine detection [10]; (b) Experimental setup with spatial encoder.

The advantage of this scanning method is its relative simplicity and higher productiv-
ity in comparison with a rectangular grid, while the disadvantage is the presence of a blind
zone in the center of the scan, as well as the necessity to place the central pivot within a
potentially mined area. So, it is difficult to imagine how to use this technology in actual
field conditions.

The simple and compact design of the RASCAN HSR suggested another approach for
alleviating the burden of manual scanning using a robotic scanner (Figure 19) with simple
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architecture for sweeping the radar antenna across the path of the robot as it advances
incrementally [88].

Figure 19. HSR on a robotic scanning platform [88].

Further advances came with integration of a one transmitter (Tx)—four receiver
(Rx) ISR (2 GHz) for rapid detection of buried objects and calculation of their cartesian
coordinates and an HSR (1.97 GHz, similar to that described proposed in [59], used in [78],
and depicted in Figure 7) for object imaging and classification to reduce false alarms. The
system (Figure 20) also has a 3D video camera that records a digital elevation model (DEM)
of the area scanned by the HSR [87,89]. As shown in Figure 20, all sensors were mounted
on a commercial robotic platform (Clearpath Jackal). Note that all of the radars described
above used practically the same CW frequency or impulse center frequency of 2 GHz. This
is based on field testing of the electromagnetic properties of soils near the conflict zone
in eastern Ukraine [87], which was the initial focus for the development of this system.
For the chernozem soils of this region, 2 GHz provides sufficient resolution to detect and
discriminate land mines, while maintaining a sufficient sounding depth of 5 cm to 20 cm.

Figure 20. Robotic platform “Ugo 1st” [89]: (1) ISR antenna array, (2) ISR controller, (3) HSR, (4) 3D
camera, and (4) antenna array:.

Demining is complicated by the widespread occurrence of small, plastic-cased AP
mines, which, due to their sometimes insignificant signature on both radars and MDs, are
easily indistinguishable from reflections from soil irregularities. Scientific experiments, as
a rule, are carried out in controlled conditions with more or less homogeneous soil and
a relatively flat ground surface. Figure 21 shows the conditions of real minefields. These
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circumstances need to be comprehended in further design of MW devices and algorithms
for mine detection and discrimination.

(b)

Figure 21. (a) Riverbank minefield in the Republic of Serbska and (b) minefield with a clearance lane

in southern Lebanon.

There are several methods for filtering out false reflections from surface relief. For
ultrawide-band (UWB) ISR, this can be done by gating the reflected signal by range or by
other methods using the high spatial resolution of UWB radars [73,90,91]. For HSR, this
cannot be used, since the signal is CW, either monochromatic [10,87] or multi-frequency [31],
which is insufficient to obtain the required range resolution. One of the possible ways to
solve this problem for HSR is using an additional video sensor [74,92].

In the first case [74], it was proposed to suppress the uneven surface influence using
a reconstruction method (modified back-propagation) that incorporates a DEM collected
by a video sensor. The utility of this approach was illustrated experimentally by com-
paring MW images reconstructed with the DEM against the same images realized using
traditional back-propagation methods assuming a homogeneous ground with a planar
surface. Accurate positioning of the HSR sensor was obtained using a webcam video and a
graphic contrast augmented reality (AR) marker; this solution [93] allows the acquisition
of interference pattern samples at a great number of arbitrary positions to investigate a
volume. To calculate the radar position, the physical coordinates of the AR marker angles
are corrected with their geometric projections on the webcam image. With the information
on the 3D coordinates of each sample, it was possible to adopt a rear projection algorithm
for the reconstruction of the MW image. By introducing the concept of AR, it is possible
to superimpose the visual image of the scanned area onto the MW image, eliminating the
need to georeference the radar image (although this is still possible and often desirable).

This method for incorporating surface relief is important for demining but also lends
itself to other applications, such as detection of objects hidden under clothing or scanning
of non-flat surfaces (arched ceilings, columns, statues, etc.). It should be noted that the high
sensitivity of HSR to reflections from surface irregularities can also be useful in applications
where surface defects themselves are to be detected. As, for example, when detecting
surface defects on metals [93-95].

3.2. Non-Destructive Testing of Building Structures and Composite Materials

Despite the fact that the first HSRs of RASCAN type were designed with the rather
narrow goal of detecting land mines, particularly those with plastic cases, later work shows
that they have a much wider field of applications. One of these areas is the examination
of building structures in order to detect defects, embedded elements, and other inhomo-
geneities [39,96]. Building elements are an easier subject for scanning and interpretation
since, in general, they have a relatively flat surface and more or less homogeneous and
predictable composition. A trained user easily learns to recognize the internal elements of
a structure from a recorded MW image and to identify anomalous targets or conditions.

The need for detecting concealed details (such as, e.g., reinforcing or voids) in different
structures frequently arises during repair and renovation of old buildings. MDs are
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traditionally used to detect metallic details such as rebar, mesh, conduits, or post-tensioning
cables. However, the need to detect dielectric objects (e.g., plastic conduits or pipes, voids,
etc.) is also of great interest and importance.

The most sensitive and still widely used method for inspecting structures uses X-rays.
However, traditional X-rays do not use a backscattered signal and therefore require a
two-sided approach, with the source and receiver placed on opposite sides of the structure.
In some important cases, both sides of a structure under investigation cannot be accessed,
for example, in the sounding of roadways and airstrips. In addition, there are significant
health concerns when storing, transporting, and using X-ray sources.

The first experiments in the field of MW imaging of structures involved concrete floor
inspection using the mine-detecting MiRascan system, as depicted in Figure 22 [35,97].
MW images were recorded to map plastic heating tubes in a floor to prevent driven nail
damage during installation of a parquet floor. More details on this use of HSR are given in
the later section on cultural heritage investigations [98].

Figure 22. (a) MiRascan radar at work and (b) sample of plastic tubing.

Another application for HSR was after the catastrophic crash of the US space shuttle
Columbia in 2003 [99]. There was a need for non-destructive testing (NDT) of the dielectric
foam thermal insulation on the large propellant tanks and the adhesion of the thermal
tiles to the aluminum body of the craft. These and other composite materials used in the
aeronautical and aerospace sector are semi-transparent in the MW range [28,100]. For
example, a shuttle’s external liquid hydrogen and oxygen tanks store these propellant
components at —183 °C and —253 °C, respectively. To prevent fuel vaporization and
exterior condensation and icing, the tank is covered with insulating polyurethane foam.
This layer has a thickness ranging from 25 mm to 50 mm. NASA investigators determined
that damage to the left wing of the spacecraft during the launch of the 28th mission was
caused by the sudden boiling (at high altitude) of condensation in or under the thermal
insulation. On re-entry, the damage to the thermal protection allowed plasma to penetrate
and destroy the aluminum wing. After previous space shuttle launches, similar damage
had been found, but of much smaller magnitude, and it was considered an acceptable
level of risk [101-103]. Another type of damage was associated with the coating of thermal
protection tiles. During re-entry, they are subjected to high thermal and mechanical stresses.
A case reported in the literature concerns the first flight (12 April 1981) of the space shuttle
Columbia, where 16 thermal protection tiles were lost and 148 were damaged [100]. After
the first and only flight of the Soviet shuttle Buran (15 November 1988), similar defects
with serious side effects were found [100].

Tests of MW and millimeter-wave technologies for NDT of the space shuttle thermal
shielding have been undertaken following the Columbia disaster [27,28,104]. Although
the shuttle program was soon cancelled, the success of these tests led to development
of devices specifically designed for NDT of the composite materials that are used in
aerospace engineering.

Initially, RASCAN-5 with its ability to record both amplitude and phase (therefore
allowing reconstruction of complex MW holograms [19-21]) was tested for NDT of compos-
ite details [66,67,105]. However, these experiments showed insufficient sensitivity to small
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and low-contrast defects due to low operating frequency and imprecise positioning during
manual scanning. This prompted the creation of an automated stand system (Figure 23)
that would achieve the required sensitivity and precision [106,107].

Figure 23. Experimental high-precision HSR system: (1) test sample, (2) antenna, (3) cables, (4) elec-
tromechanical scanning bed, and (5) VNA (ZVA 24).

The experimental setup mainly consists of a ZVA 24 vector network analyzer (VNA)
with a 10 MHz to 24 GHz frequency band and a 2D electromechanical scanning bed. An
antenna with Ty and Ry function is connected by two flexible stable phase feeders to
the VNA. The distance between the antenna and the scanning plane of the investigated
object is adjusted by means of a tripod with adjustable height on which the antenna is
fixed. This setup also allowed us to experiment with different styles of antenna. The
measurements were carried out by moving the sample with the 2D scanner bed, while the
antenna remained fixed on the tripod. The movement system synchronized with the VNA
allows acquisition on a programmable grid of points.

The capabilities of the MW NDT investigation system to detect defects of interest to
the aerospace industry were evaluated using a thermal insulation sample with purposely
created internal defects. This sample was produced by a Russian aerospace company,
and its specifications (not shown to the researchers until experiments were complete) are
shown in Figure 24 (dimensions indicated in mm). A foam disk with diameter 270 mm and
thickness 40 mm was glued to a 5 mm aluminum plate. However, prior to gluing, three
circles with a diameter of 50 mm and a height of 1 mm were cut from the lower surface of
the foam disk. Therefore, in the sample, there was no adhesion to the aluminum plate on
the surfaces of the three buried circular defects (blind defects), while the deposition of the
glue on the circular surfaces of the cuts was preserved to simulate the effect of delamination
at the interface between the foam and metal. The thickness of the glue was about 200 pum.
Finally, the entire 400 mm x 500 mm frame was filled with insulating foam to conceal all
interior details.
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Figure 24. Mechanical drawing of composite mock insulation with three artificial defects.

When this blind sample arrived at the laboratory, scans were carried out with the
HSR at three frequencies: 7 GHz, 15 GHz, and 22.5 GHz. The HSR images are shown
in Figure 25 [108,109]. As expected from theory, the spatial resolution improves with
increasing frequency (while attenuation also increases). At 7 GHz, it is not possible to
detect the three intentional defects. Instead, a geometric pattern of reflections from the
edges of the sample dominates the image. However, the flaws are readily detectable in
the 15 GHz and 22.5 GHz MW images. In addition, at higher frequencies, a weld bead in
the aluminum substrate is visible. In the 22.5 GHz image, the reconstruction algorithm
provides strong suppression of the edge effects, and while the intentional defects and
internal structure of the sample are clear, there is also a surprise. Targets 1 and 2 on
Figure 25 are imaged by the 22.5 GHz HSR but are not intentional anomalies. These are
defects in the foam that were not intended by, nor known to, the fabricator. This experiment
highlights that manufacturing procedures, even if carried out by qualified personnel and
in specialized laboratories, are not free from unintentional defects that can be detected by
HSR scans with sufficiently high frequency and precision.
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Figure 25. HSR images of the aerospace materials test sample with intentional (and unintentional) defects.

This system was also successfully used in similar blind experiments on a sample
submitted by the Vikram Sarabhai Space Center, India [109]. Other NDT applications have
included detection of water intrusion in honeycomb composite products [32,110,111] and
examination of tube coverings [32,112,113] among others.

MW technology is not yet in wide use for NDT of dielectric components, but there are
now blind tests that show clear advantages of HSR for the aerospace industry. Comparing
HSR with ISR, we can affirm that the former is less expensive and more easily adaptable
to specific geometries and test conditions. HSR can also be compared with traditional
ultrasonic NDT techniques applied to dielectric materials such as thermal insulating foams
with high porosity, thermal tiles made with sintered quartz fibers, and composite materials
based on fiber glass or carbon with a honeycomb structure: all of these materials or
components exhibit high attenuation for acoustic waves [27] at frequencies that would
provide spatial resolution comparable to MW HSR systems [114]. Furthermore, ultrasonic
systems are efficient only when the transducers are placed in contact with the tested surface
to ensure a good mechanical coupling (often requiring coupling gels). HSR NDT can be
done in complete stand-off fashion.

3.3. Cultural Heritage Inspection and Diagnostics

This section is a largely a continuation of the previous but considers the specific
requirements and precautions required for examination of important artworks, architecture,
and other cultural heritage objects. This is where the advantages of all NDT methods are
most manifest. Traditionally, several NDT methods have been applied to these studies, with
the selection and effectiveness of a particular technology dependent upon the properties of
medium under investigation. A comparison of HSR with other NDT methods for cultural
heritage studies is in [115].

One of the first examples of the use of HSR in a historical building was during the
reconstruction of the early 19th-century senate building in Saint Petersburg, Russia [37,116].
The building was being refitted for using it by the Constitutional Court of the Russian
Federation (Figure 26). The building was built by the Russian-Italian outstanding architect
Carlo di Giovanni Rossi in 1829-1834 and has great value for Russian culture. An in-floor
radiant heating system had been installed previously, but with no water piping plan. In
addition, there were electrical and communications cables in the concrete floor. Workers
wished to avoid damaging pipes and cables with driven nails during the installation of a
parquet (as in the early use of MiRascan described above). In this construction, first, a metal
mesh with 150 mm spacing was laid on the concrete subfloor. Then, pipes were fastened
to the mesh using plastic clips. Various types of pipes were used, including cross-linked
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polyethylene (PEX), multi-layer (a composite of aluminum and PEX), and polybutylene
(PB). The spacing between pipes was about 30 cm. The pipes were then covered by a
cement screed with thickness above the pipes of about 3 cm.

Figure 26. Historical Russian Senate building during the time of restoration.

There was concern that the plastic pipes would be invisible against the background of
the highly MW reflective metal mesh. However, there are several effects that worked in
favor. Recall that the contrast of an object on an HSR image depends on its reflectivity and
the phase shift, which is a function of the distance from the antenna aperture to the target.
For elongate objects, polarization also has a strong influence on the recorded contrast. In
this case, the pipes were above the mesh and quite elongate.

The survey was carried out with the aid of a RASCAN-4/2000 holographic subsur-
face radar with discrete CW operating frequencies in the range of 1.6 GHz to 2.0 GHz
(Figure 27a). Figure 27b depicts a portion of the scanned floor (16.7 m? total area) with
imaged pipes and cable marked in chalk. As expected, there was no contrast between pipes
and metal mesh in the parallel polarization radar images. However, in cross-polarization
images, the plastic pipes were clearly visible. A detailed radar image showing pipes
draping across a cable is shown on Figure 27c.

(©)

Figure 27. (a) HSR antenna, (b) pipes and cables marked on the floor, and (c) pipes (light) draping over cable (dark).

As the survey progressed, the operator analyzed the image and drew the results in
chalk on the floor, blue for heating tubes and red for electrical cables. The composite MW
image of the total scanned area is presented in Figure 28a and the interpreted layout in
Figure 28b.
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metal mesh

Figure 28. (a) Composite HSR image and (b) layout of pipes and cables.

Another application was the scanning of a marble medallion in the floor of the church
of San Biagio in Montepulciano, Italy (see Figure 29) [36]. From information on the typical
thicknesses of such marble medallions, a 4 GHz HSR was employed. In Figure 29D, there is
good correlation between the optical image and the HSR image. With reasonable certainty,
we could conclude that the objects highlighted by the contrast patterns are dielectric and
non-metallic materials. Below are the interpretations for the three contrasting patterns
shown in the yellow squares in Figure 29b. The yellow highlighting labeled 1 and 2 may at
first represent either brick or wooden supports, or maybe a symmetrical change in contrast
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due to reflection depth from an arched opening beneath the medallion. In fact, it is possible
to view the images at different frequencies, and the positions of these dark contrast bands
shift systematically, confirming the arch hypothesis.

(b)
Figure 29. (a) The church of San Biaggio and (b) side-by-side optical and MW images of the medallion.

The dark feature labeled 3 matches a barely visible hairline crack in the marble. Since
the dimensions of the crack are much smaller than the wavelength of the HSR signal, this
response is interpreted as arising from moisture that has intruded the marble along this
crack. Later laboratory experiments comparing MW images of perfectly mated cracks in
marble with and without moisture confirm this effect [36].

Historical research in the church archive indicates that the medallion was placed
around 1590 during the funeral ceremony of a Prelatio of the Casata Cervini family. The
current burial place of the Prelatio is not registered. However, the hypothesized supports
and the arched vault suggest the possibility that under the medallion there could be the
remains or relics of the Prelatio.

An example of non-destructive investigation with HSR concerns the Croce di San
Marco, which dates to the mid-fourteenth century and is attributed to Puccio di Si-
mone [116]. It is considered one of the masterpieces and greatest examples of Florentine
painting: the dimensions of the cross are imposing reaching a height of 6.3 m. The cross was
assembled by the masters of the time by composing perpendicular axes with a retractable
joint. The thickness of each poplar board is 7 cm, and the entire structure, including the
crossbars, reaches a thickness of about 25 cm, with an estimated total weight of around
500 kg (see Figure 30). A test of RASCAN HSR was performed on the area highlighted
by the yellow box in Figure 31. During scanning, the artwork was protected by a cloth
supporting a plexiglass sheet marked with parallel and numbered scan lines.

In the images, metal nails securing the wooden planks are clearly visible as dark spots.
The image at a frequency of 3.7 GHz clearly shows the contrast between areas laminated
with gold leaf (white areas in Figure 31) versus those where the wood is painted (shades of
gray in Figure 31).

In the painted area, streaks consistent with the wood grain are visible, as are dark
spots that may represent knots in the wood. These features highlight the sensitivity of HSR.
In addition, especially in cross-polarization, there is a dark curved shape associated with
blood emanating from the wound on the side of the Christ figure (see Figure 30).

This contrast pattern was not expected, as it is painted on the gold leaf that surrounds
the figure. It is not plausible that a dielectric layer less than a tenth of a millimeter thick
could modify the amplitude or phase of the reflected wave, so an explanation was sought
by designing a dedicated experiment in the laboratory of the Opificio delle Pietre Dure
in Florence. To recreate this phenomenon, a specimen was made with gold foil partially
covered with a layer of red paint.
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Figure 30. Croce di San Marco.

-

C) (b)

Figure 31. HSR images of the Croce di San Marco recorded at 3.7 GHz: (a) parallel polarization and
(b) cross-polarization.

As expected, the area covered by the layer of paint is indistinguishable from that on
gold foil without paint. A plausible hypothesis is that the paint used for the blood contains
a metal component and therefore can be modeled as a non-perfect conductor. In this case,
the electric field would be cancelled only partially, thus determining a phase variation
different from 180°, resulting in the image in Figure 31. This hypothesis was confirmed by a
chemical analysis carried out previously by the Opificio delle Pietre Dure of Florence, which
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detected high levels of lead in the paint used to depict the blood. Somewhat surprisingly,
lead was used at the time of creation of this piece to make the color white. Here it may
have been used to create the appearance of the flow of blood by making striations of red
and lighter red to white.

In the United States, termites and other wood-boring organisms inflict $4.5 billion
worth of damage on homes and other buildings each year. While professional inspections,
trained dogs, and CO; detectors can spot active colonies, the old damage from previous
infestations is often not visible at the surface of wooden structures and may be hidden
behind plaster or other floor, wall, or ceiling coverings (which in historic structures cannot
be removed). HSR of the RASCAN type has been shown to be effective in detecting hidden
tunnels and other damage [54]. Figure 32 shows a wooden beam in a structure on the
former estate of US President James Buchanan (1791-1868). On the left is a photo of the
surface of the old beam. The center is an HSR image at parallel polarization and 3.7 GHz
signal frequency. The dark contrast highlights its joint with an adjacent beam to the right, as
well as an area with no obvious surface manifestation. The photo on the right of Figure 32
shows termite damage exposed by peeling away the surface of the wood.

Beam in historic structure HSR image at 3.7 GHz Insect damage revealed

Figure 32. Wooden beam in a historic structure with insect damage detected and revealed.

Perhaps the most exotic application of holographic radar has been for the detection
and imaging of hidden dinosaur tracks [117,118]. The study of dinosaur tracks provides
important information about these prehistoric animals, in particular behavior, which is
often not revealed by the fossil remains. If the sediment fills a series of footprints before
they are eroded by the elements (wind, water, etc.), then the track could be fossilized and
preserved for millions of years as a mold and cast that can be separated to reveal the print.
Until now, dinosaur tracks have been studied when they are found during exposure by
erosion or quarrying. Where they are exposed, it is reasonable to assume that other tracks
may exist but remain covered and hidden from direct observation. Following partially
successful laboratory and field experiments, it was proposed to use the high-precision
experimental installation shown in Figure 23. These experiments were conducted in three
frequency ranges: 6.4 GHz to 7.0 GHz, 12.8 GHz to 15.2 GHz, and 18.0 GHz to 21.5 GHz.
A cast and modeled dinosaur trace model were created by making a plaster cast of a real
dinosaur trace (var. Anamoepus [119] from the Dinosaur State Park in Connecticut, USA)
and reproducing the well-fitting mold from this cast, as shown in Figure 33. The half of
the specimen with the impression mold has an area of 255 mm x 225 mm and a height of
27 mm. The cast sample has the same area but is 22 mm high. The footprint is in the center
of the samples and has dimensions of 11cm in length by 7.5 cm in width.
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Figure 33. Cast (a) and mold (b) of the Anamoepus dinosaur footprint.

Experiments with only the cast or mold with clean plaster surfaces conducted in all
frequency bands showed clear radar images that gave better results at higher frequencies.
From this experimental investigation and from the support of the simulations of digital
fingerprint models, we can believe that the MW holographic radar is suitable for performing
non-contact scans of areas in which the traces are even partially exposed. The ability to scan
without contact is an important advantage, considering the fragility of the thin layers that
covers the sequences of the impressions and the difficulty of recording and reproducing
them digitally when they have low relief. To highlight the ability to discover hidden
footprints, the mold of the implant was coupled with the plaster cast to reproduce the
situation in nature. This imaging (Figure 34) was most successful when the mold and cast
were separated by a thin (less than 1 mm) slip of clay or sand (as is common for real tracks).

(@) (b)

Figure 34. (a) Cast and mold cleanly mated and (b) separated by a < 1 mm slip of sand.

Other experiments that used HSR on paleontological samples include a partially
exposed rostrum of an Upper Jurassic to Lower Cretaceous fossil crocodylomorph in a
21-mm-thick limestone slab from the Maiolica Formation. The specimen, recovered in the
Altopiano di Asiago (Vicenza Province, Italy), is presently housed in the paleontological
collections of the Rovereto Civic Museum (Trento Province, Italy). The holographic radar
response recorded on the surface where the fossil cannot be observed correlates well with
the actual fossil shape revealed on the reverse side of the slab. This study was done using
a RASCAN-4/7000 HSR radar with discrete signals at frequencies between 6.4 GHz and
6.8 GHz.
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The results of these paleontological experiments are not fully developed, but this is a
new field of application for HSR. Therefore, further field trials are needed to understand the
relevance of the MW holographic technique for the remote detection of characteristic shapes
in areas of paleontological interest. For example, the high-dielectric-contrast sensitivity
of the proposed method has been exploited for imaging hidden invertebrate fossils (see
Figure 35) that have been pyritized or otherwise replaced by secondary minerals with
different dielectric constants from the rock in which they were fossilized.

Figure 35. Summed modulus of parallel and cross-polarization scans at 6.7 GHz (top); summed
modulus of scans 6.4 GHz, 6.5 GHz, 6.6 GHz, and 6.7 GHz parallel and cross-polarization (middle);
and photograph of the lower side of the limestone slab aligned to correspond with the scanned
area (bottom).

3.4. Security

Modern security systems that use active MW technology generally record the complex
amplitude of reflected waves from an area under surveillance and process these signals to
produce images that may reveal concealed objects. These security systems are classified
into two categories. The first includes mechanical scanning systems, while the second
includes electronic scanning systems [50]. For both categories, during scanning and data
acquisition, the electromagnetic field is the same. For the second category, it can be
estimated that electronic scanning can be completed in about one-tenth the time for systems
with mechanical scanning [120]. The high acquisition rate in electronically scanned radar
systems enables MW video streaming at frame rates of dozens per second. There are
already several systems on the market and therefore much research; among these are
the ProVision [121] system produced by L-3 Communications, which uses mechanical
scanning by means of a series of vertically distributed elements, and the Eqo [122] radar
system produced by Smiths Detection, which uses the electronic control of a 2D matrix of
distributed elements. Through the electronic programming of the relative delays between
the transmitting elements, it is possible to define the point of focus within the investigated
volume to provide a high-resolution radar image [48]. The performance of the ProVision
system, as stated in the data sheet [121], is between 200 and 300 people per hour at a data
acquisition time of 1.5 s. The performance of Eqo should not exceed that of ProVision,
because it is based on the cooperative self-rotation of the subject, which is difficult to
obtain in less than 1.5 s. The performance of both systems is further limited by the fact that
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subjects must often remove outer clothing before scanning. System performance limitations
and high cost (approximately $ 170,000) limit use outside of airports.

To increase the throughput of active radar systems while decreasing system cost, a
system architecture based on the principle of inverse aperture synthesis has been proposed.
This concept is different from the systems with mechanical scanning in that it uses the
motion of subjects through an array of stationary transmitters to form a synthetic aperture.
Systems that use such aperture synthesis are currently used in radar systems for tracking
aerial or marine targets. In these systems, one of the difficulties arises from not knowing
target parameters that would allow calculation of matched filter coefficients for signal pro-
cessing. These difficulties can be overcome for a moving person by recording a synchronous
video that captures the motion parameters of the subject, as in Figure 36 [52], [120]. These
parameters will enable coherent radar processing and inverse aperture synthesis, leading
to a synthesized radar image, which can be calculated for every instantaneous pose of the

walking person.

Video camera

Linear arrays of (ransmitlers and recievers

//AL

—

Walking person

Figure 36. Schematic system for inverse aperture synthesis using radar and a video camera.

The proposed principle has been tested in laboratory conditions and shown to be
practical. Using an experimental setup with a mannequin subject (Figure 37a), it was
shown that the proposed method can significantly reduce the dimensions of a prospective
screening system and the number of channels in the antenna system and at the same time
obtain detailed radar images of hidden objects.
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Figure 37. (a) Mannequin with concealed weapons, (b) real part of a portion of the holographic interference pattern, and

(c) reconstructed image at a distance of 45 cm.
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The data obtained in an experiment with the mannequin are shown in Figure 37 [51].
The data acquisition was done with the following parameters:

e  The distance from the mannequin to the scan plane was about 45 cm.
e  The frequency of VNA sweeps was 18.0 GHz to 26.5 GHz.
e  The height and width of the scanned aperture were 100 cm and 90 cm, respectively.

In the reconstructed MW hologram (Figure 37), the silhouette of the plastic mannequin
is visible, as well as the metal belt buckle, and especially the highly reflective metal
weapons. Further development of the proposed method and evaluation of its performance
are underway using an electronically switched antenna array. This allows more rapid and
representative data collection.

4. Conclusions

This review provides a summary of the theory, technology, and applications of HSR,
including humanitarian demining, NDT, cultural heritage investigations, and security.
While HSR is not a universally applicable method for sounding of optically opaque me-
dia, there are many (and growing) practical and important cases. With selection of an
appropriate probing signal frequency to balance the trade-off between scanning depth and
plan-view resolution, it is possible to reconstruct MW holograms of shallow targets that
allow accurate determination of the shape and dimensions and provide images suitable for
human or machine classification. The case histories summarized here indicate promising
prospects for even better subsurface imaging based on combining HSR with other sensors
(e.g., optical, magnetic, acoustic) and with manual spatial sampling replaced by more
precise robotic and/or electromechanical scanners.
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