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1. Introduction

Thermal insulation materials are mainly built with di electric 
foams and are widely used in building roofs and cryogenic 
systems, but also in high-tech engineering designs like the 
protection of spacecraft propellant tanks. These materials 
are typically characterized by a high porosity that results in 
a dielectric constant close to 1 and low attenuation in the 
microwave band. The foam insulation material was addressed 
as a critical part for the safety of rockets flights [1] and non-
destructive testing (NDT) methods are continuously devel-
oped to mitigate the risks caused subtle damages to the 
foam protection layer [2]. For the maintenance of thermally-
insulated structures, it is important to detect the presence of 
water because, when subjected to large thermal gradients, 
it can degrade the thermal protection, or expand and physi-
cally damage the structures. Because of the large differ-
ence between the dielectric constants of water and thermal 

insulating materials, the research group started a series of 
preliminary studies on materials with differing compositions 
and thicknesses using the high-resolution imaging offered 
by holographic radar [3–6]. This type of radar is extensively 
used for construction sounding using a scanning head that is 
manually moved over the surface of the investigated material. 
The operating frequency can be selected based on the mat-
erial characteristics with the aim of obtaining the optimum 
spatial resolution at the maximum sounding depth, and also 
the detection of small or subtle targets (e.g. small quantities of 
water). Because large areas of investigation may be required, 
an electromechanical scanner on a moving platform has 
been developed with a scanning head at 4 GHz (RASCAN-
4/4000) interfaced to the robotic scanner electronics [7]; this 
automatic scanner provides millimeter-accuracy spatial sam-
pling over the entire scanned area. For comparison, a more 
recent design of the holographic radar operating at 7 GHz 
(RASCAN-5/7000), operated with manual scanning, has also 
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been employed. The technology of holographic subsurface 
radar of RASCAN type has been described in detail in [8, 9]. 
Image formation using holographic radar of RASCAN type is 
based on the scanning of a surface using a monostatic antenna. 
Here we briefly report the mathematical formulation of the 
holographic image reconstruction that provides a contrast 
image according to dielectric discontinuity. The reflected field 
from the impedance discontinuity captured by the antenna is 
mixed up with the internal reference field, resulting in a mod-
ulation in amplitude and phase of the registered electric field 
E. The position of the antenna over this surface is defined to be 
at (x, y) assuming an ideal planar surface. A reference system 
(x, y, and z) is assumed with the origin on this surface and the 
perpendicular z-axis representing the depth (see figure 2). For 
a single frequency holographic image reconstruction, the set 
of basic equations are reported below:
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where:
E(x, y) is the registered complex hologram,
ER(x, y, z) is the reconstructed image,
ω is the temporal angular frequency,
ε is the dielectric permittivity of the medium,
c is the speed of light,
kx and ky are the spatial frequencies corresponding to the x and 
y dimensions respectively.

This paper demonstrates that thanks to the high sensitivity 
of the holographic radar to dielectric constant variation at very 
shallow depth, and high spatial resolution, it is possible to 
determine the size and location of water patches from analysis 

of holographic images obtained in real time by one-sided sur-
face scanning.

2. Experiment description

Two thermal insulation panels, of 18 mm thickness each, have 
been used as the exemplar material. Initial electromagnetic char-
acterization of this material provided εr  =  1.1 and tanδ  =  0.0015 

Figure 1. (Top) Layout of the four wet targets laid on the bottom panel. The distance between the two large ones (on the right) and the two 
smaller (on the left) is 80 mm. The dry target #0 is on the top-right. Horizontal scan lines ran from left to right. (Bottom) Drawing of the 
cross-section of the sandwich with two thermal insulation panels 18 mm thick and the wet patches in the middle. The black circle indicates 
a thin copper wire introduced as a spatial reference object. The wire is not visible in the image because it was attached to the top panel. 
Drawing not in scale.

Table 1. Water patches description.

Target # Dimension (mm) Water content (g)

0 95  ×  45 0 (DRY)
1 95  ×  45 1.2
2 45  ×  45 0.4
3 22  ×  22 0.2

Figure 2. Robotic scanner with a 4 GHz (RASCAN-4/4000) 
holographic radar during the thermal insulating panel inspection. It 
is possible to see on the bottom left corner the two panels of 18 mm 
thick; one over the other with minimal air gap.
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(measured at 1.0 GHz) with a laboratory instrument. The water 
patches are located between the two panels and the bottom panel 
was glued onto a metal sheet to act as a reflector for the incident 
field (emulating, e.g. a spacecraft or fuel tank body).

The water patches (targets) comprised very thin cotton 
gauze wetted with a controlled amount of water. The fol-
lowing table summarizes the dimension of the 4 gauze patches 
and their water contents measured with an accuracy of 0.1 g. 
All experiments were carried out at room temperature.

Figure 1 shows the four water patches described in table 1. 
One of the two largest targets (#0) was kept dry and included 
in the experiment to verify that the thin cotton material itself 
is transparent to the incident field.

Automated scans were made with the robotic scanner 
at a spatial sampling of 5 mm and a scan length of 350 mm 
with five simultaneous discrete frequencies (3.6, 3.7, 3.8, 
3.9, 4.0 GHz) as shown in figure 2. The holographic radar 

equipment used in this case has two output channels with 
parallel and cross polarization: for the comparison with the  
7 GHz holographic radar only the parallel polarization images 
were considered because cross polarization is not available in 
the high frequency version. The RASCAN-5/7000 was man-
ually-scanned along a length of 400 mm and over a radar-
transparent plastic mat with grid line separation of 10 mm. 
As triggered by an optical encoder wheel, the In-phase and 
quadrature components of the received field are sampled with 
a step of 5 mm. Using the software interface RASCAN-Q, the 
measuring head is calibrated over a homogeneous area of the 
two panels (total thickness 36 mm) on top of the metal bottom 
reflector. The calibration adjusts the electronic chain power 
and gain levels to have a signal amplitude at half full scale 
of the analog to digital converter (ADC). The five discrete 
frequencies generated by the RASCAN-5/7000 are: 6.4, 6.5, 
6.6, 6.7, 6.8 GHz.

Figure 3. Holographic images after focusing at five frequencies (at the nominal depth of 18 mm).
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2.1. Image reconstruction with in-phase—quadrature  
holographic data at 7 GHz

The image reconstruction with the focusing algorithm was 
performed with data acquired at the five available discrete 
frequencies. For each frequency, and according to the inde-
pendently-estimated relative dielectric constant of the thermal 
insulating material (εr  =  1.1), the focusing algorithm [10] 
generates the holographic image reconstruction at different 
depths. A series of images corresponding to the nominal tar-
gets for a true depth of 18 mm are shown in figure 3. The effec-
tive target depth is different from the nominal one because the 
Teflon protective cap of the antenna is a few mm thick and 
this distance must be added up to the target depth to avoid 
slight defocusing. In practice, the phase delay introduced by 
this additional layer changes the wavelength at which the four 
targets can be focused. Thanks to the possibility of the set 
of five I/Q images, it is possible to obtain a visually-best (in 
terms of focus and contrast) reconstruction at 6.7 GHz (corre-
sponding wavelength λ2  =  4.2 cm). This produces the highest 
visual contrast between targets and background and also the 

minimum amplitude of fringes or Fresnel rings typical of 
holographic imaging.

The benefit of the focusing is the estimation of the target’s 
dimension without ambiguity introduced by the fringing or 
ring effects along the edges of typical holographic interfer-
ence pattern images. This target dimension estimation can 
be performed by plotting cross sections of the reconstructed 
image at 6.7 GHz for the targets #0, #1, #2, #3 as shown in 
figure 4. The cross sections have been selected as the middle 
horizontal scan line for each pair of targets and evaluated  
at  −6 dB with respect to the maximum response for each target.

Figure 4. Images cross sections of target pairs: top target #3 and #0, bottom targets #2 and #1. On the left the largest peak response is 
due to the high reflectivity of the thin metal wire.

Table 2. Estimation of target largest dimension.

Target #
Largest  
dimension (mm)

Estimated dimension 
(−6 dB) (mm)

Water  
content (g)

0 95 Not detected 0 (dry)
1 95 64 1.2
2 45 32 0.4
3 22 20 0.2
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The results reported in table  2 are interesting because 
they demonstrate the rather good agreement between the true 
dimension and estimates done by high resolution holographic 
image reconstruction. It is observed that the ratio between the 
known largest dimension of each water patches, and the corre-
sponding estimated dimension is not the same for all targets. 
This may be explained by the fact that the gauze patches are 
not perfect rectangles, and the water absorption may not be 
uniform across the surface due to variable thickness of the 
gauze plus the spreading of water due to the pressure between 
the two panels. However, even in the case of the very smallest 
target (#3), the dimensions remain rather accurate consid-
ering the value of the signal wavelength. It is interesting to 
observe in figure 4 that the dry target (#0) is not detected; 
moreover, the high peak response on the left represents the 
reference line provided by the thin (0.2 mm diameter) copper 
wire buried between the two panels at depth 18 mm. This 
known and intentional target is visible in all the focused 

images in figure 3, and is a useful marker to check positioning 
of images relative to targets, as well as confirming that the 
focusing algorithm is working properly.

2.2. Comparison of 4 GHz acquired with robotic scanner  
and 7 GHz holographic images

High spatial resolution images acquired with microwave sen-
sors are desirable for detecting small defect or anomalies in 
critical structures or materials. Most of scanning platforms 
designed for laboratory use, although relatively simple in 
design and construction, are inherently bulky and not por-
table for on-site inspections. These are the main limiting 
factors for the widespread use of NDT microwave imaging 
techniques when rapid acquisitions on large surfaces are 
required. Low power and compact RF and communication 
electronics are obviously important to reach this goal and the 
research in this direction has been already started in NDT 

Figure 5. Comparison of holographic radar imaging in parallel polarization of the four targets shown in figure 1: 3.9 GHz (left), 6.7 GHz 
(right). On the left hand side is visible the contrast of the thin metal wire that in case of the focused image at its depth reaches the largest 
intensity.

Figure 6. Cross sections centered on the smaller target #3 of the holographic image with parallel polarization at 3.9 GHz, shown on the 
left of figure 5. The image is rotated  −90° clockwise by the robot scanner software interface that shows in real time the acquired image.
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field [11–13]. In order to provide a solution for the measure-
ments with the holographic radar, a robotic scanner system, 
capable of scanning a relatively large area in a relatively 
short time interval, was designed and constructed. With such 
a scanner the positions x, y of the measured field are accu-
rately measured by high resolution encoders and the data are 
remapped on a rectangular grid of position for reconstruction 
and display purposes.

Figure 5 shows the images obtained with the holographic 
radar at two frequencies: 3.9 GHz (corresponding wavelength 
λ  =  7.1 cm) with automatic scanner on the left, and focused 
image at 18 mm with In-phase and Quadrature components at 
6.7 GHz (λ2  =  4.2 cm) on the right. In both cases the detec-
tion of the minimum water content (0.2 g) has been verified, 
demonstrating the high sensitivity of the holographic radar 
imaging method. Regarding the spatial resolution (estimated 
to be a quarter of a wavelength), the best size estimation of 
the patches is for the higher frequency. Note that the focusing 
algorithm does not account for the thickness of the Teflon 
cover on the antenna housing. Knowing this thickness, a more 
accurate estimation can be done. The automatic scanner has 
the advantage that it can quickly detect the water patches with 
almost zero set up time and real time imaging (i.e. no post-col-
lection focusing). In the future, a RASCAN-5/7000 head will 
be mounted on the robotic device to provide some of these 
benefits. In figure 5, we also observe that the thin copper wire 
is almost missed by the 3.9 GHz acquisition. This is due to 
the nature of holographic radar, in which the image contrast 
is proportional to the phase difference between the reference 
and object beam, and the cyclical nature of the phase; at cer-
tain frequencies, the phase difference between reference and 
object beam will be the same whether the target object is pre-
sent or not—hence the necessity for imaging at a number of 
discrete frequencies.

In order to evaluate quantitatively the detection capa-
bility of small water content, a cross-hair centered on target 
#3 (X  =  96, Y  =  133) along vertical and horizontal direc-
tion is shown in figure  6 for the 3.9 GHz image shown in 
figure 5. The software interface of the robotic scanner shows 
the two viewgrams superimposed to the real time display of 
grey scale image. The horizontal section indicates the image  
section  dynamic range max  −  min  =  23 249  −  14 892  =  8
387 (ADC levels). Despite the smaller contrast of target #3 
with respect to target #2, it is possible to detect the subtler 
patch with good signal to noise ratio.

3. Concluding remarks

In this work, we have investigated the capabilities of high 
resolution holographic radar for the detection, positioning, 
and sizing of water patches in dielectric materials like thermal 
insulating panels. For the thickness up to 36 mm the use of high 
frequency (7 GHz) is convenient to have accurate sizing and 
positioning of the water patches with the best performances 
obtained with a 22 mm  ×  22 mm target with water content as 
low as 0.2 g. For deeper targets or higher attenuating materials, 

lower frequency holographic radar (4 GHz) can detect and 
locate the wet targets but with a lower spatial resolution 
and image contrast. By proper selection of the frequency of 
the holographic radar, we demonstrate that the method is 
promising for the detection of very small water intrusions in 
di electric materials. Finally, this testing has shown the benefits 
of accurate spatial sampling and rapid scanning using a robotic 
device with fully programmable acquisition parameters.
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