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In order to detect and image concealed weapons and explosives, an electromagnetic imaging tool with its related signal processing
is presented. The aim is to penetrate clothes and to find personal-born weapons and explosives under clothes. The chosen UWB
frequency range covers the whole X-band. The frequency range is justified after transmission measurements of numerous clothes
that are dry or slightly wet. The apparatus and the 3D near-field SAR processor are described. A strategy for contour identification
is presented with results of some simulants of weapon and explosive. A conclusion is drawn on the possible future of this technique.

1. Introduction

The detection of concealed weapons or concealed explosives
has now become a major issue. There is a growing need to
keep secure areas in airports, subways, and so forth. Weapons
and explosives can be carried by people in luggage and also
hidden under their clothes.

Many detection techniques have been proposed for the
detection of the presence of concealed weapons. Conven-
tional techniques are X-rays and metal detectors. Never-
theless, X-rays can be dangerous for human health. Metal
detectors are not imager sensors and anyway cannot detect
nonmetallic objects. Terahertz waves are now also emerging
techniques for vision through matter, as well as millimeter
wave imagers [1, 2].

We propose in this paper to operate in X-band (8.2-
12.4 GHz) and to use an Ultra Wide Band (UWB) frequency
sweep for electromagnetic imaging. It is well known that,
for an electromagnetic imaging sensor, the image resolution
increases with frequency. This is why the use of the highest
frequencies seems the most interesting. But this argument
considered alone is a bit simplistic, and there is a compromise
to be found between resolution and penetration in matter.

The expected benefits of using microwaves instead of
millimeter waves are the following:

(i) Wave attenuation in “through-the-cloth” propagation
conditions increases with frequency. So we expect
very low electromagnetic losses when crossing clothes
(even when they are very thick or sweaty).

(ii) UWB microwaves are well suited for imaging and
deliver a highly resolved image. On the contrary, there
is no risk of entering into the person intimacy because
images do not look like optical images.

(iii) There may be less “clutter” or “speckle” due to rough-
ness (of clothes, of objects) at microwave frequencies.

(iv) One can imagine building in a near future an inex-
pensive tool due to low cost microwave components
in X-band. One can use also standard antennas like
horn antennas.

2. Experimental Study of Transmission
through Clothing

Transmission measurements of microwaves through clothes
have been performed in order to assess the frequency
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FIGURE 1: Microwave test bench for transmission measurements through clothing.

choice. To perform these measurements, a network analyzer
(Figure 1) is used. The transmission has been measured
between two horn antennas (using the parameter S,,). For
each garment, frequency measurements have been made by
sweeping in frequency from 0.3 to 40 GHz.

Results are summarized in Table1 and are given with
respect to two criteria:

(i) Maximum frequency for which the attenuation is
negligible (less than 1dB for one path).

(ii) Maximum attenuation in the 1-40 GHz bandwidth.

(Note that these results give only some magnitudes and
that attenuation versus frequency curves would show only
measurement errors.)

As one can notice, dry clothes do not cause a high
attenuation for frequencies up to 40 GHz. The frequency
range for an attenuation that can be totally neglected is
roughly (1-16 GHz). The effect of the presence of human sweat
on underwear has also been considered of experimental way.
In order to quantify it, a cotton T-shirt sprayed with salted
water has been put under test, using the same percentage as
the human sweat, that is to say, 3.5% salt. The results are given
in Figure 2.

In conclusion, underwear “wet by human sweat” can
present typically 5 dB of attenuation at frequencies exceeding
10 GHz and s0 10 dB for the round trip. This value may remain
acceptable, depending on the sensitivity of the final detector.

3. UWB Microwave Imaging Tool Hardware

In order to estimate the shape of the desired object, it is
necessary to perform three-dimensional microwave imaging.
As one knows, three-dimensional imaging is the best solution

TABLE 1: Results on transmission tests on clothes.

Max. frequency Max.

Garment for which attenuation in
a s attenuation the whole
<1dB 1-40 GHz band
M [v)
#1 leather jacket (100% 20 GHz 1dB
leather)
1 0,

#2 cotton shirt (100% 16 GHz 5 dB
cotton)
#3 thick sweater (50% wool,
50% acrylic) 20GHz 1dB
#4 lightweight wool jacket
(100% wool) 20 GHz 1dB
#5 shirt (80% cotton and
20% polyester) 20GHz 1dB
#6 parka (waterproof
canvas filled) 17 GHz 2dB
#7 wool jacket (100% wool) 16.5 GHz 1dB
#8 waterproof jacket (inner
side: 100% cotton; outer 16 GHz 2dB

side: 100% polyester)

in terms of object identification because the sizes (in X, Y)
and “depth” (in Z, parallel to the bore sight) of the object can
be retrieved (see Figure 3).

A bidimensional synthetic antenna is required for the
imaging process. The best solution for real-time measure-
ments would be to build an UWB bidimensional array of
antennas (see Figure 4, on the left). When the number of
antennas is large, real-time operations can be obtained by
antenna switching within an antenna array.
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FIGURE 2: Attenuation versus frequency for a wet T-shirt.

However, in the framework of this research, the solution
of the displacement of a single antenna that simulates a
synthetic aperture has been adopted. This simple technique
of scanning a plane surface simulates an array of antennas. In
fact, only one antenna is needed and the microwave device is
quite simple (see Figure 4, on the right).

N, Ny N

4. Near-Field Imaging Using
3D-SAR Algorithm

Inverse scattering considering the 3D nature is a promising
field for dielectric objet identification [3]. For this purpose,
many algorithms in the near-field configuration have been
developed [4, 5]. For microwave imaging, we have used SAR
(synthetic aperture radar) imaging. Because we have achieved
the experimental conditions of the antenna synthesis, UWB
SAR imaging has become very performing. The idea is to
adopt algorithms that are fast and robust to noise and to
artifacts coming from the standing waves.

SAR imaging is based upon back-propagation principle
and is analogous to Kirchhoff’s migration. Due to the length
of the synthetic antenna and the distance to the object (40 cm
for both), we are in near field of the synthetic antenna and
so special algorithms derived from spot-light SAR or seismic
migration can be used. Basically, the radar image is built by
summing delayed signals acquired for a very large number
of antennas and frequencies. The frequency formulation is
based on phase shifts compensations [6]. The 2D algorithm is
also explained in [7] and an extension to 3D is now proposed.

Let S, be the complex signal recorded for antenna points
(x;» y;) (number of N, N,) for a set of N frequencies. Then
the local reflectivity y of the target at the point M(x, y, z) can
be computed as

(6 302) = @) Y YW (x5 3% 35 fi) S (i 7 fio) (= Xy y = o 2) @ THIHIT R )

i=1l=1k=1

where « is a proportionality factor depending on normaliza-
tion, x;, y, are the coordinates of the antenna points (total
number N, * N,), f; is the current frequency (total number
Np),d is the distance from antenna to the current point (x, y),
and S; denotes the complex conjugate of S,.

W is supposed to be a 3D weight function to achieve
apodization and antenna gain deconvolution:

Ham3 (f, x;, )
SiG (x5 71 %, s fk).

Ham3 designs the 3D Hamming functions in frequency
and space used to reduce side-lobes in the 3 dimensions
(2) and G is the antenna gain factor. The chosen antenna
is a pyramidal horn of 15dB gain and of 30-degree 3 dB
beamwidth. In practice, it has been found that the weight
function along x and y is unnecessary as the antenna pattern
furnishes a kind of natural apodization and the frequency
scaling is a smooth function. The d? multiplication in (1) is
also quite ineffective as the distance does not vary rapidly on
the contrary of the phase term.

The space sampling requirement is at least A/4 for SAR
processing. Frequency sampling must also respect the crite-
rion of antialiasing in range domain. This leads to a hundred
of frequency samples. Typical figures are then 100 antenna
positions and 100 frequency steps. This is why the basic

W (i Y% 9, fi) = (2)

algorithm of (1) using three sums has a computation time of
around 10 minutes for a cube of 0.5 x 0.5 x 0.5 = 0.125m".
In order to improve the computation efficiency, we have
developed a new algorithm with another formulation. We
have thought to use the 2D Fast Fourier Transform (FFT,)
algorithm for computation [8]. Let us construct M as the

matrix of measured data of dimensions N, * N, * N. In fact,

squared matrices of dimensions N,,* (number of antenna data
points) are stacked along the frequency dimension in order to
create the large matrix M. Then, a “focusing operator” Foc is
computed, knowing the geometry of the radar scene (x, y, z)
and the synthetic aperture (x,, y,). It is computed once and
then stored for all. The existence of such an operator is due
to the formalism of the double convolution in x and y for
the focusing processing. This means that the local reflectivity
y(x, v, z) instead of (1) can be expressed as

y(6322) = Y [M (50 %0 9, 7020 f)
f

% %Foc (X, X 5 Vo 25 f)]

(3)
= [FFT,' [FFT, [M (%, X4 3, Y 2 f)]
7

~FFT, [Foc (%, x4 7, v, 2 1]
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FIGURE 3: Target geometry.

Using the 2D-FFT (Two-Dimensional Fast Fourier Trans-
form) algorithm for the Fourier Transform in two dimensions
over the (x, y) coordinates, the imaging algorithm (see (3))
became very efficient. The 3D-SAR computation time for a
pixel of 1cm and a volume of 0.125m’ with N, = 51 and
Ny = 201 was about 2 seconds in MATLAB 8 on a standard
PC.

5. Experimental Results

The “radar tool” is a versatile microwave imaging device
with very high spatial resolution, due to the combination
of Ultra Wide Bandwidth and large synthetic aperture.
The microwave electronics is based on a portable Network
Vector Analyzer (NVA) used both as transmitter and as
receiver. It is linked to a PC equipped with the MATLAB
8 software. The chosen configuration for the measurement
is the §;,/reflection parameter in frequency domain. Thus,
only one antenna is used for transmitting and receiving. This
is to avoid bistatic angular shifts in case of two separated
antennas operating in near field. The bidimensional synthetic
aperture (X,Y) is synthetized with the help of a two-axis
translator (Figure 5). The transmitted power is 1mW. The
space sampling is 7.5 mm which corresponds to a quarter of
the mean carrier wavelength (3 cm at 10 GHz). The overall
dimensions for the synthetic aperture in both directions are
375 mm and 375 mm. This value has been carefully selected as
a compromise between image resolution and measurement
time. This means that the real image resolution is roughly
3cm in X and Y direction at 40 cm of distance between the
antenna and the target. Along Z, the resolution is fixed by the
frequency bandwidth and is about 4 cm.

Table 2 lists the specifications of “MIXIM,” the microwave
imager.

The three chosen objects for the test measurement are
described in Table 3.

The measurements are made with a different object at
each time. The objects are suspended between the coat (item
#6) and an electromagnetic flat absorber that simulates the
human body. As it is not possible to take a human being

International Journal of Antennas and Propagation

TABLE 2: Specifications of the microwave imager.

MIXIM (microwave X-band imager)

Operating frequency 8.2-12.4 GHz
Number of frequency samples 201
Transmitted power 1 mW
T./R, antenna Pyramidal horn with 15 dB gain
Video bandwidth 30 KHz
Synthetic aperture length 375 mm
Number of antenna samples 2601
x-axis step 7.5mm
y-axis step 7.5mm
Total measurement time 24 minutes
X, Y resolution 3cm

Z resolution 4cm

because of the measurement time, we simulate like this the
wave absorption by the human being and the reflection on
its surface could be similar to that of human fat. The distance
between the antenna and the object is 40 cm in order to keep
the nominal resolution of around 3 cm (see Figure 6).

The imaging results are now presented. First, we have
obtained 3D images using the signal processing algorithm. 3D
images can be seen as a set of 2D images (or cuts), for instance,
taken in the vertical plane. One can choose a 2D image in the
vertical plane at random. But we have adopted the following
better strategy: in order to detect the object, we remove the
mean value of each 2D image and we keep the pixels that are
above this value. Then we take 10 vertical cuts separated by
1 cm around the range of 40 cm. These 2D images are summed
in intensity, normalized to the maximum value, and displayed
with a color code in intensity between 30% and 100% of the
strongest pixel.

The first image (Figure 7) represents the ceramic knife
under cloth #6. The handle is metal (on the left), and the blade
is ceramic (on the right). The strongest local reflectivity is on
the metal (note that the handle is cambered) but the dielectric
blade is clearly visible because it is flat. The dielectric constant
of ceramic is estimated to 9.

The second object is a plastic toy gun under the same
cloth. From Figure 8, one can clearly imagine the shape of this
object.

The third object is the sand pouch in vertical position. We
have selected very fine sand coming from a beach in order
to simulate an explosive mass. Its dielectric constant is 2.6.
From Figure 9, one can estimate the cross section of explosive
mass. When the explosive is thick enough (say 10 cm), we can
estimate its thickness and so the volume. Of course, explosive
appears here only as a large “anomaly;” which is enough to
trigger an alert.

For objects of 4 cm size, the imager will deliver just a
spot which can be satisfactory for detection but not for shape
identification. This is why we claim that the dimensions
should be at least 10 cm for better shape estimation.

An extra measurement has been made for the case of
the ceramic knife under a wet shirt (slightly watered with
a spray of salted water in order to simulate human sweat).
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FIGURE 4: 3D EM imaging technical solutions: on the right, single antenna on a 2-axis translator; on the left, a fixed 2D antenna array.
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FIGURE 5: Schematic diagram of the imaging tool in operation.

The whole detection remains good. One can see that the
metallic handle disappears a little but not the blade. The
reason is the following. Due to the amount of water contained
in the shirt, the shirt provides a large electromagnetic back-
scattering of large extent in the (X,Y) plane. As the metal is
in contact with the wet shirt, the processing that subtracts
the mean value is partially confused. The blade that is not in
contact with the shirt appears clearly on the image due to the
Z-axis resolution capabilities of 3D imaging (see Figure 10).

6. Randomly Sparse Synthetic Array Imaging

In order to decrease the very long measurement time, one can
imagine synthetizing a large sparse array [9]. The idea is to
skip antenna measurements points along X and Y to go faster.
A configuration has been found with a random distribution
of elementary antennas. This configuration needs about 10%
only of the full number of antenna points. The selection of the
configuration is made by the following procedure:
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TABLE 3: List, description, and photographs of imaged objects.

Case number Object Material .Overz?ll Photographs
dimensions

1 Knife Metal/ceramic 4cm x 30 cm

2 Toy gun Plastic 8cm x 19 cm

3 Sand pouch Sand 7cm x 20 cm

<

Radar

FIGURE 6: Configuration of the measurement (object is maintained
between the coat and the absorber).

(i) Create a sparse matrix (“mask”) of 0 and 1 of dimen-
sions 51 * 51 with x% sparsity.

(ii) Compute the response of a point-like target by simu-
lation at a distance of 40 cm in near field.

(iii) Compute the response of the imaging processing by
turning on and off the elementary radiators following
the random rule given by the mask.

(iv) Adopt it according to a criterion of artifact level (e.g.,
—15dB of energy under the maximum peak).

With x = 10% sparsity, one can already find good
representations. In this case, a mask is represented in Figure 11
and its image is given in Figure 12 (corresponding to the case
of Figure 8).

015k S ...... ...........

-0.1 +

005 L. .. L L ]
0.1 -

T N SO S ]

FIGURE 7: Ceramic/metal knife under coat (horizontal).

7. Conclusion

Short range UWB microwave imaging has been developed in
X-band and has proved its interest. It enables vision through
clothes of objects of more than roughly 10 cm dimensions.
Shapes can be estimated even though the image quality is not
the same as optics or THz because of the wavelength. The
interesting point is that we have found that the transmission
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FIGURE 11: Sparse antenna array configuration: in black (1 = on); in
white (0 = off).
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FIGURE 12: Toy gun, with very sparse configuration.

through clothes, even slightly wet, does not disturb the
images and so inexpensive microwave systems could be
envisaged. The main drawback comes from the measurement
time. At this time, it is not possible to make measurements
with a real person. Signal processing computation time is no
more a problem with 3D-SAR clever formulations. In order
to improve the measurement time, a research axis has been
opened. Sparse array configurations already give good results
(even with some unwanted side-lobes) and the researches are
ongoing in the field of electromagnetic imaging algorithms.
Three new ideas are emerging:

(i) The first one is technical: it consists in using an arc
with antennas (equipped with digital switches) and
to sweep the human body along a circle as a scanner.
For the purpose, a line of antennas (like open wave-
guides) can been used as well as miniaturized FMCW
radar heads.



(ii) The second one is the MIMO-SAR or sparse config-
uration—both on transmission and on reception—
for the antenna array, which may bring about another
drastic decreasing of the number of measurements at
the price of a reduced signal-to-noise ratio.

(iii) Last, microwave imaging at mm wave will also be
performed in order to fuse information between X-
band and mm wave (60 GHz).
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