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Abstract—This paper deals with the problem of detecting potential
suicide bombers wearing concealed metallic and dielectric objects. The
data produced by Millimeter-Wave-Radar system, working on a Mul-
tiple Frequency-Multiple Transmitters and Multiple Receivers configu-
ration (MF-MTMR), is synthetically generated by an electromagnetic
code based on Finite Differences Frequency Domain (FDFD) method.
The numerical code provides the scattered field produced by the sub-
ject under test, which is later processed by using a multiple bistatic
Synthetic Aperture Radar (SAR) algorithm. The blurring effect pro-
duced by the Point Spread Function (PSF) in the SAR image is re-
moved by applying a regularized deconvolution algorithm that uses
only magnitude information (no phase). Finally, the SAR algorithm
and the deconvolution procedure are tested on a person wearing metal-
lic and dielectric objects. The SAR response of dielectric rods is quite
different from the metallic pipes. Our algorithm not only distinguishes
between cases but also is capable of estimating the dielectric constant
of the rods. Each constitutive parameter directly maps to the dielec-
tric constant of explosive compounds, such as TNT or RDX, making
feasible the detection of potential suicide bombers.

1. INTRODUCTION

In the increasingly important problem of identifying suicide bombers
wearing explosives concealed under clothing, it is essential to detect
suspicious individuals at a distance. Systems are being developed
which employ multiple sensors to determine the presence of explosives
on people, including observing and following individuals with
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intelligent video, identifying explosive residues or heat signatures on
the outer surface of their clothing, or by characterizing explosives using
penetrating X-rays [1, 2], terahertz waves [3–5], neutron analysis [6, 7]
or Nuclear quadrupole resonance (NQR) [8, 9].

At present, radar is the only modality that can penetrate and
sense beneath clothing at a distance of 10 to 50 meters without causing
physical harm. Successful SAR imaging of suicide bombers wearing
concealed metallic structures has been demonstrated previously by
our research group [10–12]. It has been shown that a person without
metallic pipes produces an SAR image that contains relatively smooth
variation on the pixel intensity across the torso of the subject. A
human subject wearing metallic pipes produces an SAR image that
contains abrupt variations across the torso, with these variations
corresponding to the positions of the metallic pipes. A new great
challenge arises when the strong metallic scatters are replaced by
a weak dielectric scatters — as is the case of explosive compounds
like TNT or RDX. For this particular case, the SAR image is highly
corrupted by the Point Spread Function (PSF) response resulting from
the radar pulse shape and the angular field of view of the synthetic
aperture.

In this paper we propose to solve this problem by applying a
deconvolution process, which removes the Point Spread Function (PSF)
response from the SAR image. Once the image is cleaned by the
deconvolution process, the main differences between the metallic pipes
and dielectric rods can be better appreciated. In the case of metallic
pipes, the image spot associated with each pipe appears to be closer to
the radar than the position of the pipe. In the case of dielectric rods,
the associated spot appears farther from the radar than the position
of the rod, inside the subject’s body. As a result of applying this
signal processing algorithms, it is possible not only to detect potential
suicide bombers but also estimate the constitutive parameters of the
substances they wear under clothing.

The structure of this paper is as follows: Section 2 describes
the proposed millimeter wave radar system configuration for
detection of potential suicide bombers; Section 3 describes the
signal processing algorithm for creating the SAR images when the
system works in a Multiple-Frequency-Multiple-Transmitter-Multiple
Receivers configuration; Section 4 presents a deconvolution algorithm
to remove the PSF response from the SAR image; Section 5 introduce
the numerical results for a suicide bomber with and without metallic
pipes and dielectric rods; in Section 6 the conclusions and major
contributions on the paper are described.
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Figure 1. Parameters of the millimeter-wave-radar system.

2. MILLIMETER-WAVE-RADAR SYSTEM FOR
SUICIDE BOMBER DETECTION

2.1. System Configuration

The baseline configuration of a Millimeter-Wave-Radar System for
Suicide Bomber Detection is depicted in Figure 1. The system is
configured to use Multiple-Frequencies and Multiple-Transmitters-
Multiple-Receivers (MF-MTMR). The multiple transmitter forms the
array in transmission while the multiple receivers form the array in
reception. The aperture size of the transmitting and receiving array
is Dt

ap and Dr
ap respectively, and the separation between adjacent

elements of the array is Dt in the transmitting array and Dr in
the receiving array. Each element of the array in transmission and
reception works at multiple frequencies and the total bandwidth of the
radar system is BW . The radar system is located at distance R from
the subject under test.

For this MF-MTMR configuration, see Figure 2, the field
Es (f l, rn

t , r) scattered by the subject under test is measured by the
p-th receiving antenna, which is located at r = rp

r (where p = 1 . . . Np),
when the n-th transmitting antenna, which is located at rn

t (where n =
1 . . . Nn), is radiating with the l-th frequency f l (where l = 1 . . . Nl).
Once the scattered field Es (f l, rn

t , rp
r) is measured for all transmitting

and receiving antennas as well as all frequencies, a SAR algorithm is
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Figure 2. Top view of the geometry configuration and vector notation.

applied in order to generate the images of the subject under test.
In such a MF-MTMR configuration, the amount of information

recorded for each transmitting antenna is larger than the one recorded
in a Single-Frequency and a moving Single-Transmitter-Single-Receiver
(SF-STSR) configuration. Therefore, the expected radar performance
of the MF-MTMR is better than the that the SF-STSR configuration,
but the system complexity of the former is larger.

2.2. Synthetic Data Generation Using Finite Differences in
the Frequency Domain (FDFD)

In order to simulate the electromagnetic behavior of the system,
synthetic data is generated by using Finite Differences in the Frequency
Domain (FDFD) [16]. This numerical code solves the 2D-Transversal
Magnetic (2D-TM) differential equation. Under this configuration, the
incident field Ei (f l, rn

t , r) — produced at the region of interest r ∈ ST

by the transmitting antenna — and the scattered field Es (f l, rn
t , r)

— generated after the electromagnetic interaction of the incident field
and the person under test — are both polarized in the ẑ direction:
Ei (f l, rn

t , r) = Ei
z (f l, rn

t , r)ẑ, and Es (f l, rn
t , r) = Es

z (f l, rn
t , r)ẑ. The

relationship between incident and scattered field is governed by the
well known 2D-TM wave equation:

[
∇2

T + kl2(f l, r)
]
Es

z(f
l, rn

t , r) = −4k2
p(f

l, r)Ei
z(f

l, rn
t , r) (1)
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where the ∇2
T is the Laplace operator in the transversal plane, kl =

2πf l
√

µ0ε0[εr(r)− jσ(r)/2πf lε0] is the wavenumber, kl
0 = 2πf l√µ0ε0

is the wavenumber in free space, 4k2
p = kl2 − kl2

0 is the difference
between the wavenumber squared and the wavenumber in free space
squared, µ0 and ε0 is the magnetic permeability and dielectric
permittivity in free space, εr is the relative dielectric permittivity, σ is
the electrical conductivity, and j =

√−1. Equation (1) is discretized
into pixels, for the region of interest ST , using a Finite-Difference
scheme. For each pixel, the wave number kl and incident field Ei

z
must be specified; so that the scattered field Es

z is computed by the
inversion of a square matrix [16].

3. SYNTHETIC APERTURE RADAR SIGNAL
PROCESSING

The two dimensional, phase based MF-MTMR SAR image at the point
rs
u (s = 1 . . . Ns) is computed by means of the continuous functional

imaging function given by:

I(rs
u) .= K1

∫

ST

ht(r, rs
u)hr(r, rs

u)Υ(r)dr (2)

where Υ(r) represents the objective complex reflectivity function, ST

is a region around the target where the imaging is performed, ht (r, rs
u)

is the field distribution created by the transmitting array when the
focusing is performed at the point rs

u. This function considers the
interaction of the electromagnetic wave with the human subject under
test, and it is equal to the total field (incident plus scattered) created
when the focusing is performed at rs

u. The function hr (r, rs
u) is the field

distribution that the receiving array would create in transmission when
the focusing is performed at rs

u. This function is based on reception;
therefore, there is no interaction with the subject under test. K1 is
a constant that considers amplitude attenuation derived from wave
propagation. In the particular case where the array in transmission
is modeled as a summation of point sources, and the total field is
proportional to the incident field — this is the Born approximation
for dielectrics and Physical Optics approximation for perfect electric
conductors — the function ht (r, rs

u) can be approximated by:

ht(r, rs
u) ≈ K2

∑
n

∫

k

∫

SA

g(k0)δ(r′ − rn
t )e−jk0(|r−r′|−|rs

u−r′|)dr′dk0

= K2

∑
n

∫

k
g(k0)e−jk0(|r−rn

t |−|rs
u−rn

t |)dk0 (3)
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where k0 = 2πf
√

µ0ε0 is the wave number in free space −µ0 and ε0 is
the permittivity and permeability on the air — g(k0) is the frequency
respond of the radar, SA is a region containing the transmitting and
receiving arrays, K2 is also a constant which depends on amplitude
attenuation derived from wave propagation as well as the boundary
conditions of the target. Similarly, the function ht (r, rs

u) can be
approximated by:

hr(r, rs
u) ≈ K3

∑
p

∫

k

∫

SA

g(k0)δ(r′ − rp
r)e

−jk0(|r−r′|−|rs
u−r′|)dr′dk0

= K3

∑
p

∫

k
g(k0)e−jk0(|r−rp

r |−|rs
u−rp

r |)dk0 (4)

where K3 is a constant which consider amplitude attenuation derived
from wave propagation. The discrete version of (2) can be written
as [13]:

I(rs
u) =

∑

l,n,p

E(f l, rn
t , rp

r)a(f l, rn
t , rp

r , r
s
u)ejΦ(f l,rn

t ,rp
r ,rs

u) (5)

where a (f l, rn
t , rp

r , rs
u) and Φ (f l, rn

t , rp
r , rs

u) are the field amplitude
attenuation and phase shift associated with a wave propagating from
the transmitting antenna rn

t to the receiving antenna rp
r , when the

focusing is performed at rs
u (see Figure 2). For imaging, the attenuation

factor in free space, a (f l, rn
t , rp

r , rs
u) can be assumed to be constant,

since the effect of the phase shift component is dominant.
The phase shift term in (5), when the propagation is in free space,

can be written as:
ΦFS

B (f l, rn
t , rp

r , r
s
u) = φ1 + φ2

φ1 = kl
0|rs

u − rn
t |, φ2 = kl

0|rp
r − rs

u|
(6)

where kl
0 = 2πf l√µ0ε0 is the wave number in free space (µ0 and ε0 is

the permittivity and permeability on the air). The terms φ1 and φ2

in (6) correspond to the two legs of the path from the transmitter to
receiver shown in Figure 2.

A coherent combination of the background field emanating from
each transmitting antenna with the first term in (6), φ1, produces a
spatially localized spot in transmission around the focusing point rs

u.
The spot has a range resolution of:

∆R = c/BW (7)
where c = 1/

√
µ0ε0 is the propagation speed of the electromagnetic

wave in free space. The spot has a cross range resolution of:
∆Rx ≈ λ0R/Dt

ap (8)
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By reciprocity, the second term in (6), φ2, produces a spatially localized
spot in reception around the focusing point.

The field distribution created by the array in transmission,
ht (r, rs

u), contains grating lobes in cross range, which are separated
from the desired spatially localized spot — centered at rs

u — a distance:

Lt
x = R tan

(
sin−1

(
qλ

Dt

))
(9)

where q is an integer taking values different from zero. When the
element separation Dt is increased, the grating lobe distance Lt

x is
reduced.

The result of sampling the bandwidth BW in Nl samples also
produces grating lobes in range with the field distribution function
ht (r, rs

u), which are separated from the desired spatially localized spot
a distance:

Lt =
c

BW
(Nl − 1) (10)

The field distribution function of the receiving array, hr (r, rs
u),

also contains grating lobes Lr
x and Lr in cross range and range. The

equation for Lr
x is the same as (12) with the distance between adjacent

elements of the array in transmission Dt is replaced by the distance in
reception Dr.

3.1. Point Spread Function Deconvolution from SAR Image

The Point Spread Function (PSF) is approximated using (2) when the
reflectivity function, Υ(r), is a point source, δ(r).

PSF(rs
u)=K1

∫

ST

ht(r, rs
u)hr(r, rs

u)δ(r)dr = K1ht(0, rs
u)hr(0, rs

u) (11)

Therefore, SAR image is approximately equal to the complex
convolution of the PSF with the reflectivity function.

I(rs
u) ≈ PSF(rs

u) ∗Υ(rs
u) (12)

where ∗ indicates the two dimensional complex convolution. In order
to better estimate the reflectivity function, the PSF distribution, PSF
(rs

u), can be deconvolved from the SAR image I(rs
u). For this paper

we have used the regularized deconvolution algorithm [14, 15], where
the magnitude of the PSF is deconvolved from the magnitude of the
SAR image. The regularized deconvolution of complex signals must be
addressed in future work, as it is beyond the scope of this paper.
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4. NUMERICAL RESULTS

4.1. Radar Configuration

The radar configuration used in this paper is summarized in Table 1.
Figure 3(a) presents the squared magnitude of the approximation of
the field distribution function ht (r, rs

u) given by (3). The characteristic
grating lobes, in both range and cross range, are present at distances
Lt/r = 0.7496 meters and Lt

x = 0.5459 meters. Figure 3(b) presents
a zoomed version of Figure 3(a) around the main spot. The shape
of this spot in cross range is approximately of the form sinc =
sin(NnK4x)/ sin(K4x), where K4 is a constant depending on the
wave number and the separation between adjacent elements of the
array [18]. The shape of the spot in range is also of the form sinc =
sin(NlK5Y )/ sin(K5Y ), where K5 is a constant depending on the
sampling period in the frequency domain [19]. This two dimensional
distribution results from using uniform amplitude coefficients for
exciting every element of the array for each frequency.

Figures 3(c)–(d) present equivalent results for the field distribution
function hr (r, rs

u) given by (4). Since the aperture size of the
transmitting array, Dt

ap = 0.7 meters, is smaller than the aperture size
of the receiving array, Dr

ap = 3.2 meters, the cross range resolution
in transmission, ∆Rt

x = 0.0454 meters, is bigger than in reception,
∆Rr

x = 0.0099 meters. The separation between two adjacent elements
in the transmitting array is smaller than in the receiving one, therefore
the grating lobes in cross range for the former are further apart than
for the latter.

Figure 3(e) presents the magnitude of the product of the filed
distribution function in transmission and in reception, a as given by (5).
The cross range grating lobes of this product which are located at
the same range as the main spot are almost zero. This result is a
direct consequence of using different separation between adjacent array
elements in transmission and in reception. The image distortion effect
due to other cross range grating lobes, not coincident with the range
of the main spot, can be removed by reducing the sampling frequency
of the bandwidth. For this particular case, the depth of the human
subject in range is smaller than the distance between adjacent grating
lobes in range Lt/r = 0.7496 [m], therefore there is no image distortion
effect present in the SAR images.

4.2. Synthetic Data Generation with the FDFD

The human subject is modeled based on a human cross section obtained
from the visible human project [17], which is represented in Figure 4(a).
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(a) (b)

(c) (d)

(e) (f)

Figure 3. Field distribution function: |ht (r, rs
u)|2. (a) Wide region,

(b) zoomed region; |hr (r, rs
u)|2, (c) wide region, (d) zoomed region;

|ht (r, rs
u)hr(r, rs

u)|, (e) wide region, (f) zoomed region (color-bars
range: 0 to −15 dB).
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Table 1. Parameters for the baseline configuration.

RADAR SOURCE
Center frequency fc = 94.5 [GHz]

Bandwidth BW = 6 [GHz]
Number of frequencies Nl = 8
Range resolution in air ∆R = 0.0500 [m]

Grating lobes distance in range Lt/r = 0.7496 [m]
TRANSMISSION

(equally spaced point sources)
Number of transmitting antennas Nn = 13
Position in [m] of the first element r1

r = −0.35x̂ + 10ŷ
Position in [m] of the last element r13

r = 0.35x̂ + 10ŷ
Cross range resolution in air ∆R

t

x = 0.0454 [m]
Grating lobe distance in cross range Lt

x = 0.5459 [m]
RECEPTION

(equally spaced point sources)
Number of receiving antennas Np = 13

Position in [m] of the first element r1
r = −1.6x̂ + 10ŷ

Position in [m] of the last element r13
r = 1.6x̂ + 10ŷ

Cross range resolution in air ∆Rr
x = 0.0099 [m]

Grating lobe distance in cross range Lr
x = 0.1192 [m]

Different regions of the image are coded into a matrix of indices,
see Figure 4(b), which is used by the FDFD code to generate the
synthetic data. Free space is represented by a value of one in the image,
and the wave number at this region is equal that of a wave propagating
in free space kl = kl

0. Skin is coded by a value of zero, and the wave
number at this region is equal to kl = kl

0

√
(11.9− j55.6/(2πf lε0)),

which is based on extrapolated measured dielectric constant values at
W-band.

The FDFD code computes the fields in the first 2 millimeters
of conducting high water content skin, and then considers the
fields inside the human body to be zero, since the skin at working
frequencies is so conductive that waves attenuate more than an order
of magnitude by the time they traverse the skin layer. The latter
approximation drastically reduces the computational cost of these
simulations. Regions in which the total field is zero is coded by a
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value of two in the FDFD grid represented in Figure 4(b). Metallic
pipes are also coded by a value of two in the image, since the total
field is also zero at these regions (see Figure 4(c)). Dielectric rods are
easily simulated by adding an index to the grid, indicating a dielectric
wave number given by kl = kl

0
√

εr (where εr takes a variety of sample
low-loss material values running from 1 to 7.5).

4.3. SAR Imaging and PSF Deconvolution: Suicide Bomber
with Metallic Pipes

The SAR images for a person with and without metallic pipes are
presented in Figure 5. These images are obtained from a pixel based
matrix derived from (6) and the radar pointing normally to the front of
a subject’s torso. Figure 5(a) shows the case of a person without metal
pipes. The pixel intensity across the torso of the subject presents a
relatively smooth variation. Figure 5(c) presents the image for a person
wearing metal pipes. The pixel intensity across the torso presents
abrupt variations mapping to the position of the metallic pipes. These
SAR images also show that only the regions where a specular reflection
contribution is produced are seen in the image.

Figures 5(b) and 5(d) present the SAR images after applying the
deconvolution algorithm. The deconvolution algorithm using only the
magnitude of both the PSF and the SAR image produce a better
reconstruction of the reflectivity function Υ(r), since the elongation
artifacts of the PSF are absent in the new images.

(a)

(b) (c)

Figure 4. Human body cross section: (a) real image, (b) FDFD
model [17], (c) FDFD model with metallic pipes.
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4.4. SAR Imaging and PSF Deconvolution: Suicide Bomber
with Dielectric Rods

Figures 6–8 present the front part of the human cross section — which
contains regions producing specular reflections — and the SAR image
after applying deconvolution when the diameter of the rods are 1.5, 2
and 2.5 [cm] and have different dielectric constants.

In the case of metallic pipes, the image spot associated with each
pipe appears to be closer to the radar than the position of the pipe.
In the case of dielectric rods, the associated spot appears farther from
the radar than the position of the rod, inside the subject’s body.

The explanation for this effect is that the SAR algorithm images
using the free space wavenumber kl

0 in (6), but that the wavenumber for
the field propagating through a dielectric rod −kl = kl

0
√

εr, where εr is
the relative dielectric constant of the rod — is larger than the free space
wavenumber. Therefore, the speed of propagation in the dielectric is
reduced, and the spot associated with the dominant reflection from
the chest is delayed. As expected, when the relative permittivity of
the dielectric rod is increased, the velocity is further reduced, and the
delay for the chest reflection spot is also increased, making the spot
appear deeper into the chest. Finally, it is possible to measure the delay

(b)

(d)(c)

(a)

Figure 5. SAR image and cross section of simulated human
subject with: no metallic pipes (a) before deconvolution, (b) after
deconvolution; metallic pipes (c) before deconvolution, (d) after
deconvolution.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. Front part of the simulated human cross section and SAR
image after applying deconvolution when the diameter of the rods is
1.5 [cm] and the dielectric constant is: (a) 1ε0, (b) 1.5ε0, (c) 3ε0, (d)
4.5ε0, (e) 6ε0, (f) 7.5ε0 (color-bars range: 0 to −14 dB).
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(a) (b)

(c) (d)

(e) (f)

Figure 7. Front part of the simulated human cross section and SAR
image after applying deconvolution when the diameter of the rods is 2
[cm] and the dielectric constant is: (a) 1ε0, (b) 1.5ε0, (c) 3ε0, (d) 4.5ε0,
(e) 6ε0, (f) 7.5ε0 (color-bars range: 0 to −14 dB).
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Front part of the simulated human cross section and SAR
image after applying deconvolution when the diameter of the rods is
2.5 [cm] and the dielectric constant is: (a) 1ε0, (b) 1.5ε0, (c) 3ε0, (d)
4.5ε0, (e) 6ε0, (f) 7.5ε0 (color-bars range: 0 to −14 dB).

distance as a function of the dielectric permittivity, which can be used
to identify the constitutive parameters of the dielectric materials, to
further confirm or rule out the presence of explosives. The diameter
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of the spot is also proportional to the diameter of the dielectric pipe,
therefore it is possible to independently determine both rod’s size and
dielectric constant.

5. CONCLUSION

This paper has presented a model of a millimeter wave radar system
for suicide bomber detection. The system uses different arrays in
transmission and in reception, since such a configuration ensures that
the grating lobes in cross range of the array in transmission are
not coincident with the ones of the array in reception. Therefore,
the blurring effect that the grating lobes have in the SAR image
is eliminated. The system works in a Multiple Frequency-Multiple
Transmitters-Multiple Receivers (MF-MTMR) configuration, requiring
the traditional dynamic monostatic SAR imaging algorithm to be
modified to work in a multi-static configuration.

The SAR images are highly corrupted by the Point Spread
Function (PFS) response of the system. In order to remove the burring
effect that the PFS response has on the SAR image, we have proposed
a regularized deconvolution algorithm. The new images generated
after applying the deconvolution are unbiased with respect of the
PSF response, resulting in a better reconstruction of the reflectivity
function. For this particular configuration, it has been shown that a
deconvolution using only the magnitude of both the SAR image and
PSF produce a good reconstruction of the reflectivity function. The
deconvolution using the complex valued SAR image and PSF is the
subject of future research.

The performance of the MF-MTMR SAR imaging algorithm and
the deconvolution process have been tested on simulated human cross
sections with and without metallic pipes and dielectric rods. The
reflectivity function can only be reconstructed in regions where a
specular reflection is produced. As a result, the top part of the metallic
pipes are clearly seen in the SAR image as well as the front part of the
chest of the human body.

The reflectivity function reconstructed when the human subject
is wearing dielectric rods is quite different from when he is wearing
metallic pipes. In the case of metallic pipes, all the wave energy is
reflected from the front of the pipe, while for the dielectric rods, part of
the wave travels through the rod, is reflected on the chest of the subject
under test, then travels again through the rod and finally propagates
towards the radar. This effect of traveling through a dielectric medium
reduces the speed of propagation of the wave when compared with free
space propagation, therefore a reflection that should appear to be in
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the front of the chest of the human body appears delayed in the SAR
image.

Finally, it is possible to measure the delay distance as a function
of the dielectric permittivity, and for different diameters of the rod,
leading to a function that can be used to identify the constitutive
parameters of concealed substances. This information can be compared
to the dielectric constants of some well characterized compounds
like TNT or RDX, making feasible the detection of potential suicide
bombers.
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