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Abstract—The development of the Unmanned Aerial Vehicle
(UAV) and communication systems contributed to the availability
of more applications using UAVs in military and civilians
purposes. Anti-personnel landmines deployed by militia groups
in conflict zones are a life threat for civilians and need cautious
handling while removing. The UAV Tomographic Synthetic
Aperture Radar (TSAR) can reconstruct three-dimension images
of the investigation domain to prescreen nonmetallic landmines.
A nonmetallic landmine cannot be detected using conventional
ground penetrating radars when the scattering field is undetected
due to the dielectric permittivity. In this paper, imaging the
underground for detecting landmine using TSAR is proposed.
The TSAR has the capability of prosing the data in discrete mode
regardless of the altitude of UAV’s radar. A landmine is always
buried less than a feet depth. L-band frequency is used to provide
high resolution and to penetrate deep in dry soil. More than one
UAVs are used to multistatic scan the investigation space. The
geometric diversity of multistatic distribution of the sensors will
provide more information about the buried nonmetallic
landmines, certain features, and their location. The data collected
from the sensors will align with the geolocation data obtained
from the UAV’s system for processing. Dynamic flying can be
used to predict the electromagnetic response of the scattering
field to create a dynamic matching filter using the Green’s
function under first-order Born approximation. The occurring
air-soil interference has been removed as an unwanted reflection
from the ground while keeping the signal coming from
underground. Using the Born approximation assumption created
an ill-posed linear system solved by the Conjugate Gradient
algorithm. Simulation results are presented to validate the
method.
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1. INTRODUCTION

There were an estimated one hundred million landmines
positioned in many countries by 2009, while their number is
increasing by 2 million landmines annually [1, 2]. These
hidden weapons pose a serious threat to the civilians living in
these regions. While efforts are been conducted to remove
these mines, at the ongoing rate of clearance it will take an
estimated 1100 years to eradicate them and perform ordinances
of unexploded mines through the use of conventional methods
of detection such as Ground-Penetrating Radar (GPR) [3].
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TSAR exhibits three primary attributes that set it apart from
alternative sensors: a wide accumulated angle, low-frequency
band, and small bandwidth. These attributes facilitate a more
effective penetration of the soil, the development of Synthetic
Aperture Radar (SAR) images that are of a higher resolution,
and enable the radar to cover more extensive areas. As such,
TSAR represents a promising technology for the ongoing
efforts to find land mines from a safe distance. Moreover,
tomography has been effectively employed in many medical
and scientific fields. For example, Computed Tomography
(CT) is frequently used to assist diagnosis. The tomographic set
of scanning is exploiting the spatial diversity as an X-ray beam
is concentrated and scanning in multiple angles around the
object is conducted in order to provide the 3-D features [4].
The attenuation that occurs as the object is passed is calculated
by the detectors (X-ray receivers) that are facing the X-ray
tube. At each point at the circular geometry, the radiation dose
that is received relates to an estimation of the attenuation of the
object in the direction of the transmission. According to the
projection-slice theorem [5] for a given angle position the
Fourier transform of the signal that is subsequently received
relates to a slice of the two-dimensional (2-D) Fourier
transform. During the process of the CT, a one-dimensional (1-
D) FFT is first performed. This is then processed into a 2-D
image that displays the distribution of the attenuation in a polar
arrangement. After that, the polar format is transformed into a
Cartesian format via an interpolation step. The final image is
developed via a 2-D inverse that results in the presentation of
the 2-D object attenuation map at every position of interest.

Several studies [6-8] have demonstrated that it is possible to
formulate spotlight SAR spectral analysis based on azimuth in
a comparable technique similar to the tomographic set of
medical X-ray scanning [9, 10]. The radar tomographic set is
based on linking the radars in one processing network, where it
can be expanded to further application [11, 12]. Furthermore,
the stripmap mode can be performed using a similar process to
tomographic processing based on the scanning trajectory [13].
As a result of the small variations in the angles that are of
interest during SAR processing, more algorithms have been
developed for effective image reconstruction [14]. At a high
level, the development of the synthetic aperture that is
employed in SAR represents a tomographic technique. When
X-ray tomography is performed, it is not possible to achieve 3-
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D imaging. Instead, 2-D processing is performed in iterations
spanning multiple positions on the object by performing minor
step parallel readings of the receiver and transmitter set. This
form of CT can be applied to detect mines due to the mutlistatic
tomographic radar that can process signals at any evaluation
beam level, where a discrimination process can be applied to
classify a landmine from a variety of objects at a selected area
that is potentially prescreening. Having the ability to detect and
image objects that are buried in the ground is essential in a
range of commercial, military, and civilian settings, i.e. for the
exploration of natural resources and detection of tunnels [15].

Below-ground imaging techniques that are currently in use
have the ability to identify both metallic and nonmetallic
artifacts that exhibit higher conductivity than soil [16, 17]. The
use of electromagnetic waves to image objects that are located
below the ground represents a non-damaging approach to the
detection, surveillance, and imaging of below-ground features
and irregularities. The performance of below-ground imaging is
performed using a process of radio wave transmission and
scattering by which radio waves are passed through the ground
by the transmitter system, which subsequently measures the
waves that are reflected from the targets and determines the
effects that the various materials have on the transmitted radio
waves. The data that are reflected from the area of interest are
primarily received by passing a surface antenna around a
circular framework. Pulses are transmitted from the airborne
UAV’s radar downward-looking to the ground with a data link
connection for effective and accurate processing. The main
difficulty in this scenario is the capturing of the signal caused
by reflections of the surface. When the targets are deeply
buried, it is easy to separate the surface clutter signal from the
target signal. In such cases, it is easy to separate signals using
range gating techniques. If the target is very close to the
surface, range gating is ineffective because the clutter signal
from the surface and the target will be received almost at the
same time. Thus, the problem is to promote the separation of
target signals and ground clutter. TSAR can operate at Ultra-
Narrow Bandwidth (UNB) or even at a single frequency in
pulse form to reduce the attenuation when these pulses
penetrate the ground and come into contact with an
underground landmine. The signal attenuation is associated
with the bandwidth. The radar system employs a
supercomputer to undertake real-time digital processing of the
scattering data field collected. When covering large
environments, the data rate is substantial, and so a single
receiver system using a single frequency is required for real-
time processing employing existing down-link hardware.

The surface antenna assembles the scattering field data that
are reflected and subsequently undergo processing for detection
and imaging. Dynamic Green’s function is used to eliminate
the strong surface clutter. In Dynamic Green’s function
technique, the processing of the landmine imaging is done by
using just a single frequency. The technique explores an image
of a below-ground item that is reconstructed through the
application of TSAR and 3-D SAR using matched filter
calculations based on aviation data that permit the collection of
circular data collection.

II.  LAND MINE DETECTION USING ELECTROMAGNETICS

Land mines are currently detected through the use of metal
detectors that evaluate the disruption of a radiated
electromagnetic field from the presence of underground
metallic objects. One of the primary drawbacks of this
approach is that any scrap metal activates the alarm. As such, it
represents an inefficient approach to the detection of land
mines due to the high rate of false alarms [18]. The GPR is
used to transmit electromagnetic waves that penetrate the
ground to sense the underground from the reflections that occur
at the discontinuities of the dielectric constant. Due to its ability
to penetrate the ground, Ultra-Wide Band Synthetic Aperture
Radar (UWB SAR) has emerged as a promising technology
that can identify landmines in a large area of land without
putting human lives at risk [19-20]. However, like metal
detectors, GPR can trigger false alarms due to the presence of
irregularities in the soil, for instance, rocks and roots, when
hidden Markov models were used to classify the background
from plastic-cased or completely nonmetal landmines [21-23].
A further issue with GPR is that it is not as effective in terms of
detection of smaller mines that are in shallow locations because
the soil-surface reflection disguises their response [1, 24]. The
X-ray backscattering approach is based on the notion that soil
and mines have different attenuation, which leads to detecting
landmines [25] although the x-ray generators that are employed
in this approach are huge and heavy and require high amounts
of power to achieve sufficient penetration. As such, this does
not represent a portable method [26]. Furthermore, as radiation
is involved, its acceptance is limited. The millimeter-wave
radar (MMWR) approach is dependent on the concept that the
soil has low reflectivity and high emissivity at certain
frequencies, while metals have the opposite characteristics [27,
28]. Active MMWR employs a source of excitation, but
MMWR relies purely on the temperature of the environment.
As such, while MMWR represents a promising approach for
the detection of metallic objects, it is not effective in the
detection of plastic artifacts.

III.  RELATED WORK

A number of methods of signal processing have been put
forward for improving landmine GPR system performance,
including forward scattering radar classification [29],
background subtraction, CLEAN algorithm [30], Kalman
filters [31], likelihood ratio test [32], wavelet packet
decomposition [33], and additional two-dimensional filtering
[34]. The majority of these methods depends on estimating the
background signal through Green’s function or calculating a
mean value for the unprocessed data collected by GPR and
then subtracting the estimated background signal from the
received signal. Such methods have been widely used for GPR
applications but are a compromise at best.

An alternative approach that does not need background data
has been suggested in [35]: rather than being dependent on
background scene data, we can gate out ground reflections,
estimate the corresponding parameters, and use this for
modeling and subtracting wall contributions from the received
data. GPR designed for the detection of buried landmines
through multiple probes of the ground across the target area has
a similar problem caused by clutter reflection, i.e. reflection
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from the ground’s surface. This approach involves the
application of matched filters for eliminating ground clutter,
which can be estimated at the phase center of the scattering
field. While GPR requires special filtering, these two
challenges have two substantial differences. Firstly, for GPR,
clutter signals arise from echoes caused by the air/soil medium
differences. This means the strong ground clutter will mask the
landmines which are very close to the surface. Those buried
deep down will not be shielded by clutter. Secondly, as the
clutter/landmine scatting signal is significantly overlapped
within frequency domains, filtering will also attenuate the
landmine reflection. For numerous GPR applications, the
inverse problem of imaging a whole medium is not practical.
The inverse problem will generally be nonlinear even when the
forward problem is linear. Additionally, the inverse problem is
generally ill-conditioned, and we have to apply an inversion
technique to regularize the solution. In this case, we employ
techniques centered in matched filter methodology based on
dynamic Green’s function for the detection of significant
changes in patterns within the cluttered environment, e.g. the
appearance/disappearance of targets/target motion, with no
knowledge of the background medium.

IV. METHODOLOGY

The proposed dynamic Green’s function is based on RF
tomography imaging introduced at [15, 36]. The TSAR model
incorporates an electromagnetics source that is mounted into a
UAV located at an instant time at r;5,. The instant time can be
determined by combining the information from the Global
Positioning System (GPS) and the radar signal to determine the
exact distance form the ground. There are many methods to
support accurate fly level information, such as Lidar. The
electromagnetic field radiates toward the ground which is
known as the E™™ incident field in terms of the target. The area
of interest that needs to be constructed for the image is
discretized where more than one UAV can scan. The target is
positioned at 7;, about 0.1m under the strong ground clutter, and
the scattering field ESC is comparable to the way of radiating
from the airborne UAV transmitter. This scattered field, which
is known as E*C, is recorded by a receiver at 7y, . The E™™ and
ESC will have the same polarization unless the target has no
properties of changing the reflection polarization. Additionally,
each respective object is assumed to be isotropic due to the
ground environment where the E™ and ES¢ together form the
total electric field E*t as:

Etot — FSC 4 pin (1)

The incident field can be formed as Green’s function with
knowing the aviation and sensor parameters to given r;f, 1},
and 7, as follows:

E™ = jouG(rt,r,) (2)

The Green’s function G (r,f,rp) is giving the calculated
electromagnetic response at any point in the area of interest

with respect to 7;, , and k is the wavelength number:
ooy el |
G(r,f,rp) = (I +k—2)

3)

an[fri—rp|

In order to obtain the dynamic Green’s function to remove
strong air-soil clutter, the propagation number needs to be
updated due to the soil dielectric properties. Now, we calculate
the ground clutter respace above the area of interest 7, as:

Te =—— (4)

PC  2PFR

where PRF is Pulse Repetition Frequency and c is the speed of
light.

The Green’s function to calculate the clutter G C(r,f,rp) is
giving the calculated electromagnetic response at any point in
the area of interest with respect to 7, :

v\ efklrpe=rmll
c T j— —_—
G (rpc, rm) = (I + kz) g —

The scattered field can be obtained in the integral form of
respect to the object function v(r,) and the total electric field
E** as follows:

Es¢(w,15,mm) = [[f G(rp, rnﬁ)v(rp)Emt (oo, rp)drp %)

It is not possible to solve the scattered field, ES¢, from (5)
because it is incorporated in E®°t and becomes a nonlinear
integral equation, as outlined in (1). The incident field can be
calculated using (4) and by applying the first-order Born
approximation to linearize. In addition, v(rp) is an unknown
element within the imaging problem. It is multiplied by the
other unknown, E5¢ that is incorporated in the E®*. It is
possible to apply the Born approximation to the total electric
field E®°¢ to substitute the incidence field E™ to linearize the
integral equation as:

E(w, 10, 17) =[] 6(r 17)v (1 )E™ (0,73, )dr, (6)
The incident field can be substituted with (2) to produce:
Es(w,nt, 1) = [[f G(r, rp)G(rp' rnﬁ)v(rp)drp ™)
We need now to update the Green’s function in the integral
by the clutter Green’s function:
E* (0,14, 1) = [[] G (te, 1) G (1t 1) G (1, 1) v (1), (8)

Discretizing (8) to have more flexibility to be adopted into
airborne processing while calculating the Green’s function as
we collect the scattering field in different aviation level and
trajectory by dividing the area of interest into p pixels as
follows:

Es¢(w,rfrh) = L[v(rp)] =
2p=1{G (rpe, )G (15,1, )G (1, 77 Jv(1,) (9)

Equation (9) can be mathematically considered in a matrix
form to provide an effective and rapid process in digital signal
processing in form:

Enm = anp v (10)

To obtain the object function v, we will solve (10) as an
inverse problem that is an ill-posed and ill-conditioned linear
system representing the forward scattering model. However,
(9) can only be used to determine single measurements as it
relates to a particular orientation and transmitter location,
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receiver orientation location, orientation, and frequency. In the
event any of these parameters are reformed, there is a
requirement to obtain a new measurement. As such, there is a
need to modify (9) in response to any variations by compiling a
set of (¢=1, Q) airborne UAV’s measurements for each divided
pixel p as [8,9]:

— JXX4,XX xy . Xy XZ ,,xZ
eqp = lgpvap + gy vap + lgpvgy +

yx_yx | VY VY | 1VZ_ Yz
+lqpvqp + lqpvqp + lqpvqp + - an

iy +lopVap G5V
Each [ value in (11) can be calculated by appropriately
reorganizing and modifying (10). Expanding the equation
outlined above to all pixels in the area of interest and all
potential measurement patterns, O, we have:

Measurement
Vector

(Scattered Field)

Contrast

) . . i Vector
Dynamic Green's Function (Matching Filter) (Image)

= I ——

Ef G1C1G1T1G1R1 szszGﬁ £

E3 = G566 G566 | 2| (12)
: : : . Vs
e L v

where e is the measured scattering field data collated at various
UAV’s aviation level, the matched filter L is the calculated
Green’s function response for the transmitter and the receiver
at each p pixel in the area of interest grid, and v is the unknown
object function. The inversion technique to recover the object
function is given by:

v=L"1e (13)

The inversion of the ill-posed matrix at (12) can be obtained
using the Conjugate Gradient (CG) algorithm, which is much
faster compared to other inversion algorithms such as
Algebraic Reconstruction Techniques (ART). The inversion
algorithm can be done after the prescanning of the area of
interest to do offline processing. Real-time processing is doable
due to independent measurement in discrete form analysis,
where the pixels of the area of interest are updated at each scan.

V. SIMULATION RESULTS

The simulation of the landmine detection using UAV
TSAR has been done using FEKO, which is a computational
EM simulation software tool. In this simulation, we first need
to check the accuracy of the calculated dynamic Green’s
function, whether it really can estimate the ground clutter or
not in order to update the matched filter. In Figure 1, we
calculated the scattering field at using the same parameters for
Green’s function and FEKO simulation, which appear
matching at the phase and amplitude of the reflected signal.
The matching between the calculated and simulated scattering
field indicates an exact update for the dynamic Green’s
function in the system to predict the effect of the clutter in the
received signal. The accuracy of the calculated Green’s
function will eliminate the clutter by updating the matched
filter. Furthermore, obtaining the range distance between the
UAV and the ground improves the accuracy of the calculated
clutter response at the matching filter. We are using the
simulated radar scattering single received at L-band 500MHz
bandwidth to obtain the range distance. The exact range

distance of the radar and the measured range distance are
shown in Figure 2, which can provide the accurate calculation
of the clutter response using the Green’s function. We placed
the radar first at 2.4m then we measured the range distance by
the received scattering field. Then, we increased the aviation
level from the ground by 0.4m to find if the measured range is
matching the flying level. As shown in Figure 2, the flying
level was increased by 0.4m for each position and the measured
radar range matched the exact range. For landmine imaging, we
show two scenarios with the same number of sensors at two
different flying patterns. The operation frequency of both
scenarios was at 2GHz.

The phase « ES VS Magnitude |ES|
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*  Simulated Scattering Field (FEKO) ,
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Fig. 1. Comparing the accuracy of the calculated scattering field.
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Fig. 2. Determining the flying ground level using UAV radar.

In the first scenario, the scattering field from constant
circular trajectory flying pattern was simulated as shown in
Figure 3, while snapshotting the received scattering field at 969
locations around the measurement domain to mimic the
airborne UAV’s collecting data. The measurement domain
contains three cylinders placed 0.075 from the center at shown
in Figure 4. Each cylinder has a diameter of 0.0375m and a
height of 0.05m. After the data of the single 2GHz frequency
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were stored at a scattering field vector in multiple snapshot
locations, we started to calculate the dynamic Green’s function
based on the distance obtained from radar range at S00MHz
bandwidth at L-band to be added into the matching filter
matrix. Since the inversion is an ill-posed condition, the
inversion between the scattering filed vector and the matching
filter matrix has been done using the CG algorithm. The
reconstructed xy-plane image of the measurement domain is
shown in Figure 5 in which the pixel size is 0.00375m.

UAV Movements at Constant Attitude

~-O  The Snapshot Data
The Flying Pattern

3 E W\@\

0
y-axis (meter) 22 x-axis (meter)

Fig. 3. UAV collecting data at constant flying attitude.

ZiN

0.15m

Fig. 4. Three cylinders at the measurement domain using FEKO

simulation.

In the second scenario, we collected snapshot data at erratic
flying pattern as shown in Figure 6. The snapshot data of the
scattering field were collected at a circular trajectory from
different flying levels at 969 different locations around the
measurement domain. We used a multistatic scanning mode to
apply different UAV scannings at the same time. The operation
frequency is 2GHz with a wavelength of 15cm. The
measurement domain contains five cylinders placed in the
scene, as shown in Figure 7. Each cylinder has a diameter of
0.375m spaced equally by 0.075m at the x-axis and y-axis. The
x-y plane in Figure 8 is the cross-sectional of the z-plane at 0,
and the pixel size is 0.00375m. The objects at the measurement
domain appear as weak reflections due to the distance between
the transmitters and the receivers, the varying UAV flying
pattern, and the number of snapshot measurements, as shown in
Figure 8.

TSAR image of the measurement domain

y-axis (meter)

-01 -0.05 0 0.05 0.1
x-axis (meter)

Fig. 5. The reconstructed TSAR of three cylinders at the measurement
domain.
The Erratic Movements of the UAV
‘O The Snapshot Data
12 4 The Flying Pattern

10

8

T 8

E

@ 6

x

©

N4

24
0
2
0
0
-1
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Fig. 6. The erratic flying pattern scenario of the UAV.
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«
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Fig. 7. Five cylinders at the measurement doamin using FEKO simulation.

After collecting the scattering field, the inversion process
has been done using the CG algorithm to obtain the object
function from the matching filter matrix that has been
calculated due to each snapshot position and direction through
the Green’s function. The inversion produced the final
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reconstructed image. The final reconstructed image can be
extended into a 3-D model image.

y-axis (meter)

0.2 -0.15 -0.1 -0.05 0 005 01 015 02
x-axis (meter)

Fig. 8. The reconstructed TSAR image of the measurement domain.

VI. CONCLUSION

In the Middle East there are more than 50,000 landmines
buried randomly under the Saudi-Yemeni border, posing a fatal
threat for the civilians. Unfortunately, most of the buried mines
are nonmetallic, which are challenging to be detected in a large
area by conventional methods. A large area needs to be
prescreened for landmines before it becomes safe to use.
Nevertheless, the synthesis array antenna is the output of a
radar sensor onboard an aircraft to increase the airborne radar
aperture length. The image formation algorithm generates the
output image based on the collected signals, where the matched
filter will apply autocorrelation to the input signal. Overall,
SAR will treat the clutter as a processed signal to form an
image. Appropriate SAR image requires high bandwidth and
aperture parameters to obtain the desired resolution. On the
other hand, soil losses degrade the penetrating depth based on
the frequency and bandwidth for more underground sensing
applications using SAR techniques. In the tomographic SAR
mode, the data are collected as multistatic geometry exploiting
the Spectral/Spatial Diversity. Furthermore, the multistatic
decouple the relation between frequency forming the image and
the radiated frequency. TSAR can be formed by using the ultra-
narrow band (UNB) at L-band to give more resolution than the
conventional SAR, where NBU reduces the signal attenuation
for more penetration depth. For UAV’s TSAR, the
measurement vector presents the collected signal in a
multistatic mode. The matched filter is the electric field
response at any flying location and direction, and the contrast
vector (the object function) is the pixel weight. The idea based
on exploit microwave signals to create an image of an object or
prescreening underground. The operation frequency based on
the applications (e.g. more microwave image resolution, less
penetrating depth) where we are imaging based on tomography
techniques. The tomographic SAR techniques solve the
contrast function of an object or land (image) as an inverse
problem considering the received signal with its response in the
medium. For our application, we need less bandwidth to

increase the penetrating depth and obtain higher resolution. The
UAV’s TSAR techniques were recording the aviation
information and linked it to the recorded scattering field as
discrete data. However, these methods exploit the
Spectral/Spatial Diversity, where the soil losses are always a
problem for penetrating signals, but UNB gives more degrees
of freedom at radiation power level. For more applications,
tomographic SAR can mount Unmanned Ground Vehicles
(UGVs). Finally, TSAR applications can also extend to remote
sensing applications.
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