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Abstract – An inverse scattering approach has been designed to process data gathered 

by means of forward looking ground penetrating radar systems. Such an inverse 

approach exploits a linear model of the scattering phenomenon and is able to account 

for the half-space 2D geometry. In this frame, a theoretical study on the achievable 

reconstruction capabilities is provided with the aim to estimate the range and cross-

range resolution limits and gain indications about the issue of how to design the 

measurement configuration. Finally, numerical and experimental examples are 

provided to assess the effectiveness of the approach. 
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I. Introduction 

Forward looking ground penetrating radar (FLGPR) systems are gaining attention as 

subsurface imaging tools, owing to their capability of assuring a standoff distance 

between the operator and the targets. This capability is particularly important when 

potentially dangerous objects have to be detected and localized, as for landmine and 

improvised explosive device (IED) detection [1-4]. 

With respect to the most common down looking systems, the design of FLGPR is 

complicated by the constraints about the measurement configuration, which entails 

severe limitations for the angle of view and the energy of received target echo. 

Therefore, significant efforts are continuously addressed towards the set-up of 



advanced hardware solutions and imaging approaches able to overcome the above 

said difficulties [4-13]. 

This paper proposes an imaging approach belonging to the family of the linear inverse 

scattering procedures in a 2D geometry. Similar imaging approaches have been 

already successfully adopted in the frame of GPR data collected by means of down-

looking [14-17] and airborne [18] systems.  

With respect to the approach presented in [11], here the hypothesis of homogeneous 

free-space scenario is removed and the presence of the air-soil interface is taken into 

account in the scattering model by assuming half-space geometry. This is performed 

by exploiting suitable expressions of the incident field and the Green’s function, 

which are the key ingredients of the linear integral equation to be inverted, i.e. the 

equation relating the scattered field to the contrast function. This permits to accurately 

model the FLGPR configuration, where the antennas are located at a non-negligible 

distance (in terms of probing wavelength) from the ground surface and the spatial 

domain under test. Therefore, the main contributions of this paper can be summarized 

as follows: 

1) development of a linear inverse scattering approach specifically designed to 

process FLGPR data; 

2) analysis of the reconstruction capabilities achievable by means of the linear inverse 

model of the scattering under FLGPR configuration; 

3) assessment of the effectiveness of the linear inverse scattering approach with 

numerical and experimental data.  

The analysis of the reconstruction capabilities is performed with the aim to estimate 

the theoretical bounds for the range and cross-range resolution limits as well as to 

provide guidelines to select the extent of the measurement lines according to the 



spatial size and position of the investigated domain. These guidelines drive the design 

of optimized and non-redundant radar measurement arrangements able to produce 

accurate subsurface imaging results.  

The theoretical expectations achieved by means of a ray-based model are after 

confirmed by a numerical analysis, which exploits the assessed tools of the spectral 

content and the regularized point spread function [19, 20].  

Finally, an assessment of the achievable imaging capabilities is carried out thanks to a 

numerical analysis and the validation with experimental data, which represents a 

preliminary test of the actual performance in realistic conditions. In this frame, we 

also discuss the detrimental effects produced on the imaging results by misestimating 

the soil’s permittivity as well as by wrongly adopting the free-space model.  

The paper is organized as follows. The imaging approach is described in the next 

section, while the analysis of the achievable reconstruction capabilities is presented in 

section III. Numerical examples and the experimental assessment are provided in 

section IV. Conclusions follow. 

 

II. The imaging approach 

Let us consider the reference geometry in Fig.1 regarding 2D half-space geometry, 

where the upper half-space is air whereas the lower one is modelled as a non-

magnetic homogeneous medium having relative dielectric permittivity εbr, electric 

conductivity σb and magnetic permeability μ0. The investigated spatial domain is 

denoted as D and it is probed by a filamentary electric current linearly polarized along 

the y-axis with unitary amplitude. The time dependence is assumed equal to exp(jωt) 

and omitted. A multi-bistatic configuration is deployed, where the transmitting and 

receiving antennas are at different heights ht and hr from the air-soil 



interface, respectively, and are moved along a straight scanning line, whose extremes 

are [Xm1, Xm2]. A multi-frequency configuration is considered with a frequency range 

[fmin, fmax]. 

According to 2D geometry, the scatterers are schematized as cylinders of arbitrary 

cross section in the (x-z) plane, whose dielectric (possibly complex) permittivity 

εt(x,z), is related to that of the host medium, εb, by means of the contrast function: 
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Here, a Born inverse model is considered; the effectiveness of the Born inverse model 

to provide information about location and geometry of the targets has been proved in 

many cases even for strongly scattering targets (see [16, 21, 22]). 

On the other hand, the adoption of the Born model makes it impossible to achieve a 

quantitative reconstruction of the targets (in terms of electromagnetic properties) and 

to account for the mutual interactions between the targets (similarly to any linear 

inverse scattering approach) [23]. 

Under the Born model, at each angular frequency ω=2πf and for each position of the 

antenna system, the relationship between the contrast function and the scattered field 

data is given by [19]: 

 

Fig.1 Reference geometry  
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In eq.(2), kb is the wave-number in the probed soil at the angular frequency ω, Einc is 

the incident field radiated by the transmitting antenna located at (xt, ht) in the generic 

point r = (x, z) belonging to the investigated domain D [19]: 
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G(xr, hr, ω, r) is the Green’s function as expressed for the considered half-space 

reference scenario and accounts for the electric field at the receiving point (xr, hr) 

radiated by a point like target located in the generic point r of D [19]: 
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By using the expressions of the Green’s function and of the incident field, eq. (2) can 

be rewritten in a spectral form as: 
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Hence, the imaging is faced as the inverse problem to retrieve the contrast function 

starting from the scattered field data, i.e. as the inversion of operator L in eq.(5).  

Once eq.(5) has been discretized into a linear algebraic system using the Method of 

Moments [24], the imaging is formulated as the solution of the matrix inversion 

problem: 

Es = Lχ     (6) 



In eq.(6), Es is the data vector made of K = M x F elements, where M represents the 

number of spatial measurement points and F is the number of working frequencies, χ 

is the N-dimensional unknown vector, whose elements are the values of the contrast 

function at the centre of each one of the N pixels partitioning D, and L is the K x N 

matrix representing the discretized version of the integral operator in eq.(5). 

The matrix inversion problem stated by eq.(6) is ill-conditioned and the Truncated 

Singular Value Decomposition (TSVD) approach [20] is adopted to gain a regularized 

solution as : 

   



T

n
n

n

ns
rr

1

,~ v
uE

χ


    (7) 

In eq. (7), <∙,∙> denotes the scalar product in the data space, T is the truncation 

threshold,   },min{
1

NK
nn   is the set of singular values of the matrix L ordered in a 

decreasing way,   },min{
1

NK
nn u  and   },min{

1
NK

nn v  are the sets of the singular vectors, 

which are orthonormal bases in the data and unknown spaces, respectively [20]. The 

threshold T ≤ min{K,N} determines the “degree of regularization” of the solution and 

ensures the reliability of the result from being affected by errors/noise in the data. In 

practice, the choice of T is performed by accounting for the behaviour of the singular 

values of the matrix Land will be discussed in the following. 

The imaging result is given as the spatial map of the modulus of the retrieved 

contrast vector normalized with respect to its maximum value. Hence, the regions of 

D where the modulus of χ~ , as given by eq.(7), is significantly different from zero, 

give information on targets position and geometry. 

 

III. Analysis of the Reconstruction Capabilities  



In the frame of electromagnetic imaging, a crucial issue regards the analysis of the 

spatial resolution and, more in general, the quality of final image, which one can 

expect on the basis of the collected data (measurement configuration) and the level of 

noise and clutter. Answering to this question helps to give a reliable interpretation to 

the retrieved images as well as to drive a proper choice of the measurement 

configuration features, f.i. the scan length, the antennas height and the working 

frequency range. 

Theoretical bounds, defining the spatial resolution in range and cross-range directions, 

are here evaluated for FLGPR configuration by resorting to a simplified ray-based 

model. As well known, in the case of multi-frequency data, the range resolution is 

well approximated by [11, 19, 25]: 

bB

c
R

2
       (8) 

where B = fmax - fmin denotes the working bandwidth and c is the electromagnetic wave 

velocity in free space.  

Accordingly, the range resolution mainly depends on the adopted frequency band, 

whereas it is weakly dependent on the target depth and the geometrical features of the 

measurement line, i.e. the scan extent and the antenna height.  

On the other hand, following the reasoning given in [11, 19], we can expect that the 

cross-range resolution can be given as: 

 view

meanb
rC

θsin2

,
      (9) 

where λb,mean is the wavelength in the investigated soil at the mean frequency fmean =  

(fmin+ fmax)/2 and θview is the maximum angle of view under which the target is probed. 

For the FLGPR case at hand, such an angle is defined as the difference between the 



angles θ(Xm1) and θ(Xm2), as depicted in Fig.2. These latter are equal to the 

transmission angles as computed as in the reflection points, (xr(Xm1),0) and (xr(Xm2),0), 

corresponding to the starting and final positions of the antenna system [18], i.e. the 

extremes of the scan. It is worth observing that a physical constraint holds as dictated 

by the total reflection phenomenon and this entails that  cview θ,0θ  , 
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sinθ 1  being the critical angle [26]. Therefore, if the scan is long enough 

that θ(Xm1) ≈ θc and the target is sufficiently close to the end of the scan that θ(Xm2) ≈ 

0, the cross range resolution reaches its best value 2/,0 mean
Opt
rC  , λ0,mean being 

the wavelength in air at fmean. Such a limit can be reached only in principle when the 

target is buried in a lossless media and if the length of the measurement line is 

sufficiently large. 

The above observation leads to a criterion to choose the extent of the scanning line, 

for a given height h of the antennas and dielectric permittivity of the soil.  

For sake of simplicity, let assume that a point target is located in the point rt = (0,d) in 

a medium whose relative permittivity is εb. For such a point, the best cross range 

 

Fig.2 Sketch of wave propagation by using a ray based model 



resolution is reached, with a good approximation, when θ(Xm1) ≈ θc, i.e., xr(Xm1) 

approximates the abscissa xr(θc,) of the reflection point corresponding to the critical 

angle, and when θ(Xm2) ≈ 0, i.e. xr(Xm2) approaches to zero. It is worth noting that for 

the critical angle  
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manipulation, leads to   1c /θ  br dx  . 

Let α be a positive real number as low as it likes, the most convenient values of Xm1 

and Xm2 are obtained by exploiting the Snell’s law: 
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In particular, after numerical manipulation, the most convenient Xm1 and Xm2 are given 

by: 
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Equation (11) provides a general indication about the minimum and maximum 

distance that should occur between the target and the antenna system. Moreover, it 

allows us to correlate the extremes of the scan with the height of the antenna systems 

and the depth of the target to be imaged. Finally, it provides an upper limit for the 

standoff distance. In fact, if the standoff distance approaches to Xm1 the cross 

resolution deteriorates dramatically becoming inadequate.  

By removing the hypothesis of ray based model, the achievable reconstruction 

capabilities can be investigated by taking into account two figures as the spectral 



content (SC) [11, 19] of the object space and the regularized Point Spread Function 

(PSF) [11, 19, 20]. 

The spectral content is defined as the sum of the modulus of the discrete Fourier 

transform of the singular vectors nv  corresponding to the singular values that are 

above the (fixed) TSVD threshold T in eq.(7): 
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η and ξ being the spectral variables (conjugate variables with respect to x and z, 

respectively) and nv̂  the 2D discrete Fourier’s transform of nv : 
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Once the scenario and the measurement configuration have been fixed, the spectral 

content gives an indication of the filtering effects introduced by the regularized 

inversion of the matrix L. Therefore, SC provides a global indication on the spatial 

harmonics of the targets that can be hopefully retrieved by using the TSVD for a fixed 

value of the regularization parameter. However, the spectral content does not give any 

information on how the reconstruction capability (resolution limits) varies with the 

actual location of the target inside the region under test.  

This kind of information can be obtained by means of the regularized PSF [11, 19, 

20], which is defined as the reconstruction of a point like target achieved by the 

TSVD regularization scheme. According to the TSVD scheme [20], the regularized 

PSF of an impulse located at (x0, z0) is given as function of the spatial variables (x, z): 
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* being the conjugation operation. 

Let us turn now to a numerical/theoretical analysis for two examples.  

With respect to the reference system given in Fig.1, let us assume the investigated 

domain has extent [5, 8] m along x-axis and [0, 1.7] m along z-axis. The antenna 

system is moved along x-axis from 0.25 m to 4.75 m with a spatial step Δxm = 0.1 m 

and the height of the transmitting and receiving antennas are ht = 3.5 m and hr = 4.5 

m, respectively. The data are gathered in the frequency range [0.4 - 1.3] GHz with a 

frequency step Δf = 11 MHz. The two cases differ for the dielectric relative 

permittivity of the background medium that is εbr1 = 9 and εbr2 = 4, respectively. 

Figure 3 shows the behaviour of the singular values of the matrix L for the two cases 

(εbr1 = 9 and εbr2 = 4). The curves in Fig.3 show a change of the slope behaviour in the 

range from -20 dB to -15 dB and suggest to set the TSVD threshold T in such a way 

to consider the singular vectors corresponding to the singular values no lower than -15 

dB with respect to the maximum one, i.e. T = 290 for εbr1 = 9 and T = 207 for εbr2 = 4.  

With respect to these threshold values, the spectral contents, as computed from 

eq.(12) and normalized to their own maximum value, are shown in Figs.4a,b. 

According to the results provided in [11], Fig.4 shows that, due to the limited angle 

 
Fig.3 Singular Values behavior for three different soils. 



under which the investigated domain is probed, the retrievable spectral content is 

significant only in a limited area of the spectral plane (η, ξ). This area is well 

approximated by the portion of the plane (η, ξ) bounded by the arcs of two half-

circumferences centred at (0,0) and having radius 2kbmin and 2kbmax, being kbmin and 

kbmax the wave number in the probed soils at the minimum and maximum working 

frequencies. Moreover, the covered area is limited by two radial segments, which are 

described by the points (2kbcosθ(Xmi), 2kbsinθ(Xmi)), with i = 1, 2 and kb ranging from 

 
(a) 

 
(b) 

Fig.4 Spectral content: a) soil having relative permittivity equal to 9; b) soil having 

relative permittivity equal to 4. The red contour represents the portion of the plane 

(η, ξ) bounded by the arcs of two half-circumferences centred at (0,0) and having 

radius 2kbmin and 2kbmax and it is limited by two radial segments, which are 

described by the points (2kbcosθ(Xmi), 2kbsinθ(Xmi)) 



kbmin to kbmax. The value of the angles are θ(Xm1) = 0.29 rad and θ(Xm2) = 0.02 rad for 

εbr1 = 9, θ(Xm1) = 0.43 rad and θ(Xm2) = 0.03 for εbr2 = 4. 

This result corroborates that, if a forward looking measurement configuration is 

adopted, the regularized inversion of the matrix L acts as a band pass spatial filter in 

the range and as a low-pass filter in cross-range direction, analogously to the case of 

the down looking radar. In particular, while the filtering effect along the range 

direction depends mostly on the working frequency range and the relative permittivity 

of the soil, the filtering effect arising along the cross-range direction is strongly 

dependent on the angle of view. Accordingly, the same range resolution is expected 

whatever is the target position; differently, the cross-range resolution is strongly 

dependent on the relative position of the scanning line with respect to the target 

position. This is confirmed by Figs.5a-c and Figs.6a-c, which show, for the 

considered soils, the regularized PSF as computed for points located at growing 

distances from the measurement line but at a constant depth d = 0.85 m.  

In particular, Figs.5, 6 depict the quantity given by: 
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From these figures, the numerical values of the range and cross-range resolution in 

each one of the considered points can be numerically estimated. The numerical 

estimation of the resolution limits is performed by evaluating the width of the main 

lobe at the points at 0.5 times the maximum of the main lobe (i.e. at -6 dB by defining 

the PSF as in eq.(15)). Tables I compares the resolution limits numerically evaluated 

with the theoretical ones provided by eq.(8) and eq.(9). Table I allows us to state that 



 
(a) 

 
(b) 

 
(c) 

Fig.5 PSF corresponding to 3 points located at growing distances from the 

measurement line but at the same depth d = 0.85m in a soil having relative 

permittivity εbr1 = 9: a) xt=5.5m; b =6.5m; c) xt=7.5m. 



 
(a) 

 
(b) 

 
(c) 

Fig.6 PSF corresponding to 3 points located at growing distances from the 

measurement line but at the same depth d = 0.85m in a soil having relative 

permittivity εbr1 = 4: a) xt=5.5m; b =6.5m; c) xt=7.5m. 



there is a good agreement among the numerical and theoretical spatial resolution 

values for both the cases. 

 

IV. Imaging results  

A. Numerical Assessment: 2D scalar case 

A first assessment of the reconstruction capabilities of the inversion approach is 

herein provided by processing synthetic data. These data have been generated in the 

time domain by using GPRMax 2D, which is a free GPR modelling code based on 

Finite Difference Time Domain (FDTD) technique [27]. The targets are supposed to 

be buried in a soil with εbr = 9 and σb = 10 mS/m, which is probed by the same multi-

bistatic measurement configuration described in Section III. Hence, the transmitting 

antenna is at height ht = 3.5 m and the receiving one at hr = 4.5 m from the air-soil 

interface and the antennas are moved jointly with a spatial step Δxm = 0.1 m along a 

scan going from Xm1= 0.25 m to Xm2= 4.75 m. The transmitting antenna assumes as 

source's excitation waveform a Ricker wavelet, whose central frequency is 600 MHz. 

The effective frequency range of the data is from 400 MHz to 1300 MHz and is 

sampled by means of 82 frequencies. The domain under test ranges from 5 m to 8 m 

along the x - axis and from 0 m to 1.7 m along the z – axis. 

Table I: range and cross range resolution values in meters 

 εbr1 = 9 εbr2 = 4 

 Numerical Theoretical Numerical Theoretical 

xt ΔR ΔCr ΔR ΔCr ΔR ΔCr ΔR ΔCr 

5.5 m 0.08 0.30 0.06 0.30 0.11 0.30 0.08 0.30 

6.0 m 0.08 0.33 0.06 0.33 0.11 0.33 0.08 0.33 

6.5 m 0.08 0.38 0.06 0.38 0.11 0.37 0.08 0.37 

7.0 m 0.08 0.44 0.06 0.44 0.11 0.42 0.08 0.42 

7.5 m 0.08 0.51 0.06 0.51 0.11 0.48 0.08 0.48 

 



The first example concerns a single 0.40 m x 0.20 m void located at the centre of the 

investigated domain. Noiseless scattered field data are shown in Fig.7a. Such a 

scattered field is obtained as the subtraction of the total field (in presence of the 

target) and the background field (in absence of the target).  

Figure 7b shows the tomographic reconstruction obtained by setting the TSVD 

threshold in such a way to filter out the singular vectors corresponding to the singular 

values lower than -15 dB with respect to the maximum one, i.e. T = 290. 

 
(a) 

 
(b) 

Fig.7 Example 1: a) GPRMax2D simulated backscattered field engendered by the 

target; b) tomographic reconstruction (T = 290), the white contour represents the 

cavity to be imaged. 



Although this first example deals with an ideal (noise free) dataset, it is worth of 

consideration because it states what kind of images one should expect when the 

approach proposed in Section II is adopted. In particular, Fig.7b assesses that the 

proposed approach is capable of providing an accurate localization of the upper face 

of the target and an approximate estimation of its depth. 

As a second example, let us consider two 0.40 m x 0.20 m voids centred in (6.30 m, 

0.75 m) and (7.20 m, 0.75 m), with respect to the reference system introduced in 

Fig.1. In this case, the total field simulated by means of GPRMax 2D has been 

corrupted by an additive Gaussian noise with a Signal to Noise Ratio of 45 dB and has 

been directly processed. This means that the scattered field has been achieved directly 

from the total field by using a filtering procedure consisting of time gating plus 

background removal, with the aim to remove the signal contributions due to the 

antennas coupling and the air-soil interface.  

The tomographic reconstruction is depicted in Fig.8. Since the processed data are 

affected by noise, in the case at hand the TSVD threshold has been set in such a way 

to consider only the singular vectors corresponding to the singular values higher than 

-10 dB with respect to the maximum one, i.e. T = 226. 

The accuracy of the tomographic reconstruction shown in Fig. 8 looks like that of 

Fig.7b, which has been obtained by processing ideal noiseless data. Therefore, this 

second example corroborates the ability of the proposed approach to retrieve correctly 

the targets location along the x-axis as well as to provide a rough estimation of their 

depth even in the case of noisy total field data. Moreover, as it is suggested by the 

resolution analysis given in Section III, one can observe a slight loss of the cross-

range resolution for the most distant target, whose reconstruction is also affected by a 



slight masking effect due to the presence of the target centred in (6.30 m, 0.75 m). 

As a third example, the two above considered voids have been supposed to be hidden 

in an inhomogeneous medium made by three layers and four materials all having σb = 

10 mS/m (see Fig.9a). In particular, the first layer is 0.30 m thick and has εbr1 = 9, the 

second layer is 0.70 m thick and is made by two different materials having εbr2a = 8.5 

and εbr2b = 9.5, respectively, the third layer is a half-space having εbr3 = 12. The 

inhomogeneity of the probed medium has been neglected in the imaging approach, 

wherein the reference scenario has been modelled as an half space made by air (upper 

part) and a homogeneous soil (bottom part) having εbr = 9. The data have been 

gathered under the above described measurement configuration and corrupted by an 

additive Gaussian noise with a Signal to Noise Ratio of 45 dB. The tomographic 

reconstruction is given in Fig.9b and has been obtained by setting the TSVD as in the 

previous example, i.e. T = 226. Such a result is promising since it suggests that the 

approach is sufficiently robust against uncertainties on the investigated medium. 

 

Fig.8: Example 2 - tomographic reconstruction (T = 226), the white contours 

represent the cavities to be imaged. 



B. Numerical Assessment: 3D case 

In this subsection, the reconstruction capabilities of the 2D proposed approach have 

been validated against a synthetic dataset relative to a full 3D scenario, which has 

been simulated by using GPRMax 3D code.  

The probed scenario is made by two targets buried in a soil having εbr = 9 and σb = 

1mS/m. Both the targets are 0.04 m long in the z-direction and have a circular cross 

section in the (x,y) plane. One target has radius equal to 0.035 m, relative permittivity 

 
(a) 

 
(b) 

Fig.9: Example 3: a) reference scenario; b) tomographic reconstruction (T = 226), 

the white contours represent the cavities to be imaged. 



 

εt1 = 2.3 and is centred at the point rt1=(4.0m, 0.25m, 0.12m), the other target has 

radius equal to 0.06 m, εt2 = 2.7 and it is centred at rt2=(4.5m, 0.25m, 0.17m). 

The transmitting antenna is at height ht = 1 m and the receiving one at hr = 2 m from 

the air-soil interface and are moved with a spatial step Δxm = 0.03 m along a scan at y 

= 0.25m and ranging from Xm1= 0.25 m to Xm2= 3 m, with respect to the coordinate 

system introduced in Fig.10. The transmitting antenna is fed by a Ricker wavelet, 

whose central frequency is 600MHz and the synthetic radargram (representing the 

total field) has been corrupted by an additive Gaussian noise, by leading to a Signal to 

Noise Ratio of 45 dB. The effective frequency range of the data is from 400MHz to 

1300MHz and has been sampled by means of 46 frequencies. The investigated 

domain ranges from 2.5 m to 5.5 m along the x - axis and from 0 m to 0.5 m along the 

z – axis. 

The tomographic reconstruction obtained by assuming exactly known the relative 

permittivity of the soil is given in Fig.11a, while Figs.11b,c show the reconstructions 

obtained by assuming a wrong value of soil permittivity, i.e. εbr = 4, and that achieved 

by assuming a free space reference scenario, as it has been made in [17], respectively. 

The reconstructions have been obtained by setting the TSVD threshold in such a way 

to filter out the singular values lower than -10 dB with respect to the maximum one. 

 

Fig.10 Full 3D scenario 



 

These results validate the capability of the approach to properly image both the targets 

even if, as expected, the cross resolution becomes worse when the distance between 

the scanning line and the target increases. Moreover, one can observe that the use of a 

not exact value of εbr mainly implies a spatial shift of the reconstructed targets 

location with respect to their actual position, which increases with the error on the soil 

permittivity. This behaviour is the same of that observed in [28] in the frame of down 

looking data. In addition, the reconstructions in Figs.11b,c are affected by a 

worsening of range and cross-range resolutions, which is due to the fact that the 

maximum wave number assumed in the inversion procedures decreases since a wrong 

soil dielectric permittivity equal to εbr = 4 or εbr = 1, instead of εbr = 9, are considered. 

 
(a) 

 
(b) 

 
(c) 

Fig.11: Example 4 - tomographic reconstructions: a) exactly known soil 

permittivity; b) wrong soil permittivity; c) free space reference scenario. The white 

contour represent x-z slice of the actual targets.  



To support this observation, the theoretical and the numerical range and cross-range 

resolutions, as computed for the measurement configuration and investigated domain 

herein considered at the central point of the targets, are given in Table II. In this case, 

the numerical resolution values have been obtained by computing the PSF according 

to eq.(14) and setting the TSVD threshold in such a way to filter out all the singular 

values lower than -10dB with respect to the maximum one, i.e. the threshold value 

used to obtain the tomographic reconstructions depicted in Figs.13a-c. Compared to 

Table I, the smaller value of the TSVD threshold (-10 dB instead of -15 dB), results in 

a large degree of regularization and accordingly entails a loss of the actual achievable 

range and cross range resolutions.  

Finally, it is worth noting that the use of the free space reference scenario although 

allows the target detection implies a significant worsening of the imaging result in 

terms of localization and geometry estimation of the targets.  

C. Experimental Assessment 

A first test of the achievable performance in realistic conditions has been performed 

by processing experimental data collected by using the test facilities available at IDS 

– Ingegneria dei Sistemi S.p.a. headquarter, where a test site made by a number of 

consecutive cells containing different kind of soils is available, see Figs.12a,b.  

Table II: range and cross range resolution values in meters  

 εbr1 = 9 εbr2 = 4 εbr3 = 1 

xt 
Numerical Theoretical Numerical Theoretical Numerical Theoretica 

ΔR ΔCr ΔR ΔCr ΔR ΔCr ΔR ΔCr ΔR ΔCr ΔR ΔCr 

4.0 

m 
0.12 0.46 0.06 0.39 0.14 0.44 0.08 0.37 0.24 0.35 0.17 0.31 

4.5 

m 
0.12 0.70 0.06 0.54 0.14 0.63 0.08 0.51 0.24 0.42 0.17 0.37 

 



The data have been gathered in the frequency range 0.4 – 2 GHz by using two ridge 

horn antennas connected to a network analyser. The antenna have been 45° tilted, 

93.5 cm spaced one to the other one and mounted on a moving platform 1.42 m far 

from the air-soil interface, see Fig.12a. The platform has been moved along straight 

tracks with a spatial step of 0.02 m and a scan about 8 m long has been performed.  

The data have been collected on the sandy portion of the test site, which although 

simple is far from a laboratory scenario. In particular, due to the rain falls occurred 

few days before the experiment, the probed medium (sand scenario) is not 

homogeneous but can be seen as a two layer structure, wherein the upper layer, about 

a few centimeters thick, is made by dry sand while the deeper layer is wet sand. This 

clearly appears in Figs.12c,d that show two buried targets, i.e. a metallic plate and a 

plastic tank. Moreover, from Fig.12 one can observe that the air soil interface is not 

perfectly flat and there are several clutter sources, among which the metallic structure 

where the antennas are mounted and the metallic rails used to move the structure 

along the test site. 

Several targets have been buried in the probed sandy soil previously to the 

measurement campaign, and several targets are not centred with respect to the middle 

point between the antennas, which has been taken as the scan location in the imaging 

approach. It is worth mentioning that, since the antenna have been mounted at the 

same height from the air-soil interface, the data have been processed by assuming the 

transmitter and the receiver located at the same points. The relative dielectric 

permittivity of the sand has been set as εbr = 4. 

The raw radargram (i.e. the total field), the filtered one provided by the filtering 

procedure introduced in section IV.A and the tomographic reconstruction are given in 

Figs13a-c. It is worth mentioning that, for the case at hand, we observed that the 



 

useful signal occurred in a time window about 10 ns width and Figs.13a,b have been 

constrained to this time window.  

Figure 13c has been obtained by sampling the working frequency range with a step of 

80MHz, which agrees with the Nyquist-Shennon criterion and the rule given in [29], 

being the maximum investigated distance equal to 0.75 m (resulting from the adoption 

of the time window of 10 ns for the data), and by setting the TSVD threshold in such 

a way to filter out all the singular values lower than -5 dB with respect to the 

maximum one. This TSVD threshold was adopted due to the high environmental 

noise affecting the data. Figure 13 supports the ability of the considered approach to 

provide a focused image of the probed scenario from which it is possible to localize 

    
(a)      (b) 

    
(c)      (d) 

Fig.12 Experimental test site: a) front view; b) back view; c) metallic plate target; 

d) plastic tank target.  



 

the targets hidden in the experimental test site. In particular, the metallic plates, which 

were centered with respect to the scan, are clearly imaged as well as the interface 

between the sand and the ground occurring at the end of the probed scenario. 

Moreover, since a 2D scattering model is adopted, targets located on the left and right 

 
(a) 

 
(b) 

 
(c) 

Fig.13 Experimental assessment: a) raw radargramm; b) filtered radargramm; c) 

tomographic reconstruction.  



sides of the scan, such as the plastic tank and the fire extinguisher are also imaged 

into the investigation domain. 

 

V. Conclusions 

A microwave tomography approach to image buried targets under a forward looking 

measurement configuration has been proposed. Such an approach has been formulated 

with respect to the canonical 2D scalar case and exploits a Born Approximation based 

scattering model accounting for the presence of a flat air-soil interface. The imaging 

capabilities of the approach in terms of range and cross range resolution limits have 

been discussed and verified against synthetic and experimental noisy data, accounting 

for homogeneous and inhomogeneous scenarios.  

Future works will be addressed to further investigate the performance of the approach 

in field conditions as well as to extend it in order to account for the actual radiation 

pattern of the adopted antenna system. An initial step in this latter direction has been 

already made in the frame of down-looking GPR systems [30, 31]. In addition, the 

approach will be modified to process multi-input multi-output data gathered by means 

of array antenna based systems and will be reformulated by assuming a full 3D 

scattering model. Finally, the development of target identification strategies able to 

assure a low false alarm rate will be taken into account. 
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