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Introduction 
 

We consider the problem of estimating personnel hidden behind reinforced walls using 
exterior electromagnetic sensing. Several studies considered detection of targets behind a 
wall [1]-[2]. In [1] the wall is treated as a homogeneous dielectric slab of known 
thickness and electric permittivity. The case in which the wall parameters are unknown is 
studied in [2]. To the best of our knowledge, there are no studies on the estimation of 
targets located behind complex walls. Walls reinforced by steel parallel bars or square-
grid meshes are frequently used in construction [3]. They cause attenuation and severe 
distortion of the incident signal, thus making the estimation more difficult than in the 
case of homogeneous walls. We treat the cases of known and unknown wall parameters 
separately. The algorithm is robust and does not require knowledge of bar diameter or 
separation. We also show that significant improvement is achieved when bar 
characteristics are available. This improvement is particularly pronounced when the 
signal-to-noise ratio is low.  
 

Measurement model 
 

Reinforced walls are generally one of two types, bars or mesh. When the incident 
electromagnetic field is parallel to the vertical bars, the horizontal bars have small 
influence on the transmission and reflection coefficient of the wall [3]. The same 
reasoning applies when the incident electric field is parallel to the horizontal bars. 
Therefore, without loss of generality we consider a wall reinforced with vertical bars. We 
assume the bars to be perfectly conducting and immersed in the homogeneous material 
with relative dielectric permittivity εr.  

We consider 2D problem; however, the approach we propose is general and can be 
easily applied to 3D problems. We suppose a uniform linear array of M sensors placed in 
the front of the reinforced wall. The array takes measurements at N known positions, at L 
frequencies. For 2D modeling, instead of induced voltages, we use the induced electric 
field in the sensors. We determine the frequency response of the considered system using 
the method of moments [4]. The program uses the equivalence principle to divide the 
system under consideration into the following subsystems: sensors (filament conductors 
whose cross section is electrically small) and dielectric walls with metallic bars inside. 
The results of the calculations are the impedance parameters (z). The measured induced 
electric field in the i-th sensor reads 
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where ( )lik fnE ,  is the induced electric field in the i-th sensor when the k-th sensor is 
excited, ( )lik fkz ,  is the mutual impedance coefficient between the i-th and k-th sensors, fl 
is the operating frequency, n is the index of the measurement position, Ik is the feeding 
current of the k-th sensor, and u is the measurement noise and modeling error. We 
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assume complex, zero-mean Gaussian noise with variance 2σ . The feeding current is the 
same for all sensors. We assume Gaussian current excitation.  
 

Wall-permittivity and thickness estimation 
 

Electromagnetic waves reflect from interfaces of media with different electromagnetic 
properties. The pulse reflected from the front side of the wall contains information on the 
dielectric permittivity. We add coherently the received signals with respect to the delay of 
those pulses. The time delay (τik) between i-th and k-th sensor, according to Fig. 1a, is 
given by 
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where (xi, yi), (xk, yk), and (xw, yw) are the coordinates of the i-th sensor, k-th sensor, and 
the reflection point on the wall, respectively. 

     
(a)                                             (b)                                              (c) 

Fig. 1.  Scheme used for the estimation of (a) wall permittivity, (b) wall thickness, and (c) targets. 

We compensate for different attenuations due to different distances between the 
transmitting and receiving sensors. The focused waveform reads 
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We calculate the reflection coefficient and wall permittivity as  
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where ( )0/csth −  is the induced electric field in the sensor at a distance of s = 1 m from 
the transmitting sensor, and T is the pulse duration. We refer to h(t) as a reference pulse.  

We add coherently the pulses reflected from the back side of the wall to estimate the 
wall thickness. For the sensor pair from Fig. 1b, that delay reads  
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We estimate the wall thickness from the correlation of the focused electric field with 
reference pulse h(t): 

( ) ( )( ) ( )∑∑∑∫
= = =

τ+=
N

n

M

i

M

k

T

ikik thwtnEwI
1 1 1 0

, . (6) 

The correlation is calculated for different values for the wall thickness, w. The maximum 
of (6) defines the wall-thickness estimate. Because of the periodic nature of the reflected 
field, the correlation does not yield a unique solution. Nonetheless, practical limits on the 
wall thickness reduce the number of estimates to only a few.  
 

Estimation of target positions 
 

The presence of personnel inside a building is registered through changes in the 
measurements caused by their movements. We assume we have available measurements 



of the stationary scene behind the wall. We obtain the signals reflected from the targets 
by subtracting the measurements of the stationary background from the measurements 
perturbed by the appearance of the people. We apply beamforming [1] on the reflected 
signals to estimate the positions of humans. If the target is located at the point (x,y), the 
k-th sensor receives the signal transmitted from the i-th sensor delayed for ki τ+τ , where 

iτ , ( kτ ) is the signal propagation time from i-th (k-th) sensor to the target. According to 
Fig. 1c, this delay reads 
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Hence, the pixel image at (x,y) is obtained as 
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where, stat
ikE  is the induced electric field in the case of the stationary scene, ikE  is the 

induced electric field due to the appearance of the moving objects.  
In the case in which the bar parameters are known, instead of h(t), in (8) we use new 

reference pulse that takes into account the influence of the bars on the signal shape  
( ) ( ) ( ) ( ){ } ( ) ( )( ) ( ){ }τπ°≈θθ= −− ffTfHFfTfTfHFth ki 2jexp0,,,~ 211 , (9) 

where T(f, θ) is the transmission coefficient of the reinforced wall and τ0 is the time delay 
that assures that the reference pulse is centered at t = 0.  
 

Results 
 

We consider the scenario in which, besides moving objects, there are static objects 
representing the furniture and interior walls. The number of the moving and static 
objects, as well as their properties, is unknown.  The moving objects are modeled as 
perfectly conducting cylinders with radius r = 0.2 m, centered at x = 1 m, y = 1.2 m and 
x = −1.5 m, y = 0.75 m, respectively. Assumed wall thickness is w = 0.2 m and relative 
dielectric permittivity is εr = 3. The wall is reinforced with metallic bars of diameter 
Dbar = 2 cm and period dbar = 15 cm. The static objects are modeled as dielectric 
rectangles. The adopted relative permittivity for the static objects is the same as the wall 
permittivity. The measuring system consists of a uniform linear array of M = 5 sensors 
and the separation between adjacent sensors is 0.2 m. The array moves parallel to the 
wall at a distance of 0.75 m from the front side of the wall. The array takes measurements 
every 0.2 m. The frequency response is calculated from 5 MHz to 2 GHz in 5 MHz steps. 
The measurements are corrupted with white noise.  

The estimated permittivity is 94.2ˆ r =ε . The wall-thickness estimation, in the range of 
0.1 m < w < 0.4 m, yields maxima at: 0.2 m, 0.3 m, and 0.4 m. We used those estimates 
to compute scene images. The most focused image is obtained using the true wall 
thickness εr = 2.94, w = 0.2 m.  The result obtained for SNR = 30 dB is shown in Fig. 2.  

The image quality (Fig. 3) is significantly improved when the corrected pulse shape 
)(

~
th is used compared with the case in which the distortion is not modeled (Fig. 2). This 

improvement is particularly pronounced when the signal-to-noise ratio is low. However, 
due to the lack of space we did not show those results. 

 
Conclusion 

 
We addressed the important problem in urban warfare of estimating moving targets 

such as personnel behind a reinforced wall using radar measurements. First, we 



considered the case in which the reinforced wall is completely unknown. We coherently 
added measured electric fields to estimate the wall thickness and concrete permittivity, 
independently. We applied beamforming to estimate the number and locations of the 
targets. The algorithm proved robust and performed satisfactorily in the case in which the 
bar parameters are unknown. We also analyzed the problem in which the characteristics 
of the metallic grid are known. We improved the estimation significantly by modeling the 
waveform distortion due to the bars. The resulting images are focused and represent the 
contours of the targets. In addition, the minimal necessary SNR is lower compared with 
the case in which the influence of the bars on the signal shape is ignored. 

 
Fig. 2.  Estimation of target position with unknown bar parameters (SNR = 30 dB). 

 
Fig. 3.  Estimation of target positions with known bar parameters (SNR = 30 dB). 
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