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3. Simulation Results
In this section, the performance of the proposed al-

gorithm is validated through various numerical examples of
synthetic and experimental data consisting of metallic as well
as dielectric objects. In all the inversion examples, we will
reconstruct the profiles for their location, shape as well as
permittivity using the proposed reconstruction algorithm.

3.1 Synthetic Data Results
In this section, we show some reconstructions obtained

using simulated data. The domain of interest is a 20 cm ×
20 cm square, and it is divided into 2601 cells (51 × 51).
In all the following examples, the measurement domain con-
sists of 36 receivers that are uniformly placed in a circular
geometry. The operating frequency can be chosen to be the
frequency at which the length of the investigation domain is
approximately one wavelength [17]. However, the resolution
is improved when a higher frequency is used. Therefore,
an operating frequency of 3 GHz is used.

The accuracy of the results can be quantified using the
following figures of merit.

• Mean Square Error (MSE):
It is a measure of reconstruction quality based on com-
parison with the reference profile [18]. This error pa-
rameter is defined as

MSE =
‖� − �̂‖2

‖�‖2 (18)

where � and �̂ denotes the actual and estimated contrast
function values, respectively.

• Pearson Correlation Coefficient (PCC):
This coefficient represents the accurate detectability
of the object by measuring the degree of correlation
between the reference profile and the estimated pro-
file [10]. It is given as

PCC(�, �̂) =
cov(�, �̂)
s(�) s(�̂)

(19)

where cov represents the covariance, and s represents
the standard deviation. PCC value ranges from –1 to 1.
Reconstructed images require a higher value of PCC.

3.1.1Two Dielectric Objects
In this case, the value of εr is selected in such a way

that
��GD�

�� < 1 for the frequencies considered. Therefore,
the target can be treated as a weak scatterer, and the BA can
be applied for better reconstruction results [19]. As shown
in Fig. 4(a), this example consists of two identical, circular
cylinders of 2 cm radius and separated by a distance of 3 cm
in free space (εb = 1). The scatterers are dielectric with the
permittivity value of εr = 1.3 (χ = 0.3). Here, α is calcu-
lated using the regularized minimal residual method [15]. In
this method, the residual is calculated at each iteration and
the solution is updated accordingly. This process is repeated

until the relative residual becomes less than or equal to τ =
10−5. At every iteration, the value of α is automatically
chosen using Matlab’s one-dimensional minimizer function
fminbnd, which attempts to find the minimum of a single-
variable function within a fixed interval (here, the interval is
between 0 to 1 for the considered examples).

Figure 4(b) shows the plot of the solution process using
this method. The iterative process ends when the stopping
condition is satisfied. It shows that the objective function
value drops to a very low level after the 5th iteration and
remains approximately constant at 0.04279 after 15th itera-
tion. The value of α obtained after convergence is used in
the inverse solution. The results of reconstruction are pre-
sented in Figs. 4(c)–(e). Figure 4(e) shows the one dimen-
sional cross-sectional plot, which gives the contrast function
value retrieved along the x-axis (y = 0). Here, TR and EF
symbolize Tikhonov regularization and exponential filtering,
respectively. The results indicate that the accuracy of the
exponential filtering is better than the standard Tikhonov
method.

Although the results obtained using the proposed
method are visually excellent, to objectively show the same,
the figures of merit (MSE and PCC) are presented in
Tab. 1. Here, the effect of noise on the quality of recon-
struction is inspected by corrupting the simulated data with
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Fig. 4. Results for two dielectric objects, (a) Actual profile, (b) It-
erative solution process using regularized minimal resid-
ual method, (c) Reconstruction using Tikhonov regular-
ization, (d) Reconstruction using exponential filtering,
(e) 1D plot along x-axis.

In this section, we show some reconstructions obtained 
using simulated data. The domain of interest is a 20 × 20 cm 
square and it is divided into 2601 cells (51 × 51). In all the 
following examples, the measurement domain consists of 36 
receivers that are uniformly placed in a circular geometry. 
The operating frequency can be chosen to be the frequency 
at which the length of the investigation domain is approxi-
mately one wavelength [17]. However, the resolution is im-
proved when a higher frequency is used. Therefore, an oper-
ating frequency of 3 GHz is used.
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SNR 5 dB 10 dB 15 dB 20 dB 25 dB
PCCTR 0.8617 0.8697 0.8723 0.8732 0.8734
PCCEF 0.8636 0.8712 0.8736 0.8743 0.8746
MSETR 0.9526 0.9425 0.9370 0.9340 0.9324
MSEEF 0.5251 0.5137 0.5091 0.5072 0.5063

Reduction
in error [%] 81.41 83.47 84.05 84.15 84.16

Tab. 1. PCC and MSE of two dielectric objects for different
noise levels.

Gaussian noise with five different levels of SNR (5 dB, 10 dB,
15 dB, 20 dB, and 25 dB), and the corresponding PCC and
MSE values are reported in Tab. 1. Here, the reduction in
error is calculated by

(
MSETR−MSEEF

MSEEF

)
× 100%. As can be

seen, the PCC values for both methods are very close. This
implies that the detectability of the proposed approach is al-
most identical to the standard Tikhonov method. However,
the MSE values indicate that the proposed method is very
much helpful in terms of improving the image accuracy. We
observe that in all the cases, there is a reduction in error of
approximately 83% for the proposed approach.

3.1.2Austria Profile
In this example, the applicability of the proposed algo-

rithm is tested on the Austria profile, which is the well-known
target configuration in the inverse scattering community. Fig-
ure 5(a) shows the Austria profile (εr = 1.3) with a homoge-
neous background (εb = 1). It consists of two disks and one
ring structure. The ring is centered at (0, –2) cm and the disks
are located at (–3.5, 7) cm and (3.5, 7) cm. The radius of each
disk of 2 cm, whereas the ring has an outer radius of 6 cm and
an inner radius of 4 cm. With reference to Fig. 5(b)–(c), it is
clear that the algorithm yields good reconstruction in terms
of image accuracy. The MSE for the exponential filtering
(0.8020) is less than the Tikhonov regularization (1.1422).
Thus the proposed method achieves a statistically significant
improvement compared to the standard Tikhonov method.
Also, the PCC value is 0.7723 for the Tikhonov method and
0.7725 for exponential filtering.

3.1.3Multilayer Dielectric Object
The multilayer dielectric cylinder configuration is often

used for inversion procedures imaging applications. An ex-
ample consists of two-layer circular non-concentric cylin-
ders with radii of inner and outer cylinders, 2 cm and 6 cm,
respectively. Furthermore, the relative permittivity values
of the inner and outer cylinders are equal to 1.35 and 1.15,
respectively, and are centered at (2, 0) cm and (0, 0) cm.

The actual profile of the non-concentric circular cylin-
der is given in Fig. 6(a), and the final reconstructed outputs
(distribution of the contrast function) at 3 GHz are reported
in Fig. 6(b)–(d). It is observed that the reconstructed image
using the exponential filtering method is quite accurate in
terms of target position, size, and dielectric property. The
MSE value for the exponential filtering (0.2782) is less than
the Tikhonov method (0.4329). Moreover, the PCC value is
0.9280 for the Tikhonov method and 0.9283 for the exponen-
tial filtering.
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Fig. 5. Results for Austria profile, (a) Actual profile, (b) Recon-
struction using Tikhonov regularization, (c) Reconstruc-
tion using exponential filtering.
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Fig. 6. Results for multilayer dielctric object, (a) Actual profile,
(b) Reconstruction using Tikhonov regularization, (c) Re-
construction using exponential filtering, (d) 1D plot.

3.1.4PEC Object
The proposed reconstruction algorithm is developed for

dielectric scatterers, so it is not known how well this algo-
rithm works for targets with perfect electric conductor (PEC)
objects. In the case of PEC, the electromagnetic field does
not enter into object and the scattered fields come from its
boundary only [20], [21]. The imaging result is obtained
by assuming the scatterer as a highly conducting dielectric
cylinder so that the mathematical formulations derived for the
dielectric object can be applied to the PEC objects [22].
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Fig. 7. Results for PEC cylinder, (a) Actual profile, (b) Recon-
struction using Tikhonov regularization, (c) Reconstruc-
tion using exponential filtering, (d) 1D plot along x-axis.

Here, the target configuration consists of a circular PEC
cylinder of radius 2 cm placed in a homogeneous free space at
a distance of 3 cm from the center of the test domain, as shown
in Fig. 7(a). The corresponding simulation results at a work-
ing frequency of 3 GHz are illustrated in Fig. 7(b)–(d). Since
the PEC targets have infinite conductivity, only the boundary
of these scatterers should be determined [22]. Therefore,
the actual target permittivity value has not been defined in
Fig. 7(d) and only the boundary of the scatterer has been
indicated. It is quite evident from results that the exponential
filtering provides better accuracy than the Tikhonov regu-
larization. Thus the proposed reconstruction algorithm also
works well for the PEC objects.

3.2 Experimental Data Results

In order to check the performance of the proposed algorithm
under realistic conditions, experimental data acquired in the
laboratory of Fresnel’s institute, Marseille [11] is considered.
The scattered field data is acquired in an anechoic chamber
using the experimental setup shown in Fig. 8. In the setup,
linearly polarized horn antennas are used. The transmitting
antenna is fixed on the horizontal axis at a distance of 720 mm
± 3 mm, and the receiving antenna rotates around the target
at a distance of 760 mm ± 3 mm. The target has an elon-
gate shape along the vertical axis to form a two-dimensional
structure. In Fig. 8, θt represents the angle between the trans-
mitting antenna and the target, whereas θr denotes the angle
between the transmitter and the receiver, whose angular range
is from 60◦ to 300◦. In this case, 36 transmission antenna
positions are used.

Fig. 8. Experimental setup used to measure the scattered field
data.
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Fig. 9. Target profiles for experimental data, (a) Single dielec-
tric, (b) Two dielectrics, (c) Metallic rectangle, (d) Metal-
lic ‘U’.

In the experimental case, four different imaging config-
urations (dielectric or metallic) are considered. The cross-
sectional dimensions of these scatterers are indicated in
Fig. 9. The dielectric target consists of one (Fig. 9(a)) or
two (Fig. 9(b)) filled dielectric cylinders, with a permittivity
value of εr = 3 ± 0.3, so it is considered a strong scatterer.
Two metallic targets with rectangular and ‘U-shaped’ cross-
section are also studied.

3.2.1Single Dielectric
This example relates to the reconstruction of a single

circular dielectric cylinder of 1.5 cm radius, located at a dis-
tance of 3 cm from the origin, as shown in Fig. 9(a). The
reconstruction is carried out at an operating frequency of
3 GHz. Figure 10 displays the reconstructed distributions
of the contrast function. Since the object is a strong scat-
terer, this case does not satisfy the validity condition of the
Born approximation. Therefore, the magnitude of the re-
constructed profile is less accurate compared to the reference
profile. Nevertheless, the exponential filtering reconstruction
leads to more accurate results.

(d)
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Fig. 10. Experimental results for single dielectric, (a) Recon-
struction using Tikhonov regularization, (b) Recon-
struction using exponential filtering, (c) 1D plot along
x-axis.
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Fig. 11. Experimental results for two dielectrics, (a) Reconstruc-
tion using Tikhonov regularization, (b) Reconstruction
using exponential filtering, (c) 1D plot along x-axis.

3.2.2Two Dielectrics
The dielectric profile of this example is shown in

Fig. 9(b). It consists of two identical circular cylinders of
a 1.5 cm radius and separated by 9 cm. The cylinders are sep-
arated along the horizontal axis by a distance of 9 cm. The
imaging results for this target are illustrated in Fig. 11. Here
again, better reconstruction is obtained using the proposed
algorithm.

(a) (b)

(c)

Fig. 12. Experimental results for metallic rectangle, (a) Recon-
struction using Tikhonov regularization, (b) Recon-
struction using exponential filtering, (c) 1D plot along
x-axis.

(a) (b)

Fig. 13. Experimental results for metallic ‘U’, (a) Reconstruc-
tion using Tikhonov regularization, (b) Reconstruction
using exponential filtering.

3.2.3Metallic Rectangle
In this case, the target configuration consists of a metal-

lic rectangular cylinder of dimensions (2.45 × 1.27) cm2, as
shown in Fig. 9(c). The measurement is carried out at a fre-
quency of 4 GHz, and the corresponding simulation results
are reported in Fig. 12. As the object under inspection is small
in size, the imaging domain is considered as 12 cm × 12 cm.
It is observed that the profile of the target is clearly and
quite accurately reconstructed by the exponential filtering
approach.

3.2.4Metallic ‘U’
Finally, in this example, a more complicated object pro-

file of ‘U-shaped’ metallic cylinder with a dimension of
(8 × 5) cm2 is inspected, and the corresponding results at
an operating frequency of 4 GHz are presented in Fig. 13.
Here, the test domain is taken as 16 cm × 16 cm. The results
led to a similar conclusion where the exponential filtering re-
sults are more accurate than the Tikhonov regularization.

x(cm)
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4. Conclusion
This paper describes a new algorithm based on expo-

nential filtering to solve the linear, discrete ill-posed problem
of microwave imaging. The purpose of the filtering method
is to suppress the contribution of lower singular values and
keep significant singular values. As a result, the computed
solution is more accurate. The linearized scattering model
of Born approximation is considered. The required regular-
ization parameter has been calculated using the regularized
minimal residual method. The results are compared with the
state of the art Tikhonov regularization for various numerical
examples of synthetic data and experimental data (provided
by Institut Fresnel). To show the effectiveness of the algo-
rithm, results are also obtained with different signal to noise
ratios of data. The results conclude that this method is able to
reconstruct the dielectric scatterers with high accuracy. The
same is validated for metallic objects. As future work, this
model can be extended to the case of 3D.
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