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Abstract—This work presents shape reconstruction results using
TE experimental scattering data of a perfect electric conducting
(PEC) cylinder. The level set method combined with the method of
moments is used for the reconstruction. The experimental data are
collected using two ultrawideband strip-fed dielectric resonator
antennas rotating around the target. The removal of the drift noise
is achieved through spatial low-pass filtering, which is a key ele-
ment to improve the reconstruction.

Index Terms—Dielectric resonator antennas (DRAs), experi-
mental measurements, inverse problem, level set algorithm.

I. INTRODUCTION

R ECONSTRUCTION of unknown objects using experi-
mental measurements is always a challenge [1], [2]. This

work deals with imaging of general two-dimensional (2D) ob-
jects. Two modes are considered in 2D reconstruction: the TM
mode, where the incident electric field is parallel to the axis
of the cylinder, and the TE mode, where the incident magnetic
field is parallel to the axis of the cylinder. The shape reconstruc-
tion using TE experimental measurements has always been more
challenging than using TM experimental measurements [1], [2].
In [1], the level set algorithm was employed to reconstruct the
unknown object using both TE and TM measurements. Using
the TM measurements, accurate reconstruction of a rectangular
pipe was achieved, whereas the algorithm failed to reconstruct
the rectangular shape using the TE measurements. In [2], an iter-
ative multiresolution strategy was tested also using TM and TE
measurements. While the TM reconstruction was accurate, the
TE reconstruction produced an object that is almost twice the
size of the original one [2]. Both [1] and [2] used the measure-
ments posted by the Fresnel Institute. These results indicate the
disadvantage of using TE measurements.

This letter presents an effort to improve the accuracy in recon-
structing the 2D cross-section shape and size of a perfect elec-
tric conducting (PEC), relatively long cylinder using TE mea-
surement scattering data. The level set reconstruction algorithm
combined with the method of moments as the forward solver is
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employed in the current work [3]–[5]. In [3], the level set al-
gorithm shows a potential for the retrieval of the shape and lo-
cation of multiple PEC targets of arbitrary cross sections using
synthetic TM data. In [4], a new deformation velocity associ-
ated with the level set algorithm was implemented to accom-
modate the TE case. An in-depth analysis to compare the re-
construction results and the algorithm’s convergence issues be-
tween the TE and the TM cases was presented [4]. All results in
[3]–[5] used synthetic data with and without added noise down
to a signal-to-noise ratio of 10 dB. The results of [4] showed the
computational challenges when using TE data as the input for
the reconstruction algorithm.

Even though the synthetic data used in [4] was corrupted
with random noise, experimental measurements collected using
two moving antenna systems often contain an additional type of
noise that is difficult to emulate using simulations. This type of
noise is known as drift noise, as discussed by Eyraud et al. in [6].
This type of noise arises due to the subtraction process of two
measurements: one without the presence of the target, while the
second is when the target is present [6]. Any changes in the mea-
surement conditions between the two experiments could lead to
producing the drift noise in the scattering data [6]. The changes
in the measurement conditions were attributed in [6] to temper-
ature variations, causing the vector network analyzer to drift.

In this work, the drift noise is removed by passing the mea-
surements through a spatial low-pass filter with respect to the re-
ceiver positions. This filtering is found to significantly enhance
the TE reconstruction results, providing reasonable estimates of
the shape and the size of the cylinder under test.

This work is organized as follows. Section II describes an ul-
trawideband strip-fed dielectric resonator antenna (DRA) that
is used as a sensor to collect the measurements. The DRA was
selected due to its wideband, compact size, and high radiation
efficiency. Section III briefly describes the level set algorithm
[3]–[5], and Section IV briefly describes the experimental setup.
Finally, the reconstruction results and the conclusion are illus-
trated in Sections V and VI, respectively.

II. DIELECTRIC RESONATOR ANTENNAS

A strip-fed ultrawideband DRA is employed here as
sketched in Fig. 1. The DRA has a 30 30 mm ground
plane and measures 21.8 mm in height including the SMA
connector. Rogers RT/duroid 6010 dielectric material with
relative permittivity of 10.2 is used for the DRA. The dielectric
part is coupled to the inner conductor of the SMA connector
using a trapezoidal-shaped metallic strip with dimensions
2.4 7.11 3.2 7.11 mm. The shape and dimensions of the
metallic strip were optimized to enhance the bandwidth using
Ansoft/HFSS. The simulated and measured reflection coeffi-
cients of the two DRAs are plotted in Fig. 2. The results
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Fig. 1. (a) A sketch of the DRA. (b) A side view showing the feeding metallic
strip, ground plane, and SMA connector.

Fig. 2. DRA. (a) Simulated and measured reflection coefficient � . (b) Axial
ratio (� �� ). Vertical dashed lines indicate the DRA bandwidth.

Fig. 3. (a) Normalized field radiation pattern of the DRA at 6 GHz. (b) A pho-
tograph of the fabricated antenna.

show that the DRA’s bandwidth is 45.5% (i.e., 4.7–7.47 GHz)
with a center frequency of 6.1 GHz. Two DRAs were fabricated
at the University of Mississippi with their measured shown
in Fig. 2. Reasonable agreement between the measurements
and the simulation is shown in Fig. 2(a). Any mismatch could
be attributed to the discrepancy in the shape of the manually
fabricated metallic strips in addition to the soldering process of
the coaxial probe. The bandwidth considered for the level set
algorithm is 4.4–7 GHz, as shown in Fig. 2, in steps of 0.2 GHz
(14 frequencies in total).

The 2D version of the level set algorithm requires a sensor
with linear polarization [3], [4]. In order to verify that the DRA
can provide such polarization, the axial ratio is simulated as
shown in Fig. 2(b). The fields are simulated at a point 12.5 cm
directly in front of the antenna. The results show that the DRA
radiates at least 60 dB more in the -direction than the -direc-
tion from 4.4–7 GHz. The field radiation patterns in the - and

-planes are simulated at 6 GHz, as shown in Fig. 3(a). A pho-
tograph of the DRA is shown in Fig. 3(b).

III. TWO-DIMENSIONAL LEVEL SET ALGORITHM

The main idea of the level set algorithm is to model the
evolving contour as the zero level of a higher order function
[3]–[5]. At each time-step , the contour is modeled as

(1)

Upon differentiation with respect to time, the evolution of
the contour toward the true shape can be obtained using the
Hamilton–Jacobi equation

(2)

where represents the deformation velocity. The deformation
velocity depends on whether the TM [3] or TE [4] case is per-
formed. The contour will evolve such that, at each time-step,
the mismatch between the measured scattering fields and the
simulated ones decreases. Frequency-hopping scheme is imple-
mented here as well [3]–[5]. Multiple frequencies are incorpo-
rated in the frequency-hopping scheme [3]–[5]. Starting with
the first frequency, (1) and (2) are solved iteratively for a preas-
signed initial guess. At each frequency, convergence is achieved
when either: 1) the number of large preassigned iterations is
reached (28 000 in this work); or 2) when the cost function drops
below certain threshold of in this work. The cost func-
tion is the mismatch error between the fields’ measurements and
simulations of the evolving object. The process is then repeated
for the consecutive frequency using the evolved shape as the
new initial guess for this frequency.

IV. EXPERIMENTAL SETUP

The two DRAs are connected to two rotating arms that are
controlled by HIS DCM 8028 motion control drivers [7]. This
allows the transmitter (DRA 1) and the receiver (DRA 2) to
rotate around the target under test independently. The two an-
tennas are connected to a two-port vector network analyzer (HP
8510C) that measures the scattering parameters, primarily .
A computer is used to collect the measurements from the net-
work analyzer as well as to control the antenna position via
the motion control drivers [7]. The antennas, the target under
test, and the rotating arms are positioned inside a 1-m anechoic
chamber to minimize interference [7].

The level set algorithm requires the scattered electric fields
as an input [4]; however, the experimental measurements
provide the scattering parameter . To convert the scattering
parameter into the required scattered field values, two
measurements are performed: 1) the parameter is measured
at each transmitter and each receiver position with no target
present leading to ; 2) the parameter is mea-
sured at each transmitter and each receiver position with the
target present leading to . The normalized measured
scattered electric field is given by

(3)

The subtraction in (3) has the effect of extracting the scattered
field, and the division deconvolutes the antenna response, which
has the effect of normalizing the incident wave. The
is then used as the input to the 2D level set algorithm. Although
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Fig. 4. Experimental configurations for (a) TM and (b) TE measurements.

the measurements are in three dimensions (3D), the normaliza-
tion with respect to in (3) provides a 3D to 2D com-
pensation. Each quantity in (3) represents 3D measurements,
which includes a 3D loss function [8]. Meaney et al. reported
that the loss factor in 3D is , whereas it is in
2D, where is the observation point and is the wavelength
[8]. The 3D to 2D compensation is achieved by multiplying each
term in (3) by . This conversion term cancels
out due to the denominator term.

Eyraud et al. had observed that changes in the conditions be-
tween the measurements when the target is absent and when it
is present could lead to introducing the drift noise in
[6]. To mitigate the effect of this noise, Eyraud et al. proposed
to employ a spatial adaptive low-pass filtering scheme with re-
spect to the receiver positions [6]. This was justified by the fact
that the scattered field is theoretically known to exhibit a limited
spatial bandwidth [6]. In this work, simple weighted low-pass
filters, nonadaptive, are utilized to remove the drift noise. The
filter equation can be expressed as

(4)

where is the unfiltered signal, is the filtered signal, is the
window length of the filter, and represents the weights. As
is known, the larger the width of the window, the narrower the
bandwidth of the filter.

V. RECONSTRUCTION RESULTS

This section presents a circular cylinder as an example of
the reconstruction algorithm. A 1-in (2.54 cm) diameter circular
cylinder positioned at the center of the anechoic 1-m chamber
is used as the target under test. The center of the cylinder is
placed at a distance 8.5 cm from the ground planes of both the
transmitter (DRA 1) and the receiver (DRA 2). The configura-
tion is shown in Fig. 4. The transmitter will be positioned at
the first location, while the receiver will be rotated at 18 posi-
tions in directions of angles from 90 to 260 measured with
respect to the transmitter. For each receiver position, 14 fre-
quencies ranging from 4.4 to 7 GHz in steps of 200 MHz are
employed. Due to the symmetry, only a single transmitter posi-
tion is needed [7].

Two cases are considered here. One uses TM data, and the
second uses TE data. The transition from the TM case to the
TE is performed upon rotating the transmitter and the receiver

Fig. 5. (a) Unfiltered TM reconstruction after 27 990 iterations using 14 fre-
quencies (�� � ��� GHz, �� � � GHz, and �� � ��� GHz) (b) The recon-
struction cost function versus iteration number.

by 90 , as shown in Fig. 4. Even though the TM reconstruction
was successfully achieved using experimental data for a variety
of cylindrical cross sections [7], it is presented here for com-
pleteness. The work in [7] used Vivaldi antennas.

For the first case, the unfiltered measured scattering data of
the TM case are presented in Fig. 5(a), showing the initial guess,
which is larger and displaced by 5 cm off the true target posi-
tion. The line of the smaller circle represents the true target. The
shaded area represents the reconstructed contour of the cylinder.
These results are obtained after 27 990 inversion iterations using
14 frequencies between 4.4 and 7 GHz. Fig. 5(b) shows the cost
function of the reconstruction, which is defined as [3]

(5)

where and are the transmitter and receiver angles, respec-
tively, is the simulated scattered field of the evolving ob-
ject, and is the measured fields defined in (3). At each
new frequency, the cost function is renormalized with respect to
the measurement data at that frequency. However, no normal-
ization is conducted with respect to the previous cost function
value. This fact explains the jumps observed at each new fre-
quency [3]–[5]. The results of Fig. 5 show good accuracy in es-
timating the location of the cylinder; however, the shape of its
cross section seems larger than the actual cross section.

Upon filtering the scattering data of the TM case used in
Fig. 5, with moving average filter (MAF) of window 5, the mea-
surements appear smoother, as shown in Fig. 6, especially at
the center frequency of 5.6 GHz. In the rectangular MAF, all
the coefficients in (4) are set equal to 1. The receiver angles
in Fig. 6 are measured with respect to the transmitter position.
The filtered data are used in the reconstruction results, as shown
in Fig. 7. Fig. 7 shows that the filtering process caused the re-
construction results to improve. The initial guess and the true
cylinder are shown in Fig. 7(a), the evolving shape after 1000
iterations in Fig. 7(b), and the final result after 27 990 iterations
in Fig. 7(c). The cost function of the reconstruction is shown in
Fig. 7(d). The reconstruction process is repeated for the same
filter of windows 3 and 7, with the final results shown in Fig. 8.
The results show that the TM case is not very sensitive to the
window of the filter, as the reconstruction results of Fig. 8 do
not vary significantly with the filter order.

For the TE case, the reconstruction results using unfiltered
scattering fields are shown in Fig. 9(a) with the cost function of
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Fig. 6. A comparison of the magnitude of � before and after filtering
for the TM case at 5.6 GHz.

Fig. 7. Filtered TM reconstruction using moving average filtering of window 5
after (a) 10 iterations at 4.4 GHz, (b) 1000 iterations at 5.2 GHz, and (c) 27 990
iterations at 7 GHz. (d) Reconstruction cost function versus iteration number.

Fig. 8. A comparison of the TM reconstruction using moving average filters of
windows (a) 3, (b) 5, and (c) 7.

the algorithm is shown in Fig. 9(b). Comparing the unfiltered TE
results in Fig. 9 to that of the TM results in Fig. 5(a) indicates the
effect of the drift noise in both polarizations. The results show
that the TE reconstruction is worse than the TM reconstruction.
This agrees with the results of the synthetic data presented in
[4].

Upon filtering the scattering data of the TE case used in Fig. 5
with MAF of window 5, the measurements appear smoother, as
shown in Fig. 10, especially at the center frequency of 5.6 GHz.
The receiver angles in Fig. 10 are measured with respect to the
transmitter position. The filtered data are used in the recon-
struction results, as shown in Fig. 11. The reconstruction re-
sults using the filtered data show significant improvement, as
shown in Fig. 11. Fig. 11(a) shows the initial guess and the true

Fig. 9. (a) Unfiltered TE reconstruction after 27 990 iterations using 14 fre-
quencies (�� � ��� GHz, �� � � GHz and �� � ��� GHz). (b) The recon-
struction cost function versus iteration number.

Fig. 10. A comparison of the magnitude of � before and after fil-
tering for the TE case at 5.6 GHz.

Fig. 11. Filtered TE reconstruction using moving average filtering of
window 5: (a) five iterations at 4.4 GHz; (b) 1000 iterations at 5.2 GHz; and
(c) 27 990 iterations at 7 GHz. (d) Reconstruction cost function versus iteration
number.

cylinder, Fig. 11(b) shows the evolving contour after 1000 it-
erations, and Fig. 11(c) shows the final reconstruction results
after 27 990 iterations. Fig. 11(d) shows the cost functional of
the algorithm. It is important to emphasize that the results of
Fig. 11(c) are considerably better than those published in [1] and
[2], although for a different cross section. The TE data is filtered
using windows of 3 and 7, as shown in Fig. 12. The results of
Fig. 12(a) (window of 3) are much worse than those of Fig. 12(b)
(windows of 5) and the unfiltered measurements in Fig. 9. The
low-pass MAF is nonideal; therefore, the window 3 may not
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Fig. 12. A comparison of the TE reconstruction using moving average filters
of windows (a) 3, (b) 5, and (c) 7.

Fig. 13. A comparison of the TE reconstruction using triangular weighted
moving average filter of window (a) 3, (b) 5, and (c) 7.

have effectively removed all the drift noise. Also, when the filter
has a narrower bandwidth in Fig. 12(c), the reconstruction re-
sults are slightly worse than that of window 5 in Fig. 12(b).
These results agree with the discussion in [6], which indicates
that each target has a specific bandwidth that needs to be kept
intact when filtering the scattering data of the drift noise. The
results of Fig. 12 show that TE reconstruction is more sensitive
to the bandwidth of the low-pass filter to remove the drift noise
compared to the TM case.

Two other low-pass filters are tested: 1) a triangular filter;
and 2) a sinusoidal filter. The same three windows (3, 5,
7) are considered. The weights of the triangular filter, ,
are set to [1 2 1], [1 2 3 2 1], and [1 2 3 4 3 2 1] for
windows 3, 5, and 7, respectively. The weights of the si-
nusoidal filter, , are set to ,

, and

for windows 3, 5, and 7, respectively.
The TE reconstruction results from the triangular weighted

filter are shown in Fig. 13, while the reconstruction results from
the sinusoidal weighted filter are shown in Fig. 14. The results
show that when the filter is tapered, no improvement is observed
for windows 3 and 5. However, improvement is observed when
the window width is set to 7. This is anticipated since tapering
the filter increases the cutoff frequency. Therefore, larger win-
dows are needed to obtain the same cutoff as the unweighted
MAF, i.e., the window of 5 in the rectangular filter in Fig. 12.

Fig. 14. A comparison of the TE reconstruction using sinusoidal weighted filter
of window (a) 3, (b) 5, and (c) 7.

The results in Figs. 12–14 reveal some of the characteristics
of the drift noise. The results suggest that the drift noise exists
in a band higher than the cutoff frequency of MAF of window 5,
triangular filter of window 7, and sinusoidal filter of window 7.
However, the drift noise is a system-dependent factor that varies
with the network analyzer drift, positioning accuracy, and re-
peatability, and possibly the antennas radiation pattern. In-depth
investigation of the drift noise characterization is outside the
scope of this work.

VI. CONCLUSION

The results show that the reconstruction of TE experimental
data using the level set algorithm is more sensitive to the drift
noise compared to the TM case. Three low-pass filters are suc-
cessfully implemented to remove the drift noise from the experi-
mental data. The results show that the drift noise is observed be-
yond certain cutoff frequency and is not known a priori, which
depends on the imaging hardware system.
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