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TE Versus TM for the Shape Reconstruction of
2-D PEC Targets Using the Level-Set Algorithm
Mohammad Reza Hajihashemi, Student Member, IEEE, and Magda El-Shenawee, Senior Member, IEEE

Abstract—The transverse electric (TE) polarization for shape
reconstruction of perfect electric conducting 2-D targets is presented. The deformation velocity for the TE polarization case is
implemented in the level-set algorithm. A comparison between
the reconstruction CPU time between the TE and transverse
magnetic (TM) polarizations is discussed. The numerical results
show that retrieving the shape and location of multiple targets of
arbitrary cross sections becomes computationally intensive when
illumination with TE-polarized waves is used. If the orientation of
the unknown cylinders is a priori known, the TM-polarized waves
provide faster reconstruction results with the same accuracy compared with the TE-polarized waves. Upon corrupting the synthetic
data with Gaussian noise up to signal-to-noise ratio of 5 dB, the
TM polarization seems to provide more accurate results compared
with the TE case.
Index Terms—Computational electromagnetics, inverse scattering, level-set method, shape reconstruction.

I. I NTRODUCTION

T

HE OBJECTIVE of inverse electromagnetic scattering
is to reconstruct the profile of unknown objects using
measurement data. The inverse scattering problem has many
applications in diverse fields such as nondestructive testing,
medical imaging, geophysics, remote sensing, and ground penetrating radar [1]–[4].
As known, the inverse scattering problem is generally nonlinear and ill posed. One way for solving the nonlinear inverse
problem is solving the forward scattering problem iteratively
to minimize an error function known as the cost function. This
function represents the error between the measured scattered
fields and the simulated fields during the updates of the evolving
objects in each inversion iteration [5]–[13].
Recently, several papers have been published on the subject
of the inverse scattering problem, e.g., the works in [5]–[7] deal
with shape reconstruction problems, while those in [8]–[13]
discuss contrast inversion techniques.
In [5], the adjoint field method and the method of moments
(MoM) were integrated for the shape reconstruction of 3-D
lossy objects immersed in a lossy medium. In [6], an evolutionary algorithm was employed for the shape reconstruction of 2-D perfectly conducting (PEC) objects illuminated
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by TM plane waves. In [7], the shape reconstruction of a
2-D PEC object using a single frequency was implemented.
In [8] and [9], the distorted Rytov iterative method was employed for the permittivity reconstruction of 2-D homogenous
objects based on the intensity of the fields. In [10], the multiscaling strategy integrated with a stochastic technique was
used to retrieve the dielectric distribution of 2-D problems.
In [11], the contrast source-extended Born method was employed for the contrast inversion of 3-D objects immersed in
a lossy medium. In [12], a quasi-Newton method based on the
Broyden–Fletcher–Goldfarb–Shanno Hessian matrix updating
formula was implemented for retrieving the contrast of 2-D
dielectric objects. In [13], the multiple-signal classification
algorithm was used for retrieving the contrast of multiple anisotropic spheres.
In [14], the contrast source method was employed for inverse
scattering of transverse magnetic (TM) data using amplitudeonly data. In [15], the inversion of 3-D targets is considered using an innovative multiresolution particle swarm optimization
method. In [16], the linear sampling method was employed for
inverse scattering of nonaccessible targets concealed into a wall
or a floor. The Linear Sampling Method provides an explicit
representation of the scattering object through the solution of a
linear integral equation of the first kind using a set of sampling
points [17], [18].
In [19], an iterative multiresolution strategy was applied
for reconstruction of metallic objects from experimental data.
The presented reconstruction result using transverse electric
(TE) polarization was not satisfactory enough compared to the
TM case.
The goal of the current work is to reconstruct 2-D PEC
cylinders with arbitrary cross sections. An in-depth analysis of
the profile reconstruction for the TE and TM polarizations will
be conducted.
In this paper, it is assumed that the objects are PEC cylinders.
Plane waves are used for illuminating these targets with TE and
TM polarizations. The objective is to retrieve the number of objects, their shapes, and locations using the level-set algorithm.
The level-set method offers the advantage of handling flexible topological changes without user interference. An arbitrary
initial guess often succeeds to reach the reconstruction of
multiple objects simultaneously. Recently, several works using
the level-set method for a variety of applications have been
published [20]–[23].
Level-set results using synthetic data, to reconstruct PEC
objects illuminated with plane waves when the electric field parallel to the 2-D targets’ axes (TM), were discussed in [21] and
[22]. The work in [23] demonstrated the controlled evolution of
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the level-set method for both the TM and TE polarizations when
experimental data were used. In that work, a Hamilton–Jacobitype equation of motion was used for both the space and time
level-set representation. The reported results in [23] for the
TE polarization, for real or synthetic data, showed significant
difference of reconstructed targets when compared with the TM
polarization results. This could be due to numerical inaccuracy
of the implemented algorithm in [23], which is based on the
forward and adjoint fields unlike the current work where the
induced currents are directly employed.
The deformation velocity in [23] was based on the forward
and adjoint fields calculated at all pixels inside the computational domain. However, in the current work, the deformation
velocity is calculated only on the surface of the evolving
objects; then, it is extended to the whole computational domain
[21], [33]. This could explain the more accurate results obtained
in the current work for the TE case compared with that reported
in [23].
Shape reconstruction results using other inverse problem
methods for plane waves with TE polarization were reported
[24]–[26]. The performance of the iterative multiscaling approach was investigated when TE plane waves were used for
illumination [24]. The modified-gradient method was employed
for dielectric objects illuminated with TE plane waves [25].
The equivalent source method was used for reconstructing the
starlike boundary of a PEC object in [26].
In general, solving the inverse scattering problem when the
targets are illuminated with TE plane waves where the magnetic
field is parallel to their axes requires more complex mathematical descriptions. This could be attributed to the vector form of
the corresponding integral equation and the involvement of the
derivatives of Green’s function [27].
The objective of this paper is to compare the performance
of the level-set reconstruction algorithm when multiple PEC
targets are illuminated with TE plane-wave polarization versus
TM polarization. The focus of the comparison will be on the
CPU time required in both polarizations, given the same accuracy will be achieved. Three cases with different complexity of
the target’s shape will be taken into account. Furthermore, the
computational challenges in the TE case will be compared with
that of the TM case. This paper provides more in-depth analysis
and comparison of the level-set method for the reconstruction
of metallic objects when illuminated with TE and TM plane
waves.
II. F ORMULATIONS
A. Forward Scattering
Suppose that multiple infinite conducting cylinders with arbitrary cross sections are illuminated by TE plane waves where
the magnetic field is parallel to the cylinder’s axis, as shown in
Fig. 1.
The magnetic-field integral equation (MFIE) for this configuration is [27]

inc
J(r) − n̂ × J(r  ) dr × ∇ G(r, r  ) = n̂ × H (r) (1)
C

Fig. 1.

PEC object illuminated by TE plane wave.

where C is the total contour of the scattering objects, J(r)
and J(r  ) are the induced tangential current on the surface of
conducting objects, n̂ is the normal unit vector to the surface
inc
of the PEC objects, H (r) is the incident magnetic field,
and G(r, r  ) is the 2-D Green’s function. The vectors r and
r  represent the position vectors of the receiver and the source,
respectively [27]
G(r, r  ) =

1 (2)
H (k0 |r − r  |) .
4j 0

(2)
(2)

The symbol k0 denotes to the wavenumber and H0 (·) is the
zero-order second-kind Hankel function.
The MFIE is solved using the MoM, as described in [28],
to obtain the induced currents on the surface of the conducting
cylinders. Unlike the TM case, the elements of the impedance
matrix depend on the direction of the segment elements [28].
Upon calculating the induced tangential surface current Jtan (·),
the z-direction scattered magnetic field pattern Hzsc (θinc , θsc )
in the scattering direction of θsc due to the incident plane wave
in the direction θinc can be calculated as follows [28]:

k0 j π
sc inc sc
e 4
Hz (θ , θ ) = −
8π


s

s
× Jtan (x , y  )(n̂ · R)ejk0 (x cos θ +y sin θ ) dl (3)
C

where the normal unit vector to the surface of object is n̂ =
sin Ωn x̂ − cos Ωn ŷ, the source position vector is r  = x x̂ +
y  ŷ, and the scattering vector is R = cos θsc x̂ + sin θsc ŷ, with x̂
and ŷ representing the unit vectors in the Cartesian system (see
Fig. 1). The angle Ωn is the angle between each surface segment
element dl of the PEC object and the positive x-direction (see
Fig. 1).
B. Inverse Scattering and the Computation of the
Deformation Velocity
For successful reconstruction of the unknown object, the
cost function that measures the mismatching error between
the reference profile and the reconstructed one needs to be
minimized. An appropriate form of the deformation velocity is
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NI N
M (i)

 sc  inc sc 
 inc sc 2
sc
Hz θi , θm,i − Hz,meas
θi , θm,i 
i=1 m=1

(4)

k

where NI is the number of incident waves, NM (i) is the
number of measurements under the ith incidence, θiinc is the ith
sc
is the mth scatter angle due to the ith
incident angle, and θm,i
incident plane wave. The term Hzsc (·) represents the scattered
sc
(·)
magnetic field pattern of the evolving objects while Hz,meas
represents the synthetically measured scattered magnetic field
pattern of the objects. Similar to the approach in [21], the
derivative of the cost function with respect to evolution time
is given in (5), shown at the bottom of the page, where
sc
)/dτ represents the functional derivative of the
dHzsc (θiinc , θm,i
magnetic field pattern with respect to the evolution time τ .
It relates the variation rate of the magnetic far-field pattern
due to a small variation of the object’s contour. Upon using
the reciprocity theorem, following the expression in [29], the
function derivative is given by


sc
dHzsc θiinc , θm,i
π
1
=√
e−i 4
dτ
8πk0

θiinc
θiinc
sc
inc
θ
(r) dJtan
(r)
dJtan
m,i
2 θi
×
−k0 Jtan (r)Jtan (r)+
V (r)dl .
dl
dl

≈

Jtan (r)|k−2 −8Jtan (r)|k−1 +8Jtan (r)|k+1 −Jtan (r)|k+2
8Δk
(6-b)

where Δk is the length of segment k. The indices k + 1, k +
2, k − 1, and k − 2 are the neighboring segments to the kth
segment shown in Fig. 1.
The adjoint current is obtained by solving the backpropagation scattering problem as described in [21]
θ sc

θ inc +π

i
Jtanm,i (r) = Jtan

(r).

(7)

Upon substituting (6-a) in (5), the expression (8), shown at
the bottom of the page, of the functional derivative of the cost
function is obtained. According to (8), in order to make the
cost function a decreasing function with negative derivative, the
deformation velocity (9), shown at the bottom of the page, is
chosen.
The symbol α represents a positive factor [21]. The reconstruction results are not dependent on α since this factor only
scales the value of the deformation velocity V (r). According to
the Courant–Friedrichs–Lewy (CFL) condition [32], the chosen
time-step is inversely proportional to the maximum value of
the deformation velocity. Therefore, the update of the levelset function at each pixel in the computational domain is not
affected.
As shown in (9), the deformation velocity used in the TE
polarization includes the derivatives of the forward and adjoint

C

(6-a)
θ sc

θ inc

θ sc

θ inc

i
(r)/dl and dJtanm,i (r)/dl are
in (6-a) represented by dJtan
calculated at the center of each segment k using the five-point
stencil as follows (see Fig. 1) [32]:

dJtan (r) 
dl 

developed to decrease the cost function while increasing the
evolution time. The cost function is defined as
F (C) =

1161

i
The surface currents Jtan
(r) and Jtanm,i (r) represent the induced currents due to the incident plane wave in the θiinc direcsc
+ π) direction, respectively. These surface
tion and in the (θm,i
currents represent the solutions of the forward and the adjoint
scattering problems, respectively [21]. The currents derivatives

⎧

⎫
NI N
M (i)
⎨
⎬
sc

 inc sc 
 inc sc  dHzsc θiinc , θm,i
dF (C)
sc
= 2Re
Hzsc θi , θm,i − Hz,meas
θi , θm,i
⎩
⎭
dτ
dτ
i=1 m=1

1
dF (C)
=√
dτ
2πk0




−j π
4

Re e

NI N
M (i)





 inc sc 
sc
sc
Hzsc θiinc , θm,i
− Hz,meas
θi , θm,i

i=1 m=1

C


×

⎡
V (r) = −αRe⎣e−j 4

π

(5)

NI N
M (i)


i=1 m=1







θ sc
θiinc
(r)Jtanm,i (r)
−k02 Jtan

sc
sc
sc
Hzsc θiinc , θm,i
−Hz,meas
θiinc , θm,i



θ inc


θiinc

θ sc

dJ i (r) dJtanm,i (r)
+ tan
dl
dl

sc
θm,i

−k02 Jtan (r)Jtan (r) +

θiinc
(r)
dJtan
dl


V (r)dl

θ sc
dJtanm,i (r)
dl
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currents, which was not the case for the TM polarization [21],
[22]. The numerical evaluation of the current derivatives require
more CPU time, when compared with the TM case, where
no derivatives were involved. This issue will be discussed in
Section III.
For the TE polarization, the MFIE is solved for the
z-component of the magnetic field. Due to the vectorial form
of the describing integral equation, the reconstruction under the
TE polarization has stronger nonlinearity [30]. In the TE case,
the derivative of the Green’s function (Hankel function of first
order and second kind) has more singularity that could produce
more numerical inaccuracy when sharp corners are encountered
during the evolution [31].
C. Evolution of the Level-Set Function
The interface Γ(t) of the object is assumed to be implicitly
represented as the zero level of a higher order function Φ(·). At
each time t, the interface is defined as [33]
Γ(t) = {(x, y) | Φ(x, y, t) = 0} .

(10)

Upon obtaining the derivative of (10) with respect to time, the
following relationship for tracking the motion of the interface,
known as the Hamilton–Jacobi equation, is obtained [33], [34]:
∂Φ
(x, y, t) + V (r) ∇Φ(x, y, t) = 0
(11-a)
∂t
Φ0 = Φ(x, y, t = 0) (11-b)
where V (·) is the normal component of the deformation velocity given in (9) extended to the whole computational domain.
The deformation velocity at each pixel in the domain is chosen
to be the same as the velocity of the nearest point on the
interface. The function Φ0 is the signed distance function
corresponding to the initial guess of the object [34].
The level-set function is initialized to a signed distance function corresponding to the initial guess [33]. The signed distance
function at any point in the computational domain is defined
as the distance to the closest point on interface. If that point
is outside the interface, then the signed function is positive;
otherwise, it is negative. The signed distance function helps
avoiding steep gradients and rapidly changing shape features.
The Hamilton–Jacobi equation is solved using finitedifference schemes described in [33]. To ensure the stability of
the partial differential equation (PDE) given in (11), the CFL
condition is considered. The CFL condition asserts that the
numerical wave should propagate at least as fast as the physical
waves [33], [34].
The maximum number of iterations is preassigned. If the desired threshold for the cost function (10−7 here) is not achieved,
the algorithm stops after completing 20 000 iterations.
The frequency hopping helps to avoid the dropping of the
algorithm in local minima. The general rule is to use a low
frequency to find the location and the general profile of the
target(s), while the higher frequencies help to retrieve the fine
details of the shape(s) [22]. In some cases, starting the algorithm with high frequency causes the cost function to diverge

or the deformation velocity to demonstrate ill-determined and
oscillatory behavior [21]. In general, starting with a lower frequency helps avoid these problems on the expense of increasing
the required CPU time.
D. Calculating the Derivatives of the Currents
As mentioned in (8), the derivatives of the induced tangential
currents with respect to the curvilinear abscissa need to be
calculated in order to evaluate the deformation velocity. Two
techniques are used in this paper: the moving average and the
smoothing spline methods [33]. This numerical task adds to
the computational time of the TE case in comparison to the
TM case.
The smoothing spline provides more accurate calculations
of the derivatives of the induced currents compared with the
five-stencil scheme. This is due to the inherited assumption
that the first- and the second-order derivatives of the currents
are continuous in the neighboring segments [35]. However,
using the spline scheme requires solving a system of equations
leading to an increase in the required CPU time [35]. On
the other hand, the five-stencil scheme provides less accurate
results with a tradeoff with the speed of calculations [32].
III. N UMERICAL R ESULTS
Three cases will be considered in this section: a single starshaped object, two objects of rectangular shapes, and three
objects of arbitrary shapes.
A. Reconstruction of a Star-Shaped Object
In the first example, both the TE and TM polarizations are
examined to reconstruct a star-shaped object using the levelset algorithm. Thirty-six incident plane waves are used to
uniformly illuminate the object, while the synthetic scattered
fields are collected at 18 directions. The scattering directions
are uniformly arranged based on the following equation:
θiinc −

π
π
sc
≤ θm,i
< θiinc +
2
2

(12)

sc
where θiinc is the ith incident angle and θm,i
is the mth scatter
angle due to the ith incident plane wave as described in (4). This
configuration results in 648 synthetic data at each frequency.
Four frequencies of f1 = 1 GHz, f2 = 3 GHz, f3 = 5 GHz,
and f4 = 7 GHz are employed in the reconstruction algorithm
using the frequency-hopping scheme [22]. The normalized cost
function using both the TE and the TM polarizations is shown
in Fig. 2. The normalized cost function is defined as
NI N
M (i)


 inc sc 2

sc
Hzsc θinc , θsc − Hz,meas
θi , θm,i 
i
m,i

FN (C) =

i=1 m=1

NI N
M (i)


i=1 m=1

sc
Hz,meas



sc
θiinc , θm,i

2


.
(13)

The cost function (4) is normalized with respect to the synthetic
data at each frequency. Notice that the cost function is not
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Fig. 4. Reconstruction of a star-shaped object for the TE case. (a) Initial guess.
(b) After 120 iterations at 1 GHz. (c) After 3990 iterations at 7 GHz.
Fig. 2. Normalized cost function of the star-shaped object for TE and TM
polarizations.

frequency-hopping sequences. The final result in the TM case
is obtained also after 3990 iterations for the sake of comparison
with the TE case (not presented here). The algorithm is executed
on a dual Core AMD Opteron Processor 280 working at 1 GHz
with 8 GB of RAM.
The CPU time for reconstructing the star shape is about
62 min for the TE case, while it is only about 45 min for the
TM case.
For the TE case, upon obtaining the induced tangential
surface currents in both the forward and the adjoint problems, the moving average scheme is employed to smooth
θiinc
(r)/dl
the currents before calculating their derivatives (dJtan
θ sc

Fig. 3. (a) and (b) Evolved profiles of a star-shaped object after 300 iterations
at 1 GHz for (a) TE case and (b) TM case. (c) and (d) Evolved profiles
of a star-shaped object after 1500 iterations at 3 GHz for (c) TE case and
(d) TM case.

normalized with respect to its value at the previous frequency
when the algorithm hops to the new frequency, which explains
the ripple in all cost function plots in this paper [21], [22].
Fig. 2 shows that the cost function associated with the TM case
converges faster than that of the TE case.
To understand the implication of the results in Fig. 2, evolved
profiles of the star-shaped object after 300 and 1500 iterations
are shown in Figs. 3(a) and (c) and 3(b) and (d) for the TE and
TM polarizations, respectively.
In all figures in this paper, the solid (blue) line represents the
true object, while the shaded (red region) represents the cross
section of the evolved object. The results of Fig. 3(c) and (d)
show that after 1500 iterations, the star shape is reasonably
reconstructed for both polarizations, particularly for the TM
case [Fig. 3(d)]. However, to obtain the same accuracy of the
reconstruction for the TE polarization, the reconstructions after
3990 iterations are shown in Fig. 4(c), and showing the initial
guess and the evolved object after 120 iterations in Fig. 4(a)
and (b), respectively.
The results for the TE and TM polarizations show comparable
final reconstructions after 3990 iterations and using the same

and dJtanm,i (r)/dl ). The derivatives of the currents are calculated numerically using a five-point stencil technique given in
[32, eq. (6-b)]. In addition, for the TE case, the moving average
scheme is applied before calculating the current derivatives
and also after calculating the deformation velocity. On the
other hand, for the TM case, smoothing is applied only after
calculating the deformation velocity.
The aforementioned additional numerical tasks can explain
the increase in the CPU time for the TE case when compared
with the TM case, which is demonstrated in the following
examples as well.
B. Reconstruction of Two Rectangular Cylinders
In the second example, the reconstruction of the two rectangular cylinders using the level-set method for the TE and
the TM polarizations is presented. The same configuration of
(12) for the incident and scattering directions is employed here.
Four frequencies f1 = 200 MHz, f2 = 1 GHz, f3 = 2 GHz,
and f4 = 3 GHz are employed in the frequency hopping. The
normalized cost function using both the TE and TM polarizations is shown in Fig. 5.
Fig. 5 shows that the amplitude of the cost function for the
TE case is much larger that for the TM case, particularly at
frequencies from 1 to 3 GHz. Therefore, the evolved profiles
after 500 and 2000 iterations are shown in Figs. 6(a) and (c)
and 6(b) and (d) for the TE and TM polarizations, respectively.
The results of Fig. 6(a) and (b) show that the evolved profiles
for both the TE and TM cases are not even close to the true
objects. However, after 2000 iterations, the evolved profile for
the TM case show a satisfactory reconstructed profile of the
true objects compared with that for the TE case where the
reconstructed profile still shows unseparated objects, as shown
in Fig. 6(c) and (d).
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Fig. 5. Normalized cost function of the two rectangular cylinders for the TE
and TM polarizations.

Fig. 6. (a) and (b) Evolved profiles of two rectangular cylinders after
500 iterations at 200 MHz for (a) TE case and (b) TM case. (c) and
(d) Evolved profiles of two rectangular cylinders after 2000 iterations at 2 GHz
for (c) TE case and (d) TM case.

Fig. 8. Normalized cost function of three cylinders for the TE and TM
polarizations.

The final result in the TM case is not presented here. The
CPU time required for the TE polarization is about 55 min while
it is about 34 min for the TM case. In this example, the same
smoothing schemes used in the star-shaped example are also
used here to calculate the derivatives of the surface currents.
The current example involves two rectangular objects while
the first example involved a single object; however, the star
shape represents a more complex profile. The ratio in the CPU
time required for the reconstruction of the two objects between
the TE and the TM polarizations is about 1.6, while it was about
1.35 for the star-shaped reconstruction. In other words, there is
a tradeoff in complexity between the two examples leading to
some increase in the ratio in the two-object case.
Another observation is that the reconstruction algorithm of
the star shape started with a frequency of 1 GHz [Fig. 4(a)],
while it started with a lower frequency of 200 MHz for the twoobject example [Fig. 7(a)]. Notice that the initial guess used in
the star-shaped case in Fig. 4(a) was closer to the true object
compared with that in Fig. 7(a) for the two-object example.
The lower frequency is needed to retrieve the location of the
objects(s) [21], [22].

C. Reconstruction of Three Objects

Fig. 7. Reconstructions of two rectangular cylinders for the TE case
(a) at 3-GHz initial guess, (b) after 3100 iterations at 3 GHz, and (c) after
3990 iterations.

To compare the accuracy of the reconstruction for the
TE and TM polarizations, the algorithm is executed until a
satisfactory reconstruction for the TE case is obtained after
3990 iterations at 3 GHz, as shown in Fig. 7(c). The initial
guess and the evolved object after 3100 iterations are shown
in Fig. 7(a) and (b), respectively. The results show that for the
TM polarization case, a comparable reconstruction of the two
rectangular objects is obtained after 3990 iterations for the sake
of comparison with the TE case shown in Fig. 7(c).

In the third example, a more complex configuration is investigated for the TE and TM polarizations. In this case, three objects
of arbitrary profiles are involved. The same configuration of
the incident and synthetic measurement directions is employed
according to (12). In this case, frequencies of f1 = 3 GHz,
f2 = 4 GHz, f3 = 5 GHz, f4 = 7 GHz, and f5 = 9 GHz are
employed for the TE case, and f1 = 3 GHz, f2 = 3.5 GHz,
f3 = 4 GHz, f4 = 4.5 GHz, f5 = 5 GHz, f6 = 5.5 GHz, and
f7 = 6 GHz are employed for the TM case in the frequencyhopping scheme. The presented results are given in the same
iteration and frequency. The normalized cost function for the
TE and TM polarizations is shown in Fig. 8. The ripple of
the cost function that is observed near iteration 2000 is due to
hopping the frequency from 3 to 3.5 GHz.
The results of Fig. 8 show a substantial difference between
the amplitude of the cost function for the TE polarization
compared with that for the TM polarization, particularly for
frequencies from 3 to 4 GHz.
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Fig. 10. Reconstruction of three arbitrary objects for the TE polarization.
(a) Initial guess. (b) After 1020 iterations at 3 GHz. (c) After 10 380 iterations
at 9 GHz.
TABLE I
COMPARISON BETWEEN TE AND TM POLARIZATION CASES

Fig. 9. (a) and (b) Evolved profiles of three objects, after 2000 iterations at
3 GHz for (a) TE case and (b) TM case. (c) and (d) Evolved profiles of three
objects after 4500 iterations at 4 GHz for (c) TE case and (d) TM case.

The evolved profiles are shown in Fig. 9(a) and (b) after
2000 iterations at 3 GHz for the TE and TM polarizations,
respectively. Both results demonstrate a profile that is not
separated into three objects yet. However, after 4500 iterations,
the evolved profile for the TE polarization is still far from the
true objects while that for the TM polarization is showing a
reasonable reconstruction, as shown in Fig. 9(c) and (d).
The reconstruction results for the TE case is shown at different iterations in Fig. 10(a)–(c), at the initial guess, after
1020 iterations, and after 10 380 iterations. The results show
a successful reconstruction of the three objects for the TE
polarization. The final results for the TM polarization case are
very similar to that shown in Fig. 10(c) (not presented here).
The CPU reconstruction time for the TE polarization is about
17 h compared to 72 min for the TM polarization, all obtained
after 10 380 iterations at 9 GHz.
For the cost function of the TE case, shown in Fig. 8, a slight
increase is observed at 7 and 9 GHz. This could be due to
numerical inaccuracy in calculating the deformation velocity at
these frequencies. However, the reconstructed profile at 5 GHz
after 7000 iterations demonstrated similar results to those in
Fig. 10(c).
Due to the complexity of the three arbitrary objects, the
simple moving average scheme used in previous examples
did not provide the adequate accuracy for calculating the current derivatives leading to deteriorated reconstructed profiles.
Therefore, the smoothing spline is implemented in this example
for smoothing the currents and calculating their derivatives
[35]. As indicated in the required CPU for the TE polarization in this example (about 17 h), adding the spline scheme
for the smoothing process requires excessive CPU time when
compared to the TM polarization.
In this example, the CPU time of the reconstruction for the
TE polarization is almost 14 times larger than that for the TM
polarization case. Therefore, if the orientation of the unknown

cylinders is a prior known, then illuminating the cylinders with
TM-polarized plane waves will provide faster reconstruction
results.
For consistency, the three cases considered above used the
same initial guess of a 10-cm-radius circle. In this scenario, the
frequency-hopping scheme successfully started with 200 MHz
for the two-rectangle case, with 1 GHz for the star-shaped case,
and with 3 GHz for the three-object case. Note that the overall
dimension of the two rectangles is 40 cm, for the star shape is
20 cm, and for the three objects is 10 cm.
On the other hand, for the two-rectangle example, it is not
necessary for the TM case to start the frequency hopping with
200 MHz. Convergence is achieved when starting the hopping
with 800, 600, and 400 MHz using the same initial guess
of 10-cm circle (not presented here), but starting the scheme
with 1 GHz caused the deformation velocity to be ill behaved.
However, inversion convergence is achieved using other initial
circles of radii 20 and 30 cm when the scheme started with
200 MHz, 400 MHz, 600 MHz, 800 MHz, or 1 GHz (results
are not presented here). For the TE polarization, starting with
any of the aforementioned frequencies other than the 200 MHz
caused the deformation velocity to be ill behaved, regardless if
the initial guess was a circle of 10, 20, or 30 cm (results are not
presented here).
Table I demonstrates a comparison for the TE and TM polarizations for the three examples considered here. The results of
Table I indicate that the required CPU time increases with the
increase of the configuration complexity. The total number of
iterations for the TE and TM polarization cases is kept fixed,
based on the TE case, for the sake of comparison. In addition, the frequency-hopping scheme requires higher frequencies to obtain the details of the shape when the configuration
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TABLE II
RECONSTRUCTION ERROR FOR ALL CONSIDERED CASES

complexity increases; compare the third example with the
first two examples. The required RAM memory for the three
examples is 33, 24, and 33 MB, respectively.
Table II shows the reconstruction error for each considered
experiment. The error is assumed to be the final value of the
normalized cost function.

IV. D ATA C ORRUPTED W ITH G AUSSIAN N OISE
For further analysis, the performance of the reconstruction
algorithm is tested on corrupted synthetic data. Two different
noise levels are examined in this example. The signal-to-noise
ratio (SNR) is defined as
 rms 
Esignal
(14)
SNR = 20 log
rms
Enoise
rms
rms
where Esignal
and Enoise
represent the root mean square of the
signal and the noise, respectively. The configuration of Fig. 6,
where two rectangular cylinders are considered, is repeated in
this example with SNR of 10 and 5 dB. Fig. 11(a) shows the
profile reconstruction in the TM case for SNR of 10 dB while
Fig. 11(b) shows the results for SNR of 5 dB. Fig. 11(c) shows
the reconstruction in the TE case for SNR of 10 dB while
Fig. 11(d) shows the results for SNR of 5 dB. It is observed
that the profile reconstruction is more accurate in the TM case
compared with that obtained in the TE case particularly for a
SNR of 5 dB. This implies higher sensitivity to noise in the
data for the TE polarization which could be due to its increased
nonlinearity as discussed earlier [30].

V. R ECONSTRUCTION U SING L IMITED D ATA
The number of required input data depends on the complexity of the configuration to be reconstructed. Although increasing the number of incident and measurement directions
provides more information, the tradeoff will be the required
CPU time. Based on many tested cases including real experimental data [36] and other synthetic data (not presented here),
it is observed that collecting the data using half-measurement
system (12) provides more accurate reconstruction results as
discussed in [22]. In this paper, the configuration used in
Fig. 6 is repeated with reducing the number of incident and
measurement directions from 36 incidents and 18 measurements per incidence to only 9 incidents and 5 measurements
per incidence. The reconstruction results for both TM and
TE polarizations are shown in Fig. 12(a) and (b), respec-

Fig. 11. Reconstructions of two rectangular cylinders. (a) TM case with
SNR = 10 dB. (b) TM case with SNR = 5 dB. (c) TE case with SNR = 10 dB.
(d) TE case with SNR = 5 dB. The same data of Fig. 6.

Fig. 12. Reconstructions of two rectangular cylinders. (a) TM case with
limited data. (b) TE case with limited data. All results are obtained after 3990
iterations at 3 GHz. The same data of Fig. 6.

tively. It is observed that the TM reconstruction algorithm
provides more accurate results even using less number of
measurements.
VI. C ONCLUSION
The level-set shape reconstruction algorithm for the TE polarization is implemented. In this case, the magnetic field is parallel to the axis of cylinders. The reconstruction results obtained
for the TE polarization are compared with those obtained for
the TM polarization for three different configurations, as shown
in Table I. The results imply that the reconstruction algorithm
requires more CPU time when the incident polarization of the
plane waves is TE compared with those obtained when the
incident polarization is TM, particularly when the complexity
of the configuration increases.
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Depending on the configuration, the CPU time of the reconstruction when illuminating the target with TE-polarized waves
could be excessive compared with that for the TM polarization case. When the orientation of the unknown cylinders is
a priori known, using TM polarization in the reconstruction will
provide faster reconstruction results.
Upon corrupting the synthetic data with Gaussian noise up
to SNR of 5 dB, the TM polarization seems to provide more
accurate results compared with the TE case.
It is also observed that the TM reconstruction algorithm
provides more accurate results even using a fewer number of
measurements.
The authors have successfully implemented the message
passing interface (MPI) parallelization of the level-set reconstruction algorithm for the TM polarization, with achieved
speed up of 53–84× [37]. The TE level-set algorithm can be
similarly parallelized.
To understand the consistent observation that halfmeasurement system (12) provides more accurate reconstruction results when using the proposed level-set algorithm, more
future investigations will be conducted.
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