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Abstract—A microwave ultra-wideband (UWB) radar system
has an advantage for high range resolution and penetrating
ability in dielectric object, and is promising for the applications,
such as non-destructive testing for aging road or bridge and non-
invasive human body inspection. We have already developed an
accurate internal imaging approach based on the range points
migration (RPM) method, combined with the efficient dielectric
constant estimation method. However, the former method is
applicable to only the situation that high conductive target
is buried into a homogeneous dielectric medium, and is not
suitable for the case of multi-layered dielectric structure, such as
human body or layered concrete object. As a simple expansion
aiming at multi-layered dielectric object, this paper proposes
a novel dielectric constant and boundary extraction method
for a double-layered case, where the exiting Envelope method
is appropriately extended to boundary extraction of the inner
layer. The results from finite-difference time-domain (FDTD)
based numerical simulation and experiment, demonstrate the
effectiveness of our proposed method.

Index Terms—UWB radars, Dielectric constant estimation,
Boundary extraction, Non-destructive testing, Range points mi-
gration (RPM) method, Inverse scattering

I. INTRODUCTION

There are intensive demands for an innovative imaging
techniques aiming at an object embedded in dielectric medium,
which is promising for non-invasive medical screening of
human body or and monitoring sensor for aging road or bridge.
Microwave UWB (Ultra Wideband) radar system becomes
one of the most promising technologies with the advantage
for higher range resolution and ability to penetrate dielectric
objects. In the inverse scattering issue, various reconstruction
algorithms for target buried in the dielectric medium have been
developed, for example the time-reversal method [1] and the
space-time beamforming method [2]. However, these methods
are based on the waveform focusing approach assuming point-
wise target, and then, the accuracy or spatial resolution is often
insufficient for not point-wise target and its computational
burden becomes enormous for extension to the 3-D problem.

For a promising approach of the above problem, we have
already proposed a high-speed and accurate internal imaging
method, based on the extended principle of the RPM method
[3]. This study also revealed that the imaging accuracy se-
riously depends on the assumed dielectric constant, which
should be estimated in the practical application. There are

various methods for reconstructing both the real and imaginary
parts of permittivity, so called inverse scattering analysis, such
as the numerical or analytical solution for domain integral
equations [4]. However, this type of approaches requires the
multidimensional optimization for the discretized space of
the region of interest (ROI), and the number of variable
dimensions must be severely constrained to avoid sluggish
convergence in the optimization process. While other ap-
proaches such as in [5] require less computational burden by
using the geometric optics (GO) approximation, they assume
only a simple and known structure of the dielectric medium,
such as a cuboid, and need to accurately estimate a dielectric
boundary and its normal vector, beforehand.

For this background, we have already developed a promising
method of simultaneously obtaining an accurate internal image
and estimating a dielectric constant of surrounding medium
[6]. This method employs the range points migration (RPM)
[7] and the Envelope interpolation methods [8] to correctly
reconstruct dielectric boundary points and their normal vectors
at a stage prior to internal imaging. The actual time delay
of the propagating through the dielectric medium can then
be accurately estimated from the recorded transmissive data.
However, this method only assumes the situation that a high
conductive object, such as metal, is buried in a single-layered
homogeneous medium.

To alleviate this limitation, this paper extends the method
[6] to deal with a double-layered dielectric medium at the
basic step for multi-layered dielectric object. In this method,
the extended Envelope method is introduced to reconstruct
the inner boundary points and their normal vectors, and the
GO based dielectric constant estimation is adopted to reduce
a required computational resources. The results from both
numerical and experimental simulations demonstrate that our
proposed method simultaneously determines both dielectric
constant and each boundary of layered dielectric object, with-
out a priori information of shape of each layer.

II. SYSTEM AND OBSERVATION MODEL

Figure 1 shows the system model. This paper deals with the
two-dimensional problem, for simplicity. It is assumed that
a dielectric object has a double layer structure. The region
for outer and inner medium are defined as ΩA and ΩB. Two
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Fig. 1. System and observation model.

omni-directional antennas are scanned along the circle with a
center rc and radius Rc that completely surrounds a dielectric
object as shown in Fig. 1. A set of transmitting and receiving
antenna is located at r1 = (X1, Z1), and an antenna playing
only a receiving role is located at r2 = (X2, Z2), where
rc = (r1+r2)/2 is fixed. A center wavelength of transmitting
signal is defined as λ. S1(X,Z,R) and S2(X,Z,R) are
defined as the output of the Wiener filter at antenna positions
r1 and r2, respectively, where R = ct/2 is expressed by time
t and the propagation speed of the radio wave c in the air. The
range points extracted from the local maxima of S1(X,Z,R)
and S2(X,Z,R) are defined as q1 = (X1, Z1, R1) and
q2 = (X2, Z2, R2), respectively, and this process is detailed
in [6]. Each set including q1 and q2 is denoted Q1 and Q2,
respectively.

III. CONVENTIONAL METHOD

We have already proposed the accurate internal imaging
method, which accomplishes an accurate dielectric constant
and boundary extraction for the situation that a high con-
ductivity target is buried in homogeneous dielectric medium
[6]. This method sequentially employs the RPM [7] and the
Envelope interpolation methods [8] to correctly reconstruct
dielectric boundary points and their normal vectors. The actual
time delay of the microwave propagating through the dielectric
medium can then be accurately estimated from the recorded
transmissive data.

It has been verified that this method accurately estimates the
dielectric constant of the medium surrounding an embedded
target with considerably lower computational cost than that
required by the conventional approaches solving the domain
integaral equation [4]. In addition, this method has an advan-
tage over the methods described in [5], which are typically
used in the through-the-wall applications, in that it does not
require a priori knowledge about the shape of the dielectric
object. However, this method can only be applied to a limited

Fig. 2. Principle of extended Envelope method.

object model, such as a single-layered homogeneous medium,
in principle.

IV. PROPOSED METHOD

To alleviate the limitation aforementioned in Sec. III, this
paper extends the former method [6] to a double-layered di-
electric medium. Here we introduce a new extended Envelope
method that reconstructs the inner-layer boundary points and
their normal vectors for the propagation path calculation. We
also estimate the dielectric constants of both layers by a GO-
based method. The methodology is detailed below.

A. Boundary estimation with extended Envelope method

In this method, the set of range points qA,1, denoted as
QA,1, is extracted from Q1, where S1(qA,1) has the maxi-
mum value at each antenna location (X,Z). Then, the outer
dielectric boundary point is obtained by the Envelope method
with the range points qA,1 by the method [6] described in
Sec. III, and these boundary points and including set are
denoted pA,i, and ˆ∂ΩA, respectively. Second, the remaining
range points are extracted from Q1 as qB,1, where the set of
all qB,1 denoted as QB,1 should satisfy QB,1 = Q1 ∩ QA,1.
Here, to reconstruct an inner dielectric boundary as ∂ΩB,
the existing envelope method [8] is extended as follows.
Figure 2 shows the reconstruction principle of the extended
Envelope method. In this method, the candidate curve for the
inner boundary point of each range point qB,1 is calculated
using the estimated outer dielectric boundary points pA,i and
their normal vector under the Snell’s law. using the assumed
the dielectric constant of ΩA as εA. The outer envelope of
these candidates curve is then extracted as the inner dielectric
boundary ˆ∂ΩB. These inner boundary points are denoted
pB,j = (xB,j , zB,j) (j = 1, ..., NB). NB is the total number
of inner boundary estimation points.

B. Dielectric constant estimation by transmissive delay

Next, the methodology for determining each dielectric con-
stant for the region ΩA and ΩB is explained as follows. As
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similar to the approach in method [6], this method estimates
each dielectric constant by minimizing an observed and cal-
culated transmissive delay. As a first step, the set of incident
and exit points of each boundary as

(
p̂in

A,i, p̂
in
B,i, p̂

ex
B,i, p̂

ex
A,i

)

on the dielectric boundary are determined by Snell’s law as;
(
p̂in

A,i, p̂
in
B,i, p̂

ex
B,i, p̂

ex
A,i

)

= arg min
(pA,j ,pB,k,pB,l,pA,m) ∈ ˆ∂ΩA

2× ˆ∂ΩB
2

(
||ej(ε0, εA) − ej,k||2

+ ||ek(εA, εB) − ek,l||2 + ||el(εB, εA) − el,m||2

+ ||em(εA, ε0) − em,2||2
)

. (1)

Here, ej (ε0, εA) = Rrot (θj (ε0, εA)) (−en,j) holds, where
Rrot(∗) denotes the 2-D rotation matrix, en,j is the normal
unit vector on target point pA,j , and θj (ε0, εA) is the refraction
angle from the media with ε0 to the media with εA determined
by the Snell’s law. ek(εA, εB), el(εB, εA) and em(εA, ε0) are
similarly defined as the above. Also, e1,j ,ej,k,ek,lel,m and
em,2 are defined as a unit vector between to two target or
antenna location points.

Next, for each range point q2,i, the propagation delay from
r1,i to r2,i as R̃i(εA, εB) is calculated as follow

R̃i(εA, εB) =
∣∣∣
∣∣∣p̂in

A,i − r1,i

∣∣∣
∣∣∣ +

√
εA

∣∣∣
∣∣∣p̂ex

A,i − p̂in
B,i

∣∣∣
∣∣∣

+
√

εB

∣∣∣
∣∣∣p̂in

B,i − p̂ex
B,i

∣∣∣
∣∣∣ +

√
εA

∣∣∣∣p̂ex
B,i − p̂ex

A,i

∣∣∣∣
+

∣∣∣∣p̂ex
A,i − r2,i

∣∣∣∣ . (2)

Figure 3 also shows an example of propagation path and
the incident and exit points of each boundary. The dielectric
constants for dielectric media for q2,i are determined as;

(ε̂A,i, ε̂B,i) = arg min
(εA,εB)

∣∣∣R2,i − R̃i(εA, εB)
∣∣∣
2

. (3)
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Fig. 4. Wiener filter outputs S1(X, Z, R) (upper) and S2(X, Z, R) (lower).

Finally, using all the transmissive range points q2, the optimal
dielectric constants are determined as

(ε̂A, ε̂B) =
∑N2

i=1 S2(q2,i)(ε̂A,i, ε̂B,i)∑N2
i=1 S2(q2,i)

, (4)

where N2 is the total number of range points q2.

V. PERFORMANCE EVALUATION

A. Evaluation in Numerical Simulation

As described in Sec. II, the two antennas located as r1 and
r2 are simultaneously scanned on the circumference of circle
radius 2.5λ and center is rc = (2.5λ, 2.5λ), where the data
are observed 50 points with an equal interval for the range as
0 ≤ θ ≤ 2π. Each received signal on r1 and r2 is generated by
FDTD, assuming TE mode wave. Assuming typical parameters
of concrete, the dielectric constants of the outer and inner
dielectric media are set to εA = 3.0 and εB = 6.0, respectively,
and the conductivity of each medium is set to 0.01 S/m. A
noiseless situation is assumed. The upper and lower sides of
Fig. 4 show the outputs of the Wiener filter as S1(X,Z,R) and
S2(X,Z,R). As shown in the upper panel of Fig. 4, the range
points reflected from the outer and inner boundaries (qA,1

and qB,1, respectively) are clearly separated. However, there
are some unnecessary range points in qB,1 that precede the
desired range points. These undesirable signals are caused by a
side-lobe echo effect from the boundary of ∂ΩA, because they
appear when qA,1 and qB,1 approach each other. The dielectric
constants estimated from Eq. (4) are ε̂A = 3.21 (relative error
of 10%) and ε̂B = 6.62 (relative error of 11%). Figure 5
shows the dielectric boundary reconstructed by the Envelope
and extended Envelope methods, using the estimated dielectric
constants of both media. The lower panel enlarges the region
enclosed by the blue boundary in the upper panel. This
figure reveals that, although the envelope method accurately
expresses the outer boundary ∂ΩA, the extended version does
not precisely estimate the inner boundary ∂ΩB. This can
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Fig. 5. (a) Estimated dielectric boundaries for ΩA and ΩB using the proposed
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be explained by that an antenna r1 cannot receive a strong
echo from the inner boundary area, which is not accurately
reconstructed, due to the path skewed by the concave part
of outer boundary. In addition, the root-mean-square errors
(RMSEs) of outer and inner boundary are 1.1 × 10−2λ and
3.4 × 10−2λ, respectively.

B. Evaluation with Experimental Data

In this subsection, the proposed method is evaluated in
an experiment configured in an anechoic chamber. The ex-
perimental setup is illustrated in Fig. 6. The antenna is a
cross-dipole antenna in vertical polarization mode. The single
transmitting antenna is located at rT, and the signal data
S1(X,Z,R) and S2(X,Z,R) are observed at the two receiv-
ing antennas rR1 and rR2, respectively. To accomplish the
circular scanning model described in Sec. II, the dielectric
object is rotated about the center rC, fixing the location of the
antennas rT, rR1 and rR2. To guarantee a sufficient accuracy
for target manufacturing at the order of 1/100 transmitting
wavelength (around 1 mm), this experiment assumes a sim-
ple shape case. Specifically, a cylindrical mortal mix ΩB is
buried in the cylindrical cement ΩA, and both cylinders are
300mm high. The radii of the mortal and cement mediums
are 298 mm and 195 mm, respectively. The actual dielectric
constants of the dielectric object (cement and mortal) are
measured as 10.95 and 9.70 by assessing the propagation
delay in the case that a known simple dielectric object with
each material is used. The target rotation center is set to
rC = (400mm, 400mm), and the distance from the antenna,
namely, RC is set to 400 mm. The received signal is obtained
using a VNA (Vector Network Analyzer), where the frequency

Tx

Rx1

Rx2

Target
300mm

Fig. 6. Experimental setup.
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Fig. 7. Concrete target with double-layered structure.

is swept from 1000 MHz to 3000 MHz at 10 MHz intervals.
S1, S2 are obtained by applying the inverse discrete Fourier
transform to the acquired frequency data. The effective band-
width is around 2.0 GHz, corresponding to a range resolution
of approximately 75 mm. The center frequency is also 2.0
GHz (center wavelength : 150 mm).

Here, the average S/Ns of S1(X,Z,R) and S2(X,Z,R)
are 42 dB, 34 dB, respectively, where the S/N is defined as
the ratio of the peak instantaneous signal power to average
noise power after applying a matched filter. In addition, to
suppress the range sidelobe caused by relatively narrower
fractional bandwidth of the transmitted signal compared with
that assumed in numerical simulation, the Capon filter is used
for range point extraction, which is detailed in [9]. The upper
and lower sides of Fig. 8 show the outputs of the Capon filter
as SCP

1 (X,Z,R) and SCP
2 (X,Z,R) in the experimental case,

respectively. Note the undesirable signals around R = 0.9
m in the SCP

2 (X,Z,R) output. These are attributed to a
creeping wave propagating along the dielectric outer boundary.
We previously developed a method that suppresses creeping
signals without a priori knowledge of the outer dielectric
boundary [10]. Applying this method to SCP

2 (X,Z,R), we
obtained the actual transmissive delays (plotted as the range
points q2 in the bottom panel of Fig. 8).

In this case, the estimated dielectric constants using Eq.
(4) in the proposed method, are ε̂A = 10.68 (relative error
of 2.5%) and ε̂B = 9.02 (relative error of 7%), respectively.
Figure 9 shows each reconstructed image of the double lay-
ered dielectric media, as ∂̂ΩA and ∂̂ΩB, respectively, where
the estimated dielectric constants are used for the extended
Envelope method. Note that, since the bi-static radar model is
used in this experiment, the both boundary estimated methods,
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as the Envelope and the extended Envelope methods, are
modified to this observation model. The RMSEs of outer and
inner boundary are about 6.5 mm (4.3 × 10−2λ) and 7.7
mm (5.1× 10−2λ), respectively. This result confirms that our
proposed method enables highly accurate boundary extraction
in realistic scenarios; indeed, the accuracy is on the order of
1/100 of the transmitting wavelength, which is sufficient for
practical applications. However, as shown in Fig. 9, part of the
estimated inner boundary ∂ΩB is rendered inaccurate by errors
in the range points, which are introduced by side-lobe effects
or clutters. Because the accuracy and resolution of the range
point extraction directly affects the accuracy of the dielectric
constant and boundary estimates, the accuracy or resolution
of the range points should be improved by adopting super-
resolution techniques.

VI. CONCLUSION

This paper proposed an accurate estimation method for
dielectric constants and boundary shapes of double-layered
dielectric object. As a notable feature of this method, it is
applicable to arbitrary target shape, and offers an accurate
estimation for both dielectric constant and boundary extrac-
tion without a priori knowledge of shape of each boundary.
In addition, this method exploits a unique characteristic of
newly developed Envelope method extended to inner boundary
extraction, which accurately offers not only boundary points
but also normal vector on them. This feature enables us
to determine the possible propagation path penetrating into
double-layered dielectric medium using Snell’s law. The re-
sults obtained from both numerical simulation and experimen-
tal investigation revealed that our proposed method provided
a considerably accurate dielectric constant estimation, which
contributes each boundary extraction with the accuracy at the
order of 1/100 transmitting center wavelength.
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