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SUMMARY  Ultra-wideband (UWB) pulse radar has high range reso-
lution and permeability in a dielectric medium, and has great potential for
the non-destructive inspection or early-stage detection of breast cancer. As
an accurate and high-resolution imaging method for targets embedded in
a dielectric medium, extended range points migration (RPM) has been de-
veloped. Although this method offers an accurate internal target image in a
homogeneous media, it assumes the permittivity of the dielectric medium
is given, which is not practical for general applications. Although there
are various permittivity estimation methods, they have essential problems
that are not suitable for clear, dielectric boundaries like walls, or is not
applicable to an unknown and arbitrary shape of dielectric medium. To
overcome the above drawbacks, we newly propose a permittivity estima-
tion method suitable for various shapes of dielectric media with a clear
boundary, where the dielectric boundary points and their normal vectors
are accurately determined by the original RPM method. In addition, our
method iteratively compensates for the scattered waveform deformation
using a finite-difference time domain (FDTD) method to enhance the ac-
curacy of the permittivity estimation. Results from a numerical simulation
demonstrate that our method achieves accurate permittivity estimation even
for a dielectric medium of wavelength size.

key words: UWB pulse radar, permittivity estimation, internal imaging,
non-parametric approach, range points migration

1. Introduction

Ultra-wideband (UWB) signals were approved for commer-
cial use by the Federal Communications Commission (FCC)
in 2002, and have a frequency width of over 500 MHz or a
10-dB fractional bandwidth of over 25% [1]. Since a radar
system employing a UWB signal has high range resolution
and desirable dielectric penetrating ability, it is promising
for a wide variety of internal imaging applications. For in-
stance, the system can be non-destructively used to deter-
mine the location and shape of a rebar or pipe, to detect
cavities or cracks within walls [2], or in medicine to detect
breast tumors at an early stage [3]. Various internal imag-
ing techniques, such as the time-reversal method [4] and the
space-time beamforming method [3], have been established
for these applications. However, these algorithms are based
on signal waveform integrations, which often require a large
computational calculation or have insufficient accuracy to
identify the detailed structure of targets.

To overcome the above problem, we have already pro-
posed a fast and accurate UWB imaging method for targets
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buried in a dielectric medium [5]. This method is based
on the advanced principle of the range points migration
(RPM) method [6], which accurately determines the prop-
agation path in a dielectric medium by exploiting the tar-
get boundary points and their normal vectors under a geo-
metrical optics approximation. Although this method en-
hances an imaging accuracy and remarkably reduces the
computational amount by specifying boundary extraction,
it is based on the assumption that the permittivity of the di-
electric medium is preliminarily given. This assumption is
often invalid for actual internal sensing scenes, such as non-
destructive inspection for an unknown medium.

As a solution to this issue, there are various types of
permittivity estimation methods that are based on numer-
ical solutions of domain integral equations [7], [8] or that
employ time delays and known dielectric structures based
on the geometric optics approximation for through-the-wall
applications [9]-[11]. Although the former method [7] or
[8] can treat inhomogeneous dielectric media, its accuracy
or spatial resolution strongly depends on the assumed pixel
size (directly related to the number of optimization vari-
ables. Also, there is a severe limitation of space discretiza-
tion size to avoid sluggish convergence in multi-dimensional
optimizations. In contrast, the method in [9]-[11] requires
relatively smaller computational resources compared with
methods like [7] and [8]. However, implementation of the
method assumes a known and simple shape for dielectric
medium, such as a rectangle.

To ensure the permittivity estimation is suitable for the
internal imaging assumed in [6], this paper proposes an ac-
curate method of permittivity estimation exploiting features
of the RPM method. In particular, this method employs
the dielectric boundary location and its normal vector cor-
rectly produced by the original RPM method [6]. The actual
time delay in propagating through the dielectric medium can
then be accurately estimated from the recorded transmissive
data. Moreover, in the case of a dielectric medium with a
wavelength scale, the transmissive waveform differs from
the transmitted waveform, and it reduces the accuracy of the
measurement of the time delay. Then, the proposed method
has the additional property of compensating for the error
caused by the above waveform deformation by iteratively
generating the observation data using a finite-difference time
domain (FDTD) method. The numerical-simulation-based
validations show that our method achieves accurate permit-
tivity estimation, by taking a completely non-parametric ap-
proach even for targets of a wavelength scale.

Copyright © 2013 The Institute of Electronics, Information and Communication Engineers
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Fig.1  System model.

2. System Model

Figure 1 shows the system model. It assumes that a tar-
get and homogeneous dielectric medium have an arbitrary
shape with a clear boundary. The internal target can be lo-
cated anywhere within the dielectric medium, which also
has arbitrary position. A mono-cycle pulse is used as the
transmitting signal, the center wavelength of which is de-
fines as A. The propagation speed c of the radio wave
in air is a known constant. Two omni-directional anten-
nas scan along the circle with a center r. and radius R,
that completely surrounds a dielectric object as shown in
Fig. 1. One transmitting and receiving antenna is located
at rrr = (X, Zy), and an antenna playing only a receiving
role is located at rg = (X;,Z;), where r. = (rrr +rr) /2
holds. S1gr (rrr, R) and Sy (rg, R) are defined as the outputs
of the Wiener filter at antenna positions rrr and rg, respec-
tively, where R = ct/2 is expressed by time ¢ (see Ref. [6]
for details). Figure 2 illustrates the examples of S tr(rrr, R)
and Sgr(rgr, R), where the target and dielectric medium are
assumed as in Fig. 1.

3. Conventional Method

Various types of permittivity estimation methods have been
developed in applications to non-destructive measurement
analysis or non-invasive medical imaging, such as breast
cancer detection using UWB radar. Because a direct com-
parison of these conventional methods or the proposed ap-
proach would be a mismatch as each method deals with dif-
ferent types of parameters, this section focuses on only the
general advantages and disadvantages of each conventional
method when referring to a feature of the proposed method.
One typical method is based on the numerical solution of
the domain integral equation [7], [8] for inhomogeneous di-
electric medium, and the other popular approach exploits

731
1
0.5
0
0.5
1
270 360

OO

90 180

00 -1

90 180 270 360

8

Fig.2  Outputs of Wiener filter Str (rrr,R) (upper) and Sg (rr,R)
(lower), and extracted range points.

the transmissive time delay for rectangular or cuboid dielec-
tric structures for through-the-wall imaging [9]-[11]. De-
spite furnishing permittivity or conductivity estimates for
inhomogeneous dielectric media, the method used in [7] or
[8] requires space discretization in solving the domain inte-
gral equations, and its reconstruction accuracy or resolution
crucially depends on the assumed pixel size. Thus, if we
try to enhance the reconstruction accuracy or resolution the
method requires enormous calculation overheads because of
the large dimensional arrays from space analysis that gen-
erally hinder convergence rates in multi-dimensional opti-
mizations.

In contrast, the method of [9], [10] or [11] estimates the
wall’s dielectric property by employing the observed time
delay and a known wall structure, based on the geometrical
optics approximation. Whereas the computational cost of
this type of method is relatively small compared with meth-
ods like [7] and [8], it requires an assumption that the di-
electric medium has a simple structure, either rectangular
or cuboid, and its shape is completely known. In addition,
they do not assume that the dielectric medium includes an
object with different dielectric properties, as assumed in this
study. According to the above discussions, these conven-
tional approaches are not completely suitable to the current
problem, namely, an unknown clear boundary for the dielec-
tric medium and internal objects.

4. Proposed Method

To overcome the above difficulties, this paper proposes a
novel non-parametric permittivity estimation method that is
suitable for an clear dielectric boundary. The methodology
of this method is detailed as follows.
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4.1 Dielectric Boundary Extraction with RPM

First, this method employs the dielectric boundary points
produced by the original RPM method, which achieves ex-
tremely accurate imaging employing the extracted range
points defined as gq,; = (Xui»ZiwirRii), (@ =1,..., Ny).
These components are extracted from the local maxima
Str(rir, R), and N denotes the total number of the range
points as shown in Fig.2. The RPM method then directly
converts these range points to the target boundary points as
ri = (x,z),@ = 1,...,Ny), where one-to-one correspon-
dence is satisfied [6]. Furthermore, in order to avoid a
sparse distribution of these points, the Envelope interpola-
tion scheme is adopted as similar in [12]. A set of these
target points is defined as 7. Note that the normal vector
at each target boundary point is calculated without a deriva-
tive operation as e, ; = (X — Xi, Zri — 2i)/Rirj-

4.2 Permittivity Estimation with Transmissive Data

For calculating the propagation path, the incident and exit
points (71 (&), 7 (¢)) on the dielectric boundary are deter-
mined by the Snell’s law:

(F1 (&) , P (&)

= arg min {Hei(ft) - e,;_,»“2 + He_,»(e[) - ei,sz}, (1
(FiT )T

where € is a relative permittivity of dielectric medium,
ei(&) = R(6:(&))(—ens). €; (&) = R,(0;(e))(—en,) and
e j = (r,- - rj) / Hr,- - rJ-H. R,(0) is a rotation matrix in the
counterclockwise direction, and 6; (¢) and 6, () denote the
refraction angles calculated by Snell’s law. Figure 3 shows
the estimated dielectric boundary produced by Envelope,
and spatial relationship among the incident, exit boundary

x/A

Fig.3  Spatial relationship among the incident, exit boundary points and
antenna locations, and obtained dielectric boundary points as 7 pm.
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points and the antenna locations. Next, the propagation dis-
tance from rrg; to rg; is calculated:

1
R(6: XeinZei) = 5{[IF1 (@) = raw|
+\Vellit (&) = g ()l + [|Fe (&) — e} 2

The relative permittivity for each range point is then deter-
mined by

e (g,;) = arg min|R (& : X2 Ze) = Re, 3)

where q,; = (X;i, Zi, Rri) . (i = 1,..., N;) are extracted from
the maxima of Sgr(X,Z,R) as shown in Fig.2. Using all

the transmissive range points, the initial relative permittivity
~init

€™ is estimated as
o 2q,c05% (40) €™ (41) @
t - >
queQ SR (qr,i)
where Q = {q”-| enit (q”-) —ehit| < Aeti““}, and &M is the

mode value calculated from the distribution of EliniI (qr,i)’

Aeti“it is the threshold to eliminate outliers.

Note that the above procedure is basically derived from
the geometrical optics approximation, where the frequency
characteristic in transmissive phenomena is not taken into
consideration. However, in the case of a dielectric medium
of wavelength scale, this frequency characteristic is not neg-
ligible and it causes the waveform deformation of transmis-
sive data, which reduces the accuracy of the relative per-
mittivity estimation, owing to the inaccuracy of the range
points. The upper and lower sides of Fig. 4 show the exam-
ples of transmitted and transmissive waveforms where the
phases of both waveforms are compensated by their actual
time delays.

0.5l N\ ,,,,,, Transmitted signal |

R/
Transmissive signal —

1o 0.5 1 15
RIM

Fig.4 Transmitted (upper) and transmissive signal waveforms (lower).
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4.3  Waveform Correction with FDTD Method

To mitigate this type of accuracy degradation, we introduce
an iterative procedure to compensate the range point error
caused by waveform deformation using an FDTD. Specifi-
cally, we regenerate the transmissive data as Sk (rr, R) using
the FDTD, where the dielectric boundary points as 7, and
the estimated relative permittivity as ™t are employed for
FDTD data generation. Next, the range correction AR (qm-)
at each range point ¢, ; is determined from the peak shift
of the correlation function between the measured Sy (rg, R)
and the regenerated transmissive data Sr (rg,R). The es-
timated relative permittivity € (qr,i) for each range point is
then corrected:

AR (q ) 2
a(gu) = Jam + ?q:) ; )
where L, (qr,,-) = /&M ||# (&) — P () is the estimated

propagation distance in the dielectric medium for g, ;, which
is previously determined by Eq. (2). Finally, the relative per-
mittivity & is updated as

~ qu,iEQ Sr (qr,i) & (qr,i)
€ =
qu,iEQ Sk (qr,i)

, (6)

where 0 = {qr’i| € (q,’,-) —&| < Aa} and & is the mode

value calculated from the distribution of ¢ (qm-), A§ is a
threshold to eliminate outliers. The above process is re-
peated until the difference between the updated value and
previously estimated value is less than the threshold Ag.

4.4  Procedure of Proposed Method

The actual procedure of this method is summarized as fol-
lows.

Step 1) Dielectric boundary points are obtained by
RPM, where the sparse area is interpolated by Enve-
lope method. A set of these points as 7, is created.

Step 2)  Using all transmissive range points ¢, ;, the ini-
tial relative permittivity &™' is estimated by Egs. (3)
and (4), where the propagation distance for each range
point is determined by Eq. (2). Additionally, é:) = éti““
is set.

Step 3) Transmissive data are regenerated as S (rg, R)
using the FDTD, where the estimated dielectric bound-
ary 7pm and the previously estimated relative permit-
tivity &> are employed.

Step 4) The relative permittivity is updated as & by as-
sessing the peak shift of the correlation function be-
tween Sg (rg, R) and S (rg, R) in Egs. (5) and (6).
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Fig.5  Flowchart of the proposed method.

Step 5) If the following condition is satisfied,
e - &| > Ae, (7)

éP « & is set and return to the Step 3), where Ag is the
threshold. Otherwise, move on to Step 6).

Step 6) The internal target boundary is produced using
range points gy ; and & by the method described in [5],
where gy, expresses the range points extracted from
the local maxima S (7R, R) as shown in Fig. 2.

Figure 5 shows the flowchart of the proposed method. A
notable advantage of the proposed method is that it can deal
with an arbitrary dielectric boundary, and the accuracy of
the internal image can be enhanced using the correct rela-
tive permittivity obtained by compensating for the frequency
characteristic of the transmissive wave.

5. Performance Evaluation in Numerical Simulation

This section presents the performance validation of the pro-
posed method, where the observation data are created by
employing the FDTD method. Here, to assess the versatil-
ity of our method, two types of boundary shape for the tar-
get and dielectric medium are assumed, labeled case (a) and
case (b) in Fig. 6. Here, the shape of the dielectric bound-
ary in case (b) is generated by giving white Gaussian values
along the radial direction from the origin (2.54,2.51) with
mean value 14 and standard deviation 2A. Then, these fluc-
tuations are spatially smoothed using a Gaussian function
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with correlation length is 0.31. In both cases, the conduc-
tivity of the target is set to 1.0 x 107 S/m, and the conduc-
tivity and relative permittivity of the dielectric medium are
set to 0.01 S/m and ¢ = 5.0. A noiseless situation is as-
sumed. r. = (2.54,2.51) and R. = 2.51 are set, and the
scanning sample of the antenna is 101 uniformly spaced
points. Aeti“it = A& = 0.5, and A¢; = 0.1 are set in the pro-
posed method. In the FDTD simulation, the induced current

waveform at the transmitting antenna is defined as

.« | (1 =cos2nt/T))sin2nt/T), (0<t<T)
i = 0, (otherwise),

®)

where T = A/c. The time step interval for the FDTD calcu-
lation is set to 7'/200, and each spatial cell size along the x
and z axes is 1/80.

Figure 7 presents histograms of the estimated relative
permittivity obtained at each range point before and after
(left and right panels resp.) waveform compensation (WC),
namely €™ (qr!,-) inEq. (3), and & (qr,i) in Eq. (5) for each di-
electric medium case. As shown for these figures, the mean
and standard deviation of the estimated relative permittivity
in both cases are considerably improved by the waveform
correction in Eq. (5) in each case. The estimated relative
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Fig.7  Histograms of estimated relative permittivity before (left) and af-

ter (right) WC (proposed method) in noiseless situation (upper:case (a),
lower:case (b)).

permittivities before and after WC are &Mt = 4.66 (relative
error: 6.8%) and & = 4.91 (relative error: 1.8%) in the case
(a), and éti“it = 4.39 (relative error: 12.2%) and & = 4.70
(relative error: 6.0%) in the case (b). The number of WC
iterations is four in case (a), and three in case (b). These
results demonstrate that the waveform correction approach
is considerably effective regardless of the dielectric shapes.
Here, we confirm that each estimation of the relative permit-
tivity has a smaller bias from the actual relative permittivity
regardless whether WC is used or not. The reason for this
bias is that a received signal at rg includes a small com-
ponent of a creeping wave propagating along the dielectric
medium boundary, that causes a near-side range estimation,
namely, incurring smaller assessment of the relative permit-
tivity. Figure 8 shows the internal target boundary points
estimated by the method described in [5] before and after
WC (left and right panels resp.) for each case. These results
also show that the internal estimation images are correctly
shifted to the actual boundary by the relative permittivity
compensation. In addition, the image comparison between
the cases (a) and (b), clarifies that our proposed method is
hard to be affected by the dielectric shape, and this is one
of the most important advantage over method in the litera-
ture [9,10,11]. Note that, due to the round-off error in dis-
cretizing the dielectric medium or the internal target shapes
for an FDTD calculation, there is a slight asymmetry in the
internal image obtained in case (a) in Fig. 8, regardless of
the symmetrical observation geometry. It should be also
noted that there is an invisible area in both target bound-
aries because the range points from this shadow area are not
retrieved, owing to a distorted propagation path depending
on the shape of the dielectric boundary. Shadowing is a cru-
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Fig.8 Estimeted internal image in noiseless situation (left: before WC,
right: after WC (proposed method)) (upper:case (a), lower:case (b)).

cial problem in the original internal imaging method [5], but
is an independent issue in the proposed permittivity estima-
tion method. One promising solution to this problem is the
method proposed in [13], where the multi-static observation
model is introduced. Furthermore, the computation time of
the permittivity estimation is around 6 hours with a Xeon
3.0 GHz processor, including the time required for two cy-
cle of FDTD data regeneration.

Next, the noisy signals are considered. White Gaussian
noise is added to Str(X,Z,R) and Sgr(X, Z, R), where the
signal-to-noise ratio (S/N) is defined as the ratio of the peak
instantaneous signal power to the average noise power after
applying the matched filter. With S/N = 20dB, &t = 4.71
(relative error: 5.8%) and & = 4.86 (relative error: 2.8%)
in the case (a), and éti“i‘ = 4.45 (relative error: 11.0%) and
& = 4.72 (relative error: 5.6%) in the case (b). The num-
ber of WC iterations is three in both cases. Figure 9 shows
the same view as in Fig. 8 for S/N = 20 dB. This result also
verifies that the proposed method accomplishes robust and
accurate internal imaging using an accurately estimated per-
mittivity even with noisy signals.

Finally, for a quantitative analysis, an evaluation crite-
rion for image accuracy is introduced as

er (qM,i) = I’I.}lfsl “"M (qM,i) — Ftrue||» )
where ryye is the location of the true target points, and
4V (qM’i) determines the estimated internal target points cre-
ated by the method described in [5]. For case (a) and case
(b) respectively, Fig. 10 shows the number of estimated tar-
get points for each e, (qM,l-) in the noiseless case and for
S/N = 20dB, before and after WC. This figure quantitatively
demonstrates that the accuracy of target points is consider-
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Fig. 10

ably enhanced even in the noisy case owing to the effect of
range point compensation with FDTD data regeneration, in
both cases. Note that, the number of the estimated target
points in case (b) is relatively smaller than that in case (a).
This is because in the case (b), the dielectric medium bound-
ary has some concave region, and this causes difficulty for
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Table 1  Value of ¢, (qMJ) in noiseless and noisy situations before and
after WC (upper:case (a), lower:case (b)).
Case (a)
S/N (dB) | Before WC (x10721) | After WC (Proposed) (x10722)
) 4.43 2.32
20 3.37 2.10
Case (b)
S/N (dB) | Before WC (x10722) | After WC (Proposed) (x10721)
0 5.33 2.64
20 4.32 2.16

receiving the reflection echo from the internal target. Also,
Table 1 shows a comparison of the root-mean-square (RMS)
error e, (qM’i) as e, (qM’i) before and after WC in both cases.
This table shows that the proposed method significantly en-
hances the accuracy for internal imaging by compensating
the waveform deformation. Furthermore, we should men-
tion that if the size of internal target is near to that of the
dielectric medium, it is naturally difficult to estimate the rel-
ative permittivity because we cannot obtain the precise level
of the transmission signal due to shadowing from the inter-
nal target with the observation model assumed in this paper.

6. Conclusion

This paper proposed a novel permittivity estimation method
for a dielectric medium with an arbitrarily shaped and clear
boundary, where the dielectric boundary points and their
normal vectors obtained by RPM are effectively used for
propagation path estimation. Moreover, to enhance the
accuracy of permittivity estimation, an iterative waveform
compensation scheme employing the FDTD method was in-
corporated, where an initial guess of the relative permittiv-
ity and dielectric boundary was employed for data regener-
ation. This method has a significant advantage for the con-
ventional techniques and that it is applicable to an arbitrary
and unknown dielectric boundary shape, and it thus has a
non-parametric property for permittivity estimation and in-
ternal imaging. In numerical simulation based on the FDTD
method, it was confirmed that our method reduced the rela-
tive errors in relative permittivity estimation to less than 6%
even for S/N = 20 dB for two types of dielectric medium. As
a result, the internal image obtained employing the existing
technique described in [5] offers a target boundary with ac-
curacy on the order of 1/100 of a wavelength. In our future
work, we will enhance the accuracy of permittivity estima-
tion, exploiting the information obtained using the estimated
internal target.
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