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Accurate Permittivity Estimation Method for 3-Dimensional
Dielectric Object with FDTD-Based Waveform Correction

Ryunosuke SOUMA, Shouhei KIDERA ', and Tetsuo KIRIMOTO'", Members

SUMMARY  Ultra-wideband pulse radar exhibits high range resolution,
and excellent capability in penetrating dielectric media. With that, it has
great potential as an innovative non-destructive inspection technique for
objects such as human body or concrete walls. For suitability in such ap-
plications, we have already proposed an accurate permittivity estimation
method for a 2-dimensional dielectric object of arbitrarily shape and clear
boundary. In this method, the propagation path estimation inside the di-
electric object is calculated, based on the geometrical optics (GO) approx-
imation, where the dielectric boundary points and its normal vectors are
directly reproduced by the range point migration (RPM) method. In addi-
tion, to compensate for the estimation error incurred using the GO approx-
imation, a waveform compensation scheme employing the finite-difference
time domain (FDTD) method was incorporated, where an initial guess of
the relative permittivity and dielectric boundary are employed for data re-
generation. This study introduces the 3-dimensional extension of the above
permittivity estimation method, aimed at practical uses, where only the
transmissive data are effectively extracted, based on quantitative criteria
that considers the spatial relationship between antenna locations and the
dielectric object position. Results from a numerical simulation verify that
our proposed method accomplishes accurate permittivity estimations even
for 3-dimensional dielectric medium of wavelength size.

key words: UWB pulse radar, permittivity estimation, non-destructive test-
ing, non-invasive inspection, 3-D image reconstruction, range points mi-
gration (RPM) method

1. Introduction

There are various demands for an innovative three-
dimensional (3-D) imaging technique for objects embed-
ded in dielectric media, aimed at highly reliable and non-
invasive human body screening for medical purposes or
the prevention monitoring of artificial structures to reduce
a damage from natural catastrophes. As one of the most
promising techniques that could satisfy those demands,
electro-magnetic sensor systems using UWB (Ultra Wide-
band) signals come highly recommended, because it has suf-
ficient range resolution and the desired dielectric penetrating
capability.

To date, various kinds of internal imaging approaches
for dielectric objects have been established. These are
mainly classified into two schemes. One is the positioning
or shape reconstruction scheme for objects buried in dielec-
tric media using refocusing techniques such as space-time
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beamforming [1] or time-reversal focusing [2], aimed at the
detection of tumors or unexploded buried landmines. How-
ever, these techniques are not necessarily suitable in identi-
fying 3-D objects with clear boundaries, because these only
provide a number of 2-dimensional (2-D) grayscale images,
and require appropriate post-processing to reconstruct the
accurate high-resolution 3-D image. The other scheme is
mainly based on inverse scattering analysis using the do-
main integral equations [3]. Although this scheme directly
reconstructs the spatial distribution of the dielectric constant
even in inhomogeneous media, its accuracy or spatial reso-
lution strongly depends on the assumed pixel size (directly
related to the number of optimization variables). Also, to
avoid sluggish convergence in multi-dimensional optimiza-
tions. there is a severe constraint on space discretization
size. In contrast, the method in [4], aimed at through-the-
wall applications, requires relatively smaller computational
resources compared with methods described in [3] through
use of the geometrical optics (GO) approximation. How-
ever, implementation of the method assumes the structures
of the dielectric media are known and simple, such as rect-
angles.

As an effective solution for the above issue, we have
already developed an innovative method, which simultane-
ously accomplishes accurate internal 2-D imaging and per-
mittivity estimation [5]. This method employs the original
RPM method [6] to correctly produce the dielectric bound-
ary positions and their normal vectors. The actual time de-
lay in propagating through the dielectric medium can then
be accurately estimated from the recorded transmissive data.
In particular, location and shape of an internal object are di-
rectly reconstructed by combining the exiting internal imag-
ing method [8], which requires a correct dielectric constant
for a surrounding dielectric object to accomplish highly ac-
curate internal target reconstruction.

This study extends the existing permittivity estimation
method [5] to the 3-D problem with an appropriate observa-
tion model. In this model, the transmissive and direct signals
should be correctly discriminated without using a priori in-
formation of the dielectric object, while the effect of direct
wave is negligible in the former 2-D model described in [5].
For this purpose, this method introduces quantitative crite-
ria, which are calculated from the spatial relationship be-
tween an estimated dielectric shape by RPM and the trans-
mitting and receiving antenna locations. Moreover, for di-
electric medium of wavelength scale, the transmissive wave-
form differs from the transmitted waveform, and it reduces
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Fig.1  System model in 3-D problem.

the accuracy of the time-delay measurement. Then, this ex-
tension also includes the waveform compensation process
by regenerating the observation data using a finite-difference
time domain (FDTD) method, similar to that given in [5].
The numerical-simulation-based validations show that our
method provides accurate permittivity estimations, by tak-
ing a completely non-parametric approach even for 3-D tar-
gets of wavelength scale.

2. System Model

Figure 1 shows the system model. It assumes that target and
dielectric medium have an arbitrary 3-D shape with clear
boundaries. The dielectric object is a homogeneous, non-
dispersive, and lossy medium. One omni-directional trans-
mitting and receiving antenna is located at rrr = (X, Y, Z),
the other antenna functioning only as a receiver is located
at rg = (=X, -Y,Z). The pair of two antennae are scanned
along a circle on the z = Z plane, centered on the z axis with
radius is R. = VX2 + Y2. A number of circular scannings on
different z planes is performed, namely, those over the cylin-
drical surface with the z axis centering as shown in Fig. 1. A
mono-cycle pulse is used as the transmitting signal, the cen-
ter wavelength of which is defines as 4. Str(rtr,R) and
SRr(rgr,R) are defined as the output of the Wiener filter at
antenna position rrg and rg, respectively where R = ct/2 is
expressed by time ¢ and the propagation speed of the radio
wave c.

3. Proposed Permittivity Estimation Method

In [5], we have already discussed and verified that method
[5] holds some advantages over existing approaches given
in [3] or [4]. To avoid repetition, this letter forthwith intro-
duces the 3-D extension of our previous method [5].

3.1 Dielectric Boundary Extraction by RPM

Similar to the 2-D approach, this method first em-
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Fig.2  Discrimination of direct and transmissive signal by the spatial
relationship of the first Fresnel zone and the dielectric object position.

ploys the dielectric boundary points extracted by the
RPM method [6], which achieves accurate imaging em-
ploying the observed range points defined as gpg; =
(XDR,i’ YDR,i’ZDR,iaRDR,i)’ (l = 1, ...,NDR) (DR denotes di-
electric reflection). These points are extracted from the max-
ima of Sgr(rpr,R). Next, the RPM method directly con-
verts these range points to the dielectric boundary points
as r; = (x;,yi,2),(@ = 1,..., Npr), with the conversion be-
ing one-to-one. The normal vectors for all boundary points
are directly calculated without the derivative operation as
en; = (Xpri — Xi» YDR — Yi» ZDR,i — Zi)/RpRr,;- In addition,
to obtain target points and normal vectors on the dielectric
boundary with a sufficiently small interval, the Envelope in-
terpolation described in [7] and [8] is also introduced. Both
boundary points and normal vectors are necessary for the
proposed permittivity estimation scheme, particular in esti-
mating the propagation path inside the dielectric medium.

3.2 Discrimination of Direct and Transmissive Signals

Here, it should be noted that the received signal Sr(rg,R)
includes both components of the direct and transmissive sig-
nals. The direct signal comprises a received component that
propagates along a dielectric surface, called the creeping
wave (which does not penetrate the dielectric medium). The
transmissive signal is regarded as a received component that
penetrates the dielectric medium that should be taken into
account in the permittivity estimation. Depending on the
particular spatial relationship among the transmitting, re-
ceiving antennas, and dielectric object position, Sgr(rgr,R)
might be dominated by the directly propagated component,
and this signal should not be considered in the permittivity
estimation processing. To address the above issue, this study
introduces the discrimination scheme between the direct and
transmissive signals, based on the quantitative criteria deter-
mined by the spatial relationship between the first Fresnel
zone and the estimated dielectric boundary points, obtained
by the RPM as previously described. This criteria qualita-
tively indicates that if the first Fresnel zone determined by
the transmitting and receiving antenna locations is largely
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occupied by the dielectric medium, the dominant compo-
nent of the received signal in such an observation geometry
should be classified as a transmissive signal. In this case, to
establish quantitative criteria, the following index is intro-
duced,

AO(qR’ Trpm)
Ar(qr)

where g = (Xr, Yr, Zr, Rr) denotes the range point, which
is extracted from the maxima of Sr(rg,R) and Ar(qg) de-
notes the total surface of the circle on the bisected plane
(called the bisected circle) by the line between the transmit-
ting antenna and the receiving antenna, the region of which
is determined by the first Fresnel zone. Ao(gg, 7 pm) de-
notes the projected region on the bisected circle, which is
determined by the line of sight from each antenna location
(X1R, YTR, ZTR) OF (XR, YR,ZR) tO the estimated dielectric
boundary points denoted as 7 py. If {Fres(gr) > &in holds,
the gy is classified into the transmissive range point and is
used in the permittivity estimation, which follows.

Lrres(qr) = (D

3.3 Permittivity Estimation with Transmissive Signal

To estimate the dielectric constant for an object, this method
minimizes the difference between an observed and estimated
propagation transmissive delay. Here, the relative permittiv-
ity is determined by

et (qDT,i) = arg min'R (& : Xpr.i» Ypr.is ZDT4) — ROT4|s  (2)
€&

where qDT,i = (XDT,i’ YDT,[s ZDT,i, RDT,[) 5 (l = 1, vy NDT) de-
noting the transmissive range points (DT denotes dielec-
tric transmission), which satisfy the criteria mentioned in
Sect. 3.2 on the set of gg. R (€ : Xpr,, YpT.i» ZDT,) 18 the es-
timated propagation delay using the RPM boundary points
and normal vectors determined by the GO approximation.
The procedure for the propagation path estimation is de-
tailed in [5] for the 2-D model, but can be naturally extended
to the 3-D model by an appropriate variable extension.

Using all the transmissive range points, the initial rela-
tive permittivity éti“i‘ is estimated next from

it _ 2o 5% (¢or:) €™ (9or.) | 3)
qu,-EQ SR (qDT,i)
where Q = {qDT,i q"™ (qDT,i) -&m

mode value calculated from the distribution of €™ (qDT’,»),

< Aetm“}, and g"" is the

A€Mt is the threshold to eliminate outliers.

Note that the above procedure is basically derived from
the GO approximation, where the frequency characteristic
in transmissive phenomena is not taken into consideration.
However, for a dielectric medium of wavelength scale, this
frequency characteristic is not negligible and causes wave-
form deformation of the transmissive data, reducing the ac-
curacy of the relative permittivity estimation, through inac-

curacy in the range points.
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Fig.3  Flowchart of the proposed method.

To compensate for the range errors caused by the wave-
form discrepancy between the transmitted and transmissive
waveform, the FDTD data regeneration is applied using the
initial guess of the permittivity and dielectric object. The
detail of the approach are also the same in the 2-D model
referred to in [5]. Specifically, we regenerate the transmis-
sive data as Sg (rpr, R) using the FDTD, where the dielec-
tric boundary points as 7, and the estimated relative per-
mittivity as &' are employed for FDTD data generation.
Next, the range correction AR (qDT,i) at each range point
gpr; is determined from the peak shift of the correlation
function between the measured S pr (rpr, R) and the regen-
erated transmissive data S pr (rpr, R). The compensated rel-
ative permittivity € (qDT,,-) for each range point is calculated
as

AR (gpr))|
& (qor) = { V& + WDDTT,:) | X

where L (qDT’,-) is the estimated propagation distance in the
dielectric medium for gyr; and ™" is the initial relative per-

mittivity estimated by the weighted average of €™ (qDT,,-).
Finally, the relative permittivity & is determined through a
weighted average similar to that given in Eq. (3). Note that,
the estimation error for the permittivity estimation is mostly
compensated for in the FDTD data regeneration only once,
because the range errors are mainly caused by the frequency
characteristic depending on the dielectric shape; the small
error in the permittivity is negligible in regard to error com-
pensation for each range point. Figure 3 shows a flowchart
of the actual procedure for our proposed method.

4. Performance Evaluation of Numerical Simulation

This section presents performance validation of the pro-
posed method, where the observation data are created by
employing the FDTD method. Here, the dielectric object
and the internal target shape are used as shown in Fig. 1.
The boundary of the dielectric object is expressed as the el-
lipsoid (x/1.52)* + (y/1.04)*> + (z/2.54)*> = 1 holds, and that
of the internal object is expressed as (x/0.51)% + (y/0.51)* +
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Fig.5 Estimated internal image at S/N = 30 dB.

(z/0.752)*> = 1 holds. The conductivity of the internal tar-
get is set to 1.0 x 107 S/m, and the conductivity and relative
permittivity of the dielectric medium are set to 0.01 S/m and
& = 5.0, those values of which are typical for the case that a
metallic pipe is buried in a concrete body. White Gaussian
noise is added to Str(X, Y,Z,R) and Sr(X,Y,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. r. = (0,0) and R, = 2.54
are set, and the sample scanning for the antenna involves 51
(in the x — y plane) and 40 (along z-axis) uniformly spaced
points. Aeti“i‘ = 0.5 and ¢, = 0.95 are set in this case.
Figure 4 presents histograms of the estimated relative
permittivity at S/N=30 dB, obtained at each range point be-
fore and after waveform compensation (abbreviated as WC).
As shown in this figure, the mean and standard deviations
of the estimated relative permittivity are considerably im-
proved by the waveform correction of Eq. (4). The estimated
relative permittivities before and after WC are éli“i‘ =474
(relative error: 5.2 %) and & = 4.98 (relative error: 0.4 %).
These results demonstrate that the waveform correction ap-
proach is considerably effective. Figure 5 shows the inter-
nal target boundary points estimated using the method de-
scribed in [8] and using the estimated permittivity with the
proposed method. This figure visually verifies that the part
of the internal estimation image is correctly reconstructed
by using the accurately estimated dielectric constant. The
asymmetric view of the obtained internal image is due to the
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shape of the dielectric object, which is ellipse at the cross
section on the x — y plane. Note also that there is an in-
visible area in the target boundary because the range points
from this shadow area are not retrieved, owing to a distorted
propagation path depending on dielectric boundary shape.
However, this result shows that our proposed permittivity
estimation is promising for accurate internal 3-D imaging
without using the a priori dielectric constant or shape infor-
mation. Finally, it should be noted that, in the typical non-
destructive model, a shape of dielectric object and buried
object would be cylindrical one, which is different from the
model assumed in this letter. Since the cylindrical target
model is almost equivalent to the 2-dimensional problem,
its effectiveness can be analogized from the results obtained
in the previous work [5]. Then, this letter assumes the el-
lipsoidal dielectric and buried objects to assess the proposed
method in the fully 3-dimensional model, where the prop-
agation path based on GO approximation should be curved
along z axis.

5. Conclusion

Our study extended the former permittivity estimation
method to a 3-D observation model, where suitable modi-
fications were introduced, particularly in discriminating the
transmissive and direct signals by establishing quantitative
criteria. This method has a significant advantage over con-
ventional techniques, and it is applicable to arbitrary un-
known dielectric boundary shapes, and thus does not require
any prior information such as dielectric constant or shape.
In numerical simulations based on the FDTD method, our
method reduced the relative errors in the relative permittiv-
ity estimation to less than 1%, even for the S/N = 30dB
data from an ellipsoidal dielectric medium. As a result, the
internal image obtained employing the existing technique
described in [8] provides a correct target shape even from
noisy data.
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