DESCRIPTION
TITLE OF INVENTION: DIELECTRIC BOUNDARY SURFACE ESTIMATION
DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a dieledidundary surface estimation device
for estimating a boundary surface between dielectiaving different dielectric
constants using a radio wave.

BACKGROUND ART

[0002] A dielectric boundary surface estimationidevs used for measuring a state in
a dielectric utilizing a property of passing thrauan inside of the dielectric which is a
property of a radio wave as a wave, and contribisteancer detection and diagnosis of
material deterioration of a construction.

[0003] In the cavity thickness investigating methtlistlosed in following Patent
Literature 1, scattering from a dielectric boundpoynt is observed with S transform
processing. In this method, not a boundary surffatenly a boundary point of a
dielectric is measured. As for measurement oftiape of a dielectric, an ellipsoid is
simply applied on a basis of visual observatioaespective of S transform and no
special plan is devised.

CITATION LIST

PATENT LITERATURES

[0004] Patent Literature 1: JP 2015-197398 A (RB®G).

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0005] In the cavity thickness investigating metltiistlosed in Patent Literature 1
described above, there is a problem that only psef a boundary point which is a
part of a dielectric boundary surface can be gidsped it is not possible to grasp the
boundary surface. In addition, in Patent Literatudescribed above, as a method of
estimating the shape of a dielectric, a methopfyang an ellipsoid in an environment
in which synthetic aperture processing is not apis adopted, so that the width of a
dielectric boundary surface in the horizontal di@t cannot be accurately estimated.
[0006] The present invention has been made to shb/above-described problem and
an object thereof is to accurately estimate a waditth a thickness of a dielectric
boundary surface.

SOLUTION TO PROBLEM

[0007] A dielectric boundary surface estimationidevaccording to the present
invention includes: a pre-processing unit pre-psso® wave data obtained by
observing a dielectric by a radar device; a thriesedsional synthetic aperture
processing unit performing three-dimensional sytithegerture processing on the wave
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data pre-processed by the pre-processing unitaaheélectric boundary surface
estimating unit estimating a boundary surface betwareas having different dielectric
constants to each other using the wave data ortwthéthree-dimensional synthetic
aperture processing is performed by the three-dsineal synthetic aperture processing
unit and calculating a width and a thickness ofltbendary surface.
ADVANTAGEOUSEFFECTS OF INVENTION

[0008] According to the present invention, sinadiedectric boundary surface is
estimated using wave data subjected to three-dimegissynthetic aperture processing,
it is possible to accurately estimate a width atisickness of a dielectric boundary
surface.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1is a functional configuration diagradihastrating a configuration
example of a dielectric boundary surface estimadievice according to a first
embodiment of the present invention;

FIG. 2 is a hardware configuration diagram illastrg a configuration example
of the dielectric boundary surface estimation dewccording to the first embodiment
of the present invention;

FIG. 3 is a flowchart illustrating processing enied by a pre-processing unit
of the dielectric boundary surface estimation dewccording to the first embodiment
of the present invention;

FIG. 4 is a flowchart illustrating processing penied by a three-dimensional
synthetic aperture processing unit of the dieledidundary surface estimation device
according to the first embodiment of the presewngimtion;

FIG. 5 is a flowchart illustrating processing penfied by a dielectric boundary
surface estimating unit of the dielectric boundsuface estimation device according to
the first embodiment of the present invention;

FIG. 6 is a view illustrating a situation when \wadata stored in a wave data
storing unit of the dielectric boundary surfacareation device according to the first
embodiment of the present invention is observed;

FIG. 7 is a view illustrating the wave data aftex three-dimensional synthetic
aperture processing unit of the dielectric boundanjace estimation device according
to the first embodiment of the present inventiorfgrened three-dimensional synthetic
aperture processing;

FIG. 8 is a view illustrating the wave data aftex dielectric boundary surface
estimating unit of the dielectric boundary surfasémation device according to the
first embodiment of the present invention perforrapdrture division and three-
dimensional inverse fast Fourier transform;

FIG. 9 is a view illustrating a high-dielectricrstant side boundary point
trajectory and a low-floating constant side bougdauint trajectory calculated by the
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dielectric boundary surface estimating unit of diedectric boundary surface estimation
device according to the first embodiment of thespra invention; and

FIG. 10 is a view illustrating widths and a thielss of a dielectric boundary
surface calculated by the dielectric boundary serfestimating unit of the dielectric
boundary surface estimation device according tditeeembodiment of the present
invention.
DESCRIPTION OF EMBODIMENTS
[0010] Hereinafter, in order to describe the présarention in more detail, some
embodiments for carrying out the present inventidhbe described with reference to
the accompanying drawings.
First Embodiment

FIG. 1 is a functional configuration diagram iliaing a configuration
example of a dielectric boundary surface estimatievice 100 according to a first
embodiment of the present invention. As illustiatethe drawing, the dielectric
boundary surface estimation device 100 includesewdata storing unit 200, a pre-
processing unit 300, a three-dimensional synttegt@rture processing unit 400, a
dielectric boundary surface estimating unit 50@ an output data storing unit 600.
[0011] FIG. 2is a hardware configuration diagrdlomstrating a configuration example
of the dielectric boundary surface estimation devii60 according to the first
embodiment of the present invention. The wave giatang unit 200 in the dielectric
boundary surface estimation device 100 is a stadagee for input 11 and the output
data storing unit 600 is a storage device for outdgu The storage device for input 11,
the storage device for output 14, and a memorpI#tdescribed later may be a
nonvolatile or volatile semiconductor device memsugh as a random access memory
(RAM), a read only memory (ROM), an erasable progreable ROM (EPROM), a
flash memory, and a solid state drive (SSD), oagmetic storage medium such as a
hard disk and a flexible disk.
[0012] The functions of the pre-processing unit,30@ three-dimensional synthetic
aperture processing unit 400, and the dielectrimbary surface estimating unit 500 in
the dielectric boundary surface estimation devia@ dre implemented by a processing
circuit. That is, the dielectric boundary surfastimation device 100 is provided with
the processing circuit for reading wave data stamdtie storage device for input 11,
pre-processing the wave data, performing three+ao@al synthetic aperture
processing on the pre-processed wave data, estgratioundary surface of the
dielectric using the wave data subjected to theettimensional synthetic aperture
processing, calculating a width and a thicknegb®boundary surface, and storing the
calculation result in the storage device for output The processing circuit is a
processor 12 which executes a program stored imémory 13. The processor 12 is
also referred to as a central processing unit (CBarithmetic device, a
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microprocessor, a microcomputer or the like.
[0013] The functions of the pre-processing unit,30@ three-dimensional synthetic
aperture processing unit 400, and the dielectrimbary surface estimating unit 500 are
implemented by software, firmware, or a combinatibsoftware and firmware. The
software or firmware is described as a programstokd in the memory 13. The
processor 12 implements the functions of the rdseanits by reading and executing
the program stored in the memory 13. That isdibkctric boundary surface
estimation device 100 includes the memory 13 forirsg the program which is
executed by the processor 12 to eventually exestates illustrated in FIGS. 3 to 5 to be
described later. It may also be said that the pamgallows a computer to execute a
procedure or a method of each of the pre-processiitd@00, the three-dimensional
synthetic aperture processing unit 400, and thieatigc boundary surface estimating
unit 500.
[0014] Next, operation of the dielectric boundamyface estimation device 100
according to the first embodiment of the presemtimion will be described.

FIG. 3 is a flowchart illustrating processing bétpre-processing unit 300.
FIG. 4 is a flowchart illustrating processing oé tthree-dimensional synthetic aperture
processing unit 400. FIG. 5 is a flowchart illasitng processing of the dielectric
boundary surface estimating unit 500.
[0015] FIG. 6is a view illustrating a situation &hwave data stored in the wave data
storing unit 200 is obtained by observation. Huaafter, an operation example of the
dielectric boundary surface estimation device Bd@ascribed using the wave data
obtained by observation in the situation illustdsite FIG. 6.

In an observation system 20 in FIG. 6, the dieletd be observed is a space
31 having a dielectric constant®f. In the space 31, a space 32 having a relatively
low dielectric constant aof > (;2< &1) is included. Transceivers 21 to 24 of a radar
device are arranged in a space 30 having a diel@cnstant ot o (¢.0< &1) lower
than the dielectric constagt; of the space 31.
[0016] The transceivers 21 to 24 transmit pulsgeetdaadio waves 25 to 28 toward
the space 31. The transmitted radio waves 25 tr@8cattered on a dielectric
boundary surface 33 which is a boundary betweesghees 30 and 31 having different
dielectric constants and on a dielectric boundarfase 34 which is a boundary
between the spaces 31 and 32 having differentdre@eonstants. The transceivers
21 to 24 receive the radio waves 25 to 28 scattenettie dielectric boundary surfaces
33 and 34. The radar device converts scatteriiognration of the radio waves from
the dielectric boundary surfaces 33 and 34 inteatdimensional voxel data on the
basis of transmission/reception results of theoradives 25 to 28 and outputs the voxel
data to the dielectric boundary surface estimatievice 100.

The above observation may be performed by a jptyiaf transceivers 21 to 24,
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or may be performed by moving one transceiver éaréfspective positions shown as the
positions of the transceivers 21 to 24.

[0017] Hereinafter, scattering information obtairi®dobserving an inside of the
dielectric by the radar device is referred to asevdata s(x, y, t). Note thaEkL /2,

L,/2] is defined as the azimuth directiof[3L /2, L,/2] is defined as the elevation
direction, andE[O, Ter] is defined as the slant range direction.x répresents an
aperture length in the azimuth directiog,represents an aperture length in the elevation
direction, and #g, represents a pulse repetition cycle.

[0018] The wave data storing unit 200 receivesstotes wave data obtained by
observing the inside of the dielectric by the radiewvice. The wave data stored in the
wave data storing unit 200 is transferred to tleegrocessing unit 300.

[0019] The pre-processing unit 300 performs thegroeessing at steps ST301 to
ST303 to be described below in detail on the waata transferred from the wave data
storing unit 200 and outputs the processed wawetdahe three-dimensional synthetic
aperture processing unit 400.

[0020] At step ST301, the pre-processing unit 3@aves the DC component in the
range direction from the wave data. Specificahg, pre-processing unit 300 estimates
a range direction DC componegi(g, v, t) in consideration of a case where the wave
data s(x, y, t) transferred from the wave datarsgounit 200 is fixed decimal data and
the like in accordance with equation (1). Subsatyethe pre-processing unit 300
obtains wave datas(X, Y, t) from which the range direction DC compohis

removed by removing the range direction DC compbrgfx, y, t) from the wave data
s(x, y, t) using equation (2).

[0021]
Tpr1
Sor(x%,y,t) = — s(x,y, t) dt (1
Tpri Jo
SDC,t(xuy' t) = S(X;y; t) _So,t(x,y) t) (2)

[0022] At step ST302, the pre-processing unit 3@aves the DC component in the
azimuth direction from the wave data. Specificalye pre-processing unit 300
estimates the azimuth direction DC componggi(s, v, t) in consideration of a case
where the wave data s(X, y, t) transferred fromwthee data storing unit 200 is fixed
decimal data and the like in accordance with equg8). Subsequently, the pre-
processing unit 300 obtains wave daja:s(X, Y, t) from which the DC components in
the azimuth direction and the range direction aneaved by removing the azimuth
direction DC component g(X, Y, t) from the wave datas(X, y, t) from which the
range direction DC component is removed using eojuéd).

[0023]



SO,t,x(x'y' t) :L_} S(X'J’:t) dx
X J=Ly/2

-~
o
~-

Spctx (6 Y, t) = Spce (X, ¥, t) — So, e (%, Y, £) (4)

[0024] At step ST303, the pre-processing unit 3@@ects attenuation of the wave
when the radio wave passes through the insideeodiiglectric by performing contrast
correction on the wave data. Specifically, themacessing unit 300 defines a
contrast correction functiorzgri (X, ¥, t) in consideration of the attenuation of th
wave as shown in equation (5) for the wave dag¢a.&x, v, t) in which the DC
components in the azimuth direction and the ramgetibn are removed.
Subsequently, the pre-processing unit 300 perfon@gontrast correction on the wave
data scix(X, Y, t) using equation (6) and obtains wave datax, y, t) after the contrast
correction. The pre-processing unit 300 outputspiie-processed wave dagagx, v,

t) to the three-dimensional synthetic aperture @ssimg unit 400.

[0025]

Tpr1

1
SCNT,t,x(xl Y, t) = \/mf |S(x, Y, t)lz dt (5)
0

spc,ex (%, Y, t)
Sentex (XY, 1)
[0026] The three-dimensional synthetic aperture@ssing unit 400 performs three-
dimensional synthetic aperture processing at $d@@91 to ST403 to be described in
detail below on the pre-processed wave data obipthe pre-processing unit 300 and
outputs the wave data after the processing toitHeadric boundary surface estimating
unit 500.

[0027] At step ST401, the three-dimensional syntregterture processing unit 400
performs three-dimensional Fourier transform famemrting the pre-processed wave
data into wave data in a frequency space. Spatliifithe three-dimensional synthetic
aperture processing unit 400 performs three-dino@asifast Fourier transform (FFT)
on the pre-processed wave datgd, Y, t) received from the pre-processing unit 300
using equation (7) and converts the pre-processem Wata (X, Y, t) into wave data
Sere(Kx, Ky, K) in the frequency space.

[0028]

(6)

spre(x,y,t) =

t
SPRE (kx, ky, k) = fﬂ spre(x, v, t) exp [—j (kxx +kyy+k )] dxdydt )

€r1C

[0029] At step ST402, the three-dimensional syntregterture processing unit 400
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performs azimuth bulk compression to compensata\ewsurface of the wave data to a
spherical shape in the frequency space. Spedyfithé three-dimensional synthetic
aperture processing unit 400 obtains wave dajac®«, ky, k) in which the wave

surface of the wave datarg(ky, ky, k) is made uniform and the image of the wave data
is focused by performs the azimuth bulk compresbipnalculating equation (8) on the
wave data greky, ky, K) after the three-dimensional FFT and.

[0030]

Seurk(Kx ky, k) = Spre(kx ky, k) - exp(jRok;) ®)

[0031] Note that, in equation (8)pRepresents a focus distance, and is defined by, fo
example, equation (9-1). , kepresents a wave number defined by equation.(9-2)
[0032]

Ry = /€r,1¢Tpri/ 2 9-1)

k, = /4k2 —kZ— k2 (9-2)

2k = [kZ + k2+k2 (9-3)

[0033] At step ST403, the three-dimensional syntregterture processing unit 400
performs Stolt interpolation to orthogonalize a waransmitting direction 2k of the
wave data in the x axis and the y axis. The dwaaf a wave number vector means
the wave surface and the wave transmitting diractamd the wave number vector 2k
generally observed by the radar device can be gotinaily decomposed into the wave
number vectors (kky, k;), for example. This means that equation (9-3rdesd
above holds from the Pythagorean theorem. Althdbglwave number vectors &nd
ky can be immediately defined to be orthogonal to edloar on an antenna surface, k
in equation (9-2) described above cannot be obdeatirectly and can be observed only
as a function of (k ky, 2k). Processing of interpolation using equa{@2) described
above from (k ky, 2K) to (k, ky, k;) to make a state in which the observable and
definable wave numbers,(K,, 2k) are orthogonal is the Stolt interpolationgqassing.
Specifically, the three-dimensional synthetic aperrocessing unit 400 obtains wave
data Sar(kx, ky, k) after the three-dimensional synthetic apertuce@ssing by
performing the Stolt interpolation to convert thawe number space,(k, k) to (k;, ky,
k,) for the wave datagSik (Kx, ky, K) after the azimuth bulk compression. The three
dimensional synthetic aperture processing unitet@iputs the wave datasx(Kx, Ky,

k,) after the three-dimensional synthetic apertuoe@ssing to the dielectric boundary
surface estimating unit 500.



[0034] FIG. 7 is a view illustrating wave data 4@athe three-dimensional synthetic
aperture processing is performed by the three-dsineal synthetic aperture processing
unit 400, that is, the wave datga&(kx, ky, k;). The high-dielectric constant side
boundary 41 in the wave data 40 after the threeedsional synthetic aperture
processing corresponds to the dielectric boundanfase 33 in the observation system
20 illustrated in FIG. 6. The low-dielectric coast side boundary 42 in the wave data
40 after the three-dimensional synthetic apertuoegssing corresponds to the
dielectric boundary surface 34 in the observatimtesn 20 illustrated in FIG. 6.
[0035] Note that the three-dimensional synthetierape processing performed by the
three-dimensional synthetic aperture processing4@f is a technology well-known as
the Omega-K system.

In addition, as an interpolation method perforraedtep 403, other than the
Stolt interpolation described above as an exansghe, interpolation or cubic
interpolation may be used, for example.
[0036] The dielectric boundary surface estimating 600 calculates the width and
the thickness of the dielectric boundary surfac@édxforming dielectric boundary
surface estimation processing at steps ST501 t0%ibbe described below in detalil
on the wave data after the three-dimensional syiothperture processing output by the
three-dimensional synthetic aperture processing4df), and outputs the calculation
result to the output data storing unit 600.
[0037] At step ST501, the dielectric boundary stefastimating unit 500 decomposes
the dielectric boundary surface into a dielectoatdary point group by dividing the
wave data after the three-dimensional synthetictapeprocessing into a plurality of
observation units from respective phase centersreiHafter, a process at step ST501
is referred to as aperture division. Specificatg dielectric boundary surface
estimating unit 500 obtains wave data per apefgken (K« ky, k,) after aperture
division by dividing the wave datas&(Ky, ky, k;) after the three-dimensional synthetic
aperture processing received from the three-dimeasisynthetic aperture processing
unit 400 by N in the azimuth direction and by Mle elevation direction using
equation (10).
[0038]

K K
Ssarmm(Kxr Ky k) = Ssar(ky — nbky, ky, — mAky, k) - rect (%) : rect( B;“t'y ) (10)
X y

[0039] Note that, in equation (10) gk x represents an effective bandwidth in the
azimuth direction after the aperture division, &ud.y represents an effective
bandwidth in the elevation direction after the aper division.  Further,{0,N-1] and
mE[0,M-1]. Ak represents a pitch width of the aperture divisiothe azimuth
direction and\ky represents a pitch width of the aperture divisiothe elevation
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direction.
When the bandwidths after the aperture divisi@rapresented byd&and

Kg,y, the relationship in equation (11) is satisfiecbamKg x, Kg y, Kacutx and Kecut,y:
[0040]

Kgx = Kpcurx + (N — 1)Aky,

Kpy = Kpcuty + (M — 1)Ak,,
[0041] At step ST502, the dielectric boundary stefastimating unit 500 performs
three-dimensional inverse Fourier transform whichwerts the wave data per aperture
obtained by the aperture division from a frequethagnain to a spatial domain.
Specifically, the dielectric boundary surface estimg unit 500 performs three-
dimensional inverse fast Fourier transform (IFFm)tloe wave data per aperture
Ssarn,n(Kx, Ky, Kz) using equation (12) and converts it into waveaqadr aperture
Isar.n(X, ¥, Z) Of the spatial domain.
[0042]

(11

1
Isanm(6,9,2) = 53 f f j Ssarnm (ke ko key) expli(kex + kyy + kp2)] dldiydk,  (12)

[0043] FIG. 8is a view illustrating wave data Steathe dielectric boundary surface
estimating unit 500 performs the aperture divisiod the three-dimensional IFFF. By
the processes at steps ST501 and ST502, a poftiba bigh-dielectric constant side
boundary 41 in the wave data 40 after the threeedsional synthetic aperture
processing illustrated in FIG. 7 is divided intplarality of local small areas as shown
in wave data per aperture 51A to 51G illustrateBli@. 8. The wave data per aperture
51Ato 51G can be referred to as the dielectrimdany point group obtained by
decomposing the dielectric boundary surface 33mil&ily, a portion of the low-
dielectric constant side boundary 42 in the wava 48 after the three-dimensional
synthetic aperture processing illustrated in FI& divided into a plurality of local
small areas as shown in wave data per apertur¢®32D illustrated in FIG. 8. The
wave data per aperture 52A to 52D can be refeoed the dielectric boundary point
group obtained by decomposing the dielectric bonndarface 34.

Note that, although not illustrated in FIG. 8,atn other than the wave data
per aperture 51A to 51G and 52A to 52D in the wdata 50 is also divided into a
plurality of local small areas as is the case wWithwave data per aperture 51A to 51G
and 52A to 52D.
[0044] At step ST503, the dielectric boundary stefastimating unit 500 extracts
high-dielectric constant side boundary points edoega predetermined threshold from
the wave data per aperture. At subsequent step5% e dielectric boundary surface
estimating unit 500 records the extracted highediieic constant side boundary point
group as a high-dielectric constant side boundamtgrajectory.
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Specifically, the dielectric boundary surfacerestiing unit 500 obtains a set of
local maximum points of the wave data per aperumeding a threshold T, that is, a
high-dielectric constant side boundary point tr&d8c (Xop,n,m Yiop,n,m Zop,n,m DY
calculating equation (13) for high-dielectric cargtside boundary surface candidates
{X+, ¥+ |Re[lsar nnfX, ¥, 2)]2 T} exceeding the threshold T out of the wave gra
aperture.

Note that, in next equation (13) and equation {&4)e described below, T
represents a predetermined threshold, which isue\erresponding to signal power of
the radio wave scattered on the dielectric boundariace 33 on the high-dielectric
constant side.

[0045]

(xtop,n,mi Ytop,n,m» Ztop,n,m) = arg xm}?xz Re [ISAR,n,m (C Z)] (13)
+ V4

[0046] At step ST504, the dielectric boundary stefastimating unit 500 extracts
low-dielectric constant side boundary points smahan the predetermined threshold
from the wave data per aperture. At subsequeptST&06, the dielectric boundary
surface estimating unit 500 records the extracteddielectric constant side boundary
point group as a low-dielectric constant side ba@umpgboint trajectory.

Specifically, the dielectric boundary surfacerestiing unit 500 obtains a set of
local minimum points of the wave data per apertumaller than the threshold T, that is,
a low-dielectric constant side boundary point ey (%umnm Yotmnm Zotmnm DY
calculating equation (14) for low-dielectric constaide boundary surface candidates
{x., y|Re[lsar nndX, ¥, 2)]I<T} smaller than the threshold T out bétwave data per
aperture.

[0047]

(xbtm,n,m' Ybtm,n,m> thm,n,m) = arg xm;nz Re [ISAR,n,m (x_,y-, Z)] (14)

[0048] FIG. 9is a view illustrating a high-dielactconstant side boundary point
trajectory 51 and a low-dielectric constant sidarimtary point trajectory 52 calculated
by the dielectric boundary surface estimating 66@0. The high-dielectric constant
side boundary point trajectory 51 is a set of lsnakimum points of the wave data per
aperture 51A to 51G on the high-dielectric conssiae exceeding the threshold. The
low-dielectric constant side boundary point trajegts2 is a set of local minimum
points of the wave data per aperture 52A to 52Eherlow-dielectric constant side
smaller than the threshold.

Note that, in FIG. 9, the local maximum pointgled wave data per aperture
51Ato 51G and the local minimum points of the wdeg¢a per aperture 52A to 52D are
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indicated by the intersection of each of “x” marks.

[0049] At step ST507, the dielectric boundary stefastimating unit 500 calculates
the width of the dielectric boundary surface ugimg obtained high-dielectric constant
side boundary point trajectory 51. Specificalhe tielectric boundary surface
estimating unit 500 calculates the widths (Ay) of the dielectric boundary surface
from the high-dielectric constant side boundarynptriajectory 51 using equations (15)

and (16).

[0050]
Ax = mn%x [mnax Xtopn,m — mnin xtop,n,m] (15)
Ay = mrrazx [méax Yiopnm — mnin ytop,n,m] (16)

[0051] At step ST508, the dielectric boundary stefastimating unit 500 calculates a
thickness of a space between the dielectric boyrgiafaces using the obtained high-
dielectric constant side boundary point trajectatyand low-dielectric constant side
boundary trajectory 52. Specifically, the dielecbroundary surface estimating unit
500 calculates the distance from the center ohitjle-dielectric constant side boundary
point trajectory 51 to the center of the low-digfmcconstant side boundary point
trajectory 52 using equation (17) as a thicknesbetween the dielectric boundary
surfaces.

[0052]

Az = {thm,n,m - ZtOPﬂ-m}

(17)

e

. M
whereinn=—,m = 5

[0053] FIG. 10 is a view illustrating the width&x, Ay) and the thicknessz of the
dielectric boundary surface calculated by the diele boundary surface estimating unit
500. The widthsAx, Ay) of the dielectric boundary surface indicatedalyarrow in
FIG. 10 correspond to widths of the dielectric baany surface 34 being the boundary
between the space 31 which is the dielectric toliserved and the space 32 included in
the space 31 in FIG. 6. The thicknagsbetween the dielectric boundary surfaces
indicated by an arrow in FIG. 10 corresponds toiekhess of the space 31 from the
dielectric boundary surface 33 to the dielectrianmtary surface 34 in FIG. 6.

[0054] At step ST509, the dielectric boundary stefastimating unit 500 records a
calculation result of the widths and the thicknefsthe dielectric boundary surface. In
addition, the dielectric boundary surface estingatinit 500 transfers the recorded
calculation result to the output data storing &0.

[0055] The output data storing unit 600 receivesdalculation result of the widths
and the thickness of the dielectric boundary sertagnsferred from the dielectric
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boundary surface estimating unit 500 and the waa dfter the three-dimensional
synthetic aperture processing and stores them. oiitpait data storing unit 600 can
output the stored calculation result and wave ttathe outside.

The output data storing unit 600 may receive thgendata Sr(Kx, ky, k;)
after the three-dimensional synthetic aperturegssing directly from the three-
dimensional synthetic aperture processing unit@Ofda the dielectric boundary
surface estimating unit 500.
[0056] As is apparent from above, according tofitse embodiment, a dielectric
boundary surface estimation device 100 includgsegprocessing unit 300 pre-
processing wave data obtained by observing a digldxy a radar device; a three-
dimensional synthetic aperture processing unitgédorming three-dimensional
synthetic aperture processing on the wave datpnueessed by the pre-processing unit
300; and a dielectric boundary surface estimatmg200 estimating a boundary
surface between areas having different dielectiitstants to each other using the wave
data on which the three-dimensional synthetic aperocessing is performed by the
three-dimensional synthetic aperture processingd@tl and calculating a width and a
thickness of the boundary surface. Since theipasitf the dielectric boundary
surface is estimated using the wave data subjéctted three-dimensional synthetic
aperture processing, it is possible to estimatevidéhs and the thickness of the
dielectric boundary surface with high accuracy.
[0057] Further, according to the first embodimené dielectric boundary surface
estimating unit 500 performs division of the wawatadon which the three-dimensional
synthetic aperture processing unit 400 performghtee-dimensional synthetic aperture
processing in an azimuth direction and an elevatiogction, performs three-
dimensional inverse Fourier transform on the waaa @fter the division, extracts a
low-dielectric constant side boundary point trajegt52 corresponding to a dielectric
boundary surface 34 on the low-dielectric conssihd and a high-dielectric constant
side boundary point trajectory 51 corresponding thelectric boundary surface 33 on
the high-dielectric constant side out of the waatadfter the division subjected to the
three-dimensional inverse Fourier transform, cal@d a width of the dielectric
boundary surface 34 on the low-dielectric conssihd from the high-dielectric
constant side boundary point trajectory 51, andutates a thickness from the dielectric
boundary surface 33 on the high-dielectric constaid to the dielectric boundary
surface 34 on the low-dielectric constant side tasis of a distance between a center
of the high-dielectric constant side boundary ptisjectory 51 and a center of the low-
dielectric constant side boundary point trajectey By dividing the dielectric
boundary surface into trajectories of points onliasis of the aperture division
processing, position estimation accuracy of théedtec boundary surface can be
further improved.
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[0058] Note that, although the space 31 includimggpace 32 of the lower-dielectric
constant inside is the observation target in tret Embodiment, the dielectric boundary
surface estimation device 100 may also be used Wigedielectric constant of the
space 32 is higher than the dielectric constathetpace 31.

Even when the dielectric constant of the spacis B&jher than the dielectric
constant of the space 31, that is, wher< &1 < & is satisfied, the dielectric boundary
surface estimation device 100 can calculate théhwidnd the thickness of the dielectric
boundary surface by performing the processingtified in FIGS. 3to 5. In this
calculation, in the description at steps ST503T6(8, “high-dielectric constant side”
is replaced with “low-dielectric constant side”pW-dielectric constant side” is replaced
with “high-dielectric constant side”, “local maximupoint” is replaced with “local
minimum point”, and “local minimum point” is replad with “local maximum point”.

Thus, when the dielectric constant of the spacis B&jher than the dielectric
constant of the space 31, the dielectric boundanfiase 33 in FIG. 6 is on the low-
dielectric constant side and the dielectric boupdarface 34 is on the high-dielectric
constant side. When calculating the widths ofdieéectric boundary surface 34
which is the boundary between the space 31 ansiphee 32, the dielectric boundary
surface estimating unit 500 uses the set of thal lminimum points of the wave data
per aperture which are smaller than the threshioéd,is, the low-dielectric constant
side boundary point trajectory.

[0059] According to the first embodiment, the thddmensional synthetic aperture
processing unit 400 performs three-dimensional ieotransform on the wave data pre-
processed by the pre-processing unit 300, perfazimuth bulk compression to make a
wave surface uniform on the wave data subjectedetdhree-dimensional Fourier
transform, and thereafter performs interpolationtbogonalize a wave transmitting
direction. By improving locality of the wave byetlthree-dimensional synthetic
aperture processing, the position estimation acyuséthe dielectric boundary surface
can be further improved.

[0060] Also, according to the first embodiment, gre-processing unit 300 removes a
DC component in a range direction and a DC compioinean azimuth direction from
the wave data obtained by observing the dielebirithe radar device, and corrects
attenuation of the wave when passing through tekectiric. It is possible to further
improve the position estimation accuracy of theedigic boundary surface by
removing the DC component of the wave data andecting contrast.

[0061] Note that, in the present invention, any poment of the embodiment may be
modified, or any component of the embodiment magréted without departing from
the scope of the invention.

[0062] For example, in the configuration exampl&i. 1, the dielectric boundary
surface estimation device 100 is provided withwlaee data storing unit 200 and the
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output data storing unit 600, but the wave datergjainit 200 and the output data
storing unit 600 are not necessarily required. tThahe dielectric boundary surface
estimation device 100 may have any configuratioloag as it can receive wave data
from the outside, calculate the widths and thektiess of a dielectric boundary surface,
and output the calculation result to the outside.

INDUSTRIAL APPLICABILITY

[0063] The dielectric boundary surface estimatiemide according to the present
invention calculates the widths and the thickndssdielectric boundary surface using
the wave data subjected to the three-dimensiomahstic aperture processing, so that it
is suitable for a dielectric boundary surface eatiom device used for detecting cancer,
diagnosing material deterioration of a constructiad the like.

REFERENCE SIGNSLIST

[0064] 11: Storage device for input, 12: Process8r,Memory, 14: Storage device for
output, 20: Observation system, 21 to 24: TransreRb to 28: Radio wave, 30 to 32:
Space, 33, 34: Dielectric boundary surface, 40V&e data, 41: High-dielectric
constant side boundary, 42: Low-dielectric conssaae boundary, 51: High-dielectric
constant side boundary point trajectory, 52: Loedelitric constant side boundary point
trajectory, 51Ato 51G, 52A to 52D: Wave data pgeeréure, 100: Dielectric boundary
surface estimation device, 200: Wave data storirig 800: Pre-processing unit, 400:
Three-dimensional synthetic aperture processing §00: Dielectric boundary surface
estimating unit, 600: Output data storing unit.
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CLAIMS

1. A dielectric boundary surface estimation dewomprising:

a pre-processing unit pre-processing wave dat@rsal by observing a
dielectric by a radar device;

a three-dimensional synthetic aperture proceasiitgperforming three-
dimensional synthetic aperture processing on theewdata pre-processed by the pre-
processing unit; and

a dielectric boundary surface estimating unitneating a boundary surface
between areas having different dielectric constemésach other using the wave data on
which the three-dimensional synthetic aperture ggemg is performed by the three-
dimensional synthetic aperture processing unitaabculating a width and a thickness
of the boundary surface.

2. The dielectric boundary surface estimation deeiccording to claim 1,
wherein the dielectric boundary surface estimatinig performs division of
the wave data on which the three-dimensional syitheerture processing unit
performs the three-dimensional synthetic apertuvegssing in an azimuth direction
and an elevation direction, performs three-dimaeraimnverse Fourier transform on the
wave data after the division, extracts a trajectdripw-dielectric constant side
boundary points corresponding to a low-dielectdnstant side boundary surface and a
trajectory of high-dielectric constant side bourydawints corresponding to a high-
dielectric constant side boundary surface out efwhve data after the division
subjected to the three-dimensional inverse Fotmasform, calculates a width of the
high-dielectric constant side boundary surface wrddh of the low-dielectric constant
side boundary surface from the trajectory of thghkdielectric constant side boundary
points or the trajectory of the low-dielectric ctarg side boundary points, and
calculates a thickness from the high-dielectricstant side boundary surface to the
low-dielectric constant side boundary surface tasis of a distance between a center
of the trajectory of the high-dielectric constaigiesboundary points and a center of the
trajectory of the low-dielectric constant side bdary points.

3. The dielectric boundary surface estimation deeiccording to claim 1,

wherein the three-dimensional synthetic apertooegssing unit performs
three-dimensional Fourier transform on the wave ga¢-processed by the pre-
processing unit, performs azimuth bulk compresgiomake a wave surface uniform on
the wave data subjected to the three-dimensionaiémtransform, and thereafter
performs interpolation to orthogonalize a wave sraitting direction.
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4, The dielectric boundary surface estimation dewiccording to claim 1,

wherein the pre-processing unit removes a DC compbin a range direction
and a DC component in an azimuth direction fromwhge data obtained by observing
the dielectric by the radar device, and corredenattion of the wave when passing
through the dielectric.
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