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[DESCRIPTION]

[Title of Invention] SCATTERING TOMOGRAPHY DEVICE AND
SCATTERING TOMOGRAPHY METHOD

[Technical Field]

[0001]

The present disclosure relates to a scattering tomography
device and the like that generates an image of the interior of an
object using scattered waves of radio waves.

[Background Art]
[0002]

Patent Literature (PTL) 1, PTL 2, and PTL 3 disclose techniques
related to a scattering tomography device and the like that generates
an image of the interior of an object using scattered waves of radio
waves.

[0003]

For example, with the technique described in PTL 1, a beam
transmitted out from a microwave transmitter is incident on an
inspection target, and the amplitude and phase of scattered beams
are detected by a microwave detector. A distribution of the
dielectric constant is then computed from the output signal of the
microwave detector, and a section of the inspection object is imaged.
[Citation List]

[Patent Literature]

[0004]

[PTL 1] Japanese Unexamined Patent Application Publication No.
S62-66145

[PTL 2] WO 2014/125815

[PTL 3] WO 2015/136936

[Summary of Invention]

[Technical Problem]

[0005]

Unfortunately, it is not easy to generate a highly accurate
image of the interior of an object using scattered waves of radio
waves such as microwaves.

[0006]



More specifically, when the state of the interior of an object is
known, calculating measurement data, which is the data measured
as scattered waves relative to radio waves incident on the object, is
easy as it is a forward problem. However, calculating the state of
the interior of an object when the measurement data is known is
difficult as it is an inverse problem.

[0007]

Radio waves incident on an object may contain a large number
of frequency components. Different radio wave frequencies result
in different dielectric constants in the object and different radio wave
propagation speeds. Stated differently, radio waves are
characterized by a plurality of propagation speeds corresponding to
the plurality of frequency components. Because the measurement
data is affected by this, it is difficult to calculate the state of the
interior of an object from the measurement data.

[0008]

In view of this, embodiments of the present disclosure provide
a scattering tomography device and the like that can generate a
highly accurate image of the interior of an object using scattered
waves of radio waves.

[Solution to Problem]
[0009]

According to a first aspect of the present disclosure, there is
provided a scattering tomography device including: a transmitting
antenna element that transmits radio waves into an interior of an
object from outside the object; a receiving antenna element that
receives, outside the object, scattered waves of the radio waves
transmitted into the interior of the object; and an information
processing circuit that generates an image of the interior of the
object using measurement data indicating the scattered waves
received by the receiving antenna element. The information
processing circuit: derives, using the measurement data, a relational
expression that satisfies an equation whose solution is a scattering
field function that takes a transmission position of the radio waves
and a reception position of the scattered waves as inputs and outputs
an amount of the scattered waves at the reception position; derives,
using the relational expression, an image function that is for
generating the image and includes one or more parameters
indicating a correspondence between a change in frequency of the
radio waves and a change in a dielectric constant of the object in
accordance with Debye relaxation; and generates the image using
the image function.

[0009a]

According to a second aspect of the present disclosure, there
is provided a scattering tomography method including: transmitting,
by a transmitting antenna element, radio waves into an interior of an
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object from outside the object; receiving, outside the object, by a
receiving antenna element, scattered waves of the radio waves
transmitted into the interior of the object; and generating an image
of the interior of the object using measurement data indicating the
scattered waves received by the receiving antenna element,
wherein the generating includes: deriving, using the measurement
data, a relational expression that satisfies an equation whose
solution is a scattering field function that takes a transmission
position of the radio waves and a reception position of the scattered
waves as inputs and outputs an amount of the scattered waves at the
reception position; deriving, using the relational expression, an
image function that is for generating the image and includes one or
more parameters indicating a correspondence between a change in
frequency of the radio waves and a change in a dielectric constant of
the object in accordance with Debye relaxation; and generating the
image using the image function.

[0010]

These general or specific aspects may be implemented as a
system, a device or apparatus, a method, an integrated circuit, a
computer program, or a non-transitory computer-readable recording
medium such a CD-ROM, or any combination thereof.

[Advantageous Effects of Invention]
[0011]

According to embodiments of the present disclosure, it is
possible to generate a highly accurate image of the interior of an
object using scattered waves of radio waves.

[Brief Description of Drawings]
[0012]
[FIG. 1]

FIG. 1 is a graph illustrating the frequency dependence of the
dielectric constant and the Debye relaxation of water at 30 °C
according to an embodiment of the present disclosure.

[FIG. 2A]

FIG. 2Ais a graph illustrating the relative dielectric constant of
breast adipose tissue for each frequency according to an
embodiment of the present disclosure.

[FIG. 2B]

FIG. 2B is a graph illustrating the effective conductivity of
breast adipose tissue for each frequency according to an
embodiment of the present disclosure.

[FIG. 3]

FIG. 3 schematically illustrates a measurement apparatus
used to measure the dielectric constant of an excised sample
according to an embodiment of the present disclosure.

[FIG. 4]
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FIG. 4 illustrates an example of an antenna array scanning
over a curved surface to measure scattered data according to an
embodiment of the present disclosure.

[FIG. 5]

FIG. 5 is a schematic diagram illustrating the relationship
between the position of the transmitting antenna element, the
position of the receiving antenna element, and the position of the
matter according to an embodiment of the present disclosure.

[FIG. 6]

FIG. 6 illustrates an example of a monostatic antenna
scanning over a curved surface to measure scattered data according
to an embodiment of the present disclosure.

[FIG. 7]

FIG. 7 is a schematic diagram illustrating the relationship
between the position of the transmitting and receiving and the
position of the matter according to an embodiment of the present
disclosure.

[FIG. 8]

FIG. 8 illustrates the overall system configuration of a
multistatic radar array according to an embodiment of the present
disclosure.

[FIG. 9]

FIG. 9 illustrates an antenna array arranged in a single row on
a straight or curved line according to an embodiment of the present
disclosure.

[FIG. 10]

FIG. 10 illustrates a scanning method performed by an
antenna array according to an embodiment of the present disclosure.
[FIG. 11]

FIG. 11 illustrates measurement points in the scanning
method performed by the antenna array according to an embodiment
of the present disclosure.

[FIG. 12]
FIG. 12 illustrates an implementation example of a monostatic

antenna capable of measuring radio waves with respect to both of the
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two polarization directions according to an embodiment of the
present disclosure.
[FIG. 13]

FIG. 13 illustrates the relationship between the relative
dielectric constant and frequency when the dielectric constant
dispersion is great.

[FIG. 14A]

FIG. 14A illustrates the result of a simulation of radio waves at
t = 0 nanoseconds.

[FIG. 14B]

FIG. 14B illustrates the result of a simulation of radio waves at
t = 0.2 nanoseconds.

[FIG. 14C]

FIG. 14C illustrates the result of a simulation of radio waves at
t = 0.4 nanoseconds.

[FIG. 14D]

FIG. 14D illustrates the result of a simulation of radio waves at
t = 0.6 nanoseconds.

[FIG. 14E]

FIG. 14E illustrates the result of a simulation of radio waves at
t = 0.8 nanoseconds.

[FIG. 15]

FIG. 15 illustrates a computational model of a reconstruction
simulation.
[FIG. 16A]

FIG. 16A is an XY plan view of the result of a simulation in a
first case.
[FIG. 16B]

FIG. 16B is a perspective view of the result of the simulation in
the first case.
[FIG. 17A]

FIG. 17A is an XY plan view of the result of a simulation in a
second case.

[FIG. 17B]
FIG. 17B is a perspective view of the result of the simulation in
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the second case.
[FIG. 18A]

FIG. 18A is an XY plan view of the result of a simulation in a
third case.
[FIG. 18B]

FIG. 18B is a perspective view of the result of the simulation in
the third case.
[FIG. 19]

FIG. 19 is a block diagram of a basic configuration of a
scattering tomography device according to an embodiment of the
present disclosure.

[FIG. 20]

FIG. 20 is a flowchart showing the basic operation of a
scattering tomography device according to an embodiment of the
present disclosure.

[Description of Embodiments]
[0013]

A scattering tomography device according to one aspect of the
present disclosure includes: a transmitting antenna element that
transmits radio waves into an interior of an object from outside the
object; a receiving antenna element that receives, outside the object,
scattered waves of the radio waves transmitted into the interior of
the object; and an information processing circuit that generates an
image of the interior of the object using measurement data indicating
the scattered waves received by the receiving antenna element.
The information processing circuit: derives, using the measurement
data, a relational expression that satisfies an equation whose
solution is a scattering field function that takes a transmission
position of the radio waves and a reception position of the scattered
waves as inputs and outputs an amount of the scattered waves at the
reception position; derives, using the relational expression, an image
function that is for generating the image and includes one or more
parameters indicating a correspondence between a change in
frequency of the radio waves and a change in a dielectric constant of
the object in accordance with Debye relaxation; and generates the
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image using the image function.
[0014]

This enables the scattering tomography device to derive a
relational expression for deriving an image function based on the
scattering field function, which indicates the amount of scattered
waves depending on the transmission position and the reception
position, and the measurement data of the scattered waves received
by the receiving antenna element. In addition, the image function
includes one or more parameters that indicate the correspondence
between a change in frequency of the radio waves and a change in
the dielectric constant of the object. Accordingly, the
correspondence between a change in frequency and a change in the
dielectric constant can be reflected in the generation of an image
showing the interior of an object by the scattering tomography
device.

[0015]

In other words, the scattering tomography device can
generate a highly accurate image of the interior of an object using
scattered waves of radio waves.

[0016]

For example, in a three-dimensional space of X coordinates, Y
coordinates, and Z coordinates, an X coordinate of a position of the
transmitting antenna element is identical to an X coordinate of a
position of the receiving antenna element, and

the scattering field function is defined as:

[Math. 1]

ez’k,ol eikp2

(%, 31, 7:.7,7,0) = || 5(&,n,{)dédnd(

PP

P ==&V + (v —n) +(z,— )
Py ==Y + (1, — 1) +(z, &)

where x is an X coordinate of the transmission position and the

reception position, yi1 is a Y coordinate of the transmission position,
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y2 is a Y coordinate of the reception position, z1 is a Z coordinate of
the transmission position, z> is a Z coordinate of the reception
position, w is an angular frequency of the radio waves, D is a region
including matter that generates the scattered waves by reflecting the
radio waves, § is an X coordinate of a position in the region, nisayY
coordinate of the position in the region, ¢ is a Z coordinate of the
position in the region, €(§, n, ¢) is a reflectivity, i is an imaginary unit,
and k is a wavenumber of the radio waves.

[0017]

This allows the scattering tomography device to properly
derive a relational expression for deriving an image function based
on the scattering field function described above, which is defined
based on the X coordinate of the position of the transmitting antenna
element being the same as the X coordinate of the position of the
receiving antenna element.

[0018]

For example, the equation is defined as:

[Math. 2]

1 :
SAS P07 (0,7 40.7)0, +0.7) |§=0

A2 2 2 2 2
A;=0,40,"+0,"+0,"+0,

[0019]

This allows the scattering tomography device to properly
derive the relational expression for deriving the image function
based on the above partial differential equation, which is defined as
an equation whose solution is the above scattering field function.
[0020]

For example, the relational expression is defined as:

[Math. 3]
P(X, 1. Y5, 21,25, k)
_ 5 71[ s J' J: -[ o etk (k.k, k. k)efsl(.kx,]cﬂ,i;.m)zl o2 o) dk clk, dlk,

—L —00
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where kx is a wavenumber related to x in the scattering field
function, ky1 is a wavenumber related to y: in the scattering field
function, and ky2 is a wavenumber related to y2 in the scattering field
function,

a(kx, kyi, ky2, k) is defined as:
[Math. 4]

( X2 y L >k) Zajj(kx>ky >ky >k)
Z ) g AR R ) s koky, yz)ZJ(D( Vi, ¥, .k)
- x> JI»)J>»

where I is an index of the transmission position at which the
transmitting antenna element is present, J is an index of the
reception position at which the receiving antenna element is present,
y1 is a Y coordinate of the transmission position at which the
transmitting antenna element is present, y; is a Y coordinate of the
reception position at which the receiving antenna element is present,
ar, 1(kx, ky1, ky2, k) is a coefficient defined by the measurement data
at kx, ky1, ky2, and k, and ®(kx, y1, y3, k) is the measurement data at
kx, Y1, Y3, and k.

[0021]

This allows the scattering tomography device to properly
derive the image function based on the above relational expression,
which is defined by the measurement data corresponding to the
transmission position at which the transmitting antenna element is
present and the reception position at which the receiving antenna
element is present.

[0022]

For example, the image function is defined as:

[Math. 5]

p(x,y,2)= j Lim [§(x, ;. y,.2.k)]do

}14)\2 =y

T o b ) dk N[ dw
f(z,r) HI Tt alk, k, )[ m J(dk]dk dk, dk, dk,

UK,
—O —0 —C0 z

where x in the image function is an X coordinate of the image,
y in the image function is a Y coordinate of the image, and z in the
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image function is a Z coordinate of the image, and

variables included in an integrand in the image function are

defined as:
[Math. 6]
2
. 2 2 2 2 2
k. _\/(Jk ke k) —k,
1 (k 2 _k 2)2
k= k' +k+ ;’;2 ;2 +2k," +k,")
+ 1 2
" kz\/kz —kyf\/kz K,
dk, k(k?+k)
. —(a+b —cozakz) +\/(a +b —002051\72)2 +4atozc()2k2
2aa
de 002k + acoza)zk

dk (a+b)o+2aawm’ —a:coza)k2

where co is a propagation speed of the radio waves in vacuum,
and a, b, and a are the one or more parameters.
[0023]

This allows the scattering tomography device to properly
generate an image using the image function described above, which
includes one or more parameters indicating the correspondence
between a change in frequency of the radio waves and a change in
the dielectric constant of the object.

[0024]

For example, the information processing circuit generates the
image using the measurement data obtained at a position of the
transmitting antenna element and a position of the receiving antenna
element also as data obtained by swapping the position of the
transmitting antenna element and the position of the receiving
antenna element.

[0025]
- 10 -
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This allows the scattering tomography device to reduce the
number of times the position of the transmitting antenna element
and the position of the receiving antenna element are changed to
obtain measurement data.

[0026]

For example, the scattering tomography device includes a
plurality of receiving antenna elements each of which is the receiving
antenna element, and the information processing circuit generates
the image using the measurement data indicating the scattered
waves received at each of the plurality of receiving antenna elements
included in the scattering tomography device.

[0027]

This allows the scattering tomography device to obtain
measurement data at a plurality of reception positions for a single
transmission at a single transmission position. The scattering
tomography device can therefore reduce the number of
transmissions and the number of changes in the reception position.
[0028]

For example, the transmitting antenna element and the
plurality of receiving antenna elements are aligned in a single row,
the transmitting antenna element is positioned at an end of the
single row in which the transmitting antenna element and the
plurality of receiving antenna elements are aligned, and a radio wave
absorber is disposed between (i) the transmitting antenna element
and (ii) the plurality of receiving antenna elements.

[0029]

This allows the transmitting antenna element and the plurality
of receiving antenna elements to be arranged on a straight or curved
line. Accordingly, the complexity of the calculation process and the
complexity of the scanning can be reduced. Moreover, the radio
wave absorber inhibits radio waves from going directly from the
transmitting antenna element to the receiving antenna element
without being incident on the object.

[0030]
For example, in a three-dimensional space of X coordinates, Y
- 11 -
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coordinates, and Z coordinates, an X coordinate, a Y coordinate, and
a Z coordinate of a position of the transmitting antenna element are
identical to an X coordinate, a Y coordinate, and a Z coordinate of a
position of the receiving antenna element, respectively, and

the scattering field function is defined as:
[Math. 7]

ol

#x, 3,20 = [ ;78(5 nO)dEdndS

p=A(x=&Y +(y-n)Y+(z-¢)

where x is an X coordinate of the transmission position and the
reception position, y is a Y coordinate of the transmission position
and the reception position, z is a Z coordinate of the transmission
position and the reception position, D is a region including matter
that generates the scattered waves by reflecting the radio waves, € is
an X coordinate of a position in the region, nis a Y coordinate of the
position in the region, is a Z coordinate of the position in the region,
€&, n, ¢) is a reflectivity, i is an imaginary unit, and k is a
wavenumber of the radio waves.

[0031]

This allows the scattering tomography device to properly
derive a relational expression for deriving an image function based
on the scattering field function described above, which is defined
based on the position of the transmitting antenna element being the
same as the position of the receiving antenna element.

[0032]

For example, the equation is defined as:

[Math. 8]

(6, +0,>+8, +4k*)$=0

[0033]
This allows the scattering tomography device to properly

derive the relational expression for deriving the image function
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based on the above partial differential equation, which is defined as
an equation whose solution is the above scattering field function.
[0034]

For example, the relational expression is defined as:
[Math. 9]

Qﬁ()(',)l,Z,k) —

J' Ie e x—ite,y ,ky,k)eiz‘,/4k2—kx2—ky2dkxdky

(27T)2

where kx is a wavenumber related to x in the scattering field
function and ky is a wavenumber related to y in the scattering field
function,

a(kx, ky, k) is defined as:
[Math. 10]

a(kx,ky,k) — Zeikxxj e*szzl &)(x[,ky,k)
7
— Z et g TS (i )&)(x] ko, k)
I

where I is an index of the transmission position and the
reception position at which the transmitting antenna element and the
receiving antenna element are present, x1 is an X coordinate of the
transmission position and the reception position at which the
transmitting antenna element and the receiving antenna element are
present, and zr and f(x1) are a Z coordinate of the transmission
position and the reception position at which the transmitting antenna
element and the receiving antenna element are present, and
[Math. 11]

dND(xI,ky,k)

expresses the measurement data at xi, ky, and k.
[0035]

This allows the scattering tomography device to properly
derive the image function based on the above relational expression,
which is defined by the measurement data corresponding to the
transmission position at which the transmitting antenna element is
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present and the reception position at which the receiving antenna
element is present.

[0036]
For example, the image function is defined as:
[Math. 12]
oY T —i(k\k\; ik,z ) )
o(x, y,A)_(zjr j j j e a(k,,k,, k)e'=dk dk do
1 T —i(kx+kyy)+ik.z ikoxy —1k (X)) 7 do dk
= e e'Me YO(x, k. k) p————dk dk dk,
@)’ IH {Z - )} dk k.

where x in the image function is an X coordinate of the image,
y in the image function is a Y coordinate of the image, and z in the
image function is a Z coordinate of the image, and

variables included in an integrand in the image function are
defined as:
[Math. 13]

k, =4k —k} —k

1
k= E\/kxz -|-ky2 +k22

dk k&,
dk. 4k
—(a+b- cozakz) + \/(a +b— cozac/’cz)2 + 4aa002k2
o= 2aa
do ¢, k+ac, o’k

dk  (a+b)o +2ac0’ —ac, ok’

where co is a propagation speed of the radio waves in vacuum,
and a, b, and a are the one or more parameters.
[0037]

This allows the scattering tomography device to properly
generate an image using the image function described above, which
includes one or more parameters indicating the correspondence

between a change in frequency of the radio waves and a change in
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the dielectric constant of the object.
[0038]

For example, the scattering tomography device includes a
plurality of transmitting antenna elements each of which is the
transmitting antenna element and a plurality of receiving antenna
elements each of which is the receiving antenna element, the
plurality of transmitting antenna elements included in the scattering
tomography device respectively correspond to a plurality of
polarization directions of the radio waves, and the plurality of
receiving antenna elements included in the scattering tomography
device respectively correspond to the plurality of polarization
directions of the radio waves.

[0039]

This allows the scattering tomography device to transmit and
receive based on a plurality of polarization directions. The
scattering tomography device can therefore obtain information
corresponding to the polarization directions.

[0040]

For example, the one or more parameters are defined by
measuring a plurality of dielectric constants of an object of a same
type as the object, relative to a plurality of frequencies of the radio
waves.

[0041]

This allows the scattering tomography device to properly
generate an image based on one or more parameters appropriately
defined as the one or more parameters indicating the
correspondence between a change in frequency of the radio waves
and a change in the dielectric constant of the object.

[0042]

For example, the radio waves are pulsed waves.
[0043]

This allows the scattering tomography device to generate a
highly accurate image of the interior of an object using pulsed waves
including a large number of frequency components.

[0044]
- 15 -
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For example, a scattering tomography method according to
one aspect of the present disclosure includes: transmitting, by a
transmitting antenna element, radio waves into an interior of an
object from outside the object; receiving, outside the object, by a
receiving antenna element, scattered waves of the radio waves
transmitted into the interior of the object; and generating an image
of the interior of the object using measurement data indicating the
scattered waves received by the receiving antenna element. The
generating includes: deriving, using the measurement data, a
relational expression that satisfies an equation whose solution is a
scattering field function that takes a transmission position of the
radio waves and a reception position of the scattered waves as inputs
and outputs an amount of the scattered waves at the reception
position; deriving, using the relational expression, an image function
that is for generating the image and includes one or more parameters
indicating a correspondence between a change in frequency of the
radio waves and a change in a dielectric constant of the object in
accordance with Debye relaxation; and generating the image using
the image function.

[0045]

This makes it possible to derive a relational expression for
deriving an image function based on the scattering field function,
which indicates the amount of scattered waves depending on the
transmission position and the reception position, and the
measurement data of the scattered waves received by the receiving
antenna element. In addition, the image function includes one or
more parameters that indicate the correspondence between a change
in frequency of the radio waves and a change in the dielectric
constant of the object. Accordingly, the correspondence between a
change in frequency and a change in the dielectric constant can be
reflected in the generation of an image showing the interior of an
object.

[0046]

Accordingly, it is possible to generate a highly accurate image

of the interior of an object using scattered waves of radio waves.
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[0047]

Hereinafter, embodiments will be described with reference to
the drawings. Each of the following embodiments describes a
general or specific example. The numerical values, shapes,
materials, elements, the arrangement and connection of the
elements, steps, the order of the steps etc., presented in the
following embodiments are mere examples, and do not limit the
scope of the claims.

[0048]
[Embodiment]

The scattering tomography device according to the present
embodiment generates an image of the interior of an object using
scattered waves of radio waves. Hereinafter, the scattering
tomography device according to the present embodiment will be
described in detail, including the underlying techniques and theories.
Hereinafter, the techniques will be described using microwave
mammography as a main example, where the radio waves are
exemplified as microwaves, and the object is exemplified as a breast,
but the field of application is not Ilimited to microwave
mammography; radio waves other than microwaves and objects
other than a breast may be used.

[0049]
I. Frequency Dependence of the Dielectric Constant

First, the frequency dependence of the dielectric constant that
affects the radio waves used by the scattering tomography device will
be described. Maxwell's equations of electromagnetism are
expressed as shown in (1-1) below.

[0050]
[Math. 14]
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VxE=-0B

VxH=j+0,D
B=uH
D=cE

. . .(1_1)
[0051]

E is an electric field, B is magnetic flux density, t is time, H is
a magnetic field, j is current, D is an electric displacement field, p is
permeability, and € is a dielectric constant. Here, generally, waves
(radio waves) propagating in a dielectric material such as a living
body are examined. Accordingly, although the dielectric constant
changes, the permeability is equal to a vacuum value. The dielectric
constant, permeability, and current can therefore be expressed as
shown in (1-2) below.
[0052]

[Math. 15]
E=8&,8,

H= ﬂo(vacuum value)
J=0
o o o ( 1 — 2)
[0053]
Here, €0 is the dielectric constant of vacuum, &r is the relative
dielectric constant, and po is the permeability of vacuum. The

equation shown in (1-3) below is obtained from the equations shown
in (1-1) and (1-2) above.

[0054]

[Math. 16]

~VxVxE =60, E
«+ «(1—23)

[0055]

Next, consider a one-dimensional wave. Since V x E = 0
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when the wave propagation direction corresponds to the x axis and
the electric field (E) direction corresponds to the y axis, the
equations shown in (1-3) through (1-4) are obtained.

[0056]

[Math. 17]
AE = 11,6 6E
.« o . (1 — 4)
[0057]

When the y direction component of the electric field (E) is
expressed as ¢(t, x), a wave equation related to a one-dimensional
wave can be written as shown in (1-5). In other words, this wave
equation derives from Maxwell's equations.

[0058]
[Math. 18]
1
0, ¢(t,x)———0,4(t,x)=0
Ho&
« v o (1—5)
[0059]

Taking into consideration resolution and transmission distance,
the frequency range used for microwave mammography is, for
example, from 1 GHz to 20 GHz. However, in this range, water,
which constitutes a large proportion of the living body, causes
dielectric dispersion.

[0060]

FIG. 1 is a graph illustrating the frequency dependence of the
dielectric constant and the Debye relaxation of water at 30 °C. 1In
FIG. 1, &' denotes the real part of the complex dielectric constant,
and &/’ denotes the imaginary part of the complex dielectric constant.
The higher the frequency, the lower the dielectric constant.

[0061]

FIG. 2A and FIG. 2B illustrate dielectric dispersion in adipose
tissue of the breast. More specifically, FIG. 2A shows the relative
dielectric constant of breast adipose tissue for each frequency, and
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FIG. 2B shows the effective conductivity of breast adipose tissue for
each frequency.
[0062]

For example, in the 14 GHz to 20 GHz range, the dielectric
constant is about 60% of the dielectric constant in the 1 GHz to 5 GHz
range. According to Debye relaxation, the frequency dependence of
the dielectric constant can be expressed as shown in (1-6), (1-7),
(1-8), and (1-9) below.

[0063]
[Math. 19]
1+1wr
£(0) =
£(0) =
«+ o (1—6)
[0064]
[Math. 20]
—& LT \E, —&
cy=s, 4 Em8)  0T(e,~2.)
l+o°t l+o°t
(e,—¢.) b
E()y=€,+———— S =a+t—
1+’ l1+aw
s o (1—7)
[0065]
[Math. 21]
C
c(0) = ———
\/g,,(a))
o =c(w)k
.- e (1-8)
[0066]
[Math. 22]
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0

a):
\/ b
a+——>
l+aw
e o o (1_9)
[0067]

Here, w is angular frequency; €(w) is the complex dielectric
constant at w; i is the imaginary unit; T is relaxation time; &(w) is
the real part of the complex dielectric constant at w; a, b, and a are
constants; c(w) is propagation speed at w, co is propagation speed in
vacuum, and k is the wavenumber. As shown in (1-8), the
propagation speed depends on the dielectric constant and the
dielectric constant depends on the frequency (the angular frequency).
Hence, the propagation speed depends on the frequency (the angular
frequency).

[0068]
When frequency is denoted as f, w can be expressed as w = 2nf.
When the equation in (1-9) is solved, f can be expressed as shown in

(1-10) below.
[0069]
[Math. 23]
1 1 [(a+b—clak®)+y(a+b—c ak’) +daac,k’
/= 27[0) B 27 2acx
e o . (1 —1 0)
[0070]

When the frequency defined by w = 2nf is fixed, the wave
equation is expressed as shown in (1-11) below.

[0071]
[Math. 24]
1
(0, +0,"+0.°)p(t,%,y,2)~ “o) 0, ¢(t,x,y,2)=0

v e e (1—11)
[0072]
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Here, X, y, and z are coordinate positions, and ¢(t, x, vy, 2)
denotes displacement of vibration at t, x, y, and z.

[0073]

However, when there is dielectric dispersion, it is difficult to
express waves that are not a fixed frequency with a single wave
equation. This is because the motion of the molecules (dipoles)
responsible for the dielectric dispersion must be considered at the
same time. For example, in microwave mammography, pulsed
waves including a large number of frequency components are used.
In order to obtain highly accurate data, pulsed waves with sharp
waveforms are practical. However, the large number of frequency
components propagate at varying propagation speeds, resulting in a
gradual waveform. This makes it difficult to obtain highly accurate
data.

[0074]

Therefore, the equation in (1-10), where frequency f is
expressed in terms of the wavenumber k of space, plays an important
role in solving the inverse scattering problem in a medium with
dielectric dispersion. Moreover, a, b, and a in (1-7) are, more
specifically, Debye model parameters indicating correspondence
between a change in frequency and a change in the dielectric
constant. The parameters are specified by measuring, in advance,
the dielectric constant of a sample of the same type as the object to
be tested for each frequency.

[0075]

FIG. 3 illustrates a measurement apparatus used to measure
the dielectric constant of an excised sample. Measurement
apparatus 300 illustrated in FIG. 3 is an apparatus for actually
measuring the frequency dependence of the dielectric constant, and
includes vector network analyzer 301, computer 302 and probe 306
for measuring the dielectric constant.

[0076]

Vector network analyzer 301 and computer 302 are connected

via a general purpose interface bus (GPIB) cable 303. Vector

network analyzer 301 and probe 306 for measuring the dielectric
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constant are connected via high-frequency coaxial cable 304.
[0077]

For example, excised sample 305 obtained in a surgical
procedure is measured using the coaxial probe 306 for measuring the
dielectric constant. Probe 306 for measuring the dielectric constant
is connected to the S11 port (a port for obtaining forward direction
reflections) of vector network analyzer 301. The data is stored in
computer 302 via GPIB cable 303. The parameters a, b, and a in
(1-7) are specified from a plurality of excised samples. These
parameters are important in the following inverse analysis.

[0078]
<II. Inverse Scattering Problem in a Medium with Dielectric
Dispersion>

Hereinafter, a calculation process that generates an image of
the interior of an object using scattered waves of radio waves will be
described. Note that parts of the calculation process described in
PTL 2 or PTL 3 may be used where appropriate.

[0079]
<II-1. Theory of Multistatic Inverse Scattering on Curved Surface>

First, the inverse scattering problem in a medium with
dielectric dispersion will be discussed, using multistatic
measurement on a curved surface as one typical example. Here, we
will assume that the antenna array disposed on a curve having a
constant X coordinate scans along a curved surface. This
assumption is quite practical in its application to microwave
mammography.

[0080]

FIG. 4 illustrates an example of an antenna array scanning
over a curved surface to measure scattered data. In FIG. 4, antenna
array 401 is a multistatic antenna, including a transmitting antenna
element and a receiving antenna element, that scans along a curved
surface expressed as z = f(x, y). Note that antenna array 401 may
include a plurality of transmitting antenna elements and/or a
plurality of receiving antenna elements.

[0081]
- 23 -
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For example, Pi(Xx, yi, zi1) indicates the position of the
transmitting antenna element, P2(X, y2, z2) indicates the position of
the receiving antenna element, and P(§, n, ) indicates the position of
matter that reflects microwave. For example, microwaves are
transmitted from Pi(x, yi1, z1), reflected at P(§, n, ), and received at
P2(X, Y2, 22).

[0082]

Since the matter exhibits dielectric dispersion, w = c(w)Kk.
Here, c(w) is the propagation speed, and k is the wavenumber.
When wavelength is expressed as A, the relationship k = 2n/A holds
true. Here, a scattering field function ¢ like that shown below is
introduced.

[0083]
[Math. 25]

¢(x,y1,y2,21,22,w) — _”
D

ik ik
el £ ef [

&(&,n,¢)dsdndg
P P

p == EV + (3 —n) (2~ )

Py == EV +(y,— 1)+ (2, — L)
e (2-1)

[0084]
In (2-1), a time factor proportional to exp(—iwt) is assumed.

The wavenumber is expressed as k, and the reflectivity at P(§, n, Q)
is expressed as €(§, n, Q).
[0085]

The scattering field function ¢(x, yi1, Y2, 21, Z2, ) in (2-1) can
be interpreted as a function that takes an arbitrary transmission
position and an arbitrary reception position having the same x
coordinate on a YZ plane as inputs and outputs the amount of
scattered waves at the reception position. If the transmission
position and the reception position input into the scattering field
function respectively match the position of the transmitting antenna
element and the position of the receiving antenna element, the
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output of the scattering field function ¢ will match the measurement
data obtained from the receiving antenna element.
[0086]

Whent - 0, Xx - X, yl - y2 (=vy), and z1 —» z2 (= z) are
applied to the scattering field function, after transmitting radio
waves, the scattering field function is assumed to indicate the
amount of scattered waves that are instantaneously received at (x, vy,
z), i.e., the amount of reflection at (x, y, z). An image function for
generating an image of the interior of an object is derived as a
function indicating such an amount as follows.

[0087]

Since €(§, n, ¢) is unknown in the initial stage, the scattering
field function (X, y1, Y2, Z1, Z2, W) is unknown. In order to calculate
the specific content of the scattering field function ¢(x, y1, y2, z1, z2,
w), an equation which the scattering field function @(x, y1, Y2, z1, z2,
w) satisfies is calculated as follows.

[0088]

First, the kernel function in the term to be integrated in (2-1)
is expressed as shown in (2-2) below.
[0089]

[Math. 26]

eikpl ez’kp2

P P
. o e (2 — 2)
[0090]
In order to calculate the equation that the scattering field

function ¢(x, y1, Y2, 21, Z2, ) in (2-1) satisfies, a partial differential
equation whose solution is the kernel function ¢ in (2-2) is calculated.
For this purpose, it is sufficient to ignore the terms of higher order
with respect to 1/p among the plurality of terms arising from the
result of differentiation. Here, the shorthand notation for
differentiation is defined as shown in (2-3) below.
[0091]
[Math. 27]
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o O oy, "oy, e 0z,

« - (2—3)

[0092]

Using (2-3), the results of differentiation of each order of the
kernel function ¢ are expressed as shown in (2-4) below.
[0093]
[Math. 28]
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Oy =ik(x=S)—+—)p+o(p 7)

p P
8,0 =ik " gro(p™)
1 £
0,8 =k 224 0(p7)
£-
az¢=szl_§¢+o(p‘3)
1 pl
62¢=ik22_§¢+o(p‘3)
2 pz
1 1 _
840x# = () * (x= O (—+—) g +0(p )
P P2
Y= 1 —
8,8, ¢ =) (L g +o(p7)
P,
Yo =N _
3,,0,6 =) (2 g +o(p )
P>
z, = ¢ _
5.0, 6 =)L) gro(p)
£
0, 0,6 = 261 0(p™)
ps
Ce(2—4)
[0094]

In (2-4), p corresponds to p1 and p2. Moreover, o is a Landau
symbol, and if p is sufficiently large, o(p~3) is much smaller than p~3.
Since o(p~3) is assumed to be sufficiently small, the trivial o(p~3)
term is omitted below. Summing the five equations related to the
second-order differential in equation (2-4) yields (2-5) shown below.

[0095]
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[Math. 29]
Ap=(0,+0,°+0,°+0,” +08, ")

k28—

LR

+ +(2—5)
[0096]
Furthermore, (2-6) shown below is obtained from (2-5).
[0097]

[Math. 30]
{A5 —2(ik)2}¢ _ 2(1-]()2 £ _(yl _77) _(Zl —é') ¢
PP
_ 2(ik)2 )O22 _(yz _77)2 _(Zz _C)z ¢
PP
-+ (2—6)
[0098]

Operating the operator on the left of the equation in (2-6)
twice yields (2-7) shown below.
[0099]
[Math. 31]

(A= 2ik) V= Ay O =) = (5= ¢ );};;p; O/ i Al YR Y
= 4(ik) (1 (1K) 28,7 —(ik) 20,2} {1- (k) 23, — (k) 0, * 1

o . (2_7)

[0100]
Accordingly, the kernel function ¢ satisfies the equation shown
in (2-8) below.
[0101]
[Math. 32]
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B{As —2(ik)"}* — (k) {1 (ik) "8, " —(ik) "0, }{1-(ik) "3, — (ik)zazf}}é =0

o« o e (2—8)
[0102]
This is reorganized as shown in (2-9) below.
[0103]
[Math. 33]
1 :
A7)0 ~(0,7+0,7)0,7 +0.7) |#=0
A2 2 2 2 2
A;=0,+40,"+0,"+0,"+0,
N )
[0104]

(2-9) shows an equation whose solution is the kernel function
¢ shown in (2-2). Stated differently, the kernel function ¢ satisfies
(2-9). In (2-9), the kernel function ¢ can be substituted by the
scattering field function ¢ shown in (2-1). Accordingly, (2-9) can be
said to show an equation whose solution is the scattering field
function @ shown in (2-1). In other words, the scattering field
function ¢ satisfies (2-9).

[0105]

On the other hand, the time-dependent wave equation cannot
be easily derived from (2-9) because the propagation speed of radio
waves varies with frequency. Therefore, a time-dependent partial
differential equation is derived using a method that employs a
pseudo-differential operator, to be described later. In doing so, the
variables are substituted as shown in (2-10) and (2-11) below.
[0106]

[Math. 34]

®—>10,

.« .(2_10)

[0107]
[Math. 35]
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Pl (L . L
Cy l+ao c, l-ad

. . .(2_11)

[0108]

Applying the substitutions shown in (2-10) and (2-11) to (2-9)
yields (2-12) shown below as an equation for the scattering field in a
medium with dielectric dispersion.

[0109]
[Math. 36]

2
|:1A52_a_[2£a+ b 2Jax2_(ay12+6212)(ay22+8222) ¢(x>y1>y27ZIDZQJZ):O

l-a o,
A;=08"+0,"+0,"+08."+8,"
- (2-12)

[0110]

A pseudo-differential operator to be described later is used in
(2-11) and (2-12). The equation in (2-12) is a linear differential
equation and is the fundamental equation for the scattering field
when there is dielectric dispersion. This equation can have as its
solution a general time-dependent function that can be formed by
combining a fixed frequency solution satisfying (2-9) with multiple
frequencies at each frequency.

[0111]

It is not easy to directly calculate the solution of the equation
in (2-12). Therefore, we fix the frequency and find the solution of
the scattering field equation from (2-9). Since fixing the frequency
fixes the propagation speed, a time-dependent wave equation can be
obtained from (2-9). Specifically, variables in (2-9) are substituted
as shown in (2-13) below. Here, cis the propagation speed of radio
waves at the fixed frequency.

[0112]
[Math. 37]
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—ik > —0,
C

« -+ (2—13)
[0113]
These substitutions yield (2-14) as a time-dependent wave
equation at the fixed frequency.
[0114]
[Math. 38]

1 1
{ZASZ _c_28t26x2 _(aylz +8212)(ay22 +8222):|¢(x9y13y29213 ZQJI) — O

- (2—14)

[0115]

In order to solve (2-9) for each wavenumber k, multiple
Fourier transforms related to t, x, yi1, and y2 are performed on ¢ in
(2-14) derived from (2-9), as shown in (2-15) below.

[0116]
[Math. 39]

w0 [oe]

&(kxakyl 7ky2> Zl: 227 a)) = I ejmdt j eikylyldyl J‘e‘ikyzyZdyz I eikxx¢(x7 y1>y2>Zl>ZZ>t)dx

—00 —00

- (2—15)
[0117]
Replacing dz: and 9z2 with Dz1 and D22 yields the equation in
(2-16) from (2-14) and (2-15).
[0118]
[Math. 40]

(D24 D2~k —k k2P 4k 2 4D, kXD, * —k, )g=0
-« (2—16)

[0119]
The fundamental solution of (2-16) is expressed as shown in
(2-17) below.
[0120]
[Math. 41]
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E(k, .k, .k, ,z,2,) =exp (is,z, )exp(is,z,)

« o o (2 —1 7)
[0121]
Here, s1 and s> are functions determined as shown in (2-18)

below.
[0122]
[Math. 42]
2
h \/kz—kylz\/(\/kz—kyf+\/k2—ky22) %
NAUSE wolty, ) =
\/kz k.’ +\/k2 k,
2
J& \/(\/kz ke k) kS
5, (ko by ) =

.« '(2—18)

[0123]

Using s1(kx, kyi, ky2) and s2(kx, kyi, ky2) from (2-18), the
solution of (2-9) for each wavenumber k can be expressed as shown
in (2-19) below.

[0124]
[Math. 43]

¢(x>y1>y27217227k)

_ 1 J‘ J' Ie*i(kxerknyﬁkyzyz)a(kx)k ,k )k)eisl(kx,kyl,kyz)zleisz(kx,kﬂ,kyz)Zdexdk dk
(272_)3 n? M ¥

c+(2—19)
[0125]

Next, the function a(kx, ky1, ky2, k) in (2-19) is associated with
the measurement data.
[0126]

FIG. 5 is a schematic diagram illustrating the relationship
between the position of the transmitting antenna element, the
position of the receiving antenna element, and the position of the
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matter. For example, microwaves are transmitted from Pi(x, yi, z3),
which is the position of the transmitting antenna element, reflected
at P(§, n, €), which is the position of the matter, and received at Pi(x,
Y1, z3), which is the position of the receiving antenna element. The
profile curve S illustrated in FIG. 5 represents a y-z cross section of
the scanning surface of antenna array 401 illustrated in FIG. 4.
[0127]

For example, the equation for the profile curve S having a fixed
x value is assumed to be like the equation in (2-20) below. It is
assumed here that the scanning surface of antenna array 401
illustrated in FIG. 4 is not curved in the x direction and that the y-z
cross section of the scanning surface is given by the following
equation.
[0128]
[Math. 44]

z=f(y)

-+ (2—-20)
[0129]

Assuming that the values of @(x, yi, y2, f(y1), f(y2), k) are
obtained on the curved surface, the integral equation shown in
(2-21) below is obtained from (2-19).

[0130]
[Math. 45]

S(x, v, ¥y, SV f(0,),k)

I ... J' e*f(k;x+k_\al."1+ky2y2)a(k k ' k . )e"'.{-s'l(kx ,A'yl -ky2 )f(}’l)' g‘l(ki skyl 7ky2 )f(."’z )}dkxdkyl dkyﬂ

X272y

Q) =, 2"
- (2—-21)
[0131]

Next, the solution to the integral equation in (2-21) is
calculated. The Fourier-transformed function ®(kx, yi, y3, k) of @(X,
y1, Y3, Z1, Z3, t) measured at points Prand P; on the curved surface can
be expressed as shown in (2-22) below.

[0132]
[Math. 46]
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coa(2—22)
[0133]

Here, since zi and z; are on a profile curve, they can be
expressed as shown in (2-23) below.
[0134]
[Math. 47]

Z :f(yj)
z, = f(z;)
c -+ (2—23)
[0135]
(2-24) shown below is obtained from a combination of (2-21),
(2-22), and (2-23).
[0136]
[Math. 48]
Dlk,, v, ¥,,k)

1 T T ~ilky v +hy vy iy (e ey ey )2y s (R ey )2,

G L jw e a,, (ko k k, ke bt bodn g g
- (2—24)

[0137]

(2-24) can be transformed as illustrated in (2-25) by focusing

on yi1, the Y coordinate of the transmitting antenna element, and vy;,
the Y coordinate of the receiving antenna element. Here, (X, y1, Z1)
and (x, yi3, z3) are the positions of the measurement points (the
positions of the transmitting antenna element and the receiving
antenna element) in a reference Cartesian coordinate system, and 0
denotes the delta function.

[0138]

[Math. 49]
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q)(kxayzayjak)5(y1 _yj)‘s(yz _yj)

1 % % itk sk, ) is, (e Jeo e is, (e, ke k.
— - j Je 3,21 Ry, 2 a]_](kx;kyl>ky2;k)eml( My Ky yz)zlelsz( KRy yz)zjdkyldkyz
(27) ’

-+ (2—-25)
[0139]
Taking the Fourier transform of both sides of the equation in
(2-25) yields (2-26).
[0140]

[Math. 50]
!

1(»’{_{,1 »n +k_1',_‘ )

'CD(kx,y],y.],k)(S(y] _y])(s(yz _y.]) dyldyz

«© . ’ T
J- er(fcy] Bty ¥) 1 _
" (27)

0 —

e

—3 L g

!

ey 8

o
—ilk, 3 +ky ;) isy (e dey ey ey Y2y sy (k ey Jey ey )2y
bl 2 Haaty g 28
[e a, (k. k, k, ke e dk, dk, tdy,dy,
o0

o0 —

.. -(2—2'6)

[0141]

This integration yields (2-27).
[0142]
[Math. 51]

e’("‘i";l Yy ’k,’;:}’J

)
Dk, k., ¥, ¥5)

x>y 2

:{I 8tk ~k, )00k, ~K, alk .k, .k k)dkdk}

o —0

. isy (k.ky Ky ey V2 sy (hky kel Ky, )z
:a"(](k kr k! k)é 1( ERMS y_)!el X1 yz)J

X2y 2y

- (2-27)
[0143]
From equation (2-27), a1, 3 can be calculated as in shown in
(2-28) below.
[0144]
[Math. 52]

iky yrthy ¥p) —is Uk g, k. )z —isy (ke ke, Yz,
— 1 2 XN X27NTN
a],J(kkaylvkyzvk)_e € € (I)(kx:'y]?yjak)

-+ (2—28)

[0145]
The summation of (2-28) for all I and ] yields (2-29).
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[Math. 53]

atkk, &k, k)= a, (k. k, .k, k)
1,J

x> y17 yZD x> y17 yzi

:Zei(kyIYJ+ky2yJ)e—isl (k k, ,kh,kyz)zle—isz(k,kx,kﬂ Ky )2, q)(kx,yj v, ,k)
1,J
e (2-29)
[0147]

The relational expressions in (2-19) and (2-29) are obtained
as the solution of (2-9). Stated differently, the relational
expressions in (2-19) and (2-29) are relational expressions that
satisfy (2-9) and represent the solution of (2-9). Although k is used
in (2-19), k can be transformed to w based on (1-9).

[0148]

Whent - 0, x - x, yl - y2 (=vy), and z1 —» z2 (= z) are
applied to the relational expressions in (2-19) and (2-29), after
transmitting radio waves, a function indicating the amount of
scattered waves that are instantaneously received is obtained.
(2-30) shown below corresponds to such a function. A
reconstructed image is calculated by integrating (2-30) with respect
to k or w.

[0149]
[Math. 54]

¢(x:y7yazak) = ‘Ljﬁ/’z[¢(x7y17y7zzk)]

. 1 57 i+l vtk p) i (sz—kH:Jer:—kyz Y —k}z
=Limfos [ [ [ atk b, ke / dk lk, d.
(2—30)
[0150]

Accordingly, the variable k; is introduced as shown in (2-31).
Note that (2-31) also shows an expression for k in terms of k; and a
function obtained by differentiating k in terms of k.
[0151]
[Math. 55]
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k Z_k 252
k:% @”%f+(2aqﬁ)+ZWf+@f)
de kR —k K~k
dk. k(k?+k?)

o .(2_31)

[0152]
From (1-10), the relationship between the wavenumber k and
the frequency w is given by (2-32) and (2-33) shown below.

[0153]
[Math. 56]
. ~(a+b—clak®)+J(a+b-clak®) +daac,’k’

2ac
» -+ (2—32)
[0154]
[Math. 57]
do ¢ k+ac o’k
dk  (a+b)o+2aaw® —ac,’ ok’
» -+ +(2—33)
[0155]

The measurement data ®(kx, yi, Y3, k) included in the
definition of a(kx, kyi, ky2, k) is given by w, not k, so the k-w

transformation as described above is necessary. This incorporates
the dielectric dispersion equation in (1-9). The reconstructed image
obtained by integrating (2-30) with respect to w is derived as shown
in (2-34) below. (2-34) can also be expressed as an image function
for generating the reconstructed image.
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[Math. 58]

plx,y,z) = j Lim [¢(x,y,,y,,2, )] do

oD

B T i) i do
j(zm j” atk k, .k, ,/f)[ kj(dk)dk dk, dk  dk.
- (2—34)
[0157]
5 The variables in the integrand in (2-34) are expressed as
shown in (2-35) below.
[0158]
[Math. 59]
2
_ 2 2 2 2 2
_\/(\/k RN GRS YA
1 (k 2 _k 242
k = k' +k+ ;’C - ;22 +2(k," +k, )
_|_ 1 2
LA N
dk, k(k? +k)
—(a+b— cozakz) + \/(a +b — 00261f162)2 + 4aa002k2
) =
2aa
do 2k +ac, ‘0°k

dk (a+b)a)+2aaa) —ac, ok’

..+ (2-35)
10 [0159]
This concludes the detailed description of the reconstruction
theory that measures scattered data on a curved surface to obtain a
three-dimensional image of the interior of a region.
[0160]
15 <II-2. Theory of Monostatic Inverse Scattering on Curved Surface>

FIG. 6 illustrates an example of a monostatic antenna
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scanning over a curved surface to measure scattered data. In this
example, monostatic antenna 601 combines a transmitting antenna
element with a receiving antenna element and scans along a curved
surface. The transmitting antenna element and the receiving
antenna element of monostatic antenna 601 are assumed to be
positioned at the same point. In other words, monostatic antenna
601 transmits and receives at the same point.

[0161]

Monostatic antenna 601 scans along the curve in the x-axis
direction, then displaces in the y-axis direction, and again scans
along the curve in the x-axis direction. Monostatic antenna 601
repeats these steps to scan along the curved surface. As an
example, the data is obtained on a straight line with respect to the
y-axis direction and on a curve defined by z = f(x) with respect to the
x-axis direction. A boundary condition is then given on the surface.
[0162]

In essence, the theory described above with respect to
antenna array 401 may also apply to monostatic antenna 601.
However, the formula is different for monostatic antenna 601 since
the transmission and reception take place at the same point.
[0163]

FIG. 7 is a schematic diagram illustrating the relationship
between the position of the transmitting and receiving and the
position of the matter. The profile curve S illustrated in FIG. 7
represents an x-z cross section of the scanning surface of monostatic
antenna 601 illustrated in FIG. 6. Monostatic antenna 601 scans
along the curve S defined by z = f(x) in the x-axis direction. In other
words, Pi(xi, y, z1), which is the position of the transmitting and
receiving and also the position of the measurement point, moves on
the profile curve S.

[0164]

Consider a wave radiated from point P;1 on the profile curve S,
reflected at point P, and received at point P: again. For example,
microwaves are emitted from Pi(x1, y, z1), reflected at P(§, n, ¢), and
received at Pi(xi, y, z1). The scattering field function ¢, which
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indicates the scattering intensity, can be written as shown in (3-1)
below.

[0165]

[Math. 60]

gy, = [ een.Oyagdmag

p=Ax=&EV+ (-0 +(z-¢)

s s (3-1)
[0166]

The scattering field function in (3-1) satisfies the equation
expressed as shown in (3-2) below. In other words, the scattering
field function in (3-1) satisfies (3-2).

[0167]
[Math. 61]

(aj +0,"+0.” +4k2)¢ =0

.- - (3-2)
[0168]

The relationship between k and w is given by (3-3) shown
below.
[0169]
[Math. 62]

0, b

=— ja—+

C, 1+ oo’
c - - (3-3)
[0170]

The time-dependent scattering field equation is expressed as
shown in (3-4) below.
[0171]
[Math. 63]
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0°+0°+0 " — a+—— x,v,z,t)=0
x Bk z 002 I—Ofatz ¢( y )
- (3—4)
[0172]

The general solution of the scattering field equation with a
fixed frequency is given by (3-5) shown below. Here, kx is the
wavenumber related to x in the scattering field function ¢ and ky is
the wavenumber related to y in the scattering field function ¢.
[0173]

[Math. 64]

¢(x,y,z,k)—( e I Ielkx’ky ok, ke IR dk dk,
- (3—5)

[0174]

The equation for the curved surface that corresponds to the
scanning surface is expressed as shown in (3-6) below.
[0175]
[Math. 65]

= f(x)
- (3—6)
[0176]
Here, a(kx, ky, k) can be calculated as shown in (3-7) by using
a value measured on the surface as a boundary condition.

[0177]
[Math. 66]

( ” y,k) Zezkxj zszq)(x]’ . )

_ Z elkxxf e—szf(xf )CD(X[ ) ky ) k)
I

Ce(3-7)
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[0178]

Here, Math. 67 is a measurement value of scattered data at xi,
ky, and k.
[Math. 67]

(fi)(xlakyak)

[0179]

Taking ®(x, y, w) as the Fourier image of the scattered data
with respect to time, we obtain the visualization function expressed
as shown in (3-8) below.

[0180]
[Math. 68]
TrT i(k,x+thk, ) ik,z
R
0 —o00 —c0
2 )zf JJer ywz{ et U D(x yak)}d_a)%dk dk dik.
2 0 —0 - I 2
- (3—8)
[0181]

The relationships shown in (3-9) below hold. The dispersive
nature of the dielectric constant arises in the connection between w
and k.

[0182]
[Math. 69]
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k= 4k -k} -k

1
k= E\/kxz —|—ky2 +k22

dk  k,
dk. 4k
o —(a+bh —cozakz) +\/(a +b— cozockz)2 + ﬁlafcrcozk2
2aa
do ¢, ’k+ac, 0’k
dk  (a+b)o+2ac0’ —ac, ok’
v+« (3—9)
[0183]

<III. Outline of UWB Microwave Radar Device>

Next, an outline of a multistatic radar array system will be
given.
[0184]

FIG. 8 illustrates the overall system configuration of a
multistatic radar array.
[0185]

The microwave signal is a pseudo-random time-series signal
(pseudo noise code (PN code)) with a frequency component of DC to
20 GHz. This signal is output from FPGA board 1002 for PN code
generation. More specifically, there are two types of this signal.
One type of the signal (local oscillator signal (LO signal)) is
transmitted to an RF detection circuit (RF detection board 1007)
through a delay circuit (digital control board 1003).

[0186]

The other type of the signal (radio frequency signal (RF
signal)) is transmitted to and radiated from a transmitting microwave
UWB antenna of multistatic antenna array 1008. Scattered signals
of the microwaves are received by the receiving UWB antenna of
multistatic antenna array 1008 and transmitted to the RF detection
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circuit (RF detection board 1007). Here, the signals to be
transmitted and received pass through an antenna element selection
switch (UWB antenna RF switch 1004).

[0187]

The signal to be delayed (the LO signal) is delayed by 1/2" (n
is an integer greater than 2) times the amount of time it takes for the
PN code value to change. The detected signal is A/D converted by
signal processing calculator 1005 as an intermediate frequency
signal (IF signal) and stored. The information indicating the
detected signal may be displayed on signal monitoring device 1006.
[0188]

The timing of these series of operations is controlled by a
microprocessor in digital control board 1003 so as to synchronize
with a signal (distance signal or free run signal) from distance meter
1001. For example, the microprocessor in digital control board
1003 transmits a switch signal and a PN code sweep trigger and the
like.

[0189]

Signal processing calculator 1005 performs three-dimensional
reconstruction using the A/D converted and stored signals, and
displays three-dimensional images. Signal processing calculator
1005 may also perform signal calibration. Signal processing
calculator 1005 may also display the raw waveform.

[0190]

Next, the UWB antenna will be described.
[0191]

FIG. 9 illustrates an antenna array arranged in a single row on
a straight or curved line. In FIG. 9, the antenna array is a linear
antenna array with n + 1 antenna elements arranged in a line.
Among the n + 1 antenna elements, one is for transmitting and n are
for receiving. In FIG. 9, the one antenna element for transmitting is
labeled T, and the n antenna elements for receiving are labeled R (Ry,
R2, ..., Rn).

[0192]
In FIG. 9, the area labeled A corresponds to a radio wave
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absorber. Performance as a UWB antenna is improved by placing
the radio wave absorber between the transmitting antenna element
and the receiving antenna element. T and R are interchangeable
such that among the n + 1 antenna elements, n may be for
transmitting and one may be for receiving. Equivalent scattered
data can be obtained even if T and R are exchanged.

[0193]

The numerical value of n may be changed depending on the
object to be tested. The scanning direction corresponds to the
direction of the arrow in FIG. 9. For example, when projected onto
a plane with z = 0, the direction in which the plurality of antenna
elements of the antenna array are arranged is defined as the y-axis
direction, and the scanning direction is defined as the x-axis
direction. In this example, the scattered data is measured by
shifting the line scanned by the antenna array little by little (e.g., by
shifting the line in the y-axis direction by 1/2 the size of the antenna
element), which requires more time for the measurement but
improves resolution.

[0194]

FIG. 10 illustrates a scanning method performed by the
antenna array illustrated in FIG. 9. The antenna array in FIG. 10
includes one transmitting antenna element and three receiving
antenna elements. The antenna array is scanned by shifting the line
in the y-axis direction by 1/2 the size of the antenna element, such as
shifting from scan LINE1 to scan LINE2 to scan LINE3 and so on until
scan LINEnN.

[0195]

FIG. 11 illustrates the measurement points in the scanning
method illustrated in FIG. 10. More specifically, the combination of
the Y coordinate of the transmission position and the Y coordinate of
the reception position where the scattered data is measured by
shifting the scanning line of the antenna array including one
transmitting antenna element and three receiving antenna elements
by 1/2 the size of the antenna element in the y-axis direction is
shown in shaded lines. The Y coordinate of transmission position is
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expressed as yi, and the Y coordinate of reception position is
expressed as ya.
[0196]

The length of one side of one block corresponds to 1/2 of the
size of the antenna element, and the numerical values representing
each of y1 and y2 are expressed in units of 1/2 the size of the antenna
element. Thus, for example, if the Y coordinate of the transmitting
antenna element is 1, the three Y coordinates of the three receiving
antenna elements are 5, 7, and 9. For example, if the Y coordinate
of the transmitting antenna element is 2, the three Y coordinates of
the three receiving antenna elements are 6, 8, and 10.

[0197]

The same scattered data can be obtained even if the positions
of the transmitting antenna element and the receiving antenna
element are swapped. Therefore, matrix (yi, y2) is symmetric.
The left side of the diagonal is also filled in as measurement points.
Scattered data obtained in this way is used for image reconstruction.
[0198]

FIG. 12 illustrates an implementation example of a monostatic
antenna capable of measuring radio waves with respect to both of the
two orthogonal polarization directions.

[0199]

In FIG. 12, a radio wave absorber labeled A is disposed both
between the transmitting antenna element labeled T: and the
receiving antenna element labeled R, and between the transmitting
antenna element labeled T> and the receiving antenna element
labeled R2. The combination of T1 and R: and the combination of T>
and Rz are then used to measure the scattered data.

[0200]

The above configuration makes it possible to measure
scattered data corresponding to two polarization directions. For
example, it is possible to obtain information on matter that reacts to
a particular polarization direction. The above configuration can
achieve a monostatic antenna in which a plurality of transmitting

antenna elements and a plurality of receiving antenna elements
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correspond one-to-one.
[0201]

Note that the scanning direction may correspond to two
orthogonal directions, as shown by the arrows in the figure.
[0202]
<IV. Pseudo-differential Operator>

Next, pseudo-differential operators in partial differential
equation theory will be described. 1In this section, we deal with
functions in an n-dimensional Euclidean space R". Accordingly, the
symbols shown in (4-1) below are used.
[0203]
[Math. 70]

x:(xlnxzn'”nxn)
Y=Y Y,)

& =(5,626,)
a=(a,a,, ,a,)

D" =(=i0, )" -+ (=id )™
e e e (4—1)

[0204]
The linear differential operator of the constant coefficient is
assumed to be as shown in (4-2) below.

[0205]

[Math. 71]
P(D)=>a,D"
e o e (4_2)
[0206]

Letting the linear differential operator in (4-2) operate on a
smooth function u with compact support on R" yields (4-3) shown
below.

[0207]
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[Math. 72]
P(Dyu(x)=> a,D"u(x)

.« .(4_3)

[0208]

It is well known that the Fourier transform of (4-3) leads to a
simple multiplication by a polynomial called a symbol. This
polynomial is shown in (4-4) below.

[0209]

[Math. 73]
P(&)y=>a"
e o o (4 — 4)
[0210]

The inverse Fourier transform of both sides of the equation in
(4-4) yields (4-5).
[0211]
[Math. 74]

1
(2x)" °F
1 ¢ ey o
T
o« o . (4_5)

[0212]
We generalize (4-5) and define the operator P(x, D), which can

P(D)u =

[ e P& u(y)dvds

be applied to a case where the symbol is a general polynomial
involving x, as shown in (4-6) below.

[0213]

[Math. 75]
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Pl D= | e P )
s o (4—6)
[0214]

P(x, D) in (4-6) is called a pseudo-differential operator. The
partial differential equation expressed as shown in (4-7) is solved for

u(x).
[0215]
[Math. 76]
R(Du(x) = F(D) f(x)
+ - (4—7)
[0216]
The Fourier transform of both sides of the equation in (4-7)
yields (4-8).
[0217]
[Math. 77]
B(&u(5)=1(5)f(S)
c .- (4-8)
[0218]

A relational expression like that in (4-9) shown below can be
obtained from (4-8).

[0219]

[Math. 78]

POIE) = ((g ()= F (&)
v o (4—9)

[0220]

The inverse Fourier transform of (4-9) is expressed as shown
in (4-10) below.
[0221]
[Math. 79]
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P(Du = e d X

(D= . Py =1 )
+ -+ (4—10)
[0222]

P(D) in (4-10) is also a pseudo-differential operator and can be

written as shown in (4-11) below.
[0223]
[Math. 80]

_hW)
P(D)= (D)

c s (4—11)
[0224]

As shown above, the pseudo-differential operator makes it
possible to introduce concepts such as rational polynomials and
non-integer powers of ordinary differential operators.

[0225]
<V. Dielectric Dispersion Simulation>

Next, a simulation related to the effects of dielectric dispersion

will be presented.
[0226]
<V-1. Wave Equation for Dispersive Medium>

We consider a case where the dispersive nature of a medium
can be written using a Debye model in the simulation.
[0227]

The simulation is performed for monostatic cases. The
propagation of electromagnetic waves (radio waves) in a
one-dimensional space with a dispersive dielectric constant can be
written using a pseudo-differential equation like that in (5-1) below.
[0228]

[Math. 81]
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c s o (5—1)

[0229]

Co is the speed of electromagnetic waves (radio waves) in
vacuum. The (factor of) 4 of the time differential term is based on
the fact that a wave passes through the same path twice in
monostatic inverse scattering.

[0230]

FIG. 13 illustrates the relationship between the relative
dielectric constant and frequency when the dielectric constant
dispersion is great. The relationship between the relative dielectric
constant and frequency illustrated in FIG. 13 is basedona=1,b =
7, and a = 0.0001.

[0231]

FIG. 14A, FIG. 14B, FIG. 14C, FIG. 14D, and FIG. 14E illustrate
simulation results of radio waves in the presence of dielectric
dispersion. Amplitude is represented on the vertical axis and
distance x (cm) is represented on the horizontal axis. In each figure,
time t = 0.2n nanoseconds (where n = 0, 1, 2, 3, and 4 for the
respective figures). One can see from FIG. 14A, FIG. 14B, FIG. 14C,
FIG. 14D, and FIG. 14E that the bell-shaped waveform collapses over
time.

[0232]
<V-2. Reconstruction in a Medium with Dielectric Dispersion>

Next we will consider monostatic inverse scattering analysis.
The equation for the inverse scattering problem is shown in (6-1)
below.

[0233]
[Math. 82]

(0, +0,+0,+4k*)$p=0

Ce e (6-1)
_51_



10

15

20

25

30

[0234]
The relationship between the wavenumber k and the angular
frequency w is given by (6-2) shown below.

[0235]
[Math. 83]
o b
—— la+ >
C, l+aw
e (6-2)
[0236]

Hereinafter, we show what happens when dielectric dispersion
is ignored and inverse analysis is performed, based on the results of
measuring scattered data by emitting radio waves in a medium with
dielectric dispersion.

[0237]

FIG. 15 illustrates a computational model. The models to be
analyzed in the computational model are three points spaced 0.8 cm
apart from each other in a plane at a depth of 1 cm in a
three-dimensional space. In this computational model, the number
128, the number of
measurement points in y-axis direction is NY = 64, the spacing of

of measurement points in x-axis direction is NX

measurement points in the x-axis direction is dx = 0.1 cm, and the
spacing of measurement points in the y-axis directionisdy = 0.1 cm.
[0238]

FIG. 16A is an XY plan view at z (depth) = 1 cm of the result of
a simulation in a first case, and FIG. 16B is a perspective view of the
result of the simulation in the first case. More specifically, FIG. 16A
and FIG. 16B illustrate the result of a simulation with a relative
dielectric constant of 7.5 at 5 GHz and a relative dielectric constant
of 5.0 at 14 GHz.
[0239]

FIG. 17A is an XY plan view at z (depth) = 1 cm of the result of
a simulation in a second case, and FIG. 17B is a perspective view of
the result of the simulation in the second case. More specifically,
FIG. 17A and FIG. 17B illustrate the result of a simulation with a
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relative dielectric constant of 6.5 at 5 GHz and a relative dielectric
constant of 5.5 at 14 GHz.
[0240]

FIG. 18A is an XY plan view at z (depth) = 1 cm of the result of
a simulation in a third case, and FIG. 18B is a perspective view of the
result of the simulation in the third case. More specifically, FIG. 18A
and FIG. 18B illustrate the result of a simulation with a relative
dielectric constant of 6 at 5 GHz and a relative dielectric constant of
6 at 14 GHz.

[0241]

The result of the third simulation corresponds to the result of
inverse scattering analysis in a medium without dielectric dispersion.
The result of measuring the dielectric constant in a tissue of a normal
living body (breast) is similar to the dispersion in the second case.
Ignoring dielectric dispersion clearly reduces the resolution of the
image.

[0242]

The above analysis corresponds to a monostatic scattering
field analysis. However, the same can be applied to a multistatic
scattering field analysis. It is therefore important to take dielectric
dispersion into consideration in scattering field analysis.

[0243]
<VI. Conclusion>

The following is a brief description, based on what has been
described above, of the configuration and operation of a scattering
tomography device that generates an image of the interior of an
object using scattered waves of radio waves.

[0244]

FIG. 19 illustrates a basic configuration of the scattering
tomography device according to the present embodiment.
Scattering tomography device 100 illustrated in FIG. 19 includes
transmitting antenna element 101, receiving antenna element 102,
and information processing circuit 103.

[0245]
Transmitting antenna element 101 is a circuit that transmits
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radio waves. More specifically, transmitting antenna element 101
transmits radio waves into the interior of an object from outside the
object. For example, the radio waves may be microwaves,
millimeter waves, or terahertz waves. For example, the living body
may be a manufactured object or a natural material. In particular,
the object may be a breast. Scattering tomography device 100 may
include a plurality of transmitting antenna elements 101.

[0246]

Receiving antenna element 102 is a circuit that receives radio
waves which are, for example, scattered waves of radio waves.
More specifically, receiving antenna element 102 receives, outside
the object, scattered waves of the radio waves transmitted into the
interior of the object. Scattering tomography device 100 may
include a plurality of receiving antenna elements 102. Receiving
antenna element 102 may be disposed in essentially the same
position as transmitting antenna element 101, and, alternatively,
may be disposed in a different position than transmitting antenna
element 101.

[0247]

Transmitting antenna element 101 and receiving antenna
element 102 may constitute a multistatic antenna and, alternatively,
may constitute a monostatic antenna.

[0248]

Information processing circuit 103 is a circuit that performs
information processing. More specifically, information processing
circuit 103 generates an image of the interior of the object using the
measurement data indicating the scattered waves received by
receiving antenna element 102. Information processing circuit 103
may be a computer or a processor included in a computer.
Information processing circuit 103 may perform the information
processing by reading a program from memory and executing the
program. Information processing circuit 103 may be a dedicated
circuit that generates the image of the interior of the object using the
measurement data.

[0249]
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For example, information processing circuitry 103 may
correspond to one or more of the plurality of elements illustrated in
FIG. 8. More specifically, for example, information processing
circuit 103 may correspond to signhal processing calculator 1005.
Information processing circuit 103 may also display the generated
image on a display device, such as a liquid crystal display device.
[0250]

FIG. 20 is a flowchart showing the basic operation of scattering
tomography device 100 illustrated in FIG. 19. Specifically,
transmitting antenna element 101, receiving antenna element 102,
and information processing circuit 103 included in scattering
tomography device 100 illustrated in FIG. 19 operate as shown in FIG.
20.

[0251]

First, transmitting antenna element 101 transmits radio waves
into the interior of an object from outside the object (S201). Next,
receiving antenna element 102 receives, outside the object,
scattered waves of the radio waves transmitted into the interior of
the object (S202). Information processing circuit 103 generates an
image of the interior of the object using the measurement data
indicating the scattered waves received by receiving antenna
element 102 (S203).

[0252]

Upon generating an image using the measurement data,
information processing circuit 103 first derives, using the
measurement data, a relational expression that satisfies an equation
whose solution is a scattering field function. Inputs of the
scattering field function are a reception position of the scattered
waves and a transmission position of the radio waves, and an output
of the scattering field function is an amount of the scattered waves at
the reception position. Stated differently, the scattering field
function is a function that indicates the amount of scattered waves at
the reception position for discretionarily defined transmission and
reception positions.

[0253]
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Then, information processing circuit 103 derives an image
function using the derived relational expression. The image
function is a function for generating an image, and is a function that
includes one or more parameters that indicate the correspondence
between a change in frequency of the radio waves and a change in
the dielectric constant of the object in accordance with Debye
relaxation. Information processing circuit 103 then generates an
image of the interior of the object using the image function.

[0254]

This enables scattering tomography device 100 to derive a
relational expression for deriving an image function based on the
scattering field function, which indicates the amount of scattered
waves depending on the transmission position and the reception
position, and the measurement data of the scattered waves received
by receiving antenna element 102. In addition, the image function
includes one or more parameters that indicate the correspondence
between a change in frequency of the radio waves and a change in
the dielectric constant of the object. Accordingly, the
correspondence between a change in frequency and a change in the
dielectric constant can be reflected in the generation of an image
showing the interior of an object by scattering tomography device
100.

[0255]

In other words, scattering tomography device 100 can
generate a highly accurate image of the interior of an object using
scattered waves of radio waves.

[0256]

For example, the elements, equations, variables and the like
presented in the present embodiment may be applied to transmitting
antenna element 101, receiving antenna element 102, information
processing circuit 103, the scattering field functions, equations,
relational expressions, image functions, parameters and the like
presented in the above basic configuration and basic operation.
[0257]

The scattering field functions, equations, relational
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expressions, and image functions shown in the present embodiment
may be applied in a modified form as appropriate. For example,
other formulas that include substantially the same content as the
formulas described above may be used, and other formulas that are
derived based on the theories described above may be used.
[0258]

For example, radio waves include a plurality of frequency
components. The radio waves may be pulsed waves, and,
alternatively, may not be pulsed waves.

[0259]
Supplemental Information

Hereinbefore, an aspect of the scattering tomography device
has been described based on an embodiment, but aspects of the
scattering tomography device are not limited to the embodiment.
Various modifications conceivable by those skilled in the art may be
made to the embodiment, and elements in the embodiment may be
combined discretionarily. For example, a process executed by a
specific element in the embodiment may be executed by a different
element instead. Moreover, the processing order of the processes
may be changed, and the processes may be performed in parallel.
[0260]

A scattering tomography method including steps performed by
the elements included in the scattering tomography device may be
executed by an arbitrary device or system. For example, part or all
of the scattering tomography method may be executed by a
computer including, for example, a processor, memory, and an
input/output circuit. In such cases, the scattering tomography
method may be executed by a program for causing a computer to
execute the scattering tomography method being executed by the
computer.

[0261]
The program may be recorded on a non-transitory
computer-readable recording medium.
[0262]
Each of the elements of the scattering tomography device may
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be configured in the form of dedicated hardware, in the form of
general-purpose hardware that executes the above program or the
like, or any combination thereof. For example, the general-purpose
hardware may be configured in the form of memory on which a
program is recorded and a general-purpose processor that reads the
program from the memory and executes the program. Here, the
memory may be semiconductor memory or a hard disk, and the
general-purpose processor may be a central processing unit (CPU) or
the like.

[0263]

The dedicated hardware may be configured in the form of
memory and a dedicated processor or the like. For example, the
dedicated processor may reference the memory for recording the
measurement data and execute the scattering tomography method
described above.

[0264]

Each of the elements of the scattering tomography device may
be an electrical circuit. The electrical circuits may collectively form
a single electrical circuit and, alternatively, may form individual
electrical circuits. These electrical circuits may correspond to
dedicated hardware or general-purpose hardware that executes the
above program, for example.

[Industrial Applicability]
[0265]

One aspect of the present disclosure is useful as a scattering
tomography device and the like that generates an image of the
interior of an object using scattered waves of radio waves, and is
applicable in, for example, geophysical prospecting or medical
diagnosis.

[Reference Signs List]
[0266]

100 scattering tomography device

101 transmitting antenna element

102 receiving antenna element

103 information processing circuit
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300
301
302
303
304
305
306
401
601
1001
1002
1003
1004
1005
1006
1007
1008

measurement apparatus

vector network analyzer

computer

GPIB cable

high-frequency coaxial cable
excised sample

probe for measuring the dielectric constant
antenna array

monostatic antenna

distance meter

FPGA board for PN code generation
digital control board

UWB antenna RF switch

signal processing calculator

signal monitoring device

RF detection board

multistatic antenna array
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[CLAIMS]
[Claim 1]

A scattering tomography device comprising:

a transmitting antenna element that transmits radio waves
into an interior of an object from outside the object;

a receiving antenna element that receives, outside the object,
scattered waves of the radio waves transmitted into the interior of
the object; and

an information processing circuit that generates an image of
the interior of the object using measurement data indicating the
scattered waves received by the receiving antenna element,

wherein the information processing circuit:

derives, using the measurement data, a relational
expression that satisfies an equation whose solution is a scattering
field function that takes a transmission position of the radio waves
and a reception position of the scattered waves as inputs and outputs
an amount of the scattered waves at the reception position;

derives, using the relational expression, an image
function that is for generating the image and includes one or more
parameters indicating a correspondence between a change in
frequency of the radio waves and a change in a dielectric constant of
the object in accordance with Debye relaxation; and

generates the image using the image function.

[Claim 2]
The scattering tomography device according to claim 1,
wherein in a three-dimensional space of X coordinates, Y
coordinates, and Z coordinates, an X coordinate of a position of the
transmitting antenna element is identical to an X coordinate of a
position of the receiving antenna element, and
the scattering field function is defined as:
[Math. 1]
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where x is an X coordinate of the transmission position and the
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reception position, yi1 is a Y coordinate of the transmission position,
y2 is a Y coordinate of the reception position, z1 is a Z coordinate of
the transmission position, z> is a Z coordinate of the reception
position, w is an angular frequency of the radio waves, D is a region
including matter that generates the scattered waves by reflecting the
radio waves, € is an X coordinate of a position in the region, nisayY
coordinate of the position in the region, C is a Z coordinate of the
position in the region, €(§, n, ¢) is a reflectivity, i is an imaginary unit,
and k is a wavenumber of the radio waves.

[Claim 3]
The scattering tomography device according to claim 2,
wherein the equation is defined as:

[Math. 2]

| .
TA 07 (2,7 +0.7)(0, +0.7) |$=0

A2 2 2 2 2
Ay=0,"+0,"+0,"+0,"+0,

[Claim 4]
The scattering tomography device according to claim 3,
wherein the relational expression is defined as:

[Math. 3]
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¢(x,y1,y2,zl,zz,k)

oD oo oo

i(keyx+ky y+k, ) a5y (ky Ky, Ky, )3 1.5'3 koky k. )z,
[ [ Jer st a k, k, e "m0 5% g g e,

—00 —00 —o0

(2%)‘

where kx is a wavenumber related to x in the scattering field
function, ky1 is a wavenumber related to y: in the scattering field
function, and ky2 is a wavenumber related to y2 in the scattering field
function,

a(kx, ky1, ky2, k) is defined as:
[Math. 4]

(x’y’y;'k) Z x> y: y:k)
Z ik, y1+k yj) 7151(/\7 oy y2)21 —isy (k. Ky Ky yz)ZJcD( V., ¥ k)
_ x> JI>0 0>

where I is an index of the transmission position at which the
transmitting antenna element is present, ] is an index of the
reception position at which the receiving antenna element is present,
y1 is a Y coordinate of the transmission position at which the
transmitting antenna element is present, y; is a Y coordinate of the
reception position at which the receiving antenna element is present,
ar, 1(kx, ky1, ky2, k) is a coefficient defined by the measurement data
at kx, ky1, ky2, and k, and ®(kx, y1, y3, k) is the measurement data at
kx, Y1, Y3, and K.

[Claim 5]
The scattering tomography device according to claim 4,
wherein the image function is defined as:

[Math. 5]

o0

ple.y.2)= [ Lim [4(x.y,. .2 H)do

oD o o0

Jjj'eﬂ-(k,xwmwkﬂyw "k, k ok 1/()[ }(Cj;:}dk dk, dk , dk.

—00 —00 —00

- I @ry

where x in the image function is an X coordinate of the image,

y in the image function is a Y coordinate of the image, and z in the
image function is a Z coordinate of the image, and

variables included in an integrand in the image function are
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defined as:

[Math. 6]
2
. 2 2 2 2 2
kz_\/(\/k ke k) k,
1 k Z_k 252
/Ic:E kx2+k22+( ;’;2 ;22) +2(ky2+ky2)
+ 1 2
e kz\/kz—kyf\/kz —k,’
dk, (k> +k)
o —~(a+b-c, ak’) +J(a +b—c ak’) +daac,’k’
2aa
daw ¢,k +ac, 0’k

o 2 2 2
dk  (a+b)o+2aaw” —ac, wk
where co is a propagation speed of the radio waves in vacuum,
and a, b, and a are the one or more parameters.

[Claim 6]

The scattering tomography device according to any one of
claims 1 to 5,

wherein the information processing circuit generates the
image using the measurement data obtained at a position of the
transmitting antenna element and a position of the receiving antenna
element also as data obtained by swapping the position of the
transmitting antenna element and the position of the receiving
antenna element.

[Claim 7]

The scattering tomography device according to any one of
claims 1 to 6,

wherein the scattering tomography device comprises a

plurality of receiving antenna elements each of which is the receiving
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antenna element, and

the information processing circuit generates the image using
the measurement data indicating the scattered waves received at
each of the plurality of receiving antenna elements included in the
scattering tomography device.

[Claim 8]

The scattering tomography device according to claim 7,

wherein the transmitting antenna element and the plurality of
receiving antenna elements are aligned in a single row,

the transmitting antenna element is positioned at an end of
the single row in which the transmitting antenna element and the
plurality of receiving antenna elements are aligned, and

a radio wave absorber is disposed between (i) the transmitting
antenna element and (ii) the plurality of receiving antenna elements.

[Claim 9]

The scattering tomography device according to claim 1,

wherein in a three-dimensional space of X coordinates, Y
coordinates, and Z coordinates, an X coordinate, a Y coordinate, and
a Z coordinate of a position of the transmitting antenna element are
identical to an X coordinate, a Y coordinate, and a Z coordinate of a
position of the receiving antenna element, respectively, and

the scattering field function is defined as:
[Math. 7]

eikp ez’kp
#(x.y.2.0) = [[—=—=e(&.n.O)dédnd{
D P P

p=A(x=EY +(y—n) +(z=¢)

where x is an X coordinate of the transmission position and the

reception position, y is an Y coordinate of the transmission position

and the reception position, z is an Z coordinate of the transmission

position and the reception position, D is a region including matter

that generates the scattered waves by reflecting the radio waves, § is
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an X coordinate of a position in the region, nis a Y coordinate of the
position in the region, is a Z coordinate of the position in the region,
€(§, n, ¢) is a reflectivity, i is an imaginary unit, and k is a
wavenumber of the radio waves.

[Claim 10]
The scattering tomography device according to claim 9,
wherein the equation is defined as:

[Math. 8]

(6, +0,7+8, +4k>)$=0

[Claim 11]
The scattering tomography device according to claim 10,
wherein the relational expression is defined as:

[Math. 9]

o(x,y,2,k) =

oD o0
— ik x—ik,y 'J4k27kx27k :
e k . k)e" Y dk dk
(2 )2 X2y X0y
—00 —00
where kx is a wavenumber related to x in the scattering field
function and ky is a wavenumber related to y in the scattering field
function,
a(kx, ky, k) is defined as:
[Math. 10]

a(kx,ky,k) _ Zeikxxje—ikzzl &)(x[,ky,k)
7
:Z P PR )(b(x[ ) ky, k)
7

where I is an index of the transmission position and the

reception position at which the transmitting antenna element and the

receiving antenna element are present, x1 is an X coordinate of the

transmission position and the reception position at which the

transmitting antenna element and the receiving antenna element are
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present, and zr and f(x1) are a Z coordinate of the transmission
position and the reception position at which the transmitting antenna
element and the receiving antenna element are present, and
[Math. 11]

q)(xlaky:k)
expresses the measurement data at xi, ky, and k.
[Claim 12]

The scattering tomography device according to claim 11,
wherein the image function is defined as:

[Math. 12]
p(x’ y’ Z) _ \ e—i(.!(‘.):-*—lk’_v}-‘)a'(kx'.J kv.'k)efk_—:dkxdk\:da)
el | |
T ik kik do dk
i(kxt+kyy)tik,z ikoxy ik, f(x;)
- e : e'"Me DD(x, kL k — ——dk dk dk,
m!“ {Zee b k0 2

where x in the image function is an X coordinate of the image,
y in the image function is a Y coordinate of the image, and z in the
image function is a Z coordinate of the image, and

variables included in an integrand in the image function are
defined as:
[Math. 13]

k= \J4k* -k -k

1
k= E\/kxz —|—ky2 +k22

dk k.
dk. 4k
—(a+b-— cozakz) + \/(a +b— cozcxkz)2 + ﬁlczfarcozk2
o= 2ac
do c,’k+ac, o’k

dk  (a+b)w +2ac0’ —ac, ok’
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where co is a propagation speed of the radio waves in vacuum,
and a, b, and a are the one or more parameters.

[Claim 13]

The scattering tomography device according to claim 1,

wherein the scattering tomography device comprises a
plurality of transmitting antenna elements each of which is the
transmitting antenna element and a plurality of receiving antenna
elements each of which is the receiving antenna element,

the plurality of transmitting antenna elements included in the
scattering tomography device respectively correspond to a plurality
of polarization directions of the radio waves, and

the plurality of receiving antenna elements included in the
scattering tomography device respectively correspond to the
plurality of polarization directions of the radio waves.

[Claim 14]

The scattering tomography device according to any one of
claims 1 to 13,

wherein the one or more parameters are defined by measuring
a plurality of dielectric constants of an object of a same type as the
object, relative to a plurality of frequencies of the radio waves.

[Claim 15]

The scattering tomography device according to any one of
claims 1 to 14,

wherein the radio waves are pulsed waves.

[Claim 16]

A scattering tomography method comprising:

transmitting, by a transmitting antenna element, radio waves
into an interior of an object from outside the object;

receiving, outside the object, by a receiving antenna element,
scattered waves of the radio waves transmitted into the interior of
the object; and
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generating an image of the interior of the object using
measurement data indicating the scattered waves received by the
receiving antenna element,
wherein the generating includes:
deriving, using the measurement data, a relational
expression that satisfies an equation whose solution is a scattering
field function that takes a transmission position of the radio waves
and a reception position of the scattered waves as inputs and outputs
an amount of the scattered waves at the reception position;
deriving, using the relational expression, an image
function that is for generating the image and includes one or more
parameters indicating a correspondence between a change in
frequency of the radio waves and a change in a dielectric constant of
the object in accordance with Debye relaxation; and
generating the image using the image function.
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