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[DESCRIPTION]

[Title of Invention] IMAGING DEVICE AND IMAGING METHOD
[Technical Field]

[0001]

The present disclosure relates to an imaging device, etc., that
images an object in a measurement area using measurement data of
scattered waves.

[Background Art]
[0002]

As techniques related to an imaging device or the like for
imaging an object in a measurement area using measurement data of
scattered waves, there are techniques described in Patent Literatures
(PTLs) 1 to 5.

[0003]

For example, according to the technique described in PTL 1,
beams sent out from a microwave sender are incident on an object to
be inspected, and the amplitudes and phases of scattered beams are
detected by a microwave detector. Then, the distribution of
dielectric constants is calculated from output signals output from the
microwave detector to display a tomogram of the object to be
inspected.

[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
[PTL 4] WO 2021/020387
[PTL 5] WO 2021/053971
[Summary of Invention]
[Technical Problem]
[0005]
However, it is not easy to image an object in a measurement

area using measurement data of scattered waves. More specifically,
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estimating measurement data on scattered waves radiated from the
measurement area in relation to waves that are incident on the
measurement area when the condition in the measurement area is
known is called a forward problem and is easy. However, obtaining
the condition in the measurement area when measurement data on
scattered waves is known is called an inverse problem and is not
easy.

[0006]

When the measurement area is in the atmosphere, the density
of the atmosphere differs depending on altitude, so waves incident
on the measurement area may not travel straight. Therefore, when
the measurement area is in the atmosphere, it is not easy to image
an object using waves and scattered waves.

[0007]

In view of this, the present disclosure provides an imaging
device or the like that is capable of imaging an object in the
measurement area in the atmosphere with high accuracy.

[Solution to Problem]
[0008]

An imaging device according to one aspect of the present
disclosure includes: a plurality of transmitters that each transmit a
wave to a measurement area in an atmosphere; a plurality of
receivers that each receive a scattered wave of the wave from the
measurement area; and an information processing circuit that
images an object in the measurement area using measurement data
of the scattered wave. In imaging the object, the information
processing circuit: derives, using the measurement data, a
scattering field function that receives a transmission position of the
wave and a reception position of the scattered wave as input and
outputs an amount of the scattered wave at the reception position;
derives an imaging function that receives an imaging target position
as input and outputs an image intensity at the imaging target
position, and is defined using an amount output from the scattering
field function in response to inputting the imaging target position

into the scattering field function as the transmission position and the
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reception position; and images the object in the measurement area
using the imaging function. In deriving the scattering field function,
the information processing circuit reflects in the scattering field
function that a wavenumber of the wave changes as a refractive
index in the atmosphere changes with height in the atmosphere.
[0009]

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 as a CD-ROM, or any combination thereof.
[Advantageous Effects of Invention]

[0010]

According to the present disclosure, it is possible to image an
object in the measurement area in the atmosphere with high
accuracy.

[Brief Description of Drawings]
[0011]
[FIG. 1]

FIG. 1 is a conceptual diagram showing a one-dimensional
multistatic array antenna.
[FIG. 2]

FIG. 2 is a conceptual diagram showing the relationship
between a transmission point and a reception point in a plane.
[FIG. 3]

FIG. 3 is a conceptual diagram showing an example of
coordinates relating to a semi-two-dimensional array antenna.
[FIG. 4]

FIG. 4 is a simulation diagram illustrating the trajectory ofa 1
GHz electromagnetic wave radiated at a radiation angle of 1° from
the ground surface.

[FIG. 5]

FIG. 5 is a simulation diagram illustrating the trajectory of a 1
GHz electromagnetic wave radiated at a radiation angle of 2.56° from
the ground surface.

[FIG. 6]
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FIG. 6 is a conceptual diagram illustrating a multilayer
medium.
[FIG. 7]

FIG. 7 is a block diagram showing a basic configuration of an
imaging device.
[FIG. 8]

FIG. 8 is a flowchart showing basic operations of an imaging
device.

[Description of Embodiments]
[0012]

An imaging device according to one aspect of the present
disclosure includes: a plurality of transmitters that each transmit a
wave to a measurement area in an atmosphere; a plurality of
receivers that each receive a scattered wave of the wave from the
measurement area; and an information processing circuit that
images an object in the measurement area using measurement data
of the scattered wave. In imaging the object, the information
processing circuit: derives, using the measurement data, a
scattering field function that receives a transmission position of the
wave and a reception position of the scattered wave as input and
outputs an amount of the scattered wave at the reception position;
derives an imaging function that receives an imaging target position
as input and outputs an image intensity at the imaging target
position, and is defined using an amount output from the scattering
field function in response to inputting the imaging target position
into the scattering field function as the transmission position and the
reception position; and images the object in the measurement area
using the imaging function. In deriving the scattering field function,
the information processing circuit reflects in the scattering field
function that a wavenumber of the wave changes as a refractive
index in the atmosphere changes with height in the atmosphere.
[0013]

This allows the imaging device to derive the scattering field
function and the imaging function in which the atmospheric refractive
index that varies with altitude is reflected. Accordingly, the imaging
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device is capable of imaging an object in the measurement area in
the atmosphere with high accuracy.
[0014]

For example, the plurality of transmitters and the plurality of
receivers are arranged along a straight line parallel to a y-axis, the
measurement area in the atmosphere is divided into a plurality of
layers, and the scattering field function of an n-th layer of the
plurality of layers is expressed as:

[Math. 1]
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where x and z of the scattering field function respectively
represent an x-coordinate and a z-coordinate of the transmission
position and the reception position, yi of the scattering field function
represents a y-coordinate of the transmission position, y2> of the
scattering field function represents a y-coordinate of the reception
position, ki, kj, and kn respectively represent wavenumbers of the
wave in a first layer, a j-th layer, and the n-th layer of the plurality of
layers, hj represents a height of the j-th layer, and kx, ky1, and ky>
respectively represent variables corresponding to wavenumbers with
respect to x, yi1, and y2 of the scattering field function, and
[Math. 2]

¢

represents the measurement data that has been Fourier
transformed.
[0015]

This allows the imaging device to image an object in the
measurement area in the atmosphere with high accuracy by using

the scattering field function derived layer by layer from the
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measurement data obtained by the plurality of transmitters and the
plurality of receivers arranged in a straight line.
[0016]

For example, the imaging function of the n-th layer of the
plurality of layers is expressed as:

[Math. 3]
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where X, y, and z of the imaging function respectively
represent an x-coordinate, a y-coordinate, and a z-coordinate of the
imaging target position, w represents an angular frequency of the
wave, and kzn is defined as follows:
[Math. 4]

k, = \j RN e

[0017]

This allows the imaging device to image an object in the
measurement area in the atmosphere with high accuracy by using
the imaging function derived layer by layer from the measurement
data obtained by the plurality of transmitters and the plurality of
receivers arranged in a straight line.

[0018]

For example, the plurality of transmitters and the plurality of
receivers are arranged along a straight line parallel to a y-axis, and
the scattering field function is expressed as:

[Math. 5]
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where x and z of the scattering field function respectively
represent an x-coordinate and a z-coordinate of the transmission
position and the reception position, yi1 of the scattering field function
represents a y-coordinate of the transmission position, y2> of the
scattering field function represents a y-coordinate of the reception
position, k represents a wavenumber of the wave at a position where
the z-coordinate is z, ki represents a wavenumber of the wave at a
position where the z-coordinate is 0, k(za) represents a wavenumber
of the wave at a position where the z-coordinate is za, za represents
a variable corresponding to the z-coordinate, and kx, kyi, and ky2
respectively represent variables corresponding to wavenumbers with
respect to x, yi1, and y2 of the scattering field function, and
[Math. 6]

P
represents the measurement data that has been Fourier

transformed.

[0019]

This allows the imaging device to image an object in the
measurement area in the atmosphere with high accuracy by using
the scattering field function derived from the measurement data
obtained by the plurality of transmitters and the plurality of receivers
arranged in a straight line.

[0020]

For example, the imaging function is expressed as:
[Math. 7]
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where x, y, and z of the imaging function respectively

represent an x-coordinate, a y-coordinate, and a z-coordinate of the

imaging target position, and w represents a variable corresponding

to an angular frequency of the wave.

[0021]

This allows the imaging device to image an object in the
measurement area in the atmosphere with high accuracy by using
the imaging function derived from the measurement data obtained
by the plurality of transmitters and the plurality of receivers
arranged in a straight line.

[0022]

An imaging method according to one aspect of the present
disclosure includes: transmitting, by each of a plurality of
transmitters, a wave to a measurement area in an atmosphere;
receiving, by each of a plurality of receivers, a scattered wave of the
wave from the measurement area; and imaging an object in the
measurement area using measurement data of the scattered wave.
The imaging of the object includes: deriving, using the measurement
data, a scattering field function that receives a transmission position
of the wave and a reception position of the scattered wave as input
and outputs an amount of the scattered wave at the reception
position; deriving an imaging function that receives an imaging
target position as input and outputs an image intensity at the
imaging target position, and is defined using an amount output from
the scattering field function in response to inputting the imaging
target position into the scattering field function as the transmission
position and the reception position; and imaging the object in the
measurement area using the imaging function. The deriving of the
scattering field function includes reflecting in the scattering field
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function that a wavenumber of the wave changes as a refractive
index in the atmosphere changes with height in the atmosphere.
[0023]

This allows deriving the scattering field function and the
imaging function that reflects the atmospheric refractive index that
varies with altitude. Accordingly, the imaging device is capable of
imaging an object in the measurement area in the atmosphere with
high accuracy.

[0024]

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.

[0025]

In the following description, in particular the techniques or the
like described in PTLs 2 to 5 given above may be referenced to as
existing techniques. Although radio waves or electromagnetic
waves such as microwaves are primarily assumed as the waves in the
following description, the waves are not limited to radio waves or
electromagnetic waves such as microwaves, and may be elastic
waves or the like. Imaging based on scattering may be expressed
as scattering tomography. Thus, the imaging device and imaging
method described below may also be expressed as a scattering
tomographic device and a scattering tomographic method,
respectively.

[0026]
[Embodiment]

An imaging device according to the present embodiment
images an object in a measurement area using measurement data of
scattered waves. Hereinafter, the imaging device according to the
present embodiment, including techniques and theories serving as

the basis of the imaging device, will be described in detail.
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[0027]
<1. Overview>

Scattering field theory is a theory used for imaging an object
in @ measurement area. For example, waves are transmitted from
each of a plurality of transmission positions to the measurement area,
and scattered waves from the measurement area are received at
each of a plurality of reception positions. Measurement data of the
scattered waves is obtained for each combination of transmission
position and reception position. The object in the measurement
area is then imaged using the measurement data. At this time,
using the scattering field theory, the condition of scattering in the
measurement area is calculated from the measurement data, and the
object is imaged with high accuracy based on the condition of
scattering.

[0028]

However, when the measurement area is in the atmosphere,
the density of the atmosphere differs depending on altitude, so
waves transmitted to the measurement area may not travel straight.
This phenomenon is also called atmospheric refraction. Therefore,
when the measurement area is in the atmosphere, it is not easy to
image an object using waves and scattered waves.

[0029]

In view of this, the present disclosure describes a scattering
field theory for imaging an object in the measurement area in the
atmosphere. More specifically, first, a scattering field theory that
does not take the atmospheric refractive index into consideration will
be described, and then, a scattering field theory that does take the
atmospheric refractive index into consideration will be described.
[0030]
<2. Scattering Field Theory Without Consideration of Atmospheric
Refraction>

In this chapter, a scattering field theory that does not take
atmospheric refraction into consideration will be described.

[0031]
<2-1. One-dimensional Array>
- 10 -
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FIG. 1 is a conceptual diagram showing a one-dimensional
multistatic array antenna. As illustrated in FIG. 1, by using two
arbitrary elements from among n elements as a transmitting element
and a receiving element, it is possible to receive signals with a high
S/N ratio at a range of distances from a short distance to a long
distance compared to a monostatic environment where the pair of
transmitting and receiving elements is fixed. This considerably
improves the quality of an ultimate image. Whereas, as a matter of
course, the amount of data is increased to n times, and the time
required for reconstruction is also shortened dramatically according
to the theory described below.

[0032]

Here, a situation is examined in which a radio wave radiated
from point P1(Xx, yi1, z) is reflected at point P(§, n, {) and received at
point P2(X, y2, z) as illustrated in FIG. 1. In the case where point P
is assumed to move in the entire region D, the signal received at
point P2 is represented by expression (2-1-1) below.

[0033]
[Math. 8]

ik ik o,
e A e P

0% 1,32 = || 8(&,n,{)dédnd(

1 102

P ==&+ —n) +(z=C)

p, =(x =&V +(v, 1) +(z-¢)
c s (2—1—1)

[0034]

Here, €(§¢, n, () represents the function of the dielectric
constant at point P(§, n, {) and corresponds to the reflectance at
point P(§, n, ). Point P(§, n, {) corresponds to the reflection point.
Note that €(§, n, ¢) is unknown. Itis assumed that the time factor is
proportional to exp(—iwt). The kernel function in the integrand
term of the above equation is represented as ¢ in expression (2-1-2)
below.

[0035]
- 11 -
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[0036]

Next, a partial differential equation that has expression
(2-1-2) as an asymptotic solution is examined. Thus, calculation is
performed while ignoring a high-order term with respect to 1/p
obtained as a result of differentiation. Here, an abridged notation
for differentiation is defined by expression (2-1-3).

[0037]
[Math. 10]
0 . 0 . 0 - o O -
——>0,——>0,——>0,,——>0,,——>0,
ot ox oy, 5 Oz
(2—1—3)
[0038]

Here, a partial differential equation that has expression
(2-1-2) as an asymptotic solution at short wavelengths (at high
frequency or when k is large) is examined. This solution to the
partial differential equation may be regarded as almost an exact
solution in imaging using microwaves. First, the result of
differentiation of each order of ¢ is represented by expression
(2-1-4) below.

[0039]
[Math. 11]
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[0040]
Hereinafter, the complexity o(*) is omitted. In accordance
with the sum of four differential equations of the second order,
5 expression (2-1-5) below is obtained.
[0041]
[Math. 12]

Agp=(0.7+0,7+0,> +0.)

:(ik)2{2+2(x_§)2+(z_§)2}¢

PP
«++(2—1—5)
[0042]
10 Accordingly, expression (2-1-6) below is obtained from
expression (2-1-5).
[0043]
[Math. 13]
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[0044]
By applying the operation of expression (2-1-6) two times,
expression (2-1-7) below is obtained.

[0045]
[Math. 14]
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PP
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[0046]
Expression (2-1-7) is summarized to obtain expression
(2-1-8) below.
[0047]
[Math. 15]

1 77272 A 2 782 2, A 2 7\
[Z (A, —2(ik)*}" =0,70, " +(ik)* (0, +0, ")~ (ik)"'1$ =0

s e (2—1-8)

[0048]

Although expression (2-1-8) is derived assuming a steady
state, it is easy to extend expression (2-1-8) to a non-steady state.
Thus, variables are substituted as given by expression (2-1-9) below,
using partial differential 8 + with respect to time t and using
propagation velocity c of radio waves.

[0049]
[Math. 16]
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[0050]

Through the process described above, an equation
represented by expression (2-1-10) below is ultimately obtained.
[0051]

[Math. 17]
2 4 ~2~ 2 2~ 2 ~ 2~ 2
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[0052]

Expression (2-1-10) described above is a partial differential
equation that has ¢ in expression (2-1-2) as a solution. By applying
differentiation to the kernel of expression (2-1-1),

[Math. 18]

P

of expression (2-1-1) also satisfies the partial differential equation
described above. This equation is a four-dimensional pseudo wave
equation configured by five variables (t, x, yi1, y2, 2).

[0053]

Next, this equation is solved by Fourier transform. First,

[Math. 19]
P
is subjected to a multiplex Fourier transform with respect to t, x, yi,
y2 as given by expression (2-1-11) below.
[0054]
[Math. 20]
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[0055]

When the differential with respect to z is expressed as D,
expression (2-1-12) below is obtained from expressions (2-1-10)
and (2-1-11).

[0056]
[Math. 21]

2 12 102 1 232 2,12 72y 27 2y
{(D°—k, kﬁ k% ) +4k“ (D, k) 4kp1 kh fp =
c(2—1—12)
[0057]
Here, the relationship of w = ck is used. Four basic solutions
to this equation are expressed as given by expression (2-1-13)
below.

[0058]
[Math. 22]

—e .Jf.jk sz —ky,2 Yk 3z
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[0059]
Considering the facts that the time factor is e='@t, the phase is

added using the path of radiated radio waves, and radio waves
reflected off the object are bounced off toward a measurement
surface (measurement plane), Ei is the unique meaningful solution.
Accordingly, expression (2-1-14) below is obtained.

[0060]

[Math. 23]

Cﬂ(kuky k2 k)=a(k k, .k, ke N N O e S E
+(2—1—14)

[0061]
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By substituting z = 0 in expression (2-1-14), a(kx, ky1, ky2, k)
is obtained as given by expression (2-1-15) below.
[0062]
[Math. 24]

alk. .k, .k, .k)=¢(k .k, .k, ,0,k)
- (2—1—15)

[0063]
Ultimately,
[Math. 25]

P

is obtained as given by expression (2-1-16) below.
[0064]
[Math. 26]

o(x, y],y,,,z,k)
(27:)3 IHQ( alk, k, .k, k)

BRI e ek,

c(2—1—16)

[0065]

By applying a limit operation (y.—y: = y) to expression
(2-1-16) on condition that k and z are fixed and integrating the result
with respect to k, the imaging function is obtained as given by
expression (2-1-17) below.

[0066]
[Math. 27]
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[0067]

As described above, it becomes possible to analytically solve a
multistatic inverse scattering problem with a one-dimensional array.
[0068]
<2-2. Two-dimensional Array>

This section describes the theory for a case pertaining to a
two-dimensional array.

[0069]

FIG. 2 is a conceptual diagram showing the relationship
between a transmission point and a reception point in a plane. As
illustrated in FIG. 2, a microwave radiated from point P is reflected
at point Pon a target and received at point P.. Points P1 and P> move
to arbitrary points on a grid (two-dimensional array antenna) in a
plane. Under this assumption, there are n* different microwave
paths passing through point P on the target. This large number of
paths considerably contributes to an improvement in the quality of an
ultimate image. A method for processing such complex data to
obtain an image will be described below.

[0070]

For example, as illustrated in FIG. 2, the radio wave radiated
from point Pi1(x1, y1, z) is reflected at point P(§, n, ¢) and received at
point P2(x2, y2, z). When point P is assumed to move in the entire
region D, a signal received at P2 is expressed by the following
expression.

[0071]
[Math. 28]
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[0072]
It is assumed here that the time factor is proportional to

exp(—iwt). The kernel function in the integrand term of the above
expression is expressed as given by expression (2-2-2) below.
[0073]

[Math. 29]
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[0074]

Next, a partial differential equation that has expression
(2-2-2) as an asymptotic solution at short wavelengths is examined.
Thus, calculation is performed while ignoring a high-order term with
respect to 1/p obtained as a result of differentiation. Here, an
abridged notation for differentiation is defined by expression
(2-2-3).

[0075]

[Math. 30]
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[0076]

Using expression (2-2-3), differentiation of each order of the
kernel function is expressed as given by expression (2-2-4) below.
[0077]

[Math. 31]
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[0078]

Hereinafter, the complexity o(*) is omitted. In accordance
with the sum of five differential equations of the second order,
expression (2-2-5) below is obtained.

[0079]
[Math. 32]

A= (E)xl2 + ayf + 8; + ayj +0,%)¢
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PP,
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[0080]
Accordingly, expression (2-2-6) below is obtained from
expression (2-2-5).
[0081]
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[0082]
By applying the operation of expression (2-2-6) two times,
expression (2-2-7) below is obtained.
[0083]
[Math. 34]

PPN .l 5 R ) 8 S .t M 2 LR
pl-pg
= 4(ik) (1= ()20, — (1) 70, "} {1~ (k) *0,* ~ (kYD "}

v (2—2—-17)

[0084]
Expression (2-2-7) is summarized to obtain expression
(2-2-8) below.
[0085]
[Math. 35]

1 . -~ 2
[Z{As ~2(ik)*}* = (0" +0,° )0, +0,7)
+(ik)*(0,” +0,” +0,"+0, )~ (ik)'1p=0
-+ (2—2-38)
[0086]
Although expression (2-2-8) is derived assuming a steady
state, it is easy to extend expression (2-2-8) to a non-steady state.

Thus, variables are substituted as given by expression (2-2-9) below.
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[0087]
[Math. 36]

—ik —>lat
C
- - (2—2—9)
[0088]

By this substitution, expression (2-2-8) is converted into
expression (2-2-10) below that includes time.

[0089]
[Math. 37]
{AS2 - 4'-_’ 652622 B 4(6x|2 + a)ﬁj)(axf + 8,1’22)}¢ - 0

Aj=0,"+0,"+0,"+0, +0,°
-+ (2—=2—-10)

[0090]

Expression (2-2-10) described above is a partial differential
equation that has the kernel function given by expression (2-2-2) as
a solution, and by applying differentiation to the kernel of expression
(2-2-1),

[Math. 38]

P
of expression (2-2-1) also satisfies the partial differential equation
described above. This equation is a five-dimensional pseudo wave
equation configured by six variables (t, X1, Y1, X2, Y2, Z).
[0091]

Next, this equation is solved by Fourier transform. First,
[Math. 39]

P

is subjected to a multiplex Fourier transform with respect to t, x1, y1,
X2, and y2 as given by expression (2-2-11) below.
[0092]

[Math. 40]
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(’9( X ? ]9 rvk} ,Z,f{))

oo oD oD oo

B .[ iw{dtj. j .[ ...e:(hlx‘_knyl) (et O(X, Y1.%,, ¥, 2,0)dx, dy,dx,dy,

c(2—2—11)
[0093]

When the differential with respect to z is expressed as D,
expression (2-2-12) below is obtained from expressions (2-2-10)
and (2-2-11).

[0094]
[Math. 41]

’ 2 2 2 2 252 2 2 2 2 2 2 ~
(D, —kx1 _ky. —kx? —k},2 ) +4k°D, —4(kxl +k_vl )(kx2 +k_v2 =0
c(2—2—12)
[0095]
Here, the relationship of w = ck is used. Four basic solutions
to this equation are expressed as given by expression (2-2-13)
below.

[0096]
[Math. 42]

' 2 4 02 2, 2, 2 2
E - e;“k R i Iz

E :e—z'{JkZ kg2 2+ Pk, }

A0z, 2,2 [z, 2. 2
N N L A }z
E :e“] L {

-
2

E e Jk ey 2k, Jk‘ k- }

- (2—2—13)
[0097]

Considering the facts that the time factor is e~'®t, the phase is
added using the path of radiated radio waves, and radio waves
reflected off the object are bounced off toward a measurement plane,
E: is the unique meaningful solution. Accordingly, expression
(2-2-14) below is obtained.

[0098]
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[Math. 43]

ok, k, k. .k, z,k)=a(k me&aﬁ I

- (2—2—14)
[0099]

X2 17 \:7 }:

By substituting z = 0 in expression (2-2-14), a(kx1, ky1, kx2, Ky2,

k) is obtained as given by expression (2-2-15) below.
[0100]
[Math. 44]

a(kxls ¥ 1c>1:k) @(%,y,v,},Ok)
- (2—2—15)
[0101]

From the above,
[Math. 45]

P

is obtained as given by expression (2-2-16) below.
[0102]
[Math. 46]

(D(xlaylﬁxﬁ'ﬁy?nzak)
T T T T i(k, ).11:’»91)1) 1(ky, Xy +hy, 32 ) (Jk '!”11 ZT'J'J”'Z_"",QZ_’ICH:]:

(27‘7)4

—00 —00 —00 —00

k)dk dk, dk dk

('\") p) A,J }'J

c(2—2—16)
[0103]

Next, under the condition where k and z are fixed, by applying
a limit operation (yi—y and y>—y) to expression (2-2-16), we obtain

expression (2-2-17).
[0104]
[Math. 47]
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(I)(x yazak): @(x yﬂx y’z"k)
= Lim [p(x, Y, X,,Y,,2,k)]

Xy X=X
V2 =20 =y
€0 0 o 0 2 2 2, f2 2 2
r(k r1+ky1)l r(kwxb ky, Va) "(\lk _kxl _kn TJ’I” _k.vg _kyg )
Xy —>X=
,’ >}]l ( ;r) —o0 —o0 —00 —o0

a(k, ,k, .k .k, k)dk, dk,dk,_dk, ]

- (2—2—17)
[0105]
Next, expression (2-2-17) is integrated with respect to k to
obtain expression (2-2-18) below as an imaging function.
[0106]
[Math. 48]

p(x,y,2) = j@(x, v, z,k)dk = jgp(x, v.x, .2, k)dk

= Lim [I (X, 3, X,,,, 2,k k]

Xy X =X
y2on=y Y
1 o o0 oD oD oo ik otk v ) }z( I k 2+ kz—k 3—&' 2
. | y) !(k ,\ k y1 X2 2
<t T [ fere e
Xa—2X) =X
}’;—)J}l__‘p E) 0 —t0 —00 —00 —c0

a(k, k k)dk, dk, dk dk, dk]

52y x) }3
- (2—2—18)

[0107]

In expression (2-2-18), the integration with respect to kxi, ky1,
kx2, and ky2 is in the form of a Fourier transform and suitable for
processing performed by a calculator. On the other hand, the term
exp(iz...) of the integrand is not in the form of Fourier transform.
Thus, ordinary integration is performed with respect to k while
specifying, for example, the value of z. Alternatively, in order to
reduce the calculation time, expression (2-2-18) may be modified so
as to express the whole using only a Fourier transform.

[0108]

For example, the coefficient of iz in the term exp(iz...) of

expression (2-2-17) is expressed by expression (2-2-19) below using
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a new variable u.
[0109]
[Math. 49]

u= K~k —k,+ K~k ~k,’

Y2

c e+ (2—-2-19)
[0110]
By rationalizing the right-hand side of expression (2-2-19),
expression (2-2-20) below is obtained.
[0111]
[Math. 50]

k Tk, ‘—k

_\jk kz 2 sz_kzz_kz

- (2—2—-20)
[0112]

By solving each square root from the two expressions
including expressions (2-2-19) and (2-2-20), expression (2-2-21)
below is obtained.

[0113]
[Math. 51]

N _u e h ;k*ﬂ ~H
(2—2—21)
[0114]
Accordingly, k is expressed as given by expression (2-2-22)
below.
[0115]
[Math. 52]
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2 2 2 2
" +X@2+@2+ha+@ﬂ)

1 J R (kx')Q +kyq2 _kxIZ _kwE)E
u +—: - '
- (2—2—-22)
[0116]
Next, expression (2-2-23) below is obtained by differentiation
of both sides of expression (2-2-19) with respect to k and u.
[0117]

[Math. 53]

du = kdk

| |
sz kK " \/k:’ k. —k,
e e (2—2—223)

[0118]
By solving dk from expression (2-2-23), expression (2-2-24)
below is obtained.
[0119]
[Math. 54]

- 1 2 2 2 2 2 2
dk_EJk k] kK kK, du

- - (2—2—24)
[0120]
In summary, expression (2-2-18) is converted as given by
expression (2-2-25) below.
[0121]
[Math. 55]
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p(x,y,2)= j O(x, y, 2, k) = f@(x, y.x,y, 2,k ik

[lm [J‘(p(xlayl x”ay’!az kﬂk]

Xy X=X
yon=y O

ol oD oD oD oD
= Lim [ L J.J‘ I J‘ J‘e—;'{k.qxr'kn,vl)e—:‘(kxzxgﬂ—yzyg)e;'m
4
;Q—))‘\:Jl =y (27{) () —o0 —o0 —o0 —on

k)dk, dk, dk. dk., dk]

()."}’ ta}a

[0122]
<2-3. Semi-two-dimensional Array>

FIG. 3 is a conceptual diagram showing an example of
coordinates relating to a semi-two-dimensional array antenna. In
this example, the semi-two-dimensional array antenna is configured
by two linear array antennas including single-row transmitting array
antenna TA and single-row receiving array antenna RA. Such a
semi-two-dimensional array antenna is also referred to as an S-Array
(super-array) or an S-Array multistatic antenna.

[0123]

Transmitting array antenna TA includes n transmitting antenna
elements T. Receiving array antenna RA includes n receiving
antenna elements R. The x coordinate of transmitting array
antenna TA is expressed as xi, the x coordinate of receiving array
antenna RA is expressed as x2, and the distance in the x-axis
direction between transmitting array antenna TA and receiving array
antenna RA is expressed as d. This configuration is capable of
obtaining n? sets of time-series data, each being an arbitrary
combination of n transmitting antenna elements and n receiving
antenna elements at each point x in the scanning direction.

[0124]

This section describes the theory for imaging an object from
data obtained by a semi-two-dimensional array antenna as
illustrated in FIG. 3. First, expression (2-2-10) relating to a
two-dimensional array is used as the starting point for examination.
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Expression (2-3-1) below is the same operator as expression
(2-2-10).

[0125]

[Math. 56]

(A - C4 0.2 —4(0,7+0,7)(0,7 +0,)lp =0

A,=0.7+0,°+0,°+0, +0,°
! M X2 Y2 z
- (2—3—1)

[0126]
Also,
[Math. 57]
P
with respect to t, x1, y1, and y2 is expressed as given by expression
(2-3-2) below.
[0127]
[Math. 58]

ok, .k z,k)

\:9\)9 ")}9

oh o0 ob

_ I mk:dz I I J e"'(‘k}1x1+k;1yl+ky2y3 )@(xl VX0, V5,2, r)dxldyldyz

(2—3—2)
[0128]

In the following description, variable x> is expressed as u.
Expression (2-3-3) below is obtained by Fourier transform of both
sides of expression (2-3-1) with respect to t, x1, y1, and ya.

[0129]
[Math. 59]
{(5’ +0, k.’ —k Z—kyﬂz) +4k%0 2+4(kx12+/g\)12)(8u2—1;%2)}(5:

X M
- (2—3-—3)

[0130]
A solution to expression (2-3-3) described above, which is the

two-dimensional partial differential equation with respect to u and z,
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is assumed as given by expression (2-3-4) below.
[0131]
[Math. 60]

S3U 8,2

Qe e
- (2—3—4)
[0132]
Here, s3 and s4 are functions with respect to kxi, ky1, ky2, and

k as given by expression (2-3-5) below. Stated differently, s3 and s4
are constants defined by kxi, ky1, ky2, and k.

[0133]

[Math. 61]
_g3(kc1) M2y, :'k)

s, =s,(k, .k, .k, k)

« e+ (2—-3-5)

[0134]
By substituting expression (2-3-4) in expression (2-3-3),
expression (2-3-6) below is obtained.
[0135]
[Math. 62]

(S_f+sf—kx12—kyl2—ky22) +4k7s, Ak, + k(s —k, ) =0
- (2—3—6)
[0136]
However, s3 and ss4 cannot be determined from only this

algebraic equation. Next, expression (2-3-4) is changed into
expression (2-3-7) below.

[0137]

[Math. 63]

q)( B ’u’k} 2 k) b( X ) >y akjewj 542
- (2—3—7)

[0138]

By inverse Fourier transform of expression (2-3-7) with
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respect to kxi, kyi, and ky> and application of the result to u—xp,
expression (2-3-8) below is obtained.

[0139]

[Math. 64]

P(X, V1, X5, 5, 2,k)

B Y 5k kv 5%y 8542
_(27{)3”1 bk, .k, .k, ke e dk_dk dk,

. e (2-3-8)
[0140]

By applying x2 = x1 = X to expression (2-3-8), expression
(2-3-9) below is obtained.

[0141]
[Math. 65]
(p(xaylaxayjazak)
l Oﬁ(ﬁm—:{kxky+ky} SaXSa2
Wbk ko ,ke‘e“dk dk dk
(27{) —G0 ..'X')—.OEJ ( xl } y )
| e ~i +isy )tk Ak, vy 5
b o By ek ke ke’ dk,
27y .77
28R ke dk,
— 1 : e (_kx kyn+ky, 1, ]b( xa k., )k)e€4_ ! dkldky dk};ﬂ
(27) =% g dk, L
(2—3—9)
[0142]
Here, kx is expressed as given by expression (2-3-10) below.
[0143]
[Math. 66]

k, =k, +1is,
- (2—3—10)
[0144]
Expression (2-3-9) described above is supposed to agree with
expression (2-1-16) because it agrees with the solution to the

scattering field equation for the one-dimensional array. Expression
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(2-3-11) below is the same as expression (2-1-16).
[0145]
[Math. 67]

w(xhha)@az k)

o oD oD

;kx+k w+k
( gl }sz)a(k

k)

x? V" V’

(2%)

—00 —00 —00

2.2

_ez'{J(Jk- D e e }de dk dk
«(2—3—11)
5 [0146]
By comparing expressions (2-3-9) and (2-3-11), expression
(2-3-12) below is obtained.

[0147]
[Math. 68]

dk
b(kM’ M’ )2 k){MJ_a(kxl +IS‘3’k);1’k);2’k)

S, = z\/(\fk‘ +\/k2 —kyf )’ —(k, +is,)’
10 : Z—J—lz)

[0148]
The second equation given by expression (2-3-12) is raised to
the second power to obtain expression (2-3-13) below.
[0149]
15 [Math. 69]

s +s) =2k, s, + k.7 - (sz ke k)
- (2—3—13)

[0150]
By substituting expression (2-3-13) in expression (2-3-6),
expression (2-3-14) below is obtained.
20 [0151]
[Math. 70]
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{2;1{ 5, - N GETREN s )}
4k {—(J/ﬁ kTR T) ks )2}

a4k, +k, s —k,?)=0

- (2—3—14)
[0152]
Expression (2-3-14) is summarized to obtain expression
(2-3-15) below.
[0153]
[Math. 71]

"k, (;k Jo =k —k ).s's—kxlz(k: —k,)=0
-(2—3—15)

[0154]

Since the solution to this equation is a multiple root, the
solution expressed as given by expression (2-3-16) is uniquely
obtained.

[0155]
[Math. 72]

ik K-k,

[0156]

In accordance with expressions (2-3-12) and (2-3-16)
obtained through the above-described process, sz and ss are
obtained analytically. Then, the scattering field function is obtained
from expression (2-3-8) as expressed by expression (2-3-17) below.
[0157]

[Math. 73]
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(p(xlnylax"aygaznk)

o0 oD b
(21 )3 J' I Ie 1(,{.‘1x1 'kq}l '!"}2}2 b(kx] ki, y _,k)(?%lz 51de dk dk
7r —o0 —oh —o0
1 T =ik, x+k, Wtk v
_ B! }lyl y:)’?,)
= ) I I Ie a(/c)Cl +1is,,k . ) k)
OO —00 —o0

d(k, +1is;)
dk,

}e-“%-‘fdkx] dk, dk,,
ik, JlO—k,
T e —k,’
5, = i\[(\/kz kK kY Gk, is,)
«(2—3—17)
[0158]

Next, connecting measurement data ®(xi1, yi, and y2, k) with

a(kxi, kyi, ky2, k) is examined. By defining kx = kxi1 + is3 and

5 substitutingz = 0 and x2 = x1 + d in expression (2-3-17), an equation
as given by expression (2-3-18) holds true. Here, ®(x1, y1, and ya,
k) represents measurement data on transmission point (x1, yi1, 0),

reception point (x:+d, y2, 0), and wavenumber k.
[0159]
10 [Math. 74]
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CD(xnynya,k)

oD oD ob

—;(klx[+k Wtk ;)

a(k, +is, k)

32 y > y g
d(k, +is;)
dk

X

]dk ak,

| T —i4(k,, +is3)x +k,, ¥, ¥
- Ijje{*lsl“l”“}a(k +1is
O —o0 —of

k)

3 }3 y‘l

[d(kx] +is,)

5

} e™dk, dk, dk,,

1 ” f‘ ekt &, ke dk dk, di,

—00 —00 —aD

2r)’
- (2—3—18)
[0160]
Hereinafter, kx and s3 defined by expression (2-3-19) below
are used.

[0161]
[Math. 75]

k, =k, +is,

ik ,/kz—k 2 ) ik K-k,
’ \/k —k,’ \/kg—k; +Jk3—kyf

(2—3—19)

[0162]

Expression (2-3-20) below is obtained by Fourier transform of
both sides of expression (2-3-18) with respect to x1, y1, and ya.
[0163]

[Math. 76]
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_ _[ J; 1(3 k VX 3+ n)’)(D(x],yl,yq,k)dx dy,dy,

H j o g kb k)e™dk ik, dk,, dbv,dly,dy,

:TTTd(k —k)o(k, —k )o(k, —k, )ak, k,  k k)e™ dk dk, dk

x?2 y) y)

(kkkk)

X270y 27y, 2
- (2—3—20)
[0164]

Function a(ky, ky1, ky2, k) is obtained from expression (2-3-20)
as given by expression (2-3-21).

5 [0165]
[Math. 77]
a(k.k, .k, k)=e" Dk k, k, k)

ik d"k*—k 2

Jk O Bk

k)

x? \J 2 u 3

«++(2—3—21)

[0166]
Therefore, expression (2-3-17) that represents the scattering
10 field function is obtained in a complete form as given by expression
(2-3-22) below.
[0167]
[Math. 78]
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@(x yl:vxz:'./v’):vz k)

o)

: k, x+k
J‘J‘J‘ —if el vl}l 3y V2 )a(k _l_LSJJ " ]Jk)

(2%)3 S e
dk +is))) . .
| =2 ek dk dk
dk X W Ya
X
id(ky +is3).,k3—kmz
oD [+ s s ] ) _2 2 2 2
3 J I J‘ o (Knithydith,y) o5, es4:eJ" —kyy?+ Kk,
(27«7) S e

Dk k

x>y }9

g —ikxl,/kz —k, ik «/kz k,’
[~k \/k -k, +\/k -k,
5, =ik = i\/(\/kz k> + =k, 2~ Gk, +is,)

- (2—3—22)

d(k, +is,)
k) A&, +is) dk, dk, dk
dkxl 1 1 2

[0168]
Then, the imaging function is obtained as given by expression
(2-3-23) below.
[0169]
[Math. 79]
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p(x,,2)

_[ lim qp(xl,yl, Xy, ¥y, 2,k )dk

Xq—2Xy =
0 ¥, —3=y

idk_,,.’kz—k_v;

“ o Lo 7, 2 7, 2
J. kJ. I J.e_l(k-fx_k.vl”kyzy) eS4Z€Jk —ky +Jk Ky,
27[ 0 0

—00 —0D —0

Dk, k, &, k)dk dk, dk,

idk, ,}kl ky,*
=] ol oD oh 7 7 2
J‘ J‘J‘J‘ ikt k) ik JA e

0 —o0—o0—c0

(27«?)g

- dk
Dk, k, K, ,k)[ o

k. = J(\/k? kK k) k]

2 242
k' k)

k*+k’

] dk dk, dk, dk.

k= %ka +k+2(k,’ +k;)+

dk kz\/kz k] Jkl -k,

dk k(k > +k)

- (2—3—23)
[0170]

Moreover, as compared with the one-dimensional array, the
semi-two-dimensional array is capable of including a larger number
of transmitting elements and a larger number of receiving elements.
Accordingly, it is possible to more efficiently acquire information.
[0171]
<3. Scattering Field Theory With Consideration of Atmospheric
Refraction>

In this chapter, a scattering field theory that takes
atmospheric refraction into consideration will be described.

[0172]
<3-1. Model of Atmospheric Refractive Index>

As altitude increases from the ground surface, the atmosphere
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becomes thinner. Furthermore, outer space beyond the
stratosphere is in a vacuum state. This atmospheric density is
directly linked to the refractive index. The refractive index at the
ground level is approximately n = 1.0003, which is extremely close to
the value in a vacuum. However, as the propagation distance of
radio waves increases, the propagation axis of the radio waves
gradually refracts. The altitude dependence of the atmospheric
refractive index is given by expression (3-1-1) below.

[0173]

[Math. 80]

n(z)=1+(n,—1e “
+ - (3—1—1)

[0174]

Here, z represents the altitude, and n(z) represents the
refractive index at altitude z. no represents the refractive index at
the ground surface (h=0). ceis a coefficient that represents the rate
of change of the refractive index with respect to changes in altitude.
[0175]

no and ce are published as constants of the Central Radio
Propagation Laboratory (CRPL) Exponential Reference Atmosphere
based on measured values within the United States. More
specifically, no has the relationship given by expression (3-1-2)
below with respect to Ns, which is called the surface refractive index.
[0176]

[Math. 81]

N, =(n, —1)x10°
c - (3-1—2)

[0177]
As a standard model, these constants are given as illustrated
in expression (3-1-3) below.
[0178]
[Math. 82]
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N, =313
¢, =0.1439 km™
«+(3—1-—3)
[0179]
Accordingly, expression (3-1-4) below holds true.

[0180]

[Math. 83]
n,=1+313x10°
n(z)=1+313x10°e"'**
CO

n(z)=
(z) )

-+ (3—1—4)
[0181]

Co represents the velocity of radio waves in vacuum, and c(z)

represents the velocity of radio waves at altitude z.
[0182]
<3-2. Propagation and Refraction of Plane Waves>

For example, radar electromagnetic waves propagate through
vast space where the refractive index changes gradually. The
trajectory of such radar electromagnetic waves can be expressed
using geometric optics. Specifically, first, the electromagnetic field
is expressed as given by expression (3-2-1) below.
[0183]
[Math. 84]

f =ae’
«+(3—2—1)

[0184]

In expression (3-2-1), a represents the amplitude, and o
represents the phase called the Eikonal. ¢ is expressed as given by
expression (3-2-2) below by separating the time factor.

[0185]
[Math. 85]
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¢ =—t+¢,(x,y,z)
-+ (3—2—2)
[0186]
In expression (3-2-2), w represents the angular frequency, t

represents the time, and @o(X, y, z) represents the initial phase of (x,
Yy, z). Expression (3-2-3) below holds true.

[0187]

[Math. 86]

k :@ 0= %
or ot

-+ (3—2—3)

[0188]

In expression (3-2-3), k represents the wavenumber vector,
and r represents the position vector. The Eikonal equation is
expressed as given by expression (3-2-4) below.

[0189]
[Math. 87]
(V) ==

c
v (3—2—4)

[0190]

In expression (3-2-4), c represents the phase velocity. The
wavefront is a family of surfaces (equiphase surfaces) having the
same value of @o(x, y, z). Furthermore, the Eikonal equation is
expressed as given by expression (3-2-5) below.

[0191]
[Math. 88]
2 2 2
¢ 0 0 w’
[a%) +[5¢0} +[§¢0) :0_2
(3—2—5
[0192]
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In the (x, z) plane with no dependence on the y-axis direction,
the trajectory of the electromagnetic wave is obtained as follows.
First, when kx representing the wavenumber in the x-axis direction is
constant, expression (3-2-6) below is obtained.

[0193]
[Math. 89]
2
k2 4k (2 =—2—
| c(2)

+++(3—2—6)
[0194]
In expression (3-2-6), kz(z) represents the wavenumber in the

z-axis direction and depends on z. From expression (3-2-6), kz(z) is
expressed as given by expression (3-2-7) below.

[0195]
[Math. 90]

2

0 >
k(z)=+ —k
O

c e (B—2-7)

[0196]

Hereinafter, of the two solutions of expression (3-2-7), the
solution with a positive sign is used. The propagation direction of
the wave (direction of the wavenumber vector) is expressed as given
by expression (3-2-8) below.

[0197]
[Math. 91]

k=(k.0,k,)=| k.0,

+ +(3—2-—18)
[0198]
The tangent to the trajectory is expressed as given by
expression (3-2-9) below.
[0199]
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[Math. 92]

-+ (3—2—9)

[0200]
Accordingly, the propagation trajectory of the radio wave is
given by expression (3-2-10) below.
[0201]
[Math. 93]

ﬁk"“ dz
>

-
0 —k 2

+ +(3—2—10)

[0202]

FIG. 4 is a simulation diagram illustrating the trajectory ofa 1
GHz electromagnetic wave radiated at a radiation angle of 1° from
the ground surface. FIG. 4 illustrates a trajectory that takes the
refractive index into consideration and a trajectory that does not take
the refractive index into consideration. The trajectory that takes
the refractive index into consideration is a trajectory derived based
on expression (3-2-10) and is assumed to be close to the actual
trajectory.
[0203]

FIG. 5 is a simulation diagram illustrating the trajectory of a 1
GHz electromagnetic wave radiated at a radiation angle of 2.56° from
the ground surface. FIG. 5 illustrates, similarly to FIG. 4, a
trajectory that takes the refractive index into consideration and a
trajectory that does not take the refractive index into consideration.
The trajectory that takes the refractive index into consideration is a
trajectory derived based on expression (3-2-10) and is assumed to
be close to the actual trajectory.

[0204]
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As illustrated in FIG. 4 and FIG. 5, the trajectory differs
depending on whether the atmospheric refractive index is taken into
consideration. These differences may arise as errors in imaging of
the object.

[0205]
<3-3. Scattering Field Theory with Consideration of Atmospheric
Refraction>

In a layered medium, imaging an object in the medium
appears challenging because the object is affected by refraction.
However, in cases where multiple scattering can be disregarded,
imaging objects within a medium becomes relatively straightforward
through the application of scattering field theory, as described below.
[0206]

FIG. 6 is a conceptual diagram illustrating a multilayer medium.
For example, in FIG. 6, the z-axis direction corresponds to the
vertical direction, and the x-axis direction corresponds to the
horizontal direction.

[0207]

The medium includes n layers from the first layer to the n-th
layer in the z-axis direction. The first layer, second layer, ..., n-th
layer have heights of hy, ha, ..., hn. The first layer, second layer, ...,
n-th layer have dielectric constants of €1, €2, ..., €n. In the first layer,
second layer, ..., n-th layer, wave propagation velocities are ci, ¢, ...,
cn, and the wavenumbers of waves having angular frequency w are ki,
k2, ..., kn.

[0208]

According to expression (2-1-16), the scattering field function
in the first layer is expressed as given by expression (3-3-1) below.
[0209]

[Math. 94]
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[0210]
Here,
[Math. 95]

@
represents measurement data at z=0.
[0211]
The scattering field function in the second layer is expressed
as given by expression (3-3-2) below.

[0212]
[Math. 96]

@2('x3}}19y292 k")

oo oh oD r(k ik 1+L )
(27!') Uy (kL k PRLINLSY
. ez‘{,f(\fffz‘—kn‘Jerﬁ__k-"z SR }dexdkyl dk,,
- (3—3—2)
[0213]

The unknown function a2(kyx, kyi, ky2, k2) in expression (3-3-2)
is obtained as follows.
[0214]

More specifically, the two scattering field functions in
expressions (3-3-1) and (3-3-2) are configured by components of
the electromagnetic field that are parallel to the layer interface.
When it is possible to disregard that the intensity of the
electromagnetic field entering the second layer becomes small due to
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reflection at the layer interface, Maxwell’s equations show that the
output values of the two scattering field functions are equal on both
sides of the discontinuous surface. Accordingly, expression (3-3-3)
below holds true with respect to the boundary surface between
layers.

[0215]

[Math. 97]

(/)l(x’ Vi yzshpkl) - @2(x>y1ay2aoak2)
« + +(3—3—3)

[0216]

By taking the inverse Fourier transform of both sides of
expression (3-3-3), expression (3-3-4) below is obtained.
[0217]

[Math. 98]
(k. +k1—} ) —k,” }h1
ko k, b k) = a kb, e N
(- kky,? Y -k by
_@(ki, ‘)19 Va2 Dk) JJ J
- (3—3—4)
[0218]
By the same procedure, expression (3-3-5) below generally
holds true.
[0219]
[Math. 99]
i\ fRt” k + ul_ )z_kxz}hn—]
a (k. k 1o },k) a_ (k, k},kv,k e ‘N e
H{yf(\fk ;" —ky, k '_\:-} i
ik, k. V,k)HeJJ R
- (3—3—5)
[0220]

Accordingly, the scattering field function in the n-th layer is
expressed as given by expression (3-3-6) below.
[0221]
[Math. 100]
- 46 -



gon(x’vvlﬂy2ﬂz’ 11)

;(k x+k ,]y1+kt.,,y,) N(k k )
(27r)_w“
*{J(\/"’nz"‘ﬂ2+\lkf*z‘kyaz)Z‘kxz}(:_zhf) A O e e AL
J=1 ER | S} x 30
e [T e dk dk dk,
j=1
- (3—3—6)
[0222]
The imaging function is expressed as given by expression
(3-3-7) below.
5 [0223]
[Math. 101]
p,(x,y,2)

= I Lim [, (x,y,,,,2,k,)]do
N=>¥=y

oo oh o0 oh
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vt ke \ ke,

‘zh
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-1
o« w btk ko) Ikm(z—Zh)
ik x+k, y+ =
[ Jetttre Gk, k, K, k)
—o0 —o0

nl ;J{Jkﬁ—k 2 dk, | do
Py SEN AP

dk

J=1 n

» -+ (3-3-7)
[0224]
Here, when it is assumed that the medium has no dielectric
10 dispersion, expression (3-3-8) below holds true.

[0225]
[Math. 102]
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[0226]

The exponential function portions within I in expressions
(3-3-6) and (3-3-7) are expressed as integrals by the limiting
operation of hj—0. Accordingly, the scattering field function
considering atmospheric refraction is expressed as given by
expression (3-3-9) below.

[0227]
[Math. 103]

(X, ), Y5, 2, k)
(2::)3 I I I e BTNk Lk, K LK)

TR T '-)'"““zd’“dkxdkﬂdk}h

- (3—3—9)
[0228]

Here, k corresponds to the wavenumber of the wave at z=z,
k(za) corresponds to the wavenumber of the wave at z=z,, and ki
corresponds to the wavenumber of the wave at z=0. Thatis, k, k(za),

and ki can be expressed as given by expression (3-3-10) below.
[0229]

[Math. 104]
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[0230]

Also, the imaging function considering atmospheric refraction
is expressed as given by expression (3-3-11) below.

[0231]
[Math. 105]
p(x,y,z)
T me<>(k Lok k)

[ ek + kG k) C k2,
AT ) dk k., dk., do
+(3—3—11)

[0232]
<3-4. Variations>

In this chapter, the scattering field theory that takes
atmospheric refraction into consideration is applied to an example
using a one-dimensional array. However, the scattering field theory
that takes atmospheric refraction into consideration may be further
applied to an example using a two-dimensional array and a
semi-two-dimensional array.

[0233]

In this chapter, a model of the atmospheric refractive index is
shown. However, an atmospheric refractive index determined
separately from the model shown in this chapter may be used. For
example, an atmospheric refractive index measured at each altitude
at an actual installation location may be used.

[0234]
<4. Configuration and Operations of Imaging Device>
- 49 -



10

15

20

25

30

35

Based on the contents described above, the configuration and
operations of an imaging device for imaging an object in a
measurement area using measurement data of scattered waves will
be described hereinafter.

[0235]

The waves used for measuring scattered waves as used herein
may, for example, be radio waves or may be other waves such as
microwaves, millimeter waves, or terahertz waves. The waves may
also be light or sound. The measurement area may be a region in
the air, and the object may be a flying object. The object in the
measurement area has a physical characteristic that is different from
that of the surrounding medium. Specifically, the physical
characteristic is a physical characteristic that corresponds to the
reflectance of the waves. Inthe case where radio waves are used as
the waves, the physical characteristic may be the dielectric constant.
[0236]

FIG. 7 is a basic schematic diagram of the imaging device
according to the present embodiment. Imaging device 100 shown in
FIG. 7 includes a plurality of transmitters 101, a plurality of receivers
102, and information processing circuit 103. Imaging device 100
may further include display 104.

[0237]

Each transmitter 101 is a circuit that transmits waves. More
specifically, each transmitter 101 transmits waves to the
measurement area. Each transmitter 101 may be a transmitting
antenna or may include a plurality of transmitting elements such as
a plurality of transmitting antenna elements.

[0238]

Each receiver 102 is a circuit that receives scattered waves.
More specifically, each receiver 102 receives scattered waves from
the measurement area. Each receiver 102 may be a receiving
antenna or may include a plurality of receiving elements such as a
plurality of receiving antenna elements.

[0239]
The plurality of transmitters 101 and the plurality of receivers
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102 may be arranged in a one-dimensional array, may be arranged in
a two-dimensional array, and may be arranged in a
semi-two-dimensional array.

[0240]

Information processing circuit 103 is a circuit that performs
information processing. More specifically, information processing
circuit 103 obtains measurement data of scattered waves, and
images an object in the measurement area using the measurement
data of the scattered waves. For example, information processing
circuit 103 may perform computational processing indicated by the
theory described above when imaging the object using the
measurement data.

[0241]

Information processing circuit 103 may also be a computer or
a processor of a computer. Information processing circuit 103 may
perform information processing by reading out a program from
memory and executing the program. Alternatively, information
processing circuit 103 may be a dedicated circuit that images an
object in the measurement area in accordance with measurement
data.

[0242]

Information processing circuit 103 may be capable of
communicating with the plurality of transmitters 101 and the
plurality of receivers 102. Information processing circuit 103 may
control the operation of the plurality of transmitters 101 and the
plurality of receivers 102. Information processing circuit 103 may
obtain position information and measurement data from the plurality
of transmitters 101 and the plurality of receivers 102.

[0243]

In order to image the object, information processing circuit
103 may generate an image that indicates the object. Information
processing circuit 103 may output the image indicating the object on
display 104 or the like. Alternatively, information processing circuit
103 may output the image indicating the object to a printer (not
illustrated in the drawings). As another alternative, information
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processing circuit 103 may transmit the image as electronic data to a
different device (not illustrated in the drawings) via wired or wireless
communication.

[0244]

Display 104 is a display device such as a liquid crystal display.
Note that display 104 is merely an arbitrary element and is not an
essential element. Display 104 may be an external device that is
not included in the configuration of imaging device 100.

[0245]

FIG. 8 is a flowchart showing basic operations of imaging
device 100 shown in FIG. 7. More specifically, the operations shown
in FIG. 8 are performed by the elements of imaging device 100 shown
in FIG. 7 such as the plurality of transmitters 101, the plurality of
receivers 102, and information processing circuit 103.

[0246]

First, each transmitter 101 transmits waves to the
measurement area in the atmosphere (S101). Each receiver 102
receives scattered waves from the measurement area (S102). Then,
information processing circuit 103 images the object in the
measurement area using measurement data of the scattered waves
(S103, S104, and S105).

[0247]

More specifically, in imaging the object, information
processing circuit 103 first derives the scattering field function using
the measurement data (S103). Here, the scattering field function is
a function that receives the transmission position of the wave and the
reception position of the scattered wave as input and outputs the
amount of the scattered wave at the reception position. In deriving
the scattering field function, information processing circuit 103
reflects in the scattering field function that the wavenumber of the
wave changes as the refractive index in the atmosphere changes with
height in the atmosphere.

[0248]

Next, information processing circuit 103 derives the imaging

function using the scattering field function (S104). Here, the
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imaging function is a function that receives an imaging target
position as input and outputs an image intensity at the imaging
target position, and is a function defined using an amount output
from the scattering field function in response to inputting the
imaging target position into the scattering field function as the
transmission and reception positions.

[0249]

Finally, information processing circuit 103 images the object in
the measurement area using the imaging function (S105).
[0250]

This allows imaging device 100 to derive the scattering field
function and the imaging function in which the atmospheric refractive
index that varies with altitude is reflected. Accordingly, imaging
device 100 is capable of imaging an object in the measurement area
in the atmosphere with high accuracy.

[0251]

For example, the plurality of transmitters 101 and the plurality
of receivers 102 may be arranged along a straight line parallel to the
y-axis. The measurement area in the atmosphere may be divided
into a plurality of layers.

[0252]

The scattering field function of the n-th layer of the plurality of
layers may be expressed as follows.
[Math. 106]

%(x, Vo Vs, 2,k,)
g e

—00 —o0 —ol

. ¢ I 2
I{J\J’{'r; J}LJ: ’J”y-\ —" k I(Z Zlhj -1 I{JJ’{ 2 kj2 k‘m';‘ )'1 k"l}hf_
e / | | Lot dk dk yldk ),

[0253]

Here, x and z of the scattering field function respectively
represent the x-coordinate and z-coordinate of the transmission
position and reception position. yi of the scattering field function

represents the y-coordinate of the transmission position. y> of the
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scattering field function represents the y-coordinate of the reception
position. ki, kj, and kn respectively represent the wavenumbers of
the wave in the first layer, j-th layer, and n-th layer of the plurality of
layers. hj represents the height of the j-th layer. kx, kyi1, and ky2
respectively represent variables corresponding to the wavenumbers
with respect to x, yi1, and y2 of the scattering field function.
[0254]

Also,
[Math. 107]

P

represents the measurement data that has been Fourier
transformed.
[0255]

This allows imaging device 100 to image an object in the
measurement area in the atmosphere with high accuracy by using
the scattering field function derived layer by layer from the
measurement data obtained by the plurality of transmitters 101 and
the plurality of receivers 102 arranged in a straight line.

[0256]

For example, the imaging function of the n-th layer of the

plurality of layers may be expressed as follows.

[Math. 108]
P.(X,¥,2)
o0 W W W ikm(:—ﬂzlhj)
—i(kxtk, y+ky,y) =
e T

. -1 ;-,N(ka_kh2+ka2_ky22)2 kxz]hj [ dk J[d(!)

e
dk,, )\ dk

j=1

}dk dk, dk, dk.,

[0257]

Here, X, y, and z of the imaging function respectively represent
the x-coordinate, y-coordinate, and z-coordinate of the imaging
target position.  represents the angular frequency of the wave.
[0258]
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kzn is defined as follows.
[Math. 109]

_ \/(\{kj N R )2 K

[0259]
This allows imaging device 100 to image an object in the

measurement area in the atmosphere with high accuracy by using
the imaging function derived layer by layer from the measurement
data obtained by the plurality of transmitters 101 and the plurality of
receivers 102 arranged in a straight line.

[0260]

For example, the plurality of transmitters 101 and the plurality
of receivers 102 may be arranged along a straight line parallel to the
y-axis.

[0261]

The scattering field function may be expressed as follows.

[Math. 110]
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[0262]

Here, x and z of the scattering field function respectively
represent the x-coordinate and z-coordinate of the transmission
position and reception position. yi of the scattering field function
represents the y-coordinate of the transmission position. y; of the
scattering field function represents the y-coordinate of the reception
position. k represents the wavenumber of the wave at a position
where the z-coordinate is z. ki represents the wavenumber of the
wave at a position where the z-coordinate is 0. k(za) represents the
wavenumber of the wave at a position where the z-coordinate is za.
Za represents a variable corresponding to the z-coordinate. kx, ky1,
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and ky> respectively represent variables corresponding to the
wavenumbers with respect to x, y:, and y2 of the scattering field
function.
[0263]

Also,
[Math. 111]

&
represents the measurement data that has been Fourier
transformed.

[0264]

This allows imaging device 100 to image an object in the
measurement area in the atmosphere with high accuracy by using
the scattering field function derived from the measurement data
obtained by the plurality of transmitters 101 and the plurality of
receivers 102 arranged in a straight line.

[0265]
For example, the imaging function may be expressed as shown

below.
[Math. 112]
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[0266]

Here, X, y, and z of the imaging function respectively represent
the x-coordinate, y-coordinate, and z-coordinate of the imaging
target position. ® represents a variable corresponding to the
angular frequency of the wave.

[0267]

This allows imaging device 100 to image an object in the
measurement area in the atmosphere with high accuracy by using
the imaging function derived from the measurement data obtained
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by the plurality of transmitters 101 and the plurality of receivers 102
arranged in a straight line.
[0268]

For example, the wave may be a microwave. This allows
imaging device 100 to inhibit attenuation of the wave by moisture in
the measurement area compared to electromagnetic waves with
shorter wavelengths.

[0269]

For example, other elements, expressions, variables, and so
on described in the present embodiment are applicable as
appropriate to the plurality of transmitters 101, the plurality of
receivers 102, information processing circuit 103, the scattering field
function, the imaging function, and so on described above as to the
basic configuration and the basic operations. The scattering field
function, the imaging function, and so on given in the present
embodiment may be modified and applied as appropriate. For
example, it is possible to use a mathematical expression that
represents substantially the same content as that given by the
mathematical expression described above, or to use any other
mathematical expression derived based on the theory described
above.

[0270]
(Additional Comments)

While some aspects of the imaging device have been described
thus far with reference to the embodiment, the modes of the imaging
device are not limited to this embodiment. Any modification
conceivable by those skilled in the art may be made to the
embodiment, and a plurality of elements according to the
embodiment may be combined arbitrarily. For example, processing
that is executed by a specific element according to the embodiment
may be executed by a different element, instead of the specific
element. Moreover, a sequence of a plurality of processes may be
changed, or a plurality of processes may be executed in parallel.
[0271]

The imaging method including steps executed by each element
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of the imaging device may be executed by any arbitrary device or
system. For example, part or all of the imaging method may be
executed by a computer that includes, for example, a processor,
memory, and an input/output circuit. At this time, a program for
causing the computer to execute the imaging method may be
executed by the computer to execute the imaging method.

[0272]

The above-described program may be recorded on a
non-transitory computer-readable recording medium.
[0273]

Each element of the imaging device may be configured by
dedicated hardware or by general-purpose hardware that executes
the above-described program or the like, or may be configured by a
combination of these. The general-purpose hardware may be
configured by, for example, memory that records the program and a
general-purpose processor that reads out and executes the program
from the memory. The memory as used herein may, for example, be
semiconductor memory or a hard disk, and the general-purpose
processor may, for example, be a CPU.

[0274]

The dedicated hardware may be configured by, for example,
memory and a dedicated processor. For example, the dedicated
processor may execute the imaging method described above with
reference to the memory for recording measurement data.

[0275]

Each element of the imaging device may be an electric circuit.
These electric circuits may be configured as a single electric circuit as
a whole, or each may be a different electric circuit. These electric
circuits may correspond to dedicated hardware or general-purpose
hardware that executes the above-described program or the like.
[0276]

The imaging device is not limited to being a physically
integrated device, and may include a plurality of sub-devices
arranged in a distributed manner. The imaging device may also be
referred to as an imaging system.
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[Industrial Applicability]
[0277]

One aspect of the present disclosure is useful in an imaging
device that images an object in a measurement area using
measurement data of scattered waves, and is applicable to an
exploration system or the like that explores an object in the
measurement area in the atmosphere.

[Reference Signs List]
[0278]

100 imaging device

101 transmitter

102 receiver

103 information processing circuit

104 display
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[CLAIMS]
[Claim 1]
An imaging device comprising:
a plurality of transmitters that each transmit a wave to a
measurement area in an atmosphere;
a plurality of receivers that each receive a scattered wave of
the wave from the measurement area; and
an information processing circuit that images an object in the
measurement area using measurement data of the scattered wave,
wherein
in imaging the object, the information processing circuit:
derives, using the measurement data, a scattering field
function that receives a transmission position of the wave and a
reception position of the scattered wave as input and outputs an
amount of the scattered wave at the reception position;
derives an imaging function that receives an imaging
target position as input and outputs an image intensity at the
imaging target position, and is defined using an amount output from
the scattering field function in response to inputting the imaging
target position into the scattering field function as the transmission
position and the reception position; and
images the object in the measurement area using the
imaging function, and
in deriving the scattering field function, the information
processing circuit reflects in the scattering field function that a
wavenumber of the wave changes as a refractive index in the
atmosphere changes with height in the atmosphere.

[Claim 2]

The imaging device according to claim 1, wherein

the plurality of transmitters and the plurality of receivers are
arranged along a straight line parallel to a y-axis,

the measurement area in the atmosphere is divided into a
plurality of layers, and

the scattering field function of an n-th layer of the plurality of
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layers is expressed as:
[Math. 1]
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where x and z of the scattering field function respectively
represent an x-coordinate and a z-coordinate of the transmission
position and the reception position, yi1 of the scattering field function
represents a y-coordinate of the transmission position, y> of the
scattering field function represents a y-coordinate of the reception
position, ki, kj, and kn respectively represent wavenumbers of the
wave in a first layer, a j-th layer, and the n-th layer of the plurality of
layers, hj represents a height of the j-th layer, and kx, ky1, and ky2
respectively represent variables corresponding to wavenumbers with
respect to x, yi1, and y2 of the scattering field function, and
[Math. 2]

@
represents the measurement data that has been Fourier
transformed.

[Claim 3]

The imaging device according to claim 2, wherein

the imaging function of the n-th layer of the plurality of layers
is expressed as:
[Math. 3]
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where X, y, and z of the imaging function respectively
represent an x-coordinate, a y-coordinate, and a z-coordinate of the
imaging target position, w represents an angular frequency of the
wave, and kzn is defined as:
[Math. 4]

_ \j(\jk BN ) k]

[Claim 4]

The imaging device according to claim 1, wherein

the plurality of transmitters and the plurality of receivers are
arranged along a straight line parallel to a y-axis, and

the scattering field function is expressed as:
[Math. 5]
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where x and z of the scattering field function respectively
represent an x-coordinate and a z-coordinate of the transmission
position and the reception position, yi of the scattering field function
represents a y-coordinate of the transmission position, y2> of the
scattering field function represents a y-coordinate of the reception

position, k represents a wavenumber of the wave at a position where
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the z-coordinate is z, ki1 represents a wavenumber of the wave at a
position where the z-coordinate is 0, k(za) represents a wavenumber
of the wave at a position where the z-coordinate is za, za represents
a variable corresponding to the z-coordinate, and kx, kyi, and ky2
respectively represent variables corresponding to wavenumbers with
respect to x, yi1, and y2 of the scattering field function, and

[Math. 6]

@
represents the measurement data that has been Fourier
transformed.

[Claim 5]
The imaging device according to claim 4, wherein

the imaging function is expressed as:
[Math. 7]
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where x, y, and z of the imaging function respectively
represent an x-coordinate, a y-coordinate, and a z-coordinate of the
imaging target position, and w represents a variable corresponding
to an angular frequency of the wave.

[Claim 6]

An imaging method comprising:

transmitting, by each of a plurality of transmitters, a wave to
a measurement area in an atmosphere;

receiving, by each of a plurality of receivers, a scattered wave
of the wave from the measurement area; and

imaging an object in the measurement area using

measurement data of the scattered wave, wherein
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the imaging of the object includes:
deriving, using the measurement data, a scattering field
function that receives a transmission position of the wave and a
reception position of the scattered wave as input and outputs an
amount of the scattered wave at the reception position;
deriving an imaging function that receives an imaging
target position as input and outputs an image intensity at the
imaging target position, and is defined using an amount output from
the scattering field function in response to inputting the imaging
target position into the scattering field function as the transmission
position and the reception position; and
imaging the object in the measurement area using the
imaging function, and
the deriving of the scattering field function includes reflecting
in the scattering field function that a wavenumber of the wave
changes as a refractive index in the atmosphere changes with height
in the atmosphere.
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