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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 5 

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 10 

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, 15 

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 20 

inspected.   

[Citation List] 

[Patent Literature] 

[0004] 

[PTL 1] Japanese Unexamined Patent Application Publication No. 25 

S62-66145   

[PTL 2] WO 2014/125815   

[PTL 3] WO 2015/136936   

[PTL 4] WO 2021/020387   

[PTL 5] WO 2021/053971   30 

[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, 35 
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obtaining data on scattered waves radiated from a 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 easy.  On the other hand, obtaining the 

condition in an area when data on scattered waves is known is called 5 

an inverse problem and not easy.   

[0006] 

 Transmitting a wave to a distant object and receiving a 

scattered wave from the distant object is difficult.  Therefore, 

imaging a distant object in a wide measurement area with high 10 

accuracy is not easy.   

[0007] 

 In view of this, the present disclosure provides an imaging 

device or the like that is capable of imaging a distant object in a wide 

measurement area with high accuracy.   15 

[Solution to Problem] 

[0008] 

 An imaging device according to one aspect of the present 

disclosure includes: a plurality of transmitters each of which includes 

a transmission area and transmits a wave from the transmission area 20 

to a measurement area; a plurality of receivers each of which 

includes a reception area and receives, in the reception area, 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.  25 

Each of the transmission area and the reception area has a finite size.  

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 30 

position, the finite size being reflected in the scattering field 

function; 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 based on an amount output from the 

scattering field function in response to inputting the imaging target 35 
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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.   

[0009] 

 These general or specific aspects may be implemented as a 5 

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] 

[0010] 10 

 According to the present disclosure, it is possible to image a 

distant object in a wide measurement area with high accuracy.   

[Brief Description of Drawings] 

[0011] 

[FIG. 1] 15 

 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.   20 

[FIG. 3] 

 FIG. 3 is a conceptual diagram showing the coordinates of a 

transmission point and a reception point.   

[FIG. 4] 

 FIG. 4 is a conceptual diagram showing the relationship 25 

between a transmission point and a reception point in a plane.   

[FIG. 5] 

 FIG. 5 is a conceptual diagram showing the relationship 

between a transmission point and a reception point on a curved 

plane.   30 

[FIG. 6] 

 FIG. 6 is a conceptual diagram showing an example of 

coordinates relating to a semi-two-dimensional array antenna.   

[FIG. 7] 

 FIG. 7 is a conceptual diagram showing a 35 
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semi-two-dimensional array antenna on a curved plane.   

[FIG. 8] 

 FIG. 8 is a conceptual diagram showing a 

semi-two-dimensional array antenna including a plurality of 

directional antennas arranged on a plane.   5 

[FIG. 9] 

 FIG. 9 is a conceptual diagram showing a transmitting antenna 

and a receiving antenna that have a finite size.   

[FIG. 10] 

 FIG. 10 is a conceptual diagram showing a 10 

semi-two-dimensional array antenna including a plurality of 

directional antennas arranged on a slope.   

[FIG. 11] 

 FIG. 11 is a conceptual diagram showing the rotation of the 

antenna.   15 

[FIG. 12] 

 FIG. 12 is a conceptual diagram showing the matrix 

representation of rotation about the x-axis.   

[FIG. 13] 

 FIG. 13 is a conceptual diagram showing the matrix 20 

representation of rotation about the y-axis.   

[FIG. 14] 

 FIG. 14 is a conceptual diagram showing rotational scanning.   

[FIG. 15] 

 FIG. 15 is a block diagram showing a basic configuration of an 25 

imaging device.   

[FIG. 16] 

 FIG. 16 is a flowchart showing basic operations of an imaging 

device.   

[Description of Embodiments] 30 

[0012] 

 An imaging device according to one aspect of the present 

disclosure includes: a plurality of transmitters each of which includes 

a transmission area and transmits a wave from the transmission area 

to a measurement area; a plurality of receivers each of which 35 
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includes a reception area and receives, in the reception area, 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.  

Each of the transmission area and the reception area has a finite size.  5 

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, the finite size being reflected in the scattering field 10 

function; 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 based on 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 15 

and the reception position; and images the object in the 

measurement area using the imaging function.   

[0013] 

 This allows the imaging device to derive the condition of 

scattering in the measurement area using the measurement data.  20 

Accordingly, the imaging device is capable of imaging the object in 

the measurement area with high accuracy.  The imaging device is 

capable of transmitting a wave to a distant object and receiving a 

scattered wave from the distant object in accordance with the 

directivity of the transmission area and reception area having finite 25 

sizes.  Accordingly, the imaging device is capable of imaging a 

distant object in a wide measurement area with high accuracy.   

[0014] 

 For example, the finite size is the same for the plurality of 

transmitters and the plurality of receivers.   30 

[0015] 

 This allows the imaging device to apply the same 

computational processing in the plurality of transmitters and the 

plurality of receivers.  Accordingly, the imaging device is capable of 

avoiding complication of computational processing.   35 
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[0016] 

 For example, each of the transmission area and the reception 

area is a rectangular area.   

[0017] 

 This allows the imaging device to perform computational 5 

processing corresponding to simple shapes.  Accordingly, the 

imaging device is capable of avoiding complication of computational 

processing.   

[0018] 

 For example, the plurality of transmitters are arranged along a 10 

straight line, the plurality of receivers are arranged along a straight 

line that is different from and parallel to the straight line along which 

the plurality of transmitters are arranged, and a distance between 

the straight line along which the plurality of transmitters are 

arranged and the straight line along which the plurality of receivers 15 

are arranged is reflected in the scattering field function.   

[0019] 

 In this way, the imaging device is capable of obtaining enough 

measurement data in accordance with a variety of combinations of 

the plurality of transmitters arranged in a semi-two-dimensional 20 

manner and the plurality of receivers.  Since there is spacing 

between the plurality of transmitters and the plurality of receivers, 

the imaging device is capable of efficiently transmitting waves to the 

measurement area and efficiently receiving scattered waves from the 

measurement area.   25 

[0020] 

 By using the scattering field function derived in accordance 

with the measurement data on scattered waves and the distance 

between the plurality of transmitters and the plurality of receivers, 

the imaging device is capable of imaging the object with high 30 

accuracy.   

[0021] 

 For example, the scattering field function is expressed as:   

[Math. 1] 
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 where x1 and y1 respectively represent an x-coordinate and a 

y-coordinate of the transmission position, x2 and y2 respectively 

represent an x-coordinate and a y-coordinate of the reception 

position, z represents a z-coordinate of the transmission position and 5 

the reception position, k represents a wavenumber of the wave, kx, 

ky1, and ky2 represent integration variables, and d represents the 

distance,   

[Math. 2] 

 10 

 represents the measurement data Fourier transformed with 

respect to y1 and y2, and   

 kx1, kx2, and kz are defined by:   

[Math. 3] 

 15 

 where a represents 1/2 of the finite size in an x-axis direction, 

and b represents 1/2 of the finite size in a y-axis direction.   

[0022] 

 This allows the imaging device to image the object with high 

accuracy by using the scattering field function when the transmission 20 
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position and the reception position have the same z coordinate.   

[0023] 

 For example, the imaging function is expressed as:   

[Math. 4] 

 5 

 where x, y, and z input to the imaging function respectively 

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

imaging target position.   

[0024] 

 This allows the imaging device to image the object with high 10 

accuracy by using the imaging function when the transmission 

position and the reception position have the same z coordinate.   

[0025] 

 For example, the scattering field function is expressed as:   

[Math. 5] 15 

 

 where x1, y1, and z1 respectively represent an x-coordinate, a 

y-coordinate, and a z-coordinate of the transmission position, x2, y2, 

and z2 respectively represent an x-coordinate, a y-coordinate, and a 

z-coordinate of the reception position, k represents a wavenumber of 20 

the wave, kx, ky1, and ky2 represent integration variables, d 
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represents the distance in an x-axis direction, h1 represents a 

z-coordinate of the transmission position corresponding to the 

measurement data, and h2 represents a z-coordinate of the reception 

position corresponding to the measurement data,   

[Math. 6] 5 

 

 represents the measurement data Fourier transformed with 

respect to y1 and y2, and   

 kx1, kx2, kz1, and kz2 are defined by:   

[Math. 7] 10 

 

 where a represents 1/2 of the finite size in an x-axis direction, 

and b represents 1/2 of the finite size in a y-axis direction.   

[0026] 

 This allows the imaging device to image the object with high 15 

accuracy by using the scattering field function when the transmission 

position and the reception position may have different z coordinates.   

[0027] 

 For example, the imaging function is expressed as:   

[Math. 8] 20 
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 where x, y, and z input to the imaging function respectively 

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

imaging target position.   

[0028] 5 

 This allows the imaging device to image the object with high 

accuracy by using the imaging function when the transmission 

position and the reception position may have different z coordinates.   

[0029] 

 For example, each of the plurality of transmitters changes a 10 

normal direction of a surface of the transmission area by 

mechanically or electrically rotating the transmission area, each of 

the plurality of receivers changes a normal direction of a surface of 

the reception area by mechanically or electrically rotating the 

reception area, and the information processing circuit images the 15 

object in the measurement area using the measurement data after 

rotation of the transmission area and the reception area.   

[0030] 

 In this way, the imaging device is capable of changing the 

normal direction of the surface of each of the transmission area and 20 

the reception area.  Accordingly, the imaging device is capable of 

changing the direction of directivity of each of the transmission area 

and the reception area.  Accordingly, the imaging device is capable 

of changing the direction of directivity and imaging a distant object in 

that direction.   25 

[0031] 

 For example, the scattering field function is expressed as:   

[Math. 9] 
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 where x1, y1, and z1 respectively represent an x-coordinate, a 

y-coordinate, and a z-coordinate of the transmission position, x2, y2, 

and z2 respectively represent an x-coordinate, a y-coordinate, and a 

z-coordinate of the reception position, k represents a wavenumber of 5 

the wave, kx, ky1, and ky2 represent integration variables, d 

represents the distance in an x-axis direction, h1 represents a 

z-coordinate of the transmission position corresponding to the 

measurement data, and h2 represents a z-coordinate of the reception 

position corresponding to the measurement data,   10 

[Math. 10] 

 

 represents the measurement data Fourier transformed with 

respect to y1 and y2,   

 kx1, kx2, kz1, and kz2 are defined by:   15 

[Math. 11] 
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 and f1 and f2 are defined by:   

[Math. 12] 

 

 where a represents 1/2 of the finite size in an x-axis direction, 5 

b represents 1/2 of the finite size in a y-axis direction, α represents 

a rotation angle for mechanical or electrical rotation of the 

transmission area and the reception area about an x-axis, and β 

represents a rotation angle for mechanical or electrical rotation of 

the transmission area and the reception area about a y-axis.   10 

[0032] 

 This allows the imaging device to image the object with high 

accuracy by using the scattering field function when it is capable of 

changing the direction of directivity.   

[0033] 15 
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 For example, the imaging function is expressed as:   

[Math. 13] 

 

 where x, y, and z input to the imaging function respectively 

represent an x-coordinate, a y-coordinate, and a z-coordinate of the 5 

imaging target position.   

[0034] 

 This allows the imaging device to image the object with high 

accuracy by using the imaging function when it is capable of changing 

the direction of directivity.   10 

[0035] 

 For example, each of the plurality of transmitters changes a 

normal direction of a surface of the transmission area to a plurality of 

directions by mechanically or electrically rotating the transmission 

area at a plurality of rotation angles, each of the plurality of receivers 15 

changes a normal direction of a surface of the reception area to the 

plurality of directions by mechanically or electrically rotating the 

reception area at the plurality of rotation angles, and the information 

processing circuit images the object in the measurement area using 

the measurement data for the plurality of rotation angles for 20 

mechanical or electrical rotation   

[0036] 

 In this way, the imaging device is capable of changing the 

normal direction of the surface of each of the transmission area and 

the reception area to a plurality of directions.  Accordingly, the 25 

imaging device is capable of changing the direction of directivity of 

each of the transmission area and the reception area to a plurality of 

directions.  Accordingly, the imaging device is capable of changing 

the direction of directivity to a plurality of directions and imaging a 
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distant object in a plurality of directions.   

[0037] 

 For example, the scattering field function is expressed as:   

[Math. 14] 

 5 

 where x1, y1, and z1 respectively represent an x-coordinate, a 

y-coordinate, and a z-coordinate of the transmission position, x2, y2, 

and z2 respectively represent an x-coordinate, a y-coordinate, and a 

z-coordinate of the reception position, k represents a wavenumber of 

the wave, kx, ky1, and ky2 represent integration variables, d 10 

represents the distance in an x-axis direction, h1 represents a 

z-coordinate of the transmission position corresponding to the 

measurement data, and h2 represents a z-coordinate of the reception 

position corresponding to the measurement data,   

[Math. 15] 15 

 

 represents the measurement data Fourier transformed with 

respect to y1 and y2,   

 kx1, kx2, kz1, and kz2 are defined by:   

[Math. 16] 20 
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 and f1 and f2 are defined by:   

[Math. 17] 

 

 where a represents 1/2 of the finite size in an x-axis direction, 5 

b represents 1/2 of the finite size in a y-axis direction, α represents 

a rotation angle for mechanical or electrical rotation of the 

transmission area and the reception area about an x-axis, and β 

represents a rotation angle for mechanical or electrical rotation of 

the transmission area and the reception area about a y-axis.   10 

[0038] 

 This allows the imaging device to image the object with high 

accuracy by using the scattering field function when it is capable of 

changing the direction of directivity to a plurality of directions.   

[0039] 15 
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 For example, the imaging function is expressed as:   

[Math. 18] 

 

 where x, y, and z input to the imaging function respectively 

represent an x-coordinate, a y-coordinate, and a z-coordinate of the 5 

imaging target position.   

[0040] 

 This allows the imaging device to image the object with high 

accuracy by using the imaging function when it is capable of changing 

the direction of directivity to a plurality of directions.   10 

[0041] 

 An imaging method according to one aspect of the present 

disclosure includes: transmitting, by a plurality of transmitters each 

of which includes a transmission area, a wave from the transmission 

area of each of the plurality of transmitters to a measurement area; 15 

receiving, by a plurality of receivers each of which includes a 

reception area, a scattered wave of the wave from the measurement 

area, in the reception area of each of the plurality of receivers; and 

imaging an object in the measurement area using measurement data 

of the scattered wave.  Each of the transmission area and the 20 

reception area has a finite size.  The imaging of the object in the 

measurement area 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, 25 

the finite size being reflected in the scattering field function; deriving 

an imaging function that receives an imaging target position as input 

and outputs an image intensity at the imaging target position, and is 
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defined based on 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.   5 

[0042] 

 This makes it possible to derive the condition of scattering in 

the measurement area using the measurement data.  This in turn 

makes it possible to image the object in the measurement area with 

high accuracy.  This also makes it possible to transmit a wave to a 10 

distant object and to receive a scattered wave from the distant object 

in accordance with the directivity of the transmission area and 

reception area having finite sizes.  Accordingly, it becomes possible 

to image a distant object in a wide measurement area with high 

accuracy.   15 

[0043] 

 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 20 

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.   

[0044] 

 In the following description, in particular the techniques or the 25 

like described in PTLs 2 to 5 given above may be referenced to as 

existing techniques.  Although radio waves such as microwaves are 

primarily assumed as the waves in the following description, the 

waves are not limited to radio waves such as microwaves.  Imaging 

based on scattering may be expressed as scattering tomography.  30 

Thus, the imaging device and imaging method described below may 

also be expressed as a scattering tomographic device and a 

scattering tomographic method, respectively.   

[0045] 

[Embodiment] 35 
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 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.   5 

[0046] 

<1. Overview>   

 The present disclosure presents a scattering field theory using 

directional antennas.  For example, a scattering field theory using 

non-directional antennas is used for imaging the interior of a 10 

dielectric.  For example, in imaging the interior of a dielectric, the 

surface of the dielectric is scanned, and a three-dimensional image of 

the interior of the dielectric is reconstructed.  A scattering field 

theory using directional antennas is used for imaging objects in the 

air.   15 

[0047] 

 For example, due to the vast expanse of airspace, scanning 

techniques involving physically moving the antennas are not used.  

Instead, objects are imaged using antennas with high directivity.  

Examples of using directional antennas for imaging objects include 20 

laser radar and millimeter-wave radar.  These devices are easy to 

implement.  However, in these devices, since the wavelength is 

short, the properties of the beam are stronger than the properties of 

the wave, and from the viewpoint of the frequency of the 

electromagnetic waves, the attenuation of the signal is large due to 25 

the influence of moisture in the air.  These devices are therefore not 

used except at short distances.   

[0048] 

 The present disclosure presents an imaging technique using 

microwaves that have both the properties of a beam (i.e., 30 

directionality) and the properties of a wave.  In particular, a 

scattering field theory using directional antennas is presented in 

Chapter 3.  Specific mathematical formulas are presented for 

generating an image showing an object in the measurement area 

from the measurement data in a case where the transmitting antenna 35 
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and the receiving antenna are fixed.   

[0049] 

<2. Non-directional Antennas>   

 First, in this chapter, a scattering field theory using 

non-directional antennas will be described.   5 

[0050] 

<2-1. One-Dimensional Array and Plane Boundary>   

 When employing a method of arranging transmitting and 

receiving antenna elements in a single row, there is a limit to the 

spatial resolution.   10 

[0051] 

 FIG. 1 is a conceptual diagram showing a one-dimensional 

multistatic array antenna.  When arbitrary two elements are 

selected as a transmitting element and a receiving element from 

among n elements as illustrated in FIG. 1, it is possible to obtain the 15 

above-mentioned double in resolution.  Moreover, singles can be 

received with a high S/N ratio at a range of distances from short 

distance to long distance.  This considerably improves the quality of 

an ultimate image.  Whereas, as a matter of course, the amount of 

data is increased to n times, the time required for reconstruction is 20 

also shortened dramatically according to the theory described below.   

[0052] 

 Here, a situation is examined in which a radio wave radiated 

from point P1(x, y1, z) is reflected at point P(ξ, η, ζ) and received at 

point P2(x, y2, z) as shown in FIG. 1.  In the case where point P is 25 

assumed to move in entire region D, the signal received at point P2 is 

represented by expression (2-1-1) below.   

[0053] 

[Math. 19] 
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[0054] 

 Here, ε(ξ, η, ζ) represents the function of the dielectric 

constant at point P(ξ, η, ζ) and corresponds to the reflectance at 

point P(ξ, η, ζ).  Point P(ξ, η, ζ) corresponds to the reflection point.  5 

Note that ε(ξ, η, ζ) is unknown.  It is assumed that the time factor is 

proportional to exp(−iωt).  The kernel function in the integrand 

term of the above equation is represented as φ in expression (2-1-2) 

below.   

[0055] 10 

[Math. 20] 

 

[0056] 

 Next, a partial differential equation that has expression 

(2-1-2) as an asymptotical solution is examined.  Thus, calculation 15 

is performed while ignoring a high-order term with respect to 1/ρ 

obtained as a result of differentiation.  Here, an abridged notation 

for differentiation is defined by expression (2-1-3).   

[0057] 

[Math. 21] 20 

 

[0058] 
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 Here, a partial differential equation that has expression 

(2-1-2) as an asymptotical 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 5 

differentiation of each order of φ is represented by expression 

(2-1-4) below.   

[0059] 

[Math. 22] 

 10 

[0060] 

 Hereinafter, complexity o(*) is omitted.  In accordance with 

the sum of four differential equations of the second order, expression 

(2-1-5) below is obtained.   

[0061] 15 

[Math. 23] 
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[0062] 

 Accordingly, expression (2-1-6) below is obtained from 

expression (2-1-5).   

[0063] 

[Math. 24] 5 

 

[0064] 

 By acting the operation of expression (2-1-6) two times, 

expression (2-1-7) below is obtained.   

[0065] 10 

[Math. 25] 

 

[0066] 

 Expression (2-1-7) is summarized to obtain expression 

(2-1-8) below.   15 

[0067] 

[Math. 26] 

 

[0068] 

 Although expression (2-1-8) is derived assuming a steady 20 

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 ∂t with respect to time t and using 

propagation velocity c of radio waves.   
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[0069] 

[Math. 27] 

 

[0070] 

 Through the process described above, an equation 5 

represented by expression (2-1-10) below is ultimately obtained.   

[0071] 

[Math. 28] 

 

[0072] 10 

 Expression (2-1-10) described above is a partial differential 

equation that has φ in expression (2-1-2) as a solution.  By applying 

differentiation to the kernel of expression (2-1-1),   

[Math. 29] 

 15 

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, y1, y2, z).   

[0073] 

 Next, this equation is solved by Fourier transform.  First,   20 

[Math. 30] 

 

is subjected to multiplex Fourier transform with respect to t, x, y1, y2 

as given by expression (2-1-11) below.   

[0074] 25 

[Math. 31] 
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[0075] 

 When the differential with respect to z is expressed as D z, 

expression (2-1-12) below is obtained from expressions (2-1-10) 

and (2-1-11).   5 

[0076] 

[Math. 32] 

 

[0077] 

 Here, the relationship of ω = ck is used.  Four basic solutions 10 

to this equation are expressed as given by expression (2-1-13) 

below.   

[0078] 

[Math. 33] 

 15 

[0079] 

 Considering the facts that the time factor is e−iωt, 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), E1 is the unique meaningful solution.  20 

Accordingly, expression (2-1-14) below is obtained.   

[0080] 

[Math. 34] 
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[0081] 

 By substituting z = 0 in expression (2-1-14), a(kx, ky1, ky2, k) 

is obtained as given by expression (2-1-15) below.   

[0082] 5 

[Math. 35] 

 

[0083] 

 Ultimately,   

[Math. 36] 10 

 

is obtained as given by expression (2-1-16) below.   

[0084] 

[Math. 37] 

 15 

[0085] 

 By applying a limit operation (y2→ y1 = 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.   20 

[0086] 

[Math. 38] 



 - 26 - 

 

[0087] 

 As described above, it becomes possible to analytically solve a 

multistatic inverse scattering problem with a one-dimensional array.  

However, there is the considerable constraint that transmitting 5 

elements and receiving elements be arranged in a one-dimensional 

array.  Besides, there are hardware challenges such as a 

requirement for provision of a gap in order to avoid inductive 

coupling between transmitting elements and receiving elements, and 

an inability to switch the role of transmission and reception when an 10 

active balun is employed.  Furthermore, there is also a challenge 

that the time required to acquire data becomes long due to difficulty 

in parallelization of measurements.   

[0088] 

<2-2. One-Dimensional Array and Curved Boundary>   15 

 An inverse scattering theory for the case where a region has a 

curved boundary surface will be described.   

[0089] 

 FIG. 2 is a conceptual diagram showing the relationship 

between a transmission point and a reception point.  FIG. 2 shows a 20 

situation in which a wave radiated from point r1 is reflected at point 

ξ(ξ1, ξ2, …) and returns to point r2.   

[0090] 

 For example, transmission point r1 and reception point r2 of 

the wave freely and independently move in x-section D while 25 

satisfying a certain constraint on condition that angular frequency ω 

(= 2πf) is constant.  If data obtained at this time is expressed as 
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function G(r1, r2, ω), function G(r1, r2, ω) is supposed to be related to 

the distribution of reflection points in the region.   

[0091] 

 Here, G(r1, r2, ω) is the sum of reflected signals from all points 

ξ.  Since there is a large number of reflection points in the region, 5 

G(r1, r2, ω) may be represented by expression (2-2-1) below.   

[0092] 

[Math. 39] 

 

[0093] 10 

 Here,   

[Math. 40] 

 

represents the signal strength of the wave that comes out from point 

r1 and returns to point r2 by being reflected at point ξ.   15 

[0094] 

 The constraint imposed on transmission point r1 and reception 

point r2 of the wave is that points r1 and r2 always have the same x 

coordinate.   

[0095] 20 

 Hereinafter, a theoretical structure of an inverse scattering 

problem will be described using function G(r1, r2, ω).  Here, a partial 

region in a three-dimensional space is expressed as D, and a 

boundary of the partial region is expressed as ∂D.  In this case, 

function G(r1, r2, ω) becomes a solution in region D to the differential 25 

equation as given by expression (2-2-2) below.   

[0096] 

[Math. 41] 
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[0097] 

 Here,   

[Math. 42] 

 

represents the function obtained by Fourier transform of function 5 

G(r1, r2, ω) with respect to ω.  The value of G(r1, r2, ω) at boundary 

∂D is the value measured by the receiving elements.  The above 

equation is solved under this boundary condition.  From this result, 

ρ(r) is defined as given by expression (2-2-3) below.   

[0098] 10 

[Math. 43] 

 

[0099] 

 Here, Tr represents the trace operation.  This ρ(r) is the 

function relating to the gradient of the dielectric constant that is to 15 

be obtained in region D.  In actuality, it is difficult to obtain 

differential operator L(∂/∂t, ∂/∂r1, ∂/∂r2) appearing here.   

[0100] 

 Hereinafter, a method for obtaining this differential operator 

will be described.  On an arbitrary curve, r1 and r2 do not always 20 

have the same y and z coordinates.  Specifically, r1 and r2 are 

respectively expressed as follows: r1 = (x, y1, z1) and r2 = (x, y2, z2).  

Then, function G is defined as follows.   

[0101] 

[Math. 44] 25 

 

[0102] 

 Next, an equation satisfied by function G(r1, r2, ω) is examined.  

Here, ω = ck.  Also, c represents the velocity of propagation and k 

represents the wave number.  When λ represents the wavelength, 30 
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the relationship of k = 2π/λ holds true.   

[0103] 

 FIG. 3 is a conceptual diagram showing the coordinates of a 

transmission point and a reception point.  In FIG. 3, the 

transmission point is located at P1(x, y1, z1) and the reception point 5 

is located at P2(x, y2, z2).  The wave radiated from transmission 

point P1 is reflected at point P(ξ, η, ζ) and reaches reception point P2.   

[0104] 

 For example, z1 and z2 are arbitrary.  Measurement points 

that correspond to transmission point P1 and reception point P2 move 10 

on profile curve S.  Profile curve S may be expressed by z = f(y).  

Thus, z1 = f(y1) and z2 = f(y2) hold true.  The distance between P1 

and P is expressed as ρ1, and the distance between P2 and P is 

expressed as ρ2.   

[0105] 15 

 In the above-described case, function φ as given by 

expression (2-2-5) below is introduced as the scattering field 

function.   

[0106] 

[Math. 45] 20 

 

[0107] 

 Here, ε(ξ, η, ζ) represents the function of the dielectric 

constant at point (ξ, η, ζ) and corresponds to the reflectance at point 

(ξ, η, ζ).  Point (ξ, η, ζ) corresponds to the reflection point.  Note 25 

that ε(ξ, η, ζ) is unknown.  Also, k represents the wave number.  It 

is assumed that the time factor is proportional to exp(−iωt).  The 

function in the integrand term of expression (2-2-5) described above 

corresponds to:   
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[Math. 46] 

 

in expression (2-2-1).  That is, expression (2-2-6) below holds true.   

[0108] 

[Math. 47] 5 

 

[0109] 

 Next, a partial differential equation that has expression 

(2-2-6) as an asymptotical solution at high frequency is examined.  

Thus, calculation is performed while ignoring a high-order term with 10 

respect to 1/ρ obtained as a result of differentiation.  Here, an 

abridged notation for differentiation is defined by expression (2-2-7) 

below.   

[0110] 

[Math. 48] 15 

 

[0111] 

 As a result of the calculation, the fact that φ satisfies 

expression (2-2-8) below is derived.   

[0112] 20 

[Math. 49] 

 

[0113] 

 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.  25 

Thus, variables are substituted as given by expression (2-2-9) below.   
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[0114] 

[Math. 50] 

 

[0115] 

 Ultimately, expression (2-2-10) below is obtained.   5 

[0116] 

[Math. 51] 

 

[0117] 

 Next, a solution to expression (2-2-10) is examined on the 10 

assumption that the time factor of φ is proportional to exp(−iωt).  

First, expression (2-2-11) below is obtained by multiplex Fourier 

transform of φ with respect to t, x, y1, and y2.   

[0118] 

[Math. 52] 15 

 

[0119] 

 By expressing partial differentials with respect to z1 and z2 as 

Dz1 and Dz2, respectively, expression (2-2-12) below is obtained.   

[0120] 20 

[Math. 53] 

 

[0121] 

 Next, solving the equation given by expression (2-2-12) is 
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examined.  However, there are two variables z1 and z2.  Thus, it is 

difficult to solve the equation given by expression (2-2-12) unless 

boundary conditions are given to a region with one-dimensional 

degree of freedom in (z1, z2) space with respect to fixed point (x, y1, 

y2) or (kx, ky1, ky2).  However, boundary conditions obtained by 5 

radar measurement are merely given at one point (f(y1), f(y2)) in (z1, 

z2) space.   

[0122] 

 To solve this problem, consistency between the theory used in 

the case where z1 = z and z2 = z and the theory described in this 10 

chapter is used.  That is, the solution derived from the theory 

described in this chapter, in which z1 and z2 are independent, 

includes the solution derived in the special case where z1 = z and z2 

= z.  In view of this, firstly, a solution to expression (2-2-12) is 

assumed as given by expression (2-2-13) below.   15 

[0123] 

[Math. 54] 

 

[0124] 

 When z1 = z2 = z, expression (2-2-14) below is obtained.   20 

[0125] 

[Math. 55] 

 

[0126] 

 By substituting expression (2-2-13) in expression (2-2-12), 25 

expression (2-2-15) below is obtained.   

[0127] 

[Math. 56] 
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[0128] 

 Another equation is further used.  Specifically, expression 

(2-2-16) below is obtained from expression (2-1-15) in the previous 

chapter in accordance with the consistency described above.   

[0129] 5 

[Math. 57] 

 

[0130] 

 From expressions (2-2-15) and (2-2-16), s1(kx, ky1, ky2, k) and 

s2(kx, ky1, ky2, k) are determined as given by expression (2-2-17) 10 

below.   

[0131] 

[Math. 58] 

 

[0132] 15 

 Using s1(kx, ky1, ky2, k) and s2(kx, ky1, ky2, k) described above, 

a solution to the equation given by expression (2-2-10) is derived as 

given by expression (2-2-18) below.   

[0133] 

[Math. 59] 20 
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[0134] 

<2-3. Two-Dimensional Array and Plane Boundary>   

 This section describes the theory for a case pertaining to a 

two-dimensional array and plane boundary.   5 

[0135] 

 FIG. 4 is a conceptual diagram showing the relationship 

between a transmission point and a reception point in a plane.  As 

shown in FIG. 4, a microwave radiated from point P1 is reflected at 

point P on a target and received at point P2.  Points P1 and P2 move 10 

to arbitrary points on a grading (two-dimensional array antenna) in a 

plane.  Under this assumption, there are n4 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 15 

obtain an image will be described below.   

[0136] 

 For example, as shown in FIG. 4, the radio wave radiated from 

point P1(x1, y1, z) is reflected at point P(ξ, η, ζ) and received at point 

P2(x2, y2, z).  When point P is assumed to move in entire region D, a 20 

signal received at P2 is expressed by the following expression.   

[0137] 

[Math. 60] 
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[0138] 

 It is assumed here that the time factor is proportional to 

exp(−iωt).  The kernel function in the integrand term of the above 

expression is expressed as given by expression (2-3-2) below.   

[0139] 5 

[Math. 61] 

 

[0140] 

 Next, a partial differential equation that has expression 

(2-3-2) as an asymptotical solution at short wavelengths is examined.  10 

Thus, calculation is performed while ignoring a high-order term with 

respect to 1/ρ obtained as a result of differentiation.  Here, an 

abridged notation for differentiation is defined by expression 

(2-3-3).   

[0141] 15 

[Math. 62] 

 

[0142] 

 Using expression (2-3-3), differentiation of each order of the 

kernel function is expressed as given by expression (2-3-4) below.   20 

[0143] 

[Math. 63] 
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[0144] 

 Hereinafter, the complexity o(*) is omitted.  In accordance 

with the sum of five differential equations of the second order, 

expression (2-3-5) below is obtained.   5 

[0145] 

[Math. 64] 

 

[0146] 

 Accordingly, expression (2-3-6) below is obtained from 10 

expression (2-3-5).   

[0147] 
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[Math. 65] 

 

[0148] 

 By acting the operation of expression (2-3-6) two times, 

expression (2-3-7) below is obtained.   5 

[0149] 

[Math. 66] 

 

[0150] 

 Expression (2-3-7) is summarized to obtain expression 10 

(2-3-8) below.   

[0151] 

[Math. 67] 

 

[0152] 15 

 Although expression (2-3-8) is derived assuming a steady 

state, it is easy to extend expression (2-3-8) to a non-steady state.  

Thus, variables are substituted as given by expression (2-3-9) below.   

[0153] 
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[Math. 68] 

 

[0154] 

 By this substitution, expression (2-3-8) is converted into 

expression (2-3-10) below that includes time.   5 

[0155] 

[Math. 69] 

 

[0156] 

 Expression (2-3-10) described above is a partial differential 10 

equation that has the kernel function given by expression (2-3-2) as 

a solution, and φ also satisfies the above-described partial 

differential equation by applying differentiation to the kernel of 

expression (2-3-1).  This equation is a five-dimensional pseudo 

wave equation configured by six variables (t, x1, y1, x2, y2, z).   15 

[0157] 

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

subjected to multiplex Fourier transform with respect to t, x1, y1, x2, 

and y2 as given by expression (2-3-11) below.   

[0158] 20 

[Math. 70] 

 

[0159] 

 When the differential with respect to z is expressed as D z, 

expression (2-3-12) below is obtained from expressions (2-3-10) 25 
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and (2-3-11).   

[0160] 

[Math. 71] 

 

[0161] 5 

 Here, the relationship of ω = ck is used.  Four basic solutions 

to this equation are expressed as given by expression (2-3-13) 

below.   

[0162] 

[Math. 72] 10 

 

[0163] 

 Considering the facts that the time factor is e−iωt, 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, 15 

E1 is the unique meaningful solution.  Accordingly, expression 

(2-3-14) below is obtained.   

[0164] 

[Math. 73] 

 20 

[0165] 

 By substituting z = 0 in expression (2-3-14), a(kx1, ky1, kx2, ky2, 

k) is obtained as given by expression (2-3-15) below.   

[0166] 
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[Math. 74] 

 

[0167] 

 From the above, φ is obtained as given by expression (2-3-16) 

below.   5 

[0168] 

[Math. 75] 

 

[0169] 

 Next, under the condition where k and z are fixed, by applying 10 

a limit operation (y1→y and y2→y) to expression (2-3-16), we obtain 

the expression (2-3-17). 

[0170] 

[Math. 76] 

 15 

[0171] 

 Next, expression (2-3-17) is integrated with respect to k to 

obtain expression (2-3-18) below as an imaging function.   

[0172] 

[Math. 77] 20 
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[0173] 

 In expression (2-3-18), the integration with respect to kx1, ky1, 

kx2, and ky2 are in the form of Fourier transform and suitable for 

processing performed by a calculator.  On the other hand, the term 5 

exp(iz…) of the integrand is not in the form of Fourier transform.  

Thus, ordinary integration is done with respect to k while specifying, 

for example, the value of z.  Alternatively, in order to reduce the 

calculation time, expression (2-3-18) may be modified so as to 

express the whole by only Fourier transform.   10 

[0174] 

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

expression (2-3-17) is expressed by expression (2-3-19) below using 

new variable u.   

[0175] 15 

[Math. 78] 

 

[0176] 

 By rationalizing the right-hand side of expression (2-3-19), 

expression (2-3-20) below is obtained.   20 

[0177] 

[Math. 79] 
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[0178] 

 By solving each square root from the two expressions 

including expressions (2-3-19) and (2-3-20), expression (2-3-21) 

below is obtained.   5 

[0179] 

[Math. 80] 

 

[0180] 

 Accordingly, k is expressed as given by expression (2-3-22) 10 

below.   

[0181] 

[Math. 81] 

 

[0182] 15 

 Next, expression (2-3-23) below is obtained by differentiation 

of both sides of expression (2-3-19) with respect to k and u.   

[0183] 

[Math. 82] 

 20 
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[0184] 

 By solving dk from expression (2-3-23), expression (2-3-24) 

below is obtained.   

[0185] 

[Math. 83] 5 

 

[0186] 

 At last in summary, expression (2-3-18) is converted as given 

by expression (2-3-25) below.   

[0187] 10 

[Math. 84] 

 

[0188] 

 When this result is applied to a semi-two-dimensional array 

antenna array, which will be described later, the dimension of the 15 

integral becomes higher by an amount corresponding to dkx2.  

Accordingly, a calculation time that is nowhere near real-time 

calculation is required for the computational ability of an existing 

calculator.   

[0189] 20 

<2-4. Two-Dimensional Array and Curved Boundary>   

 FIG. 5 is a conceptual diagram showing the relationship 
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between a transmission point and a reception point on a curved plane.  

Since boundary conditions for curved plane are used, it is assumed 

that the transmission point and the reception point have different z 

coordinates.  Accordingly, the scattering field function is expressed 

as given by expression (2-4-1) below.   5 

[0190] 

[Math. 85] 

 

[0191] 

 Here, k represents the wave number.  It is assumed that the 10 

time factor is proportional to exp(−iωt).  Also, D represents the 

region and corresponds to D3 in FIG. 5.  The kernel function in the 

integrand term of the above expression is expressed as given by 

expression (2-4-2) below.   

[0192] 15 

[Math. 86] 

 

[0193] 

 Next, a partial differential equation that has expression 

(2-4-2) as a solution, excluding regions in close vicinity of the 20 

transmission point and the reception point, is examined.  Thus, 

calculation is performed while ignoring a high-order term with 

respect to 1/ρ obtained as a result of differentiation.  Here, an 

abridged notation for differentiation is defined by expression (2-4-3) 

below.   25 

[0194] 
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[Math. 87] 

 

[0195] 

 In this case, the fact that the kernel function satisfies the 

equation given by expression (2-4-4) below is derived by similar 5 

calculation to that in the previous chapter.   

[0196] 

[Math. 88] 

 

[0197] 10 

 Assuming that the time factor is proportional to exp(-iωt), a 

solution to expression (2-4-4) described above is examined.  First, 

the kernel function is subjected to multiplex Fourier transform with 

respect to t, x1, x2, y1, and y2 to obtain the following expression.   

[0198] 15 

[Math. 89] 

 

[0199] 

 Like expression (2-3-12) in the previous chapter, expression 

(2-4-6) below is obtained from expression (2-4-4).   20 

[0200] 

[Math. 90] 

 

[0201] 

 Next, solving this equation is examined.  However, there are 25 
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two variables z1 and z2.  Thus, it is difficult to solve the equation 

given by expression (2-4-6) unless boundary conditions are given to 

a region with one-dimensional degree of freedom in (z1, z2) space 

with respect to fixed point (x1, x2, y1, y2) or (kx1, kx2, ky1, ky2).  

However, boundary conditions obtained by radar measurement are 5 

merely given at one point {f(x1, y1), f(x2, y2)} in (z1, z2) space.   

[0202] 

 To solve this problem, consistency between the theory used in 

the case where z1 = z and z2 = z and the theory described in this 

chapter is used.  That is, the solution derived from the theory 10 

described in this chapter, in which z1 and z2 are independent, 

includes the solution derived in the special case where z1 = z and z2 

= z.  In view of this, firstly, a solution to expression (2-4-6) is 

assumed as given by expression (2-4-7) below.   

[0203] 15 

[Math. 91] 

 

[0204] 

 In accordance with expressions (2-4-6) and (2-4-7) and the 

consistency described above, expressions (2-4-8) and (2-4-9) below 20 

are obtained.   

[0205] 

[Math. 92] 

 

[0206] 25 

[Math. 93] 

 

[0207] 

 From these equations, s1 and s2 are obtained as given by 
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expression (2-4-10) below.   

[0208] 

[Math. 94] 

 

[0209] 5 

 Using s1 and s2 described above, a solution to the equation is 

expressed as given by expression (2-4-11) below.   

[0210] 

[Math. 95] 

 10 

[0211] 

 Moreover, an equation on curved plane S may be assumed as 

given by, for example, expression (2-4-12) below.   

[0212] 

[Math. 96] 15 

 

[0213] 

 Boundary conditions given on curved plane S are expressed as 

given by expression (2-4-13) below.   

[0214] 20 

[Math. 97] 
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[0215] 

 The equation given by expression (2-4-13) is used to 

determine a(kx1, kx2, ky1, ky2).  Hereinafter, an abridged notation as 

given by expression (2-4-14) below is used.   5 

[0216] 

[Math. 98] 

 

[0217] 

 Using the abridged notation given by expression (2-4-14), an 10 

integral equation with respect to a(k), as given by expression 

(2-4-15) below, is derived.   

[0218] 

[Math. 99] 

 15 

[0219] 

 Once a(k) is obtained from expression (2-4-15) described 

above, the scattering field function can be expressed as given by 

expression (2-4-16) below.   

[0220] 20 

[Math. 100] 
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[0221] 

 By applying z1 = z2 = z to expression (2-4-16) described above 

and performing Fourier transform with respect to k, the imaging 

function is obtained as given by expression (2-4-17) below.   5 

[0222] 

[Math. 101] 

 

[0223] 

 Through the above-described process, ultimate imaging 10 

function ρ(r) is obtained.   

[0224] 

<2-5. Semi-Two-Dimensional Array and Plane Boundary>   

 FIG. 6 is a conceptual diagram showing an example of 

coordinates relating to a semi-two-dimensional array antenna.  In 15 

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.   20 

[0225] 

 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 x1, the x coordinate of receiving array 25 

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 
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obtaining n2 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.   

[0226] 

 This section describes the theory for imaging an object from 5 

data obtained by a semi-two-dimensional array antenna as 

illustrated in FIG. 6.  First, expression (2-3-10) relating to a 

two-dimensional array is used as the starting point for examination.  

Expression (2-5-1) below is the same as expression (2-3-10).   

[0227] 10 

[Math. 102] 

 

[0228] 

 Also,   

[Math. 103] 15 

 

with respect to t, x1, y1, and y2 is expressed as given by expression 

(2-5-2) below.   

[0229] 

[Math. 104] 20 

 

[0230] 

 In the following description, variable x2 is expressed as u.  

Expression (2-5-3) below is obtained by Fourier transform of both 

sides of expression (2-5-1) with respect to t, x1, y1, and y2.   25 

[0231] 

[Math. 105] 
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[0232] 

 A solution to expression (2-5-3) described above, which is the 

two-dimensional partial differential equation with respect to u and z, 

is assumed as given by expression (2-5-4) below.   5 

[0233] 

[Math. 106] 

 

[0234] 

 Here, s3 and s4 are functions with respect to kx1, ky1, ky2, and 10 

k as given by expression (2-5-5) below.  In other words, s3 and s4 

are constants defined by kx1, ky1, ky2, and k.   

[0235] 

[Math. 107] 

 15 

[0236] 

 By substituting expression (2-5-4) in expression (2-5-3), 

expression (2-5-6) below is obtained.   

[0237] 

[Math. 108] 20 

 

[0238] 

 However, s3 and s4 cannot be determined from only this 

algebraic equation.  Next, expression (2-5-4) is changed into 

expression (2-5-7) below.   25 

[0239] 
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[Math. 109] 

 

[0240] 

 By inverse Fourier transform of expression (2-5-7) with 

respect to kx1, ky1, and ky2 and application of the result to u→x2, 5 

expression (2-5-8) below is obtained.   

[0241] 

[Math. 110] 

 

[0242] 10 

 By applying x2 = x1 = x to expression (2-5-8), expression 

(2-5-9) below is obtained.   

[0243] 

[Math. 111] 

 15 

[0244] 

 Here, kx is expressed as given by expression (2-5-10) below.   

[0245] 

[Math. 112] 



 - 53 - 

 

[0246] 

 Expression (2-5-9) 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 5 

(2-5-11) below is the same as expression (2-1-16).   

[0247] 

[Math. 113] 

 

[0248] 10 

 By comparing expressions (2-5-9) and (2-5-11), expression 

(2-5-12) below is obtained.   

[0249] 

[Math. 114] 

 15 

[0250] 

 The second equation given by expression (2-5-12) is raised to 

second power to obtain expression (2-5-13) below.   

[0251] 

[Math. 115] 20 
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[0252] 

 By substituting expression (2-5-13) in expression (2-5-6), 

expression (2-5-14) below is obtained.   

[0253] 5 

[Math. 116] 

 

[0254] 

 Expression (2-5-14) is summarized to obtain expression 

(2-5-15) below.   10 

[0255] 

[Math. 117] 

 

[0256] 

 Since the solution to this equation is a multiple root, the 15 

solution expressed as given by expression (2-5-16) is uniquely 

obtained.   

[0257] 

[Math. 118] 

 20 

[0258] 



 - 55 - 

 In accordance with expressions (2-5-12) and (2-5-16) 

obtained through the above-described above, s3 and s4 are obtained 

analytically.  Then, the scattering field function is obtained from 

expression (2-5-8) as expressed by expression (2-5-17) below.   

[0259] 5 

[Math. 119] 

 

[0260] 

 Next, connecting measurement data Φ(x1, y1, and y2, k) with 

a(kx1, ky1, ky2, k) is examined.  By defining kx = kx1 + is3 and 10 

substituting z = 0 and x2 = x1 + d in expression (2-5-17), an equation 

as given by expression (2-5-18) holds true.  Here, Φ(x1, y1, and y2, 

k) represents measurement data on transmission point (x1, y1, 0), 

reception point (x1+d, y2, 0), and wave number k.   

[0261] 15 

[Math. 120] 
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[0262] 

 Hereinafter, kx and s3 defined by expression (2-5-19) below 

are used.   

[0263] 5 

[Math. 121] 

 

[0264] 

 Expression (2-5-20) below is obtained by Fourier transform of 

both sides of expression (2-5-18) with respect to x1, y1, and y2.   10 

[0265] 

[Math. 122] 
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[0266] 

 Function a(kx, ky1, ky2, k) is obtained from expression (2-5-20) 

as given by expression (2-5-21).   

[0267] 5 

[Math. 123] 

 

[0268] 

 Therefore, expression (2-5-17) that represents the scattering 

field function is obtained in a complete form as given by expression 10 

(2-5-22) below.   

[0269] 

[Math. 124] 
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[0270] 

 Then, the imaging function is obtained as given by expression 

(2-5-23) below.   

[0271] 5 

[Math. 125] 
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[0272] 

 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.  5 

Accordingly, it is possible to more efficiently acquire information.   

[0273] 

<2-6. Semi-Two-Dimensional Array and Curved Boundary>   

 The following description is given of the theory applied to the 

case where the boundary of a region, i.e., a boundary surface for 10 

measuring scattering data, is a curved plane.   

[0274] 

 FIG. 7 is a conceptual diagram showing a 
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semi-two-dimensional array antenna on a curved plane.  Here, the 

shape of the curved surface is expressed by z = f(x), which is a 

simple shape.  A plurality of transmitting antennas are arranged on 

a straight line where x = x1 and z = z1.  The plurality of receiving 

antennas are arranged in a plurality of rows defined by, for example, 5 

a straight line where x = x2 and z = z2, and a straight line where x = 

x3 and z = z3.  One row of the plurality of rows of receiving array 

antennas may be used.  Scanning may be performed by moving the 

semi-two-dimensional array antenna along a curved surface in the 

x-axis direction.   10 

[0275] 

 An inverse scattering theory applied to the 

semi-two-dimensional array is constructed based on the theory 

described in Section 4.  The scattering field function is a function as 

given by expression (2-6-1) below.   15 

[0276] 

[Math. 126] 

 

[0277] 

 An equation satisfied by the scattering field function given by 20 

expression (2-6-1) is expression (2-4-4) and expressed as given by 

expression (2-6-2) below.   

[0278] 

[Math. 127] 
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[0279] 

 Here, Fourier transform is used as given by expression (2-6-3) 

below.   

[0280] 5 

[Math. 128] 

 

[0281] 

 From expressions (2-6-2) and (2-6-3), expression (2-6-4) 

below is obtained.   10 

[0282] 

[Math. 129] 

 

[0283] 

 As a solution to the equation given by expression (2-6-4), 15 

expression (2-6-5) below is assumed.   

[0284] 

[Math. 130] 
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[0285] 

 By substituting expression (2-6-5) in expression (2-6-4), 

expression (2-6-6) below is obtained.   

[0286] 5 

[Math. 131] 

 

[0287] 

 Next,   

[Math. 132] 10 

 

is expressed as given by expression (2-6-7) below.   

[0288] 

[Math. 133] 

 15 

[0289] 

 In the case of x2→x1, expression (2-6-7) agrees with 

expression (2-2-18).  In the case of x2→x1, expression (2-6-7) is 

expressed as given by expression (2-6-8) below.   

[0290] 20 

[Math. 134] 
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[0291] 

 Moreover, the same expression as expression (2-2-18) is 

expressed as given by expression (2-6-9) below.   

[0292] 5 

[Math. 135] 

 

[0293] 

 Since expression (2-6-8) agrees with expression (2-6-9), 

expression (2-6-10) below is obtained.   10 

[0294] 

[Math. 136] 
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[0295] 

 Next, from expressions (2-6-6), (2-6-9), and (2-6-10), an 

algebraic equation with respect to s3 is obtained as given by 

expression (2-6-11) below.   5 

[0296] 

[Math. 137] 

 

[0297] 

 By expanding and simplifying the square term in expression 10 

(2-6-11), expression (2-6-12) below is obtained.   

[0298] 

[Math. 138] 
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[0299] 

 Moreover, expression (2-6-12) is summarized to obtain 

expression (2-6-13) below.   

[0300] 

[Math. 139] 5 

 

[0301] 

 There are two solutions to expression (2-6-13).  However, a 

solution to expression (2-6-13) is supposed to agree with the 

solution in the case of the plane boundary described in the previous 10 

chapter.  Thus, expression (2-6-14) below is supposed to be 

selected as the solution in accordance with expression (2-5-16).   

[0302] 

[Math. 140] 

 15 

[0303] 

 In summary, the scattering field function is obtained as given 

by expression (2-6-15) below.   

[0304] 

[Math. 141] 20 
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[0305] 

 Moreover, by converting the variable kx1 to kx in expression 

(2-6-15), expression (2-6-16) below is obtained.   

[0306] 5 

[Math. 142] 
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[0307] 

 Next, connecting measurement data Φ(x1, y1, and y2, k) with 

b(kx1, ky1, ky2, k) is examined.  The function obtained by Fourier 

transform of data Φ(xI, yI, xI+d, yJ, t) measured at points PI and PJ on 5 

the curved plane is expressed as given by expression (2-6-17) below.   

[0308] 

[Math. 143] 

 

[0309] 10 

 The shape of the boundary curved plane, serving as a 

measurement plane, is expressed as given by expression (2-6-18) 

below.   

[0310] 

[Math. 144] 15 

 

[0311] 

 Here, (x, y) represents the coordinates on the plane where z = 

0.  The z coordinates at points PI and PJ are expressed as given by 
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expression (2-6-19) below.   

[0312] 

[Math. 145] 

 

[0313] 5 

 By substituting x2 = x1+d in expression (2-6-15), an equation 

as given by expression (2-6-20) holds true.   

[0314] 

[Math. 146] 

 10 

[0315] 

 Expression (2-6-20) described above is expressed given by as 

expression (2-6-21) below using data Φ obtained by measurement 

conducted on the boundary.   

[0316] 15 

[Math. 147] 

 

[0317] 

 Here, Φ(xI, yI, yJ, zI, zJ, k) represents the measurement data 

on transmission point (xI, yI, zI), reception point (xI+d, yJ, zJ), and 20 



 - 69 - 

wave number k.  Expression (2-6-22) below is obtained by Fourier 

transform of both sides of expression (2-6-21).   

[0318] 

[Math. 148] 

 5 

[0319] 

 Then, expression (2-6-23) below is obtained as a result of 

integration of expression (2-6-22) with respect to x1, y1, and y2.   

[0320] 

[Math. 149] 10 

 

[0321] 

 The result of expression (2-6-23) is summarized to obtain 

expression (2-6-24) below.   
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[0322] 

[Math. 150] 

 

[0323] 

 From the sum of all sets of I and J with respect to expression 5 

(2-6-24), expression (2-6-25) below is obtained.   

[0324] 

[Math. 151] 

 

[0325] 10 

 From expressions (2-6-15) and (2-6-25), the scattering field 

function is obtained as given by expression (2-6-26) below.   

[0326] 

[Math. 152] 
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[0327] 

 The imaging function is obtained by applying x2 = x1 = x, y1 = 

y2 = y, and z1 = z2 = z to expression (2-6-26) and integrating the 

expression with respect to k.  Next, improving the equation of the 5 

imaging function is examined so that the result can be obtained from 

Fourier transform that enables high-speed computation.  Basic 

variables are kx, ky1, ky2, and kz, and the other variables are 

positively expressed using the basic variables.  The imaging 

function is obtained through the following procedure.   10 

[0328] 

 First, expression (2-6-27) below is obtained by applying x2 = 

x1 = x, y1 = y2 = y, and z1 = z2 = z to expression (2-6-26).   

[0329] 

[Math. 153] 15 
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[0330] 

 Imaging function ρ is obtained by integration with respect to k 

as given by expression (2-6-28) below.   

[0331] 5 

[Math. 154] 

 

[0332] 

 This computation uses expression (2-6-29) below.   

[0333] 10 

[Math. 155] 
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[0334] 

 In the case where a plurality of rows of receiving array 

antennas are used, the imaging function may be derived using a 

merging of a plurality of scattering field functions corresponding to 5 

the plurality of rows of receiving array antennas.  For example, the 

imaging function may be derived by merging a plurality of scattering 

field functions into a single scattering field function and performing a 

limit operation on the scattering field function.  Each of the 

scattering field functions may be the scattering field function 10 

expressed by expression (2-6-26), and the merging may be linear 

addition.   

[0335] 

<3. Directional Antennas>   
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 In this chapter, a scattering field theory using directional 

antennas will be described.   

[0336] 

<3-1. Array Antenna Arranged on a Plane>   

 In Chapter 2, as seen in expression (2-1-1), non-directional 5 

antennas are used for both transmission and reception.  However, 

directional antennas may be used for radar or the like for objects in 

the air.  For example, a single directional antenna includes a 

plurality of antenna elements, and the plurality of antenna elements 

operate at essentially the same phase.  In a phased array as well, 10 

the phases are essentially aligned.  This allows the directional 

antenna to be designed to increase the aperture and improve the 

directivity.   

[0337] 

 By introducing such a directional antenna into scattering field 15 

theory, it becomes possible to distinguish the condition of scattering 

in the far field with high accuracy.  Hereinafter, introducing 

directional antennas into scattering field theory is examined based 

on the example in Chapter 2, Section 5.   

[0338] 20 

 FIG. 8 is a conceptual diagram showing a 

semi-two-dimensional array antenna including a plurality of 

directional antennas arranged on a plane.  In this example, the 

semi-two-dimensional array antenna is configured by two linear 

array antennas including single-row transmitting array antenna TA 25 

and single-row receiving array antenna RA.  The x coordinate of 

transmitting array antenna TA is expressed as x1, 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.   30 

[0339] 

 Transmitting array antenna TA includes n transmitting 

antennas T1, ..., Tn.  Receiving array antenna RA includes n 

receiving antennas R1, ..., Rn.  Each of the n transmitting antennas 

T1, ..., Tn may include a plurality of transmitting antenna elements.  35 
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Each of the n receiving antennas R1, ..., Rn may include a plurality of 

receiving antenna elements.  Each of the n transmitting antennas 

T1, ..., Tn may also be referred to as transmitters.  Each of n 

receiving antennas R1, ..., Rn may also be referred to as receivers.   

[0340] 5 

 In Section 5 of Chapter 2, the scattering field function is 

expressed as given by expression (3-1-1) below according to 

expression (2-5-17).   

[0341] 

[Math. 156] 10 

 

[0342] 

 Here, kernel function b(kx1, ky1, ky2, k) is assumed to be 

determined from the measurement results.  If the above expression 

is used as is, a scattering field function and an imaging function 15 

similar to those in Section 5 of Chapter 2, where a non-directional 

antenna is assumed, are obtained.  However, the measurement 

results in the case where a directional antenna is used differ from the 

measurement results in the case where a non-directional antenna is 

used.  In the scattering field function and the imaging function 20 

similar to those in Section 5 of Chapter 2, where a non-directional 

antenna is assumed, accurate information cannot be obtained from 

the measurement results with a directional antenna.   

[0343] 

 The size of the directional antenna is sufficiently large 25 
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compared to the wavelength of the electromagnetic waves normally 

used.  Therefore, a directional antenna is not regarded as an 

infinitesimal point, but has a finite size.  For simplification, a 

rectangle of (2a × 2b) is used as the shape of the antenna.  Here, 

the size and shape of the antenna correspond to the size and shape 5 

of the transmission area or reception area of the antenna.  Here, 

scattering data measured with an antenna having a finite size is 

examined.  Note that in the scattering field theory of Chapter 2, it is 

assumed that the antenna is an omnidirectional point antenna.   

[0344] 10 

 FIG. 9 is a conceptual diagram showing a transmitting antenna 

and a receiving antenna that have a finite size.  As illustrated in FIG. 

9, the transmitting antenna and the receiving antenna have a finite 

size and a rectangular shape.  The transmitting antenna transmits 

radio waves in the z-axis direction, and the receiving antenna 15 

receives radio waves from the z-axis direction.  In FIG. 9, (ξ, η) 

corresponds to the displacement vector of the transmission position 

(x1, y1).  Similarly, (u, v) corresponds to the displacement vector of 

the reception position (x2, y2).   

[0345] 20 

 In expression (3-1-1), variables related to the transmission 

position and reception position are replaced as given by expression 

(3-1-2) below.   

[0346] 

[Math. 157] 25 

 

[0347] 

 The scattering field function is replaced as in expression 

(3-1-3) below from expression (3-1-1) in accordance with the 

replacement of variables.   30 

[0348] 

[Math. 158] 
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[0349] 

 Expression (3-1-4) is obtained by integrating both sides of 

expression (3-1-3) over the interior of the transmitting and receiving 

antennas.   5 

[0350] 

[Math. 159] 

 

[0351] 

 Integration range T is −a ≤ ξ ≤ a and −b ≤ η ≤ b, and the 10 

integration range R is −a ≤ u ≤ a and −b ≤ v ≤ b.  The integration 

result is obtained as given by expression (3-1-5) below.   

[0352] 

[Math. 160] 
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[0353] 

 Here, the integrand includes function f representing antenna 

directivity as given by expression (3-1-6) below.   

[0354] 5 

[Math. 161] 

 

[0355] 

 The above function f is affected by constants a and b indicating 

antenna size.  For example, the larger constants a and b indicating 10 

antenna size, the more likely the integration result of function f with 

respect to kx1, ky1, kx1, and ky1 is to converge to 0 even if the 

integration ranges of kx1, ky1, kx1, and ky1 are small.  Stated 

differently, the larger constants a and b indicating antenna size, the 

higher the directivity.   15 

[0356] 

 Next, determining kernel function b(kx1, ky1, ky2, k) is 

examined.  This kernel function is a function related to a 
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non-directional antenna and cannot be strictly determined from 

results measured with a directional antenna having a finite size.  

Here, results measured with a directional antenna having a finite size 

are used as an approximate value of results obtained with a 

non-directional antenna.  More specifically, results measured with a 5 

directional antenna having a finite size are used as an approximate 

value of results obtained when ξ, η, u, and v are 0.   

[0357] 

 In this case, it is assumed that the array antenna has the 

transmission position fixed at x1 = 0 and the reception position fixed 10 

at x2 = x1 + d.  Measurement data Φ(y1, y2, k) is obtained at x1 = 0 

and z = 0, and satisfies the equation given by expression (3-1-7) 

below.   

[0358] 

[Math. 162] 15 

 

[0359] 

 By converting variable kx1 to kx, expression (3-1-8) below is 

obtained.   

[0360] 20 

[Math. 163] 

 

[0361] 

 By inverse Fourier transforming both sides of expression 

(3-1-8), expression (3-1-9) below is obtained.   25 

[0362] 

[Math. 164] 
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[0363] 

 By removing the symbol (’) from expression (3-1-9), 

expression (3-1-10) below is obtained.   

[0364] 5 

[Math. 165] 

 

[0365] 

 The scattering field function considering directivity is derived 

as given by expression (3-1-11) below.   10 

[0366] 

[Math. 166] 
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[0367] 

 By applying x2→x1 = x and y2→y1 = y to expression (3-1-11) 

and integrating with respect to k, the imaging function is obtained as 

given by expression (3-1-12) below.   5 

[0368] 

[Math. 167] 
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[0369] 

 When a directional antenna is used, it becomes possible to 

transmit a wave to a distant object and to receive a scattered wave 

from the distant object.  It becomes possible to image a distant 5 

object with high accuracy in accordance with the scattering field 

function and imaging function as described above.   

[0370] 

 For example, a plurality of directional antennas may be fixedly 

arranged on the ground in a semi-two-dimensional array.  A flying 10 

object above the plurality of directional antennas may be imaged.  

For example, in this case, a wide-range spatial cross section along a 

direction directly above the plurality of directional antennas may be 

imaged with high accuracy.  Accordingly, a distant flying object 

passing through such a spatial cross section may be imaged.   15 

[0371] 

<3-2. Array Antenna Arranged on a Slope>   

 Next, it is assumed that the array antenna is arranged on a 

slope, and each antenna included in the array antenna faces the 

z-axis direction.  In this regard, an example using a non-directional 20 

antenna is shown in Section 6 of Chapter 2.   
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[0372] 

 FIG. 10 is a conceptual diagram showing a 

semi-two-dimensional array antenna including a plurality of 

directional antennas arranged on a slope.  In this example, the 

semi-two-dimensional array antenna is configured by two linear 5 

array antennas including single-row transmitting array antenna TA 

and single-row receiving array antenna RA.   

[0373] 

 The x coordinate of transmitting array antenna TA is expressed 

as x1, the x coordinate of receiving array antenna RA is expressed as 10 

x2, and the distance in the x-axis direction between transmitting 

array antenna TA and receiving array antenna RA is expressed as d.  

The z coordinate of transmitting array antenna TA is expressed as z1, 

and the z coordinate of receiving array antenna RA is expressed as z2.  

In the example of FIG. 10, each coordinate is defined as x1 = 0, x2 = 15 

d, z1 = h1, and z2 = h2.   

[0374] 

 Transmitting array antenna TA includes n transmitting 

antennas T1, ..., Tn.  Receiving array antenna RA includes n 

receiving antennas R1, ..., Rn.  Each of the n transmitting antennas 20 

T1, ..., Tn may include a plurality of transmitting antenna elements.  

Each of the n receiving antennas R1, ..., Rn may include a plurality of 

receiving antenna elements.  Each of the n transmitting antennas 

T1, ..., Tn may also be referred to as transmitters.  Each of n 

receiving antennas R1, ..., Rn may also be referred to as receivers.   25 

[0375] 

 In Section 6 of Chapter 2, the scattering field function is 

expressed as given by expression (3-2-1) below according to 

expression (2-6-15).   

[0376] 30 

[Math. 168] 
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[0377] 

 Here, kernel function b(kx1, ky1, ky2, k) is assumed to be 

determined from the measurement results.  If the above expression 

is used as is, a scattering field function and an imaging function 5 

similar to those in Section 6 of Chapter 2, where a non-directional 

antenna is assumed, are obtained.  However, the measurement 

results in the case where a directional antenna is used differ from the 

measurement results in the case where a non-directional antenna is 

used.  In the scattering field function and the imaging function 10 

similar to those in Section 6 of Chapter 2, where a non-directional 

antenna is assumed, accurate information cannot be obtained from 

the measurement results with a directional antenna.   

[0378] 

 The size of the directional antenna is sufficiently large 15 

compared to the wavelength of the electromagnetic waves normally 

used.  Therefore, a directional antenna is not regarded as an 

infinitesimal point, but has a finite size.  For simplification, a 

rectangle of (2a × 2b) is used as the shape of the antenna.  Here, 

the size and shape of the antenna correspond to the size and shape 20 

of the transmission area or reception area of the antenna.  Here, 
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scattering data measured with an antenna having a finite size is 

examined.  Note that in the scattering field theory of Chapter 2, it is 

assumed that the antenna is an omnidirectional point antenna.   

[0379] 

 Like the example explained with reference to FIG. 9 in the 5 

previous section, the transmitting antenna and the receiving antenna 

have a finite size and a rectangular shape.  The transmitting 

antenna transmits radio waves in the z-axis direction, and the 

receiving antenna receives radio waves from the z-axis direction.   

[0380] 10 

 In expression (3-2-1), variables related to the transmission 

position and reception position are replaced as given by expression 

(3-2-2) below.   

[0381] 

[Math. 169] 15 

 

[0382] 

 The scattering field function is replaced as in expression 

(3-2-3) below from expression (3-2-1) in accordance with the 

replacement of variables.   20 

[0383] 

[Math. 170] 

 

[0384] 

 Expression (3-2-4) is obtained by integrating both sides of 25 

expression (3-2-3) over the interior of the transmitting and receiving 

antennas.   
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[0385] 

[Math. 171] 

 

[0386] 

 Integration range T is −a ≤ ξ ≤ a and −b ≤ η ≤ b, and the 5 

integration range R is −a ≤ u ≤ a and −b ≤ v ≤ b.  The integration 

result is obtained as given by expression (3-2-5) below.   

[0387] 

[Math. 172] 

 10 

[0388] 

 Here, the integrand includes function f representing antenna 

directivity as given by expression (3-2-6) below.   

[0389] 

[Math. 173] 15 

 

[0390] 

 Next, determining kernel function b(kx1, ky1, ky2, k) is 

examined.  This kernel function is a function related to a 



 - 87 - 

non-directional antenna and cannot be strictly determined from 

results measured with a directional antenna having a finite size.  

Here, results measured with a directional antenna having a finite size 

are used as an approximate value of results obtained with a 

non-directional antenna.  More specifically, results measured with a 5 

directional antenna having a finite size are used as an approximate 

value of results obtained when ξ, η, u, and v are 0.   

[0391] 

 In this case, it is assumed that the array antenna has the 

transmission position fixed at x1 = 0 and the reception position fixed 10 

at x2 = x1 + d.  Measurement data Φ(y1, y2, k) is obtained at x1 = 0, 

and satisfies the equation given by expression (3-2-7) below.   

[0392] 

[Math. 174] 

 15 

[0393] 

 By converting variable kx1 to kx, expression (3-2-8) below is 

obtained.   

[0394] 

[Math. 175] 20 

 

[0395] 

 By inverse Fourier transforming both sides of expression 

(3-2-8), expression (3-2-9) below is obtained.   
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[0396] 

[Math. 176] 

 

[0397] 

 By removing the symbol (’) from expression (3-2-9), 5 

expression (3-2-10) below is obtained.   

[0398] 

[Math. 177] 

 

[0399] 10 

 The scattering field function considering directivity is derived 

as given by expression (3-2-11) below.   

[0400] 

[Math. 178] 
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[0401] 

 By applying x2→x1 = x, y2→y1 = y, and z1→z2 = z to expression 

(3-2-11) and integrating with respect to k, the imaging function is 

obtained as given by expression (3-2-12) below.   5 

[0402] 

[Math. 179] 
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[0403] 

 This makes it possible to image an object with high accuracy 

using a plurality of directional antennas arranged on a curved surface, 

even in cases where it is difficult to arrange a plurality of directional 

antennas on a plane.   5 

[0404] 

<3-3. Rotating Directional Antenna>   

 This section further describes the scattering field theory for a 

case where the directional antenna shown in the previous section 

rotates mechanically or electrically, and the direction of directivity 10 

for transmission and reception is changed.   

[0405] 

 For example, a directional antenna mechanically rotating 

corresponds to the directional antenna physically rotating as a solid 

object.  For example, a directional antenna electrically rotating 15 

corresponds to changing the direction of directivity as if the 

directional antenna is rotating by controlling the transmission or 

reception timing so that the directional antenna operates as a phased 

array antenna.   

[0406] 20 

 FIG. 11 is a conceptual diagram showing the rotation of the 

antenna.  More specifically, FIG. 11 shows the mechanical or 

electrical rotation of the antenna about the x-axis.  By the antenna 

mechanically or electrically rotating, the transmission position and 

the reception position change.   25 

[0407] 

 FIG. 12 is a conceptual diagram showing the matrix 

representation of mechanical or electrical rotation about the x-axis.  

When the antenna mechanically or electrically rotates by angle α 

about the x-axis, a point (ξ, η, 0) on the antenna surface is 30 

transformed as given by expression (3-3-1) below.   

[0408] 

[Math. 180] 
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[0409] 

 Accordingly, in this case, the integrand term of the scattering 

field function changes as given by expression (3-3-2) below.   

[0410] 5 

[Math. 181] 

 

[0411] 

 From expression (3-3-2), the function representing directivity 

is obtained as given by expression (3-3-3) below.   10 

[0412] 

[Math. 182] 

 

[0413] 

 FIG. 13 is a conceptual diagram showing the matrix 15 

representation of mechanical or electrical rotation about the y-axis.  

When the antenna mechanically or electrically rotates by angle β 

about the y-axis, a point (ξ, η, 0) on the antenna surface is 

transformed as given by expression (3-3-4) below.   
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[0414] 

[Math. 183] 

 

[0415] 

 Accordingly, in this case, the integrand term of the scattering 5 

field function changes as given by expression (3-3-5) below.   

[0416] 

[Math. 184] 

 

[0417] 10 

 From expression (3-3-5), the function representing directivity 

is obtained as given by expression (3-3-6) below.   

[0418] 

[Math. 185] 

 15 

[0419] 

 The composition of mechanical or electrical rotation by angle α 

about the x-axis and mechanical or electrical rotation by angle β 

about the y-axis is expressed as given by expression (3-3-7) below.   

[0420] 20 

[Math. 186] 
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[0421] 

 By this composition, a point (ξ, η, 0) in the antenna plane is 

transformed as given by expression (3-3-8) below.   

[0422] 5 

[Math. 187] 

 

[0423] 

 Accordingly, the integrand term of the scattering field function 

changes as given by expression (3-3-9) below.   10 

[0424] 

[Math. 188] 

 

[0425] 
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 From expression (3-3-9), the function representing directivity 

is obtained as given by expression (3-3-10) below.   

[0426] 

[Math. 189] 

 5 

[0427] 

 In the array antenna arrangement of the previous section, 

regardless of whether the mechanical or electrical rotation of the 

antenna is as described above, the scattering field function is 

expressed as given by expression (3-3-11) below.   10 

[0428] 

[Math. 190] 

 

[0429] 

 The imaging function is expressed as given by expression 15 

(3-3-12) below.   

[0430] 

[Math. 191] 
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[0431] 

 When the directional antenna is mechanically or electrically 

rotated, it becomes possible to transmit a wave to a distant object 

and to receive a scattered wave from the distant object in an 5 

adaptively determined direction.  Accordingly, it becomes possible 

to image a distant object with high accuracy in an adaptively 

determined direction.   

[0432] 

<3-4. Mechanical or Electrical Rotational Scanning>   10 

 FIG. 14 is a conceptual diagram showing the mechanical or 

electrical rotational scanning.  For example, a directional array 

antenna scans space by mechanically or electrically rotating each 

antenna.   

[0433] 15 

 When a rotation angle of the antenna is (α, β), the scattering 

data is expressed as Φ(y1, y2, k, α, β).  The Fourier transform with 

respect to y1 and y2 is expressed as follows.   

[Math. 192] 

 20 

 The directivity functions at that antenna angle are expressed 

as f1(kx1, ky1, kz1, α, β) and f2(kx2, ky2, kz2, α, β).  When these 

symbols are used, the scattering field function is expressed as given 

by expression (3-4-1) below.   

[0434] 25 

[Math. 193] 
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[0435] 

 The imaging function is expressed as given by expression 

(3-4-2) below.   

[0436] 5 

[Math. 194] 

 

[0437] 

 By mechanical or electrical rotational scanning, it becomes 

possible to transmit a wave to a distant object in various directions 10 

and to receive a scattered wave from the distant object.  Accordingly, 

it becomes possible to image a distant object with high accuracy in 

various directions.   

[0438] 

<3-5. Variation>   15 

 In this chapter, the plurality of transmitting antennas and the 

plurality of receiving antennas have the same size.  However, the 

plurality of transmitting antennas and the plurality of receiving 

antennas may have different sizes from each other.   
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[0439] 

 In this chapter, the plurality of transmitting antennas and the 

plurality of receiving antennas have a rectangular shape.  However, 

the plurality of transmitting antennas and the plurality of receiving 

antennas may have shapes different from a rectangular shape.  The 5 

plurality of transmitting antennas and the plurality of receiving 

antennas may have different shapes from each other.   

[0440] 

 In this chapter, the positions of the plurality of transmitting 

antennas and the plurality of receiving antennas are fixed, but they 10 

may be moved.  Accordingly, data corresponding to various 

positions can be obtained.   

[0441] 

 In this chapter, the plurality of transmitting antennas and the 

plurality of receiving antennas are arranged in a 15 

semi-two-dimensional array.  However, the plurality of transmitting 

antennas and the plurality of receiving antennas may be arranged in 

an array different from a semi-two-dimensional array.   

[0442] 

 In this chapter, the plurality of transmitting antennas are 20 

arranged in a single row, and the plurality of receiving antennas are 

arranged in a single row.  However, the plurality of transmitting 

antennas may be arranged in a plurality of rows, and the plurality of 

receiving antennas may be arranged in a plurality of rows.  For 

example, a plurality of receiving antenna rows may be arranged for a 25 

single transmitting antenna row, or a plurality of transmitting 

antenna rows may be arranged for a single receiving antenna row.   

[0443] 

 In this case, the imaging function may be derived by merging 

of a plurality of scattering field functions that correspond 30 

respectively to a plurality of combinations of transmitting array 

antennas and receiving array antennas.  For example, the imaging 

function may be derived by merging a plurality of scattering field 

functions into a single scattering field function and performing a limit 

operation on the scattering field function.  Each of the scattering 35 
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field functions may be any of the scattering field functions given in 

this chapter, and the merging may be linear addition.   

[0444] 

 Alternatively, the plurality of transmitting antenna arrays and 

the plurality of receiving antenna arrays may be arranged alternately.  5 

With respect to the direction perpendicular to the rows (i.e., the 

x-axis direction), data corresponding to various positions may be 

obtained without moving the antennas.   

[0445] 

 In this chapter, the number of transmitting antennas included 10 

in a single transmitting antenna row is the same as the number of 

receiving antennas included in a single receiving antenna row.  

However, the number of transmitting antennas included in a single 

transmitting antenna row may be different from the number of 

receiving antennas included in a single receiving antenna row.   15 

[0446] 

 In Sections 3 and 4 of this chapter, the plurality of transmitting 

antennas and the plurality of receiving antennas mechanically or 

electrically rotate at the same rotation angle.  However, the plurality 

of transmitting antennas and the plurality of receiving antennas may 20 

mechanically or electrically rotate at different rotation angles from 

each other.   

[0447] 

 Even in the above variation, the scattering field function and 

the imaging function can be derived based on a theory of the same 25 

kind as the theory described above.   

[0448] 

<4. Configuration and Operations of Imaging Device>   

 Based on the contents described above, the configuration and 

operations of an imaging device for imaging an object in a 30 

measurement area using measurement data of scattered waves will 

be described hereinafter.   

[0449] 

 The waves used for measuring scattered waves as used herein 

may, for example, be radio waves or may be other waves such as 35 
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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 

those of the surrounding media.  Specifically, the physical 5 

characteristic is a physical characteristic that corresponds to the 

reflectance of the waves.  In the case where radio waves are used as 

the waves, the physical characteristic may be the dielectric constant.   

[0450] 

 FIG. 15 is a basic schematic diagram of the imaging device 10 

according to the present embodiment.  Imaging device 100 shown in 

FIG. 15 includes a plurality of transmitters 101, a plurality of 

receivers 102, and information processing circuit 103.  Imaging 

device 100 may further include display 104.   

[0451] 15 

 Each transmitter 101 is a circuit that transmits waves.  More 

specifically, each transmitter 101 has a transmission area and 

transmits waves from the transmission area 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 20 

transmitting antenna elements.   

[0452] 

 Each receiver 102 is a circuit that receives scattered waves.  

More specifically, each receiver 102 has a reception area and 

receives scattered waves from the measurement area in the 25 

reception 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.   

[0453] 

 Each of the transmission area and the reception area has a 30 

finite size.  The finite size may be the same for the plurality of 

transmitters 101 and the plurality of receivers 102.  Each of the 

transmission area and the reception area may have a rectangular 

shape.  The plurality of transmitters 101 and the plurality of 

receivers 102 may be arranged in a semi-two-dimensional array.   35 
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[0454] 

 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 5 

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.   

[0455] 10 

 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 15 

object in the measurement area in accordance with measurement 

data.   

[0456] 

 Information processing circuit 103 may be capable of 

communicating with the plurality of transmitters 101 and the 20 

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.   25 

[0457] 

 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 30 

103 may output the image indicating the object to a printer (not 

illustrated in the drawings).  As another alternative, information 

processing circuit 103 may transmit the image as electronic data to a 

different device (not illustrated in the drawings) via wired or wireless 

communication.   35 
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[0458] 

 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.   5 

[0459] 

 FIG. 16 is a flowchart showing basic operations of imaging 

device 100 shown in FIG. 15.  More specifically, the operations 

shown in FIG. 16 are performed by the elements of imaging device 

100 shown in FIG. 15 such as the plurality of transmitters 101, the 10 

plurality of receivers 102, and information processing circuit 103.   

[0460] 

 First, each transmitter 101 transmits waves from the 

transmission area to the measurement area (S101).  Each receiver 

102 receives scattered waves from the measurement area in the 15 

reception area (S102).   

[0461] 

 Next, information processing circuit 103 derives the scattering 

field function using the measurement data (S103).  Here, the 

scattering field function is a function that receives the transmission 20 

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, and is a function that reflects the respective finite 

sizes of the transmission area and the reception area.   

[0462] 25 

 Information processing circuit 103 derives the imaging 

function using the scattering field function (S104).  The 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 based on an amount output from the 30 

scattering field function in response to inputting the imaging target 

position into the scattering field function as the transmission and 

reception positions.   

[0463] 

 Finally, information processing circuit 103 images the object in 35 
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the measurement area using the imaging function (S105).   

[0464] 

 This allows imaging device 100 to derive the condition of 

scattering in the measurement area using the measurement data.  

Accordingly, imaging device 100 is capable of imaging the object in 5 

the measurement area with high accuracy.  Imaging device 100 is 

capable of transmitting a wave to a distant object and receiving a 

scattered wave from the distant object in accordance with the 

directivity of the transmission area and reception area having finite 

sizes.  Accordingly, imaging device 100 is capable of imaging a 10 

distant object in a wide measurement area with high accuracy.   

[0465] 

 For example, the above finite size may be the same for the 

plurality of transmitters 101 and the plurality of receivers 102.  This 

allows imaging device 100 to apply the same computational 15 

processing in the plurality of transmitters 101 and the plurality of 

receivers 102.  Accordingly, imaging device 100 is capable of 

avoiding complication of computational processing.   

[0466] 

 For example, each of the transmission area and the reception 20 

area may be a rectangular area.  This allows imaging device 100 to 

perform computational processing corresponding to simple shapes.  

Accordingly, imaging device 100 is capable of avoiding complication 

of computational processing.   

[0467] 25 

 For example, the plurality of transmitters 101 may be 

arranged along a straight line.  The plurality of receivers 102 may 

also be arranged along a different straight line that is parallel to the 

straight line along which the plurality of transmitters 101 are 

arranged.  The distance between the straight line along which 30 

transmitters 101 are aligned and the straight line along which 

receivers 102 are arranged may be reflected in the scattering field 

function.   

[0468] 

 In this way, imaging device 100 is capable of obtaining enough 35 
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measurement data in accordance with a variety of combinations of 

the plurality of transmitters 101 arranged in a semi-two-dimensional 

manner and the plurality of receivers 102.  Since there is spacing 

between the plurality of transmitters 101 and the plurality of 

receivers 102, imaging device 100 is capable of efficiently 5 

transmitting waves to the measurement area and efficiently 

receiving scattered waves from the measurement area.   

[0469] 

 By using the scattering field function derived in accordance 

with the measurement data on scattered waves and the distance 10 

between the plurality of transmitters 101 and the plurality of 

receivers 102, imaging device 100 is capable of imaging the object 

with high accuracy.   

[0470] 

 For example, the scattering field function may be expressed as 15 

shown below.   

[Math. 195] 

 

[0471] 

 Here, x1 and y1 represent the x-coordinate and y-coordinate of 20 

the transmission position.  x2 and y2 represent the x-coordinate and 

y-coordinate of the reception position.  Here, z represents the 

z-coordinate of the transmission position and the reception position.  

Moreover, k represents the wave number of the wave.  Moreover, kx, 

ky1, and ky2 represent integration variables.  Moreover, d represents 25 

the above-mentioned distance.   

[0472] 

 Also,   
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[Math. 196] 

 

 represents the measurement data Fourier transformed with 

respect to y1 and y2.   

[0473] 5 

 Moreover, kx1, kx2, and kz are defined by the following.   

[Math. 197] 

 

 

[0474] 10 

 Moreover, a represents 1/2 of the above-mentioned finite size 

in the x-axis direction.  Moreover, b represents 1/2 of the 

above-mentioned finite size in the y-axis direction.   

[0475] 

 This allows imaging device 100 to image the object with high 15 

accuracy by using the scattering field function when the transmission 

position and the reception position have the same z coordinate.   

[0476] 

 For example, the imaging function may be expressed as shown 

below.   20 

[Math. 198] 
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[0477] 

 Here, x, y, and z input to the imaging function represent the 

x-coordinate, y-coordinate, and z-coordinate of the imaging target 

position.   5 

[0478] 

 This allows imaging device 100 to image the object with high 

accuracy by using the imaging function when the transmission 

position and the reception position have the same z coordinate.   

[0479] 10 

 For example, the scattering field function may be expressed as 

shown below.   

[Math. 199] 

 

 15 

[0480] 

 Here, x1, y1, and z1 represent the x-coordinate, y-coordinate, 

and z-coordinate of the transmission position.  Moreover, x2, y2, and 

z2 represent the x-coordinate, y-coordinate, and z-coordinate of the 

reception position.  Moreover, k represents the wave number of the 20 

wave.  Moreover, kx, ky1, and ky2 represent integration variables.  
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Moreover, d represents the above-mentioned distance in the x-axis 

direction.  Moreover, h1 represents the z-coordinate of the 

transmission position corresponding to the measurement data.  

Moreover, h2 represents the z-coordinate of the reception position 

corresponding to the measurement data.   5 

[0481] 

 Also,   

[Math. 200] 

 

represents the measurement data Fourier transformed with respect 10 

to y1 and y2.   

[0482] 

 Moreover, kx1, kx2, kz1, and kz2 are defined by the following.   

[Math. 201] 

 15 

 

[0483] 

 Moreover, a represents 1/2 of the above-mentioned finite size 

in the x-axis direction.  Moreover, b represents 1/2 of the 

above-mentioned finite size in the y-axis direction.   20 

[0484] 
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 This allows imaging device 100 to image the object with high 

accuracy by using the scattering field function when the transmission 

position and the reception position may have different z coordinates.   

[0485] 

 For example, the imaging function may be expressed as shown 5 

below.   

[Math. 202] 

 

 

[0486] 10 

 Here, x, y, and z input to the imaging function represent the 

x-coordinate, y-coordinate, and z-coordinate of the imaging target 

position.   

[0487] 

 This allows imaging device 100 to image the object with high 15 

accuracy by using the imaging function when the transmission 

position and the reception position may have different z coordinates.   

[0488] 

 For example, each transmitter 101 may change the normal 

direction of the surface of the transmission area by mechanically or 20 

electrically rotating the transmission area.  Moreover, each receiver 

102 may change the normal direction of the surface of the reception 

area by mechanically or electrically rotating the reception area.  

Information processing circuit 103 may image the object in the 

measurement area using the measurement data after the rotation of 25 

the transmission area and the reception area.   

[0489] 

 In this way, imaging device 100 is capable of changing the 
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normal direction of the surface of each of the transmission area and 

the reception area.  Accordingly, imaging device 100 is capable of 

changing the direction of directivity of each of the transmission area 

and the reception area.  Accordingly, imaging device 100 is capable 

of changing the direction of directivity and imaging a distant object in 5 

that direction.   

[0490] 

 For example, the scattering field function may be expressed as 

shown below.   

[Math. 203] 10 

 

 

[0491] 

 Here, x1, y1, and z1 represent the x-coordinate, y-coordinate, 

and z-coordinate of the transmission position.  Moreover, x2, y2, and 15 

z2 represent the x-coordinate, y-coordinate, and z-coordinate of the 

reception position.  Moreover, k represents the wave number of the 

wave.  Moreover, kx, ky1, and ky2 represent integration variables.  

Moreover, d represents the above-mentioned distance in the x-axis 

direction.  Moreover, h1 represents the z-coordinate of the 20 

transmission position corresponding to the measurement data.  

Moreover, h2 represents the z-coordinate of the reception position 

corresponding to the measurement data.   

[0492] 

 Also,   25 

[Math. 204] 

 

represents the measurement data Fourier transformed with respect 
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to y1 and y2.   

[0493] 

 Moreover, kx1, kx2, kz1, and kz2 are defined by the following.   

[Math. 205] 

 5 

 

[0494] 

 Moreover, f1 and f2 are defined by the following.   

[Math. 206] 

 10 

 

[0495] 

 Moreover, a represents 1/2 of the above-mentioned finite size 

in the x-axis direction.  Moreover, b represents 1/2 of the 

above-mentioned finite size in the y-axis direction.  Moreover, α 15 
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represents the rotation angle for mechanical or electrical rotation of 

the transmission area and the reception area about the x-axis.  

Moreover, β represents the rotation angle for mechanical or electrical 

rotation of the transmission area and the reception area about the 

y-axis.   5 

[0496] 

 This allows imaging device 100 to image the object with high 

accuracy by using the scattering field function when it is capable of 

changing the direction of directivity.   

[0497] 10 

 For example, the imaging function may be expressed as shown 

below.   

[Math. 207] 

 

 15 

[0498] 

 Here, x, y, and z input to the imaging function represent the 

x-coordinate, y-coordinate, and z-coordinate of the imaging target 

position.   

[0499] 20 

 This allows imaging device 100 to image the object with high 

accuracy by using the imaging function when it is capable of changing 

the direction of directivity.   

[0500] 

 For example, each transmitter 101 may change the normal 25 

direction of the surface of the transmission area to a plurality of 

directions by mechanically or electrically rotating the transmission 

area at a plurality of rotation angles.  Moreover, each receiver 102 

may change the normal direction of the surface of the reception area 



 - 111 - 

to a plurality of directions by mechanically or electrically rotating the 

reception area at a plurality of rotation angles.  Information 

processing circuit 103 may image the object in the measurement 

area using the measurement data for a plurality of rotation angles for 

mechanical or electrical rotation.   5 

[0501] 

 In this way, imaging device 100 is capable of changing the 

normal direction of the surface of each of the transmission area and 

the reception area to a plurality of directions.  Accordingly, imaging 

device 100 is capable of changing the direction of directivity of each 10 

of the transmission area and the reception area to a plurality of 

directions.  Accordingly, imaging device 100 is capable of changing 

the direction of directivity to a plurality of directions and imaging a 

distant object in a plurality of directions.   

[0502] 15 

 For example, the scattering field function may be expressed as 

shown below.   

[Math. 208] 

 

 20 

[0503] 

 Here, x1, y1, and z1 represent the x-coordinate, y-coordinate, 

and z-coordinate of the transmission position.  Moreover, x2, y2, and 

z2 represent the x-coordinate, y-coordinate, and z-coordinate of the 

reception position.  Moreover, k represents the wave number of the 25 

wave.  Moreover, kx, ky1, and ky2 represent integration variables.  

Moreover, d represents the above-mentioned distance in the x-axis 

direction.  Moreover, h1 represents the z-coordinate of the 
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transmission position corresponding to the measurement data.  

Moreover, h2 represents the z-coordinate of the reception position 

corresponding to the measurement data.   

[0504] 

 Also,   5 

[Math. 209] 

 

represents the measurement data Fourier transformed with respect 

to y1 and y2.   

[0505] 10 

 Moreover, kx1, kx2, kz1, and kz2 are defined by the following.   

[Math. 210] 

 

 

[0506] 15 

 Moreover, f1 and f2 are defined by the following.   

[Math. 211] 
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[0507] 

 Moreover, a represents 1/2 of the above-mentioned finite size 

in the x-axis direction.  Moreover, b represents 1/2 of the 5 

above-mentioned finite size in the y-axis direction.  Moreover, α 

represents the rotation angle for mechanical or electrical rotation of 

the transmission area and the reception area about the x-axis.  

Moreover, β represents the rotation angle for mechanical or electrical 

rotation of the transmission area and the reception area about the 10 

y-axis.   

[0508] 

 This allows imaging device 100 to image the object with high 

accuracy by using the scattering field function when it is capable of 

changing the direction of directivity to a plurality of directions.   15 

[0509] 

 For example, the imaging function may be expressed as shown 

below.   

[Math. 212] 

 20 
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[0510] 

 Here, x, y, and z input to the imaging function represent the 

x-coordinate, y-coordinate, and z-coordinate of the imaging target 

position.   

[0511] 5 

 This allows imaging device 100 to image the object with high 

accuracy by using the imaging function when it is capable of changing 

the direction of directivity to a plurality of directions.   

[0512] 

 For example, the wave may be a microwave.  This allows 10 

imaging device 100 to inhibit attenuation of the wave by moisture in 

the measurement area.   

[0513] 

 For example, other elements, expressions, variables, and so 

on described in the present embodiment are applicable as 15 

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 20 

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 25 

above.   

[0514] 

(Additional Comments)   

 While some aspects of the imaging device have been described 

thus far with reference to the embodiment, the modes of the imaging 30 

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 35 
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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.   

[0515] 

 The imaging method including steps executed by each element 5 

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 10 

executed by the computer to execute the imaging method.   

[0516] 

 The above-described program may be recorded on a 

non-transitory computer-readable recording medium.   

[0517] 15 

 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 them.  The general-purpose hardware may be 

configured by, for example, memory that records the program and a 20 

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.   

[0518] 25 

 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.   

[0519] 30 

 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.   35 
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[0520] 

 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.   5 

[Industrial Applicability] 

[0521] 

 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 10 

exploration system or the like that explores a distant object in a wide 

measurement area.   

[Reference Signs List] 

[0522] 

 100 imaging device   15 

 101 transmitter   

 102 receiver   

 103 information processing circuit   

 104 display   

  20 
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[CLAIMS] 

[Claim 1] 

 An imaging device comprising:   

 a plurality of transmitters each of which includes a 

transmission area and transmits a wave from the transmission area 5 

to a measurement area;   

 a plurality of receivers each of which includes a reception area 

and receives, in the reception area, a scattered wave of the wave 

from the measurement area; and   

 an information processing circuit that images an object in the 10 

measurement area using measurement data of the scattered wave, 

wherein   

 each of the transmission area and the reception area has a 

finite size, and   

 the information processing circuit:   15 

  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, the finite size 

being reflected in the scattering field function;   20 

  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 based on an amount output 

from the scattering field function in response to inputting the 

imaging target position into the scattering field function as the 25 

transmission position and the reception position; and   

  images the object in the measurement area using the 

imaging function.   

 

[Claim 2] 30 

 The imaging device according to claim 1, wherein   

 the finite size is same for the plurality of transmitters and the 

plurality of receivers.   

 

[Claim 3] 35 
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 The imaging device according to claim 1 or 2, wherein   

 each of the transmission area and the reception area is a 

rectangular area.   

 

[Claim 4] 5 

 The imaging device according to claim 1 or 2, wherein   

 the plurality of transmitters are arranged along a straight line,   

 the plurality of receivers are arranged along a straight line that 

is different from and parallel to the straight line along which the 

plurality of transmitters are arranged, and   10 

 a distance between the straight line along which the plurality 

of transmitters are arranged and the straight line along which the 

plurality of receivers are arranged is reflected in the scattering field 

function.   

 15 

[Claim 5] 

 The imaging device according to claim 4, wherein   

 the scattering field function is expressed as:   

[Math. 1] 

 20 

 

 where x1 and y1 respectively represent an x-coordinate and a 

y-coordinate of the transmission position, x2 and y2 respectively 

represent an x-coordinate and a y-coordinate of the reception 

position, z represents a z-coordinate of the transmission position and 25 

the reception position, k represents a wavenumber of the wave, kx, 

ky1, and ky2 represent integration variables, and d represents the 

distance,   
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[Math. 2] 

 

 represents the measurement data Fourier transformed with 

respect to y1 and y2, and   

 kx1, kx2, and kz are defined by:   5 

[Math. 3] 

 

 where a represents 1/2 of the finite size in an x-axis direction, 

and b represents 1/2 of the finite size in a y-axis direction.   

 10 

[Claim 6] 

 The imaging device according to claim 5, wherein   

 the imaging function is expressed as:   

[Math. 4] 

 15 

 where x, y, and z input to the imaging function respectively 

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

imaging target position.   

 

[Claim 7] 20 
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 The imaging device according to claim 4, wherein   

 the scattering field function is expressed as:   

[Math. 5] 

 

 where x1, y1, and z1 respectively represent an x-coordinate, a 5 

y-coordinate, and a z-coordinate of the transmission position, x2, y2, 

and z2 respectively represent an x-coordinate, a y-coordinate, and a 

z-coordinate of the reception position, k represents a wavenumber of 

the wave, kx, ky1, and ky2 represent integration variables, d 

represents the distance in an x-axis direction, h1 represents a 10 

z-coordinate of the transmission position corresponding to the 

measurement data, and h2 represents a z-coordinate of the reception 

position corresponding to the measurement data,   

[Math. 6] 

 15 

 represents the measurement data Fourier transformed with 

respect to y1 and y2, and   

 kx1, kx2, kz1, and kz2 are defined by:   

[Math. 7] 
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 where a represents 1/2 of the finite size in an x-axis direction, 

and b represents 1/2 of the finite size in a y-axis direction.   

 

[Claim 8] 5 

 The imaging device according to claim 7, wherein   

 the imaging function is expressed as:   

[Math. 8] 

 

 where x, y, and z input to the imaging function respectively 10 

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

imaging target position.   

 

[Claim 9] 

 The imaging device according to claim 4, wherein   15 

 each of the plurality of transmitters changes a normal 
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direction of a surface of the transmission area by mechanically or 

electrically rotating the transmission area,   

 each of the plurality of receivers changes a normal direction of 

a surface of the reception area by mechanically or electrically 

rotating the reception area, and   5 

 the information processing circuit images the object in the 

measurement area using the measurement data after rotation of the 

transmission area and the reception area.   

 

[Claim 10] 10 

 The imaging device according to claim 9, wherein   

 the scattering field function is expressed as:   

[Math. 9] 

 

 where x1, y1, and z1 respectively represent an x-coordinate, a 15 

y-coordinate, and a z-coordinate of the transmission position, x2, y2, 

and z2 respectively represent an x-coordinate, a y-coordinate, and a 

z-coordinate of the reception position, k represents a wavenumber of 

the wave, kx, ky1, and ky2 represent integration variables, d 

represents the distance in an x-axis direction, h1 represents a 20 

z-coordinate of the transmission position corresponding to the 

measurement data, and h2 represents a z-coordinate of the reception 

position corresponding to the measurement data,   

[Math. 10] 

 25 

 represents the measurement data Fourier transformed with 

respect to y1 and y2,   

 kx1, kx2, kz1, and kz2 are defined by:   
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[Math. 11] 

 

 and f1 and f2 are defined by:   

[Math. 12] 

 5 

 where a represents 1/2 of the finite size in an x-axis direction, 

b represents 1/2 of the finite size in a y-axis direction, α represents 

a rotation angle for mechanical or electrical rotation of the 

transmission area and the reception area about an x-axis, and β 

represents a rotation angle for mechanical or electrical rotation of 10 

the transmission area and the reception area about a y-axis.   

 

[Claim 11] 

 The imaging device according to claim 10, wherein   

 the imaging function is expressed as:   15 

[Math. 13] 
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 where x, y, and z input to the imaging function respectively 

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

imaging target position.   

 5 

[Claim 12] 

 The imaging device according to claim 4, wherein   

 each of the plurality of transmitters changes a normal 

direction of a surface of the transmission area to a plurality of 

directions by mechanically or electrically rotating the transmission 10 

area at a plurality of rotation angles,   

 each of the plurality of receivers changes a normal direction of 

a surface of the reception area to the plurality of directions by 

mechanically or electrically rotating the reception area at the 

plurality of rotation angles, and   15 

 the information processing circuit images the object in the 

measurement area using the measurement data for the plurality of 

rotation angles for mechanical or electrical rotation.   

 

[Claim 13] 20 

 The imaging device according to claim 12, wherein   

 the scattering field function is expressed as:   

[Math. 14] 
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 where x1, y1, and z1 respectively represent an x-coordinate, a 

y-coordinate, and a z-coordinate of the transmission position, x2, y2, 

and z2 respectively represent an x-coordinate, a y-coordinate, and a 

z-coordinate of the reception position, k represents a wavenumber of 5 

the wave, kx, ky1, and ky2 represent integration variables, d 

represents the distance in an x-axis direction, h1 represents a 

z-coordinate of the transmission position corresponding to the 

measurement data, and h2 represents a z-coordinate of the reception 

position corresponding to the measurement data,   10 

[Math. 15] 

 

 represents the measurement data Fourier transformed with 

respect to y1 and y2,   

 kx1, kx2, kz1, and kz2 are defined by:   15 

[Math. 16] 
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 and f1 and f2 are defined by:   

[Math. 17] 

 

 where a represents 1/2 of the finite size in an x-axis direction, 5 

b represents 1/2 of the finite size in a y-axis direction, α represents 

a rotation angle for mechanical or electrical rotation of the 

transmission area and the reception area about an x-axis, and β 

represents a rotation angle for mechanical or electrical rotation of 

the transmission area and the reception area about a y-axis.   10 

 

[Claim 14] 

 The imaging device according to claim 13, wherein   

 the imaging function is expressed as:   

[Math. 18] 15 
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 where x, y, and z input to the imaging function respectively 

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

imaging target position.   5 

 

[Claim 15] 

 An imaging method comprising:   

 transmitting, by a plurality of transmitters each of which 

includes a transmission area, a wave from the transmission area of 10 

each of the plurality of transmitters to a measurement area;   

 receiving, by a plurality of receivers each of which includes a 

reception area, a scattered wave of the wave from the measurement 

area, in the reception area of each of the plurality of receivers; and   

 imaging an object in the measurement area using 15 

measurement data of the scattered wave, wherein   

 each of the transmission area and the reception area has a 

finite size, and   

 the imaging of the object in the measurement area includes:   

  deriving, using the measurement data, a scattering field 20 

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, the finite size 

being reflected in the scattering field function;   

  deriving an imaging function that receives an imaging 25 

target position as input and outputs an image intensity at the 

imaging target position, and is defined based on an amount output 

from the scattering field function in response to inputting the 
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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.   


