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[DESCRIPTION] 

[Title of Invention] IMAGING DEVICE AND IMAGING METHOD   

[Technical Field] 

[0001] 

 The present disclosure relates to an imaging device and the like 5 

that uses waves to visualize the three-dimensional structure of one 

or more scatterers included in an object in a region.   

[Background Art] 

[0002] 

 Patent Literature (PTL) 1, PTL 2, PTL 3, PTL 4, and PTL 5 10 

disclose techniques related to imaging devices and the like that use 

waves to visualize the three-dimensional structure of each scatterer 

included in an object in a region.   

[0003] 

 For example, with the technique disclosed in PTL 1, a beam 15 

transmitted from a microwave transmitter is incident on the object to 

be inspected, and the amplitude and phase of the scattered beams 

are detected by a microwave detector.  The dielectric constant 

distribution is then calculated from the output signal of the microwave 

detector, and a section of the object is displayed.   20 

[Citation List] 

[Patent Literature] 

[0004] 

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

66145   25 

[PTL 2] International Patent Application Publication No. 

WO2014/125815   

[PTL 3] International Patent Application Publication No. 

WO2015/136936   

[PTL 4] International Patent Application Publication No. 30 

WO2021/020387   

[PTL 5] International Patent Application Publication No. 

WO2021/053971   

[Summary of Invention] 

[Technical Problem] 35 



 - 2 - 

[0005] 

 However, it is not easy to visualize the three-dimensional 

structure of each scatterer included in an object in a region using 

waves.  Specifically, when the state in the region is known, obtaining 

the data of the scattered waves radiated from the region relative to 5 

the waves incident on the region is called a forward problem, which 

is easy.  On the other hand, when the scattered wave data is known, 

obtaining the state in the region is called an inverse problem, which 

is not easy.   

[0006] 10 

 In addition, for a single wave transmission, a plurality of 

scattering (reflections) may occur in the region.  In other words, not 

only the first-order scattering corresponding to single scattering, but 

also the second-order scattering corresponding to two scattering, the 

third-order scattering corresponding to three scattering and the like 15 

may occur.  Scattering more than once is also called multiple 

scattering.  In some cases, data on scattered waves caused by 

multiple scattering may be obtained through measurement.  An 

analytical method that considers only the first-order scattering but 

does not consider multiple scattering cannot accurately obtain the 20 

state in the region.   

[0007] 

 In view of the above, the present disclosure provides an 

imaging device and the like that is capable of visualizing, with high 

accuracy, the three-dimensional structure of one or more scatterers 25 

included in an object in a region, using waves.   

[Solution to Problem] 

[0008] 

 An imaging device according to one aspect of the present 

disclosure includes: a plurality of transmitters which are disposed on 30 

both sides of a region to be measured, and each of which transmits a 

wave to the region; a plurality of receivers which are disposed on the 

both sides, and each of which receives the wave; and an information 

processing circuit which derives an imaging function corresponding to 

a scattering field function related to scattering of the wave according 35 
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to a correspondence between (i) measurement data obtained by the 

plurality of transmitters and the plurality of receivers and (ii) a 

composition of a plurality of functions related to multiple first-order 

scattering forming multiple scattering, and visualizes a three-

dimensional structure of a scatterer included in an object in the region, 5 

using the imaging function. 

[0009] 

 General and specific aspects disclosed above may be 

implemented using a system, a device, a method, an integrated circuit, 

a computer program, or a computer-readable non-transitory 10 

recording medium such as a CD-ROM, or any combination of systems, 

devices, methods, integrated circuits, computer programs, or 

recording media.   

[Advantageous Effects of Invention] 

[0010] 15 

 According to the present disclosure, it is possible to visualize, 

with high accuracy, the three-dimensional structure of one or more 

scatterers included in an object in a region, using waves.   

[Brief Description of Drawings] 

[0011] 20 

[FIG. 1] 

 FIG. 1 is a conceptual diagram illustrating an example of 

multiple scattering orders according to an embodiment.   

[FIG. 2] 

 FIG. 2 is a diagram illustrating four types of scattering states 25 

corresponding to four types of fundamental solutions of a scattering 

field equation.   

[FIG. 3] 

 FIG. 3 is a conceptual diagram relating to a definition of the 

Green’s function.   30 

[FIG. 4] 

 FIG. 4 is a conceptual diagram illustrating an application 

example of fundamental solutions of a scattering field.   

[FIG. 5] 

 FIG. 5 illustrates wave propagation paths.   35 
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[FIG. 6] 

 FIG. 6 is a conceptual diagram illustrating an application 

example of fundamental solutions of a scattering field related to 

second-order scattering.   

[FIG. 7] 5 

 FIG. 7 illustrates four types of scattering models related to 

third-order scattering.   

[FIG. 8] 

 FIG. 8 illustrates definitions of four types of measurement data.   

[FIG. 9] 10 

 FIG. 9 is a block diagram illustrating a basic configuration of an 

imaging device according to the embodiment.   

[FIG. 10] 

 FIG. 10 is a conceptual diagram illustrating an example of a 

relation between a plurality of transmitters, a plurality of receivers, 15 

and a region.   

[FIG. 11] 

 FIG. 11 is a conceptual diagram illustrating a variation of the 

relation between the plurality of transmitters, the plurality of 

receivers, and the region.   20 

[FIG. 12] 

 FIG. 12 is a flowchart illustrating a basic operation of the 

imaging device according to the embodiment.   

[FIG. 13] 

 FIG. 13 is a block diagram illustrating a specific configuration 25 

of the imaging device according to the embodiment.   

[Description of Embodiment] 

[0012] 

 An imaging device according to one aspect of the present 

disclosure includes: a plurality of transmitters which are disposed on 30 

both sides of a region to be measured, and each of which transmits a 

wave to the region; a plurality of receivers which are disposed on the 

both sides, and each of which receives the wave; and an information 

processing circuit which derives an imaging function corresponding to 

a scattering field function related to scattering of the wave according 35 
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to a correspondence between (i) measurement data obtained by the 

plurality of transmitters and the plurality of receivers and (ii) a 

composition of a plurality of functions related to multiple first-order 

scattering forming multiple scattering, and visualizes a three-

dimensional structure of a scatterer included in an object in the region, 5 

using the imaging function. 

[0013] 

 This allows the imaging device to apply the correspondence 

between the measurement data and the composition of a plurality of 

functions related to multiple first-order scattering to derive an 10 

imaging function for visualizing the three-dimensional structure of 

each scatterer included in an object in a region.  Multiple scattering 

is assumed to be a combination of multiple first-order scattering.  

Hence, the imaging device is capable of analytically solving the 

inverse problem of scattering, including multiple scattering, according 15 

to this correspondence.  Accordingly, the imaging device is capable 

of visualizing, with high accuracy, the three-dimensional structure of 

each scatterer included in an object in a region.   

[0014] 

 For example, the information processing circuit derives the 20 

imaging function corresponding to the scattering field function by 

solving an equation of the scattering field function based on the 

measurement data.  The scattering field function is expressed by 

[0015] 

  [Math. 1] 25 

 

where (x, y1, z1) denotes a transmission position of the wave, (x, y2, 

z2) denotes a reception position of the wave, k denotes a wave 

number of the wave, D denotes the region, (ξ, η, ζ) corresponds to a 

reflection position of the wave, ε corresponds to an unknown 30 

reflectance at the reflection position, ρ1 denotes a distance from the 

transmission position to the reflection position, and ρ2 denotes a 

distance from the reflection position to the reception position.  The 

equation is expressed by 
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[0016] 

  [Math. 2] 

 

where Δ5 denotes a Laplace operator related to x, y1, y2, z1, and z2, c 

denotes a propagation velocity of the wave, and t denotes a time 5 

taken from transmission of the wave to reception of the wave.  

[0017] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region, according to the scattering field function associated 10 

with the scattering phenomenon and the equation satisfied by the 

scattering field function.   

[0018] 

 Moreover, for example, the information processing circuit 

derives an analytical solution of the equation based on the 15 

measurement data, and derives the imaging function based on the 

analytical solution, and the analytical solution is expressed by 

[0019] 

  [Math. 3] 

 20 

where kx, ky1, and ky2 denote wave numbers related to x, y1, and y2 

of the scattering field function, a(kx, ky1, ky2, k) denotes a function 

based on kx, ky1, ky2, and k, s1(kx, ky1, ky2) denotes a function based 

on kx, ky1, and ky2, and s2(kx, ky1, ky2) denotes a function based on kx, 

ky1, and ky2. 25 

[0020] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the analytical solution of the equation 

satisfied by the scattering field function associated with the scattering 30 

phenomenon.   

[0021] 
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 Moreover, for example, the imaging function is expressed by  

[0022] 

  [Math. 4] 

 

where (x, y, z) denotes a position of an imaging target. 5 

[0023] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the imaging function appropriately 

associated with the scattering field function.   10 

[0024] 

 Moreover, for example, the multiple scattering is expressed 

using four functions of a spectral space corresponding to four 

fundamental solutions of an equation of the scattering field function,  

a relation between the measurement data and the four functions is 15 

expressed by a non-linear integral equation, and the information 

processing circuit: derives the four functions from the measurement 

data according to the non-linear integral equation; and derives the 

imaging function corresponding to the scattering field function, using 

the four functions. 20 

[0025] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to a relational expression that expresses 

multiple scattering.   25 

[0026] 

 Moreover, for example, the measurement data is expressed by  

[0027] 

  [Math. 5] 

 30 

where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 
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forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, the information processing 

circuit uses  

[0028] 

  [Math. 6] 5 

 

to derive  

[0029] 

  [Math. 7] 

 10 

from which an effect of multiple scattering has been removed, where 

a1, a2, a3, and a4 expressed by am1, am2, am3, …, amL correspond to 

a(kx, ky1, ky2, k) in the analytical solution related to the four scattering 

states, f2, f3, …, fL denote products of 2, 3, …, L variables in square 

brackets corresponding to 2, 3, …, L scattering applied from 15 

transmission of the wave to reception of the wave, respectively,  

[0030] 

  [Math. 8] 

 

denote wave number vectors related to coordinate variables included 20 

in 2, 3, …, L variables in square brackets of f2, f3, …, fL, and the 

information processing circuit uses, as the scattering field function, 

[0031] 

  [Math. 9] 
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[0032] 

to derive, as the imaging function, 

  [Math. 10] 

 . 5 

[0033] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation based on the multiple 

scattering theory. 10 

[0034] 

 Moreover, for example, the measurement data is expressed by 

[0035] 

  [Math. 11] 

 15 

where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, the information processing 

circuit uses 20 

[0036] 

  [Math. 12] 
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[0037] 

 to derive  

  [Math. 13] 

 5 

from which an effect of multiple scattering has been removed, where 

a1, a2, a3, and a4 expressed by am correspond to a(kx, ky1, ky2, k) in 

the analytical solution related to the four scattering states, Φ11, Φ12, 

Φ21, and Φ22 expressed by Φm1n1, Φm2n2, Φm3n3, …, ΦmLnL correspond 

to the measurement data related to the four scattering states, g2, g3, 10 

…, gL denote products of 2, 3, …, L variables in square brackets 

corresponding to 2, 3, …, L scattering applied from transmission of 

the wave to reception of the wave, respectively, 

[0038] 

  [Math. 14] 15 

 

denote wave number vectors related to coordinate variables included 

in 2, 3, …, L variables in square brackets of g2, g3, …, gL, and the 

information processing circuit uses, as the scattering field function,  

[0039] 20 

  [Math. 15] 
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[0040] 

 to derive, as the imaging function, 

  [Math. 16] 

. 5 

[0041] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation in which the measurement 

data is properly associated based on the multiple scattering theory.   10 

[0042] 

 Moreover, for example, the measurement data is expressed by  

[0043] 

  [Math. 17] 

 15 

where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, the information processing 

circuit uses  20 

[0044] 

  [Math. 18] 
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 to derive a1 from which an effect of multiple scattering has been 

removed, where δ denotes a delta function, kxa, kxb, and kxc are 

variables corresponding to kx, kη and kη2 are variables corresponding 

to ky1, kη3 is a variable corresponding to ky2, and O(a4) is a term 5 

corresponding to a fourth or higher order scattering, and the 

information processing circuit uses, as the scattering field function,  

[0045] 

  [Math. 19] 
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[0046] 

 to derive, as the imaging function, 

 

  [Math. 20] 5 

. 

[0047] 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation in which the scattering 10 

phenomenon is concretely expressed based on the multiple scattering 

theory.   

[0048] 

 Moreover, for example, the measurement data is expressed by  

[0049] 15 

  [Math. 21] 

 

where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 

forward scattering corresponding to two directions and two back 20 

scattering corresponding to two directions, the information processing 

circuit uses 

[0050] 

  [Math. 22] 
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to derive a1 from which an effect of multiple scattering has been 

removed, where δ denotes a delta function, kxa, kxb, and kxc are 

variables corresponding to kx, kη and kη2 are variables corresponding 

to ky1, kη3 is a variable corresponding to ky2, and the information 5 

processing circuit uses, as the scattering field function,  

[0051] 

  [Math. 23] 
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[0052] 

 to derive, as the imaging function, 

  [Math. 24] 

. 

[0053] 5 

 This allows the imaging device to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation in which the scattering 

phenomenon is concretely expressed based on the multiple scattering 

theory and the measurement data is properly associated.   10 

[0054] 

 Moreover, for example, the measurement data is expressed by 

[0055] 

  [Math. 25] 

 15 

where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, the information processing 

circuit uses 20 

[0056] 

  [Math. 26] 
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to derive a1 from which an effect of multiple scattering has been 

removed, where δ denotes a delta function, kxa, kxb, and kxc are 

variables corresponding to kx, kη and kη2 are variables corresponding 

to ky1, kη3 is a variable corresponding to ky2, and the information 5 

processing circuit uses, as the scattering field function,  

[0057] 

  [Math. 27] 

 

[0058] 10 

 to derive, as the imaging function, 

  [Math. 28] 

. 

[0059] 

 This allows the imaging device to visualize, with high accuracy, 15 

the three-dimensional structure of each scatterer included in an 
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object in a region according to the equation rearranged based on the 

multiple scattering theory.   

[0060] 

 Moreover, for example, an imaging method according to one 

aspect of the present disclosure includes: transmitting, by each of a 5 

plurality of transmitters disposed on both sides of the region, a wave 

to a region to be measured; receiving, by each of a plurality of 

receivers disposed on the both sides, the wave from the region; and 

deriving an imaging function corresponding to a scattering field 

function related to scattering of the wave according to a 10 

correspondence between (i) measurement data obtained by the 

plurality of transmitters and the plurality of receivers and a 

composition of a plurality of functions related to multiple first-order 

scattering forming multiple scattering, and visualizing a three-

dimensional structure of a scatterer included in an object in the region, 15 

using the imaging function. 

[0061] 

 This allows the correspondence between the measurement data 

and the composition of a plurality of functions related to multiple first-

order scattering to be applied to derive an imaging function for 20 

visualizing the three-dimensional structure of each scatterer included 

in an object in a region.  Multiple scattering is assumed to be a 

combination of multiple first-order scattering.  Accordingly, it is 

possible to analytically solve the inverse problem of scattering, 

including multiple scattering, according to this correspondence.  As 25 

a result, it is possible to visualize, with high accuracy, the three-

dimensional structure of each scatterer included in an object in a 

region, using waves.   

[0062] 

 Hereinafter, an embodiment will be described with reference to 30 

the drawings.  It should be noted that the embodiment described 

below shows a general or specific example.  The numerical values, 

shapes, materials, structural elements, the arrangement and 

connection of the structural elements, steps, the order of steps, etc., 

illustrated in the following embodiment are mere examples, and 35 
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therefore do not limit the claims.   

[0063] 

 In the following description, in particular, the techniques and 

the like disclosed in PTL 2, PTL 3, PTL 4, and PTL 5 can be referred to 

as known techniques.  Moreover, in the following description, radio 5 

waves such as microwaves are mainly assumed to be waves, but the 

waves are not limited to radio waves such as microwaves.  In addition, 

imaging based on scattering can be referred to as scattering 

tomography.  Accordingly, the imaging device and the imaging 

method in the following description can also be referred to as a 10 

scattering tomography device and a scattering tomography method, 

respectively.   

[0064] 

[Embodiment]   

 An imaging device according to the present embodiment uses 15 

waves to visualize the three-dimensional structure of one or more 

scatterers included in an object in a region.  Hereinafter, the imaging 

device according to the present embodiment will be described in detail 

including the underlying techniques and theories.   

[0065] 20 

 <I Outline>   

 Scattering field theory has been constructed to image the 

inside of an object using waves such as microwaves.  The scattering 

field theory is not only theoretically novel, but also useful in practice.  

Since it is possible to instantly calculate an accurate three-25 

dimensional reconstructed image from measured (measurement) data, 

it is expected to be applied to the field of diagnostic imaging, and the 

like.  In the present disclosure, the scattering field theory is 

advanced to solve the difficult inverse scattering problem of multiple 

scattering (multiple reflections), and an imaging device and an 30 

imaging method using the advanced scattering field theory are 

provided.   

[0066] 

 For example, in the inverse scattering reconstruction theory 

where the measurement surface on which a transmission position and 35 
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a reception position are arranged is a curved surface, function φ as 

shown in (1-1) below is defined.   

[0067] 

  [Math. 29] 

 5 

[0068] 

 Here, (x, y1, z1) denotes the coordinates of the wave radiation 

position, and (x, y2, z2) denotes the coordinates of the wave reception 

position.  Radiation may also be referred to as transmission.  

Moreover, k denotes the wave number of wave, and D denotes the 10 

region to be measured.  ε(ξ, η, ζ) denotes the function of the 

dielectric constant at the position (ξ, η, ζ), and corresponds to the 

wave reflectance at the position (ξ, η, ζ).  (ξ, η, ζ) corresponds to 

the reflection position of the wave.  ρ1 denotes the distance from the 

transmission position to the reflection position, and ρ2 denotes the 15 

distance from the reflection position to the reception position.  Note 

that ε(ξ, η, ζ) is unknown.   

[0069] 

 The phenomenon, in which waves are scattered at the point 

where the value of the dielectric constant function ε(ξ, η, ζ) is large, 20 

is considered as a function with respect to the wave radiation position 

and the wave reception position.  By defining the radiation position 

and the reception position throughout the region, the above φ is used 

as a scattering field function that indicates the scattering field.  The 

scattering field function satisfies the partial differential equation as 25 

shown in (1-2) below.   

[0070] 

  [Math. 30] 

 

[0071] 30 

 Here, Δ5 denotes the five-dimensional Laplace operator related 
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to x, y1, y2, z1 and z2, ∂ denotes the partial differential of the variable 

indicated by the suffix, c denotes the wave propagation velocity, and 

t denotes time.  The general solution of the differential equation in 

(1-2) is expressed as shown in (1-3) below.   

[0072] 5 

  [Math. 31] 

 

[0073] 

 Here, kx, ky1, and ky2 denote wave numbers related to x, y1, 

and y2 of the scattering field function.  Since the solution of a single 10 

fourth-order partial differential equation is completely determined by 

the measurement value (radar reflection data) at the region boundary, 

a(kx, ky1, ky2, k) that is the kernel function of the general solution is 

also found by Fourier transform.  Then, by applying the limit values 

of y2 -> y1 and t -> 0 to φ, an imaging function ρ is obtained.  For 15 

example, the imaging function ρ is expressed as shown in (1-4) below.   

[0074] 

  [Math. 32] 

 

[0075] 20 

 In the above process, the scattering field function φ(x, y1, y2, 

z1, z2, k) is directly connected to the measurement value (radar 

reflection data) at the boundary of the region based on the 

assumption that there is no multiple scattering.  For example, the 

shape of the boundary surface is defined by the curve z=f(y) on the 25 

z-y plane.  The data obtained by Fourier transforming the radar 

reflection data measured at the boundary surface with respect to (x, 

t) is expressed by Φ(kx, yI, yJ, k).  Under the assumption that there 

is no multiple scattering, (1-5) shown below is assumed to hold true.   
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[0076] 

  [Math. 33] 

 

[0077] 

 However, when multiple scattering is not allowed to be ignored, 5 

second-order, third-order, and fourth-order scattering may be present, 

as illustrated in FIG. 1.   

[0078] 

 FIG. 1 is a conceptual diagram illustrating an example of 

multiple scattering (multiple reflections) orders according to the 10 

embodiment.  In FIG. 1, P1 denotes the transmission position and P2 

denotes the reception position.  A signal is transmitted from P1 and 

received at P2 through a number of reflections corresponding to the 

order in the region.  A plurality of reflections are referred to as 

multiple reflections or multiple scattering.   15 

[0079] 

 The present disclosure describes a solving method for solving 

the inverse problem of scattering including multiple scattering as 

described above, and an imaging device and an imaging method using 

the solving method.   20 

[0080] 

 In order to perform the inverse analysis of multiple scattering, 

radar reflection data across the boundaries of the region is used.  

Multiple scattering of second or higher order is expressed by a 

combination (composition) of four types of fundamental solutions, E1, 25 

E2, E3, and E4 of the partial differential equation of the scattering field.   

[0081] 

 FIG. 2 illustrates four types of scattering states corresponding 

to four types of fundamental solutions of a scattering field equation.  

The scattering state can also be referred to as a scattering model.  30 
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Multiple scattering is expressed by the composition of these four 

fundamental solutions (E1, E2, E3, E4).  The functions of the spectral 

space that are a1, a2, a3, and a4 are introduced corresponding to E1, 

E2, E3 and E4.  In order to determine these from the measurement 

data, two back scattering and one forward scattering are measured.   5 

[0082] 

 Inverse scattering analysis of multiple scattering in the three-

dimensional region is a difficult problem.  However, the present 

disclosure provides the solution of the inverse scattering problem 

using scattering field theory.   10 

[0083] 

 <II Scattering field theory>   

 <II-1 Simple propagation function>   

 The Helmholtz equation of wave propagation is expressed by 

(2-1) below.   15 

[0084] 

  [Math. 34] 

 

[0085] 

 Here, φ is an unknown function that denotes the vibration 20 

displacement at the position (x, y, z), Δ3 denotes the three-

dimensional Laplacian operator, k denotes the wave number, and (ξ, 

η, ζ) denotes the position of the wave source.   

[0086] 

 The equation obtained by Fourier transforming φ with respect 25 

to (x, y, t) is expressed as shown in (2-2) below.   

[0087] 

  [Math. 35] 

 

[0088] 30 

 Here, kx denotes the wave number related to x, and Ky denotes 
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the wave number related to y.  Equation (2-1) is transformed into, 

for example, as shown in (2-3) and (2-4) below.   

[0089] 

  [Math. 36] 

 5 

[0090] 

  [Math. 37] 

 

[0091] 

 Here, ∂z
2 denotes a second partial differential with respect to 10 

z, and a(kx, ky, k) is a function related to (kx, ky, k).  

[0092] 

 <II-2 Fundamental solution of scattering field>   

 FIG. 3 is a conceptual diagram relating to the definition of the 

Green’s function.  Hereinafter, unless otherwise specified, the 15 

transmission position and the reception position have the same x-

coordinate.  When the transmission position and the reception 

position are r1 = (x, y1, z1) and r2 = (x, y2, z2) respectively, the 

Green's function is defined as shown in (2-5) below.   

[0093] 20 

  [Math. 38] 

 

[0094] 

 This integral kernel function denotes the signal strength of the 

wave that exits r1, is reflected at point ξ, and returns to point r2.  ω 25 

is the angular frequency.  This Green’s function is materialized using 

a new function name as shown in (2-6) below.  Here, ε is a function 

of dielectric constant.   
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[0095] 

  [Math. 39] 

 

[0096] 

 The above φ(x, y1, y2, z1, z2) is the solution of the partial 5 

differential equation of the scattering field as shown in (2-7) below.   

[0097] 

  [Math. 40] 

 

[0098] 10 

 Next, the solution of Equation (2-7) is considered.  First, by 

performing multiple Fourier transforms on φ with respect to t, x, y1, 

and y2 and performing conversion on Equation (2-7), (2-8) below is 

obtained.  Here Dz1 and Dz2 denote partial derivatives related to z1 

and z2, respectively.   15 

[0099] 

  [Math. 41] 

 

[0100] 

 Equation (2-8) has four solutions, which are expressed as 20 

shown (2-9) below.   

[0101] 

  [Math. 42] 
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[0102] 

 Here, s1 and s2 are expressed as shown in (2-10) below.   

[0103] 

  [Math. 43] 5 

 

[0104] 

 The scattering corresponding to each of the four fundamental 

solutions of Equation (2-9) is as illustrated in FIG. 2.  Of these four 

fundamental solutions, E3 and E4 have a temporally retrograde 10 

relationship with each other, and are not independent from each other.  

Accordingly, E1, E2, and E3 are independent fundamental solutions.  

The four general solutions of Equation (2-7) corresponding to the four 

fundamental solutions are expressed as shown in (2-11) below.   

[0105] 15 

  [Math. 44] 
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[0106] 

 The four general solutions of Equation (2-11) shown above can 

be regarded as four scattering field functions corresponding to the 

four first-order scattering models illustrated in FIG. 2.  The scattering 5 

field function corresponding to multiple scattering is derived based on 

the composition of the four scattering field functions.   

[0107] 

 <III Multiple scattering>   

 <III-1 Multiple scattering orders>   10 

 The multiple scattering orders are as illustrated in FIG. 1.  The 

multiple scattering of each order illustrated in FIG. 1 also includes 

different geometrical variations at the positions where the scattering 

occurs.  The characteristics differ depending on the positive and 

negative signs of the z-coordinate component of each directional 15 

vector of incidence and scattering at the position where scattering 

occurs.  The fact that the characteristics differ depending on the 

positive and negative signs of the z-coordinate component of each 
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directional vector of incidence and scattering has been described in 

the fundamental solution of the scattering field in Chapter II.   

[0108] 

 <III-2 Outline of approach using scattering field theory of 

multiple scattering>   5 

 FIG. 4 is a conceptual diagram illustrating an application 

example of the fundamental solutions of the scattering field.  

Specifically, FIG. 4 illustrates a third-order scattering model to which 

a plurality of fundamental solutions are applied.  For example, in the 

third-order scattering model illustrated in FIG. 4, the fundamental 10 

solutions E1 and E2 of the scattering field are used in the regions 

inside the dashed lines.  The following (3-1) indicates the relations 

between the paths and the fundamental solutions.   

[0109] 

  [Math. 45] 15 

 

[0110] 

 Scattered points S1, S2, S3 are arbitrary points in the regions, 

but the condition that the geometric rules are followed is imposed on 

scattered points S1, S2, S3, and the like.  Specifically, the sign of the 20 

z-coordinate component of the directional vector indicated by the 

arrow representing wave propagation in FIG. 4 is maintained.  

Moreover, P1, P2, S2, and S3 move within the measurement plane 

under the condition that their x coordinates are identical to each other.  

In addition, the z coordinates of P1 and P2 are identical to each other.  25 

However, it is assumed that there are no restrictions on the x-

coordinate of S1.   

[0111] 

 FIG. 5 illustrates wave propagation paths.  Specifically, FIG. 5 

illustrates a plurality of propagation paths for common transmission 30 

position P1 and common reception point P2 when the fundamental 

solutions E1 and E2 are used.  These propagation paths conform to 
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the above geometric rules.   

[0112] 

 The back scattering amplitude measured on the y-axis is 

expressed as shown in (3-2) below.   

[0113] 5 

  [Math. 46] 

 

[0114] 

 Here, G (specifically, G1 and G2) is a Green’s function, and is 

defined as shown in (3-3) below.   10 

[0115] 

  [Math. 47] 

 

[0116] 

 Here,    15 

[0117] 

  [Math. 48] 

 

denotes the signal strength of the wave that exits r1, is reflected at 

point ξ, and returns to point r2.  Suffixes 1 and 2 given to the Green’s 20 

function correspond to the fundamental solutions E1 and E2.  In a 

theory that does not consider multiple scattering, the equation in (3-

4) below can be obtained ignoring the second and subsequent terms 

from the right side of Equation (3-2).   

[0118] 25 

  [Math. 49] 
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[0119] 

 a1(kx, ky1, ky2, k) in Equation (2-11) is obtained from Equation 

(3-4) by Fourier transform.  By substituting the approximate function 

thus obtained into the integral sign on the right side of Equation (3-

3), G1(P1, P2, k) that takes into account multiple scattering is obtained, 5 

and more accurate a1(kx, ky1, ky2, k) is obtained.   

[0120] 

 The right side of Equation (3-2) includes a new function G2(S2-, 

S3-, k).  In order to obtain this by measurement, the measurement 

result on a surface with a different z value than the one described 10 

above is used.  When Φ2(P1, P2, k) denotes the measurement result 

on a surface with a different z value, (3-5) below holds true.   

[0121] 

  [Math. 50] 

 15 

[0122] 

 With this, more accurate a1(kx, ky1, ky2, k) is obtained from 

Equation (3-2).   

[0123] 

 <III-3 Formulation of inverse scattering problem in multiple 20 

scattering>   

 (1) Second-order scattering   

 FIG. 6 is a conceptual diagram illustrating an application 

example of the fundamental solutions of a scattering field related to 

the second-order scattering.  The second-order scattering 25 

corresponds to, as illustrated in FIG. 6, the form in which the 

fundamental solutions E1 and E4 of the scattering field equation are 

connected by S2-.  S2- is assumed to be as close as possible to S2.  

The fundamental solutions E3 and E4 satisfy the condition that no 

direct wave propagating directly from S2- to P2 is included.   30 

[0124] 

 The paths of the second-order scattering are limited to the path 

illustrated in FIG. 6 and the path in which P1 and P2 in FIG. 6 are 

interchanged (symmetrically transformed path).  The fundamental 
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solutions E1 and E4 are applied as in FIG. 6, and the function names 

are given as (3-6) below.   

[0125] 

  [Math. 51] 

 5 

[0126] 

 Here (x, y1, z) corresponds to the position of P1, (x, y2, z) 

corresponds to the position of P2, and (x, η2-, ζ2-) corresponds to the 

position of S2-.  The specific equation of (3-6) is expressed as shown 

in (3-7) below according to Equation (2-11).   10 

[0127] 

  [Math. 52] 

 

[0128] 

 The composition of the above functions corresponding to the 15 

second-order multiple scattering path P1 -> S1 -> S2- -> S2 -> P2 is 

expressed as shown in (3-8) below.   

[0129] 

  [Math. 53] 

 20 

[0130] 

 By applying η2--> η and ζ2- -> ζ to Equation (3-8) and 

performing integration with respect to the coordinates (η, ζ) of point 
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S2, (3-9) below is obtained.   

[0131] 

  [Math. 54] 

 

[0132] 5 

 By substituting Equation (3-7) into Equation (3-9), (3-10) 

below is obtained.  In order to avoid confusion, suffixes such as a, b, 

+ and - are appropriately given to variables in (3-10) below.   

[0133] 

  [Math. 55] 10 

 

[0134] 

 Here, δ denotes a delta function.  δ(kη-+kη+) and δ(s2(kxa, ky1, 

kη-) - s1(kxb, kη+, ky2)) in Equation (3-10) have the same input and 

output at the connection point S2-.  (3-11) below is obtained by 15 

Fourier transforming Equation (3-10) with respect to (x, y1, y2) at 

z=0.   

[0135] 

  [Math. 56] 
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[0136] 

 (2) Third-order scattering   

 FIG. 4 illustrates an application example of the fundamental 

solutions of the scattering field related to the third-order scattering.  5 

Referring to FIG. 4, the scattering field functions as shown in (3-12) 

below are defined.  The suffixes 2- and 3- given to η and ζ correspond 

to just before point S2 and just before point S3, respectively.   

[0137] 

  [Math. 57] 10 

 

[0138] 

 The functions on the right side in (3-12) correspond to the 

general solutions of the scattering field of first-order scattering, and 

are functions as shown in (3-13) below.   15 

[0139] 

  [Math. 58] 
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[0140] 

 The composition of the above equations corresponds to the 

third-order multiple scattering path P1 -> S1 -> S2 -> S3 -> P2, which is 

expressed as shown in (3-14) below.   5 

[0141] 

  [Math. 59] 

 

[0142] 

 By applying η2--> η2, η3--> η3, ζ2--> ζ2 and ζ3--> ζ3 to Equation 10 

(3-14) and performing integration with respect to the coordinates (η2, 

ζ2) and (η3, ζ3) at points S2 and S3, (3-15) below is obtained.   

[0143] 

  [Math. 60] 

 15 
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[0144] 

 The function obtained by the above process denotes the third-

order scattering amplitude as seen from P1 and P2.  By substituting 

(3-13) into (3-15), (3-16) below is obtained.  In (3-16) below, + and 

- are appropriately given to the suffix of wave number k to avoid 5 

confusion in the integral sign.   

[0145] 

  [Math. 61] 

 

[0146] 10 

 In the scattering field theory, there is a relational expression 

as shown in (3-17) below.   

[0147] 

  [Math. 62] 

 15 

[0148] 

 By performing integration with respect to η and ζ in (3-16), (3-

18) below is obtained.   

[0149] 

  [Math. 63] 20 
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[0150] 

 Here, δ denotes a delta function, which corresponds to the fact 

that the input and output match at the connection point.  (3-19) 

below is obtained by Fourier transforming (3-18) with respect to (x, 5 

y1, y2) at z=0.   

[0151] 

  [Math. 64] 
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[0152] 

 The scattering field function Ψ(x, y1, y2, z, k) is expressed as 

shown in (3-20) below when multiple scattering is considered.   

[0153] 5 

  [Math. 65] 

 

[0154] 

 Here, Ψ1 is a scattering field function corresponding to the first-

order scattering, Ψ2 is a scattering field function corresponding to the 10 

second-order scattering, and Ψ3 is a scattering field function 

corresponding to the third-order scattering.  Based on Equation (2-

11) and the like, (3-21) below holds true.   

[0155] 

  [Math. 66] 15 

 

[0156] 

 For example, if the second term, and the fourth and subsequent 

terms on the right side in Equation (3-20) can be ignored, (3-22) 

below can be obtained by Fourier transforming the entire Equation (3-20 
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20).   

[0157] 

  [Math. 67] 

 

[0158] 5 

 Using the measurement data Φ1(k) at z=0, the left side of 

Equation (3-22) can be expressed as shown in (3-23) below.   

[0159] 

  [Math. 68] 

 10 

[0160] 

 The right side of Equation (3-23) is the measurement data on 

the boundary surface.  Accordingly, the left side of Equation (3-22) 

is determined.  Equation (3-22) is therefore a usual non-linear 

integral equation with respect to a1(kx, ky1, ky2, k) and a2 (kx, ky1, ky2, 15 

k).   

[0161] 

 A similar equation can be obtained on another boundary surface 

expressed by z=h.  Although this integral equation is nonlinear, the 

solution of the integral equation can be found very easily using the 20 

Neumann series expansion.  The inverse scattering problem can be 

solved as if it were a forward scattering problem.   
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[0162] 

 <III-4 Basic equation of inverse scattering problem with all 

models considered>   

 FIG. 7 illustrates four types of scattering models related to 

third-order scattering.  Specifically, D1, D2, D3, and D4 in FIG. 7 5 

correspond to four types of scattering models related to the third-

order scattering.  A scattering model can also be referred to as a 

scattering diagram.  In FIG. 7, the regions to which the fundamental 

solutions E1 to E4 are applied are indicated by broken lines.  (3-24), 

(3-25), (3-26), (3-27), and (3-28) below denote the scattering field 10 

functions of D1 to D4.   

[0163] 

  [Math. 69] 

 

[0164] 15 

  [Math. 70] 
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[0165] 

  [Math. 71] 

 

[0166] 

  [Math. 72] 5 

 

[0167] 
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  [Math. 73] 

 

[0168] 

 In the above equations, (η2-, ζ2-) and (η3-, ζ3-) denote the 

coordinates of the point immediately before point S2 and the point 5 

immediately before point S3, respectively.   

[0169] 

 The composition of the above functions corresponds to the 

third-order multiple scattering path P1 -> S1 -> S2 -> S3 -> P2, which is 

expressed as shown in (3-29) below.   10 

[0170] 

  [Math. 74] 

 

[0171] 

 By applying η2- -> η2, η3- -> η3, ζ2-->ζ2 and ζ3-->ζ3 to Equation 15 

(3-29) and performing integration with respect to the coordinates (η2, 

ζ2) and (η3, ζ3) at points S2 and S3, (3-30) below is obtained.   

[0172] 
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  [Math. 75] 

 

[0173] 

 By performing integration with respect to (η2, ζ2) and (η3, ζ3) 

in (3-30) and Fourier transforming the results with respect to (x, y1, 5 

y2) at z=0, (3-31), (3-32), (3-33) and (3-34) below are obtained.   

[0174] 

  [Math. 76] 

 

[0175] 10 

  [Math. 77] 

 

[0176] 

  [Math. 78] 
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[0177] 

  [Math. 79] 

 

[0178] 5 

 <III-5 Integral equation of inverse scattering problem in 

multiple scattering>   

 The scattering field function Ψ(x, y1, y2, z, k) is expressed as 

shown in (3-35) below when multiple scattering is considered.   

[0179] 10 

  [Math. 80] 

 

[0180] 

 By Fourier transforming the entire Equation (3-35) at z=0, (3-

36) and (3-37) below are obtained.   15 

[0181] 

  [Math. 81] 
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[0182] 

  [Math. 82] 

 

[0183] 5 

 Here,   
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[0184] 

  [Math. 83] 

 

is a measurement value of the multistatic radar at z=0.  Accordingly, 

(3-37) is an integral equation with respect to a1 (kx, ky1, ky2, k), a2 5 

(kx, ky1, ky2, k), a3 (kx, ky1, ky2, k), and a4 (kx, ky1, ky2, k).   

[0185] 

 In order to solve the integral equation including the multiple 

scattering terms, measurement values on two z=const planes are 

used.  It is extremely easy to solve this integral equation based on 10 

the measurement values.  The result is obtained in the form of a 

Neumann series.  Note that O(a4) in Equation (3-37) is the term 

corresponding to the fourth-order or higher-order scattering, and may 

be omitted.   

[0186] 15 

 <III-6 Solution of integral equation of inverse scattering 

problem in multiple scattering>   

 FIG. 8 illustrates definitions of four types of measurement data.  

In other words, four types of measurement data of multistatic 

scattering tomography are defined as in FIG. 8.  From (3-31), (3-32), 20 

(3-33), (3-34), and the like, (3-38) below hold true.   

[0187] 

  [Math. 84] 

 

[0188] 25 

 The right sides of the four equations in (3-38) express four 

types of functions obtained by Fourier transforming the four types of 

scattering field functions of multiple scattering corresponding to four 

types of measurement methods.   
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[0189] 

 Equation (3-37) yields a1(kx, ky1, ky2, k) when multiple 

scattering is not considered.  In the following, a suffix of “0” is given 

to each solution in which multiple scattering is not considered.  The 

results as in (3-39) below are obtained corresponding to the four 5 

types of measurement data in FIG. 8.   

[0190] 

  [Math. 85] 

 

[0191] 10 

 By expanding a1, a2, a3, and a4 to the series corresponding to 

the scattering orders, (3-40) below is obtained.  Note that a suffix 

related to the order of scattering is given to each of a1, a2, a3, and a4.   

[0192] 

  [Math. 86] 15 

 

[0193] 

 By substituting the measurement data expressed by (3-38) into 

(3-37), (3-41) below can be obtained.   

[0194] 20 

  [Math. 87] 
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[0195] 

 From this Equation (3-41), it is possible to express a1,1(kx, ky1, 

ky2, k) related to second-order scattering using only the measurement 

data.  Similar equations are also obtained for the other a2, 1, a3, 1, 5 

a4, 1.   

[0196] 

 By substituting (3-40) into (3-41) and leaving only the 0 th-

order term in the integral sign, (3-42) below is obtained.   

[0197] 10 

  [Math. 88] 
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[0198] 

 The “+…” in (3-42) expresses terms corresponding to the fourth 

or higher order scattering, which may be omitted.  By rearranging 

(3-42), (3-43) below is obtained.   5 

[0199] 

  [Math. 89] 
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[0200] 

 In Equation (3-43), a1 corresponds to the first-order scattering, 

second-order scattering, and third-order scattering.  Specifically, a1 

is derived by removing the effects of second-order scattering and 5 

third-order scattering from the measurement data.  A same 

procedure may be used to derive a1 corresponding to the higher-order 

scattering.  Moreover, a2, a3, and a4 can also be derived by the same 

procedure.  The general solution of the scattering field equation is 

expressed as shown in (3-44) below, using a1.   10 

[0201] 

  [Math. 90] 

 

[0202] 

 The imaging function ρ(x, y, z) is expressed as shown in (3-45) 15 

below, using φ1 in (3-44) above.   
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[0203] 

  [Math. 91] 

 

[0204] 

 The imaging function is a function from which the effects of 5 

multiple scattering have been removed, and which gives an explicit 

solution to the inverse scattering problem in the non-linear case.   

[0205] 

 Equation (3-41) may be generalized as shown in (3-46) below.  

Equation (3-46) may then be used as Equation (3-41).   10 

[0206] 

  [Math. 92] 

 

[0207] 

 Here, a1, a2, a3, and a4 expressed by am1, am2, am3, …, amL, 15 

correspond to the a(kx, ky1, ky2, k) in the analytical solution related 

to the four scattering states.  Moreover, f2, f3, …, fL are the products 

of 2, 3, …, L variables in the square brackets corresponding to 2, 3, 

…, L scattering, respectively.   

[0208] 20 

 Moreover,  

[0209] 

  [Math. 93] 
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 denote the wave number vectors related to the coordinate 

variables included in 2, 3, …, L variables in the square brackets of f2, 

f3, …, fL. 

[0210] 

 Moreover, Equation (3-42) may be generalized as shown in (3-5 

47) below, and (3-47) may be used as (3-42). 

[0211] 

  [Math. 94] 

 

[0212] 10 

 Here, a1, a2, a3, and a4 expressed by am correspond to a(kx, ky1, 

ky2, k) in the analytical solution related to the four scattering states.  

Moreover, Φ11, Φ12, Φ21, and Φ22, expressed by Φm1n1, Φm2n2, Φm3n3, 

…, ΦmLnL, correspond to the measurement data related to the four 

scattering states.  Moreover, g2, g3, …, gL are the products of 2, 3, …, 15 

L variables in the square brackets corresponding to 2, 3, …, L 

scattering applied from wave transmission to wave reception, 

respectively.   

[0213] 

 Moreover, 20 

[0214] 

  [Math. 95] 
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denote the wave number vectors related to the coordinate variables 

included in 2, 3, …, L variables in the square brackets of g2, g3, …, gL. 

[0215] 

 The scattering field function may be generalized as shown in 

(3-48) below.   5 

[0216] 

  [Math. 96] 

 

[0217] 

 The imaging function may be generalized as shown in (3-49) 10 

below.   

[0218] 

  [Math. 97] 

 

[0219] 15 

 <IV Configuration and operation of imaging device>   

 Based on the above description, a configuration and operation 

of an imaging device that uses waves to visualize the three-

dimensional structure of each scatterer included in an object in a 

region will be described below.   20 

[0220] 

 Here, waves are, for example, radio waves, and may be 

microwaves, millimeter waves, terahertz waves, and the like.  

Moreover, light, sound, or the like may be used as the waves.  The 

object in the region may be a living body, a manufactured object, or 25 

a natural material.  In particular, the imaging device may be used for 

mammography, and the object may be a breast.   

[0221] 
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 Moreover, each scatterer included in an object in a region 

corresponds to a portion that has physical properties different from 

those of the surrounding medium.  Specifically, this physical property 

corresponds to the wave reflectance.  When radio waves are used as 

waves, the physical property may be dielectric constant.  The 5 

scatterer included in the object may be a rebar in reinforced concrete 

or a tumor in a breast.  The region to be measured may be equivalent 

to the region of the object.   

[0222] 

 FIG. 9 illustrates a basic configuration of the imaging device 10 

according to the present embodiment.  Imaging device 100 

illustrated in FIG. 9 includes a plurality of transmitters 101, a plurality 

of receivers 102, and information processing circuit 103.  Imaging 

device 100 may also include display 104.   

[0223] 15 

 Each of transmitters 101 is a circuit that transmits a wave.  

Specifically, transmitters 101 sequentially transmit waves.  

Transmitters 101 are arranged on both sides of the region to be 

measured.   

[0224] 20 

 Each of receivers 102 is a circuit that receives the wave.  

Receivers 102 may receive waves simultaneously and in parallel.  In 

a similar manner to transmitters 101, receivers 102 are arranged on 

both sides of the region to be measured.  Receivers 102 may be 

located in substantially the same position as transmitters 101 or in 25 

the positions different from transmitters 101.   

[0225] 

 Transmitters 101 and receivers 102 may form a multistatic 

antenna or a monostatic antenna.   

[0226] 30 

 Information processing circuit 103 is a circuit that processes 

information.  Specifically, information processing circuit 103 

visualizes the three-dimensional structure of each scatterer included 

in an object in a region based on the measurement data obtained by 

transmitters 101 and receivers 102.  For example, information 35 
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processing circuit 103 performs the arithmetic processing shown in 

the theories described above when visualizing the three-dimensional 

structure of the scatterer based on the measurement data.   

[0227] 

 Information processing circuit 103 may be a computer or a 5 

computer processor.  Information processing circuit 103 may perform 

information processing by reading a program from memory and 

executing the program.  Information processing circuit 103 may also 

be a dedicated circuit that visualizes the three-dimensional structure 

of the scatterer based on the measurement data.   10 

[0228] 

 In addition, information processing circuit 103 may generate 

an image indicating the three-dimensional structure of the scatterer 

in order to visualize the three-dimensional structure of the scatterer.   

[0229] 15 

 Information processing circuit 103 may visualize the three-

dimensional structure of the scatterer by outputting the image 

indicating the three-dimensional structure of the scatterer to display 

104 or the like.  Alternatively, information processing circuit 103 may 

visualize the three-dimensional structure of the scatterer by 20 

outputting the image indicating the three-dimensional structure of the 

scatterer to a printer (not illustrated).  Alternatively, information 

processing circuit 103 may visualize the three-dimensional structure 

of the scatterer by transmitting the image as electronic data to 

another device (not illustrated) through wired or wireless 25 

communication.   

[0230] 

 Display 104 is a display device, such as a liquid crystal display.  

Note that display 104 is an optional structural element, but not an 

essential structural element.  Display 104 may also be an external 30 

device that does not form imaging device 100.   

[0231] 

 FIG. 10 is a conceptual diagram illustrating an example of a 

relation between transmitters 101, receivers 102, and a region.  As 

illustrated in FIG. 10, transmitters 101 are arranged on both sides of 35 



 - 54 - 

the region to be measured.  Similarly, receivers 102 are arranged on 

both sides of the region to be measured.  Transmitters 101 and 

receivers 102 may be arranged two-dimensionally on each of the two 

measurement surfaces.  Alternatively, by causing transmitter 101 

and receiver 102 arranged on the two measurement surfaces to move, 5 

transmission at a plurality of transmission positions and reception at 

a plurality of reception positions may be performed.   

[0232] 

 FIG. 11 is a conceptual diagram illustrating a variation of the 

relation between transmitters 101, receivers 102, and the region.  As 10 

illustrated in FIG. 11, transmitters 101 and receivers 102 may be 

arranged on curved surfaces on both sides of the region.   

[0233] 

 FIG. 12 is a flowchart illustrating a basic operation of imaging 

device 100 illustrated in FIG. 9.  Specifically, transmitters 101, 15 

receivers 102, and information processing circuit 103 in imaging 

device 100 illustrated in FIG. 9 perform the operations illustrated in 

FIG. 10.   

[0234] 

 First, a plurality of transmitters 101 transmit waves to a region 20 

to be measured (S101).  For example, transmitters 101 sequentially 

transmit waves.  A plurality of receivers 102 receive waves from the 

region to be measured (S102).  For example, receivers 102 receive 

waves in parallel.  The received waves can also be referred to as 

scattered waves.  Information processing circuit 103 then visualizes 25 

the three-dimensional structure of each of scatterers included in an 

object in a region based on the measurement data obtained by 

transmitters 101 and receivers 102 (S103).   

[0235] 

 Specifically, information processing circuit 103 derives an 30 

imaging function corresponding to the scattering field function related 

to the scattering of the waves according to the correspondence 

between the measurement data and a composition of a plurality of 

functions related to multiple first-order scattering that form multiple 

scattering.  Information processing circuit 103 then visualizes the 35 
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three-dimensional structure of the scatterer included in the object in 

the region, using the imaging function.   

[0236] 

 This allows imaging device 100 to apply the correspondence 

between the measurement data and the composition of a plurality of 5 

functions related to multiple first-order scattering to derive an 

imaging function for visualizing the three-dimensional structure of 

each scatterer included in an object in a region.  Multiple scattering 

is assumed to be a combination of multiple first-order scattering.  

Accordingly, imaging device 100 is capable of analytically solving the 10 

inverse problem of scattering, including multiple scattering, according 

to this correspondence.  Hence, imaging device 100 is capable of 

visualizing, with high accuracy, the three-dimensional structure of 

each scatterer included in an object in a region.   

[0237] 15 

 For example, information processing circuit 103 may derive the 

imaging function corresponding to the scattering field function by 

solving the equation of the scattering field function based on the 

measurement data.  Moreover, the scattering field function may be 

expressed by   20 

[0238] 

  [Math. 98] 

. 

[0239] 

 Here (x, y1, z1) denotes the transmission position of the wave, 25 

(x, y2, z2) denotes the reception position of the wave, k denotes the 

wave number of the wave, D denotes the region, (ξ, η, ζ) corresponds 

to the reflection position of the wave, and ε corresponds to an 

unknown reflectance at the reflection position.  Moreover, ρ1 denotes 

the distance from the transmission position to the reflection position, 30 

and ρ2 denotes the distance from the reflection position to the 

reception position.   

[0240] 
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 Moreover, the equation of the scattering field function may be 

expressed by   

[0241] 

  [Math. 99] 

. 5 

Here, Δ5 denotes the Laplace operator with respect to x, y1, y2, z1, 

and z2, c denotes the propagation velocity of the wave, and t denotes 

the time taken from the wave transmission to the wave reception.   

[0242] 

 This allows imaging device 100 to visualize, with high accuracy, 10 

the three-dimensional structure of each scatterer included in an 

object in a region, according to the scattering field function associated 

with the scattering phenomenon and the equation satisfied by the 

scattering field function.   

[0243] 15 

 For example, information processing circuit 103 may derive an 

analytical solution of the equation based on the measurement data.  

Information processing circuit 103 may then derive the imaging 

function based on the analytical solution.  The analytical solution 

may be expressed by   20 

[0244] 

  [Math. 100] 

. 

[0245] 

 Here, kx, ky1, and ky2 denote wave numbers related to x, y1 and 25 

y2 of the scattering field function.  Moreover, a(kx, ky1, ky2, k) denotes 

a function based on kx, ky1, ky2 and k, s1(kx, ky1, ky2) denotes a 

function based on kx, ky1 and ky2, and s2(kx, ky1, ky2) denotes a 

function based on kx,ky1, and ky2.   

[0246] 30 

 This allows imaging device 100 to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 
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object in a region according to the analytical solution of the equation 

satisfied by the scattering field function associated with the scattering 

phenomenon.   

[0247] 

 For example, the imaging function may be expressed by    5 

[0248] 

  [Math. 101] 

. 

Here, (x, y, z) denotes the position of an imaging target.   

[0249] 10 

 This allows imaging device 100 to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the imaging function appropriately 

associated with the scattering field function.   

[0250] 15 

 Moreover, for example, multiple scattering may be expressed 

using four functions of a spectral space corresponding to the four 

fundamental solutions of the scattering field function equation.  

Additionally, the relation between the measurement data and the four 

functions may be expressed by a nonlinear integral equation.  20 

Information processing circuit 103 may then derive four functions 

from the measured data according to the nonlinear integral equation.  

Information processing circuit 103 may then use the four functions to 

derive the imaging function corresponding to the scattering field 

function.   25 

[0251] 

 This allows imaging device 100 to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to relational expression that expresses 

multiple scattering.   30 

[0252] 

 For example, the measurement data may be expressed by   

[0253] 
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  [Math. 102] 

. 

Here, Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 

forward scattering corresponding to two directions and two back 5 

scattering corresponding to two directions.   

[0254] 

 Information processing circuit 103 then uses   

[0255] 

  [Math. 103] 10 

,  

to derive 

[0256] 

  [Math. 104] 

 15 

from which the effects of multiple scattering have been removed.   

[0257] 

 Here, a1, a2, a3, and a4 expressed by am1, am2, am3, …, amL, 

correspond to a(kx, ky1, ky2, k) in the analytical solution related to the 

four scattering states.  Moreover, f2, f3, …, fL denote the products of 20 

2, 3, …, L variables in the square brackets corresponding to 2, 3, …, 

L scattering applied from wave transmission to wave reception, 

respectively.   

[0258] 

  [Math. 105] 25 
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denote the wave number vectors related to the coordinate variables 

included in 2, 3, …, L variables in the square brackets of f2, f3, …, fL.   

[0259] 

 Information processing circuit 103 may then use, as a 5 

scattering field function,   

[0260] 

  [Math. 106] 

 

[0261] 10 

 to derive, as an imaging function, 

  [Math. 107] 

. 

[0262] 

 This allows imaging device 100 to visualize, with high accuracy, 15 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation based on the multiple 

scattering theory.   

[0263] 

 For example, the measurement data is expressed by   20 

[0264] 

  [Math. 108] 

. 

Here, Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 25 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions.   
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[0265] 

 Information processing circuit 103 may then use   

[0266] 

  [Math. 109] 

 5 

to derive 

[0267] 

  [Math. 110] 

 

from which the effects of multiple scattering has been removed.   10 

[0268] 

 Here a1, a2, a3, and a4, expressed by am correspond to a(kx, ky1, 

ky2, k) in the analytical solution related to the four scattering states.  

Moreover, Φ11, Φ12, Φ21, and Φ22, expressed by Φm1n1, Φm2n2, Φm3n3, 

…, ΦmLnL, correspond to the measurement data related to the four 15 

scattering states.  Moreover, g2, g3, …, gL denote the products of 2, 

3, …, L variables in the square brackets corresponding to 2, 3, …, L 

scattering applied from wave transmission to wave reception, 

respectively.   

[0269] 20 

 Moreover, 

[0270] 

  [Math. 111] 
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denote wave number vectors related to the coordinate variables 

included in 2, 3, …, L variables in the square brackets of g2, g3, …, gL.   

[0271] 

 Information processing circuit 103 then may use, as a 5 

scattering field function,   

[0272] 

  [Math. 112] 

 

[0273] 10 

 to derive, as an imaging function, 

  [Math. 113] 

. 

[0274] 

 This allows imaging device 100 to visualize, with high accuracy, 15 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation in which the measurement 

data is properly associated based on the multiple scattering theory.   

[0275] 

 For example, the measurement data is expressed by   20 

[0276] 

  [Math. 114] 

. 

Here, Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 25 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions.   

[0277] 
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 Information processing circuit 103 may then derive a1 from 

which the effects of multiple scattering have been removed, using   

[0278] 

  [Math. 115] 

. 5 

[0279] 

 Here, δ denotes a delta function, kxa, kxb, and kxc are variables 

corresponding to kx, kη and kη2 are variables corresponding to ky1, kη3 

is a variable corresponding to ky2, and O(a4) is a term corresponding 

to fourth or higher order scattering.   10 

[0280] 

 Information processing circuit 103 may then use, as a 

scattering field function,   
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[0281] 

  [Math. 116] 

 

[0282] 

 to derive, as an imaging function, 5 

  [Math. 117] 

. 

[0283] 

 This allows imaging device 100 to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 10 

object in a region according to the equation in which the scattering 

phenomenon is concretely expressed based on the multiple scattering 

theory.   

[0284] 

 For example, the measurement data is expressed by   15 

[0285] 

  [Math. 118] 

. 

Here, Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 20 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions.   

[0286] 

 Information processing circuit 103 may derive a1 from which 

the effects of multiple scattering have been removed, using   25 

[0287] 

  [Math. 119] 
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. 

[0288] 

 Here, δ denotes a delta function, kxa, kxb, and kxc are variables 

corresponding to kx, kη and kη2 are variables corresponding to ky1, and 

kη3 is a variable corresponding to ky2.   5 

[0289] 

 Information processing circuit 103 may then use, as a 

scattering field function,   

[0290] 

  [Math. 120] 10 
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[0291] 

 to derive, as an imaging function, 

  [Math. 121] 

. 5 

[0292] 

 This allows imaging device 100 to visualize, with high accuracy, 

the three-dimensional structure of each scatterer included in an 

object in a region according to the equation in which the scattering 

phenomenon is concretely expressed based on the multiple scattering 10 

theory and the measurement data is properly associated.   

[0293] 

 For example, the measurement data is expressed by   

[0294] 

  [Math. 122] 15 

. 

Here, Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to the 

measurement data related to four scattering states that include two 

forward scattering corresponding to two directions and two back 

scattering corresponding to two directions.   20 

[0295] 

 Information processing circuit 103 may then derive a1 from 

which the effects of multiple scattering have been removed, using   

[0296] 

  [Math. 123] 25 
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. 

Here, δ denotes a delta function, kxa, kxb, and kxc are variables 

corresponding to kx, kη and kη2 are variables corresponding to ky1, and 

kη3 is a variable corresponding to ky2.   

[0297] 5 

 Information processing circuit 103 may then use, as a 

scattering field function,   

[0298] 

  [Math. 124] 

 10 

[0299] 

 to derive, as an imaging function, 

  [Math. 125] 

. 

[0300] 15 

 This allows imaging device 100 to visualize, with high accuracy, 

the three-dimensional structure of a scatterer included in an object in 
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a region according to the equations rearranged based on the multiple 

scattering theory.   

[0301] 

 For example, the scattering field function may be defined as a 

function in which the transmission position of the wave and the 5 

reception position of the wave are input and a value indicating the 

wave at the reception position is output.  The imaging function may 

be defined based on the value output from the scattering field function 

by inputting the position of an imaging target as the transmission 

position and the reception position to the scattering field function.  10 

Information processing circuit 103 may use the measurement data as 

a boundary condition to derive a scattering field function, and may 

use the scattering field function to derive an imaging function.   

[0302] 

 For example, other structural elements, equations, expressions, 15 

variables, and the like described in the present embodiment may be 

appropriately applied to transmitters 101, receivers 102, information 

processing circuit 103, the scattering field functions, the imaging 

functions and the like described in the basic configuration and basic 

operation above.   20 

[0303] 

 The scattering field functions, imaging functions, and the like 

indicated in the present embodiment may be applied with 

modifications as appropriate.  For example, other formulas that 

include substantially the same content as the formulas described 25 

above may be used, and other formulas that are derived based on the 

theories described above may be used.   

[0304] 

 In the description above, the expression of the fundamental 

solution and the expression of the analytical solution may be read 30 

interchangeably.   

[0305] 

 FIG. 13 is a block diagram illustrating a specific configuration 

of imaging device 100 illustrated in FIG. 9.   

[0306] 35 
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 Transmitters 101 and receivers 102 in imaging device 100 

illustrated in FIG. 9 may be included in multistatic antenna array 1008.  

Information processing circuit 103 in imaging device 100 illustrated 

in FIG. 9 may correspond to one or more of the structural elements 

illustrated in FIG. 13.  Specifically, for example, information 5 

processing circuit 103 may correspond to signal processing calculator 

1005.  Display 104 illustrated in FIG. 9 may correspond to signal 

monitoring device 1006.   

[0307] 

 The microwave signal used in imaging device 100 is a pseudo-10 

random time-series signal (pseudo noise code (PN code)) with a 

frequency component of DC to 20 GHz.  This signal is output from 

FPGA board 1002 for PN code generation.  More specifically, the 

signal is classified into two types.  One type of the signal (local 

oscillator signal (LO signal)) is transmitted to an RF detection circuit 15 

(RF detection board 1007) via a delay circuit (digital control board 

1003).   

[0308] 

 The other type of the signal (radio frequency (RF) signal) is 

transmitted to and radiated from a transmitting microwave UWB 20 

antenna of multistatic antenna array 1008.  The scattered microwave 

signal is received by the UWB antenna for reception of multistatic 

antenna array 1008 and transmitted to the RF detection circuit (RF 

detection board 1007).  Here, the transmitted and received signals 

pass through an antenna element selection switch (UWB antenna RF 25 

switch 1004).   

[0309] 

 The signal to be delayed (LO signal) is delayed by 1/2n times 

(n is an integer greater than 2) the amount of time it takes for the 

PN code value to change.  The detected signal undergoes analog-to-30 

digital (AD) conversion performed by signal processing calculator 

1005 and is stored as an intermediate frequency (IF) signal.  

Moreover, information indicating the detected signal may be displayed 

on signal monitoring device 1006.   

[0310] 35 
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 The timing of these series of operations is controlled by the 

microcontroller in digital control board 1003 in synchronization with 

the signal (distance signal or free run signal) from distance meter 

1001.  For example, the microprocessor in digital control board 1003 

transmits a switch signal, a PN code sweep trigger, and the like.   5 

[0311] 

 Moreover, signal processing calculator 1005 performs three-

dimensional reconstruction using the stored signals after the AD 

conversion, and displays a three-dimensional image.  Signal 

processing calculator 1005 may also perform signal calibration.  10 

Signal processing calculator 1005 may also perform raw wave display.  

For example, signal processing calculator 1005 may store a three-

dimensional image, and the like in memory 1009.   

[0312] 

 The configuration illustrated in FIG. 13 is an example, and the 15 

configuration of imaging device 100 is not limited to the configuration 

illustrated in FIG. 13.  The configuration illustrated in FIG. 13 may 

be partially omitted or changed.   

[0313] 

 (Supplemental information)   20 

 Although the aspects of the imaging device have been 

described above based on the embodiment, the aspects of the imaging 

device are not limited to such an embodiment.  Various modifications 

conceivable by those skilled in the art may be made to the 

embodiment, and a plurality of structural elements in the embodiment 25 

may be combined arbitrarily.  For example, a process executed by a 

specific structural element in the embodiment may be executed by a 

different structural element instead.  Moreover, the processing order 

of the processes may be changed, and the processes may be 

performed in parallel.   30 

[0314] 

 An imaging method including steps performed by the structural 

elements included in the imaging device may be executed by an 

arbitrary device or system.  For example, part or all of the imaging 

method may be executed by a computer including, for example, a 35 
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processor, memory, and an input and output circuit.  In such cases, 

the imaging method may be executed by a program for causing a 

computer to execute the imaging method being executed by the 

computer.   

[0315] 5 

 The program may be recorded on a non-transitory computer-

readable recording medium.   

[0316] 

 Each of the structural elements of the imaging device may be 

configured in the form of dedicated hardware, in the form of general-10 

purpose hardware that executes the above program or the like, or any 

combination thereof.  Moreover, the general-purpose hardware may 

be configured in the form of memory on which a program is recorded 

and a general-purpose processor that reads the program from the 

memory and executes the program.  Here, the memory may be 15 

semiconductor memory or a hard disk, and the general-purpose 

processor may be a central processing unit (CPU) or the like.   

[0317] 

 The dedicated hardware may be configured in the form of 

memory and a dedicated processor or the like.  For example, the 20 

dedicated processor may reference the memory for recording the 

measurement data and execute the imaging method described above.   

[0318] 

 Each of the structural elements of the imaging device may be 

an electrical circuit.  The electrical circuits may collectively form a 25 

single electrical circuit and, alternatively, may form individual 

electrical circuits.  These electrical circuits may correspond to 

dedicated hardware or general-purpose hardware that executes the 

above program, for example.   

[Industrial Applicability] 30 

[0319] 

 One aspect of the present disclosure is useful for an imaging 

device that uses waves to visualize the three-dimensional structure 

of each scatterer in an object in a region, and is applicable to, for 

example, geophysical exploration or medical diagnosis.   35 
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[Reference Signs List] 

[0320] 

 100 imaging device 

 101 transmitter 

 102 receiver 5 

 103 information processing circuit 

 104 display 

 1001 distance meter 

 1002 FPGA board for PN code generation  

 1003 digital control board 10 

 1004 UWB antenna RF switch 

 1005 signal processing calculator 

 1006 signal monitoring device 

 1007 RF detection board 

 1008 multistatic antenna array  15 

 1009 memory  
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[CLAIMS] 

[Claim 1] 

 An imaging device comprising: 

 a plurality of transmitters which are disposed on both sides of 

a region to be measured, and each of which transmits a wave to the 5 

region; 

 a plurality of receivers which are disposed on the both sides, 

and each of which receives the wave; and 

 an information processing circuit which derives an imaging 

function corresponding to a scattering field function related to 10 

scattering of the wave according to a correspondence between (i) 

measurement data obtained by the plurality of transmitters and the 

plurality of receivers and (ii) a composition of a plurality of functions 

related to multiple first-order scattering forming multiple scattering, 

and visualizes a three-dimensional structure of a scatterer included 15 

in an object in the region, using the imaging function. 

 

[Claim 2] 

 The imaging device according to claim 1, 

 wherein the information processing circuit derives the imaging 20 

function corresponding to the scattering field function by solving an 

equation of the scattering field function based on the measurement 

data, 

 the scattering field function is expressed by 

[Math. 1] 25 

 

 where (x, y1, z1) denotes a transmission position of the wave, 

(x, y2, z2) denotes a reception position of the wave, k denotes a wave 

number of the wave, D denotes the region, (ξ, η, ζ) corresponds to a 

reflection position of the wave, ε corresponds to an unknown 30 

reflectance at the reflection position, ρ1 denotes a distance from the 

transmission position to the reflection position, and ρ2 denotes a 

distance from the reflection position to the reception position, and 

 the equation is expressed by 
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[Math. 2] 

 

 where Δ5 denotes a Laplace operator related to x, y1, y2, z1, 

and z2, c denotes a propagation velocity of the wave, and t denotes a 

time taken from transmission of the wave to reception of the wave.  5 

 

[Claim 3] 

 The imaging device according to claim 2, 

 wherein the information processing circuit derives an analytical 

solution of the equation based on the measurement data, and derives 10 

the imaging function based on the analytical solution, and  

 the analytical solution is expressed by 

[Math. 3] 

 

 where kx, ky1, and ky2 denote wave numbers related to x, y1, 15 

and y2 of the scattering field function, a(kx, ky1, ky2, k) denotes a 

function based on kx, ky1, ky2, and k, s1(kx, ky1, ky2) denotes a function 

based on kx, ky1, and ky2, and s2(kx, ky1, ky2) denotes a function based 

on kx, ky1, and ky2. 

 20 

[Claim 4] 

 The imaging device according to claim 3, 

 wherein the information processing circuit derives the imaging 

function based on the analytical solution, and 

 the imaging function is expressed by  25 

[Math. 4] 

 

 where (x, y, z) denotes a position of an imaging target. 

 

[Claim 5] 30 

 The imaging device according to claim 1, 
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 wherein the multiple scattering is expressed using four 

functions of a spectral space corresponding to four fundamental 

solutions of an equation of the scattering field function, 

 a relation between the measurement data and the four 

functions is expressed by a non-linear integral equation, and 5 

 the information processing circuit: 

  derives the four functions from the measurement data 

according to the non-linear integral equation; and 

  derives the imaging function corresponding to the 

scattering field function, using the four functions. 10 

 

[Claim 6] 

 The imaging device according to claim 4, 

 wherein the measurement data is expressed by  

[Math. 5] 15 

 

 where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to 

the measurement data related to four scattering states that include 

two forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, 20 

 the information processing circuit uses  

[Math. 6] 

 

 to derive  

[Math. 7] 25 
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 from which an effect of multiple scattering has been removed, 

 where a1, a2, a3, and a4 expressed by am1, am2, am3, …, amL 

correspond to a(kx, ky1, ky2, k) in the analytical solution related to the 

four scattering states, f2, f3, …, fL denote products of 2, 3, …, L 5 

variables in square brackets corresponding to 2, 3, …, L scattering 

applied from transmission of the wave to reception of the wave, 

respectively, 

[Math. 8] 

 10 

 denote wave number vectors related to coordinate variables 

included in 2, 3, …, L variables in square brackets of f2, f3, …, fL, and 

 the information processing circuit uses, as the scattering field 

function, 

[Math. 9] 15 

 

 to derive, as the imaging function, 

[Math. 10] 

. 

[Claim 7] 20 

 The imaging device according to claim 4, 

 wherein the measurement data is expressed by 

[Math. 11] 

 

 where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to 25 

the measurement data related to four scattering states that include 
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two forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, 

 the information processing circuit uses 

[Math. 12] 

 5 

 to derive 

[Math. 13] 

 

 from which an effect of multiple scattering has been removed, 

 where a1, a2, a3, and a4 expressed by am correspond to a(kx, 10 

ky1, ky2, k) in the analytical solution related to the four scattering 

states, Φ11, Φ12, Φ21, and Φ22 expressed by Φm1n1, Φm2n2, Φm3n3, …, 

ΦmLnL correspond to the measurement data related to the four 

scattering states, g2, g3, …, gL denote products of 2, 3, …, L variables 

in square brackets corresponding to 2, 3, …, L scattering applied from 15 

transmission of the wave to reception of the wave, respectively, 

[Math. 14] 

 

 denote wave number vectors related to coordinate variables 

included in 2, 3, …, L variables in square brackets of g2, g3, …, gL, and 20 

 the information processing circuit uses, as the scattering field 

function, 

[Math. 15] 
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 to derive, as the imaging function, 

[Math. 16] 

. 

 5 

[Claim 8] 

 The imaging device according to claim 4, 

 wherein the measurement data is expressed by  

[Math. 17] 

 10 

 where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to 

the measurement data related to four scattering states that include 

two forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, 

 the information processing circuit uses  15 

[Math. 18] 
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 to derive a1 from which an effect of multiple scattering has been 

removed, 

 where δ denotes a delta function, kxa, kxb, and kxc are variables 

corresponding to kx, kη and kη2 are variables corresponding to ky1, kη3 5 

is a variable corresponding to ky2, and O(a4) is a term corresponding 

to a fourth or higher order scattering, and 

 the information processing circuit uses, as the scattering field 

function, 

 [Math. 19] 10 
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 to derive, as the imaging function, 

[Math. 20] 

 

. 5 

 

[Claim 9] 

 The imaging device according to claim 4, 

 wherein the measurement data is expressed by  

[Math. 21] 10 

 

 where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to 

the measurement data related to four scattering states that include 

two forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, 15 

 the information processing circuit uses  

[Math. 22] 
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 to derive a1 from which an effect of multiple scattering has been 

removed, 

 where δ denotes a delta function, kxa, kxb, and kxc are variables 

corresponding to kx, kη and kη2 are variables corresponding to ky1, kη3 5 

is a variable corresponding to ky2, and 

 the information processing circuit uses, as the scattering field 

function, 

[Math. 23] 

 10 

 to derive, as the imaging function, 
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[Math. 24] 

 

. 

 

[Claim 10] 5 

 The imaging device according to claim 4, 

 wherein the measurement data is expressed by 

[Math. 25] 

 

 10 

 where Φ11, Φ12, Φ21, and Φ22 expressed by Φij correspond to 

the measurement data related to four scattering states that include 

two forward scattering corresponding to two directions and two back 

scattering corresponding to two directions, 

 the information processing circuit uses 15 

[Math. 26] 

 

 to derive a1 from which an effect of multiple scattering has been 

removed, 

 where δ denotes a delta function, kxa, kxb, and kxc are variables 20 

corresponding to kx, kη and kη2 are variables corresponding to ky1, kη3 



 - 82 - 

is a variable corresponding to ky2, and 

 the information processing circuit uses, as the scattering field 

function, 

[Math. 27] 

 5 

 to derive, as the imaging function, 

[Math. 28] 

. 

 

[Claim 11] 10 

 An imaging method comprising: 

 transmitting, by each of a plurality of transmitters disposed on 

both sides of the region, a wave to a region to be measured; 

 receiving, by each of a plurality of receivers disposed on the 

both sides, the wave from the region; and 15 

 deriving an imaging function corresponding to a scattering field 

function related to scattering of the wave according to a 

correspondence between (i) measurement data obtained by the 

plurality of transmitters and the plurality of receivers and a 

composition of a plurality of functions related to multiple first-order 20 

scattering forming multiple scattering, and visualizing a three-

dimensional structure of a scatterer included in an object in the region, 

using the imaging function.  


