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(54) METHOD AND PROGRAM FOR CALCULATING POTENTIAL AND CURRENT IN ELECTRIC 
CIRCUIT AND SURROUNDING ELECTROMAGNETIC FIELD

(57) It is possible to comprehensively calculate a po-
tential and a current of a transmission line in an electric
circuit, a potential and a current of an element, and an
electromagnetic field including noise generated from the
electric circuit. A computer performs a circuit configura-
tion inputting step of inputting a circuit configuration of a
distributed constant circuit and a lumped constant circuit
and an initial value of each variable, and a calculating
step of obtaining a scalar potential and a current in a
multi-conductor transmission line, a scalar potential and
a voltage in an element, and an electromagnetic radiation
amount by, under the circuit configuration and the initial
value, solving a basic equation of a transmission theory
using a boundary condition formula at x = 0 and w which
are the boundary between the distributed constant circuit
and the lumped constant circuit.
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Description

Technical Field

[0001] The present invention relates to a method and a program for calculating a potential, a current, and a peripheral
electromagnetic field, which comprehensively calculate a potential and a current of a transmission line in an electric
circuit, a potential and a current of an element, and a peripheral electromagnetic field including noise generated inside
and outside the electric circuit.

Background Art

[0002] Conventionally, the investigation of an electromagnetic field around a device by simulation is performed in order
of (1) input of information of a circuit constituting the device, (2) calculation of a potential and a current of a transmission
line or an element based on a lumped constant circuit theory or a distributed constant circuit theory related to a multi-
conductor transmission line (see Non Patent Document 1), and (3) calculation of an electromagnetic field. However, in
practice, the potential and current of the transmission line and the element and the peripheral electromagnetic field
interact with each other, and the electromagnetic field cannot be calculated with high accuracy in a conventional elec-
tromagnetic field calculation method which does not consider the interaction. Therefore, it was common to take coun-
termeasures such as empirically known methods and symptomatic treatment for electromagnetic noise that has occurred
as a result after designing a circuit based on the calculation result by simulation.
[0003] Under such circumstances, there was proposed a new transmission theory for comprehensively calculating a
potential and a current of a transmission line, a potential and a current of an element, and an electromagnetic field
including noise generated there from by fusing a multiconductor transmission line theory and an antenna theory (see
Non Patent Document 2).
[0004] Equations (1) and (2) showing a conventional multiconductor transmission line theory shown in Non Patent
Document 1 were created from phenomenological considerations.
[Math. 1] 

[Math. 2] 

 (Vi is a potential difference (voltage) from a reference line (transmission line 1) of a transmission line i among n trans-
mission lines, Ii is a current flowing through the transmission line i, Cij and Lij are an electrical capacitance and an
induction coefficient between transmission lines i and j respectively)
[0005] On the other hand, the new transmission theory incorporates the antenna theory into the multiconductor trans-
mission line theory, and the basic equation is directly derived from Maxwell’s equation. Hereinafter, the outline of the
new transmission theory shown in Non Patent Document 2 will be described.
[0006] In the electric circuit, the transmission line is used for carrying electricity. However, the energized transmission
line also functions as an antenna, and radiation of electromagnetic waves from the antenna is discussed from Maxwell’s
equation. Therefore, the relationship between multiconductor transmission line theory and the electromagnetic radiation
from the multiconductor transmission line constituting the electric circuit is discussed based on the antenna theory given
by Maxwell’s equations.
[0007] It is well known that Maxwell’s equation describes electromagnetic waves. A delay potential derived from the
Maxwell equation at a position represented by a vector rv at time t, that is, a scalar potential U (t, rv) and a vector potential
Av(t, rv) can be written as follows.
[Math. 3] 
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[Math. 4] 

(ε is a permittivity, m is a permeability, c is the speed of light, and t’ and rv’ are a time prior to time t and a position at
time t’ satisfying the relationship t’ = t - | rv - rv’ | / c)
[0008] That is, the scalar potential U(t, rv) and the vector potential Av(t, rv) at the time t are based on a charge density
q(t’, rv’) and a current density vector iv(t’, rv’) at the time t’ and the position rv’.
[0009] Here, for each of the n parallel transmission lines having a length w, when assumed that charge and current
are gathered at the center of the electric wire and the charge and the current are integrated (∫ds) by a cross-sectional
area at a position x in a longitudinal direction of the transmission line, the charge Qi(t, x) and the current Ii(t, x) per unit
length of the i-th transmission line i at the time t and the position x are given by Qi(t, x) = ∫ds·qi(t, rv), and Ii(t, x) = ∫ds·ii(t,
rv). In addition, because of the axial symmetry, the direction of the current can be regarded as only the direction of the
transmission line, that is, the x direction, so that the vector potential Av(t, rv) can be expressed simply as A(t, x). Then,
when the distance between the center of the transmission line i and the adjacent transmission line j is dij, the scalar
potential Ui(t, x) and the vector potential Ai(t, x) on the surface of each transmission line distant from the position x of
the transmission line i by the distance dij can be described as follows.
[Math. 5] 

[Math. 6] 

[0010] From these equations, the electromagnetic field on the surface of the transmission line can be obtained, and
the electromagnetic field generated around the transmission line can be obtained from the obtained electromagnetic
field of the transmission line surface by the theory of electromagnetism.
[0011] dij generally takes a very small value in the electric circuit. At this time, the integrands of Equations (5) and (6)
have a divergent peak near x’ = x, and need to be handled separately for the portion that does not contributes therearound
and the other portions. Therefore, when approximating to Qj(t, x’) = Qj(t, x) and Ij(t, x’) = Ij(t, x), as shown in the first term
of Equations (7) and (8), it is possible to put Qj(t, x) and Ij(t, x) outside the integral and analytically calculate the integral
of the remaining x’. On the other hand, the second term in Equations (7) and (8) becomes a part that can be handled
numerically by removing the diverging part.
[Math. 7] 

[Math. 8] 
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[0012] Since dij << w in general, dij = 0 can be set except for the case of x’ = x. Therefore, the second term of Equations
(7) and (8) can be expressed by using the total charge Qt and the total current It of the n transmission lines, and Equations
(7) and (8) can be expressed as Equations (9) and (11) and Equations (10) and (12), respectively.
[Math. 9] 

[Math. 10] 

[Math. 11] 

[Math. 12] 

[0013] (Pij is a potential coefficient between the transmission lines i and j, an element of an inverse matrix of a matrix
having these as an element corresponds to a reciprocal number of the electrostatic capacitance Cij. Lij is an induction
coefficient between the transmission lines i and j.)
[0014] ∼U(t, x) in Equation (11) and ∼A(t, x) in Equation (12) corresponding to the second term in Equations (7) and
(8) respectively include a potential delay, which represents an electromagnetic wave emission and absorption process,
that is, an antenna process (see Non Patent Document 2).
[0015] The electromagnetic potential generated from these charges and currents affects the charge current in the
transmission line. In macroscopic systems dealing with electromagnetics, it is possible to use the phenomenological
Ohm’s law which does not directly handle charge motion and describes its average behavior. Specifically, when a
resistance Ri determined from the property of the transmission line i is given, the current Ii(t, x) at the position when the
electric field E(t, x) is given is expressed by 

[0016] By expressing Equation (13) by potential, the following equation that the current is determined when the elec-
tromagnetic potential is given is obtained.
[Math. 13] 
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[0017] Furthermore, the equation of continuity between Q and I is considered.
[Math. 14]

[0018] Since four Equations (9), (10), (14), and (15) are given to four variables of the two potentials (U, A) and the
two charge currents (Q, I), it is possible to solve these equations by giving appropriate boundary conditions.
[0019] By calculating the time derivative of the potentials of Equations (9) and (10) and then eliminating A and Q by
using Equations (14) and (15), twoEquations (16) and (17) are obtained. These two partial differential equations are
basic equations of a new transmission theory incorporating an antenna theory into a multiconductor transmission line
theory, which is directly derived from Maxwell’s equation. Both equations are equations expressing the amount of change
in scalar potential, that is, the amount of change in potential, by using the amount of change in current.
[Math. 15] 

[Math. 16] 

[0020] The basic equation of the conventional multiconductor transmission line theory shown in Equations (1) and (2)
can be rewritten on the same left side as in Equations (16) and (17) by using the potential coefficient Pij and potential
(see Non Patent Document 3).
[Math. 17] 

[Math. 18] 

[0021] As can be seen by comparing the right side of Equations (16) and (17) with the right side of Equations (18) and
(19), the first term on the right side of Equations (16) and (17) coincides with the right side of Equations (18) and (19).
That is, Equations (16) and (17), which are basic equations of new transmission theory, include Equations (18) and (19)
of the conventional multi-conductor transmission theory created from phenomenological considerations. Equations (16)
and (17) additionally include the antenna term ∼U(t, x) and ∼A(t, x) representing the antenna process, respectively.

Prior Art References

Non Patent Document

[0022]

Non Patent Document 1: Clayton R. Paul, "Analysis of Multiconductor Transmission Lines", Wiley-Inter-Science, 2008
Non Patent Document 2: Hiroshi Toki and Kenji Sato, "Multiconductor Transmission-Line Theory with Electromag-
netic Radiation", Journal of the Physical Society of Japan, January 2012, Vol. 81, 014201
Non Patent document 3: Hiroshi Toki and Kenji Sato, "Three Conductor Transmission Line Theory and Origin of
Electromagnetic Radiation and Noise", Journal of the Physical Society of Japan, January 2009, Vol. 78, 094201



EP 3 333 736 A1

6

5

10

15

20

25

30

35

40

45

50

55

Summary of the Invention

Problems to be solved by the Invention

[0023] The basic equations of the new transmission theory described as the background art can be solved by giving
appropriate boundary conditions. However, the method of setting the boundary conditions has been clarified only in the
limited cases such as one resistor and one capacitor, and a specific calculation method under the boundary condition
to which an arbitrary lumped constant circuit is connected has not been clarified.
[0024] An object of the present invention is to provide an efficient calculation method under the boundary condition
while giving an appropriate boundary condition to a basic equation of a new transmission theory and thus to provide a
method and a program of calculating a potential, a current, and a peripheral electromagnetic field in an electric circuit,
which can comprehensively calculate a potential and a current of a multi-conductor transmission line constituting a
distributed constant circuit, a potential and a current of an element constituting a lumped constant circuit connected to
the multi-conductor transmission line, and an electromagnetic field including noise generated inside and outside the
electric circuit.

Means for solving the Problems

[0025]

(1) There is provided a method for calculating a potential, a current, and a peripheral electromagnetic field in an
electric circuit, which causes a computer to calculate a potential and a current in a multi-conductor transmission line
constituting a distributed constant circuit, a potential and a current in an element constituting a lumped constant
circuit connected to the multi-conductor transmission line, and an electromagnetic radiation amount from each circuit,
the method including: a circuit configuration inputting step of inputting a circuit configuration of the distributed constant
circuit and the lumped constant circuit and an initial value of each variable; and a calculating step of obtaining the
potential and the current in the multi-conductor transmission line, the potential and the current in the element, and
the electromagnetic radiation amount by solving:

under the circuit configuration and the initial value, the following basic equations of new transmission theory:
[Math. 19] 

[Math. 20] 

[Math. 21] 

[Math. 22] 

using a boundary condition formula at x = 0 and w which are boundaries between the distributed constant circuit
and the lumped constant circuit: 
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and
Kirchhoff’s current law, that is, a summation formula in which an algebraic sum of branch currents of all the
branches flowing into one node is zero, that is, a current flowing out from the node is positive and a current
entering the node is negative: 

(t is a time, x and x’ are positions on each transmission line (x > x’), i, j (= 1, 2, ..., n) is the number of each
transmission line, Ui(t, x) and Ai(t, x) are scalar potential (potential) and vector potential of a transmission line
i at time t and a position x, respectively, Ij(t, x) is a current flowing in a transmission line j at the time t and the
position x, Pij and Lij are a potential coefficient and an induction coefficient between the transmission lines i and
j respectively, Ri is a resistance per unit length of the transmission line i, ∼U(t, x) and ∼A(t, x) are antenna terms
indicating the electromagnetic radiation amount at the time t and the position x, ε is a permittivity, m is a per-
meability, Qt(t, x) and It(t, x) are a charge and a current of all transmission lines at the time t and the position
x, Vij(t) is a power supply voltage connected between the nodes i, j (≠ i) at the time t on the lumped constant
circuit side, Iij (t) is a current flowing from the node i to the node j (≠ i) at the time t on the lumped constant circuit
side, Zij is a load connected between the nodes i, j (≠ i), Δ is 1 when Zij = Rij, d/dt when Zij = Lij, and (d/dt) -1

when Zij = 1/Cij, and α is 1 when x = 0 and -1 when x = w) .

 In this way, by giving the boundary conditions to the basic equations of the new transmission theory, it is possible
to comprehensively calculate the potential and current in the multi-conductor transmission line constituting the
distributed constant circuit, the potential and the current in the element constituting the lumped constant circuit
connected to the multi-conductor transmission line, and the electromagnetic fields including noise generated from
each circuit.
(2) The calculation of the basic equations of the new transmission theory can be performed efficiently by using the
Finite Difference Time Domain (FDTD) method. In the boundary condition between the transmission line part and
the lumped circuit part, the calculation is possible by using the result calculated by FDTD and the theory based on
the circuit theory used on lumped constant side. Specifically, on the lumped constant side, Kirchhoff’s voltage law,
Kirchhoff’s current law, and the voltage-current characteristics of the element can be used.
(3) In the case of performing the calculation by using the FDTD method, when a scalar potential at a position x =
k·Δx (k = 0, 1, ..., N, w = N·Δx) and time t = m·Δt (m = 0, 1, ..., arbitrary) on the transmission line i is Uk

m, a current
is denoted as Ikm, Uvk

m is a vector with Uk
m as an element for each transmission line i, Ivk

m is a vector whose
elements are Ikm for each transmission line i, Pd is a matrix whose elements are Pij, Ld is a matrix whose elements
are Lij, and Rd is a matrix whose diagonal element is Ri, Equation (20) may be discretized into
[Math. 23] 

and Equation (21) may be discretized into
[Math. 24] 

(4) When Zcd is a matrix having a characteristic impedance Zcij between the transmission lines i and j as an element,
Equation (26) may be transformed as follows when k = 0 which is a boundary of one of the distributed constant
circuit and the lumped constant circuit
[Math. 25] 
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in addition, at k = N which is the other boundary, Equation (26) may be transformed as follows
[Math. 26] 

 and Equations (28) and (29) after the transformation may be solved using the following discretized boundary
condition formulas for k = 0 and N corresponding to Equations (24) and (25),
[Math. 27] 

[Math. 28] 

(when Zij = Rij, γij = 1 and δij = 1, when Zij = 2Lij/Δt, γij = 1 and δij = -1, and when Zij = Δt/2Cij, γij = -1 and δij = 1, and
β is 1 when k = 0 and -1 when k = N).
(5) When a connection matrix indicating the presence or absence of involvement in each node connection and the
presence or absence of connection with each transmission line in each node is Ad, a vector having the current Iij
flowing between the respective nodes and the current Ii flowing through each transmission line as an element is vI,
a matrix having elements of the impedance Zij between the respective nodes and the characteristic impedance Zcij
between the transmission lines is Zd, diagonal matrices with γij and δij as elements corresponding to a type of
elements connected between the nodes are γd and δd, and a vector having the voltage Vij applied between the nodes
as an element is Vv, Equations (28), (30), and (31) are expressed in a form of a matrix:
[Math. 29] 

Equations (29), (30), and (31) are expressed in a form of a matrix:
[Math. 30] 

and each equation may be solved.
(6) When considering the insertion of a current source between nodes i and j, Equation (31) is
[Math. 31] 

(Ad is a connection matrix indicating the presence or absence of involvement in each node connection not including
a current source and the presence or absence of connection with each transmission line in each node, AdJ is a
connection matrix indicating the presence or absence of involvement in each node connection including the current
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source at each node, vI0m+1 is a vector whose elements are a current Iij0m+1 flowing between the respective nodes
to which no current source is connected and a current Li0

m+1 flowing through each transmission line, and vIJ0
m+1 is

a vector whose elements are a current IJij0
m+1 flowing between the nodes to which the current source is connected)

is used, and Equations (28), (30), and (34) is expressed in a form of a matrix
[Math. 32] 

Equations (29), (30), and (34) are expressed in a form of a matrix:
[Math. 33] 

and each equation may be solved.
(7) In the value of the antenna term ∼U and ∼A, when a total charge of all the transmission lines at the position x =
k·Δx and the time t = m·Δt on the transmission line is Qtkm and a total current is Itkm, a value of Qtkm+1 is calculated by
[Math. 34] 

and the values of the antenna terms ∼U and ∼A may be calculated by the followings Equations.
[Math. 35] 

[Math. 36] 

(8) The calculating step may repeatedly perform: in m = 0, a first calculating sub-step of calculating Uv0
1 and vI01

by Equation (35) ; a second calculating sub-step of calculating Qt01 by Equation (37); a third calculating sub-step
of calculating ∼U0

1 by Equation (38); a fourth calculating sub-step of calculating Qtk1 (k = 1, 2, ..., N-1) by Equation
(37) ; a fifth calculating sub-step of calculating ∼Uk

1 (k = 1, 2, ..., N-1) by Equation (38); a sixth calculating sub-step
of calculating Uvk

1 (k= 1, 2, ..., N-1) by Equation (26) ; a seventh calculating sub-step of calculating UvN
1 and vIN1

by Equation (36) ; an eighth sub-step of calculating QtN1 by Equation (37) ; a ninth calculating sub-step of calculating
∼UN

1 by Equation (38) ; a tenth calculating sub-step of calculating ∼Ak+1/2
1/2 (k = 0, 1, ..., N-1) by Equation (39);

and an eleventh calculating sub-step of calculating Ivk+1/2
3/2 (k = 0, 1, ..., N-1) by Equation (27), and in m ≥ 1, an

twelfth calculating sub-step of calculating Uv0
m+1 and vI0m+1 by Equation (35); a thirteenth sub-step of calculating

Qt0m+1 by Equation (37); a fourteenth calculating sub-step of calculating ∼U0
m+1 (k =1, 2, ..., N-1) by Equation (38) ;

a fifteenth sub-step of calculating Qtkm+1 (k = 1, 2, ..., N-1) by Equation (37) ; a sixteenth calculating sub-step of
calculating ∼Uk

m+1 (k = 1, 2, ..., N-1) by Equation (38); a seventeenth calculating sub-step of calculating Uvk
m+1 (k

= 1, 2, ..., N-1) by Equation (26) ; an eighteenth calculating sub-step of calculating UvN
m+1 and vINm+1 by Equation

(36); a nineteenth calculating sub-step of calculating QtNm+1 by Equation (37); a twentieth calculating sub-step of
calculating ∼UN

m+1 by Equation (38); a twenty-first calculating sub-step of calculating ∼Ak+1/2
m+1/2 (k = 0, 1, ..., N-

1) by Equation (39) ; and a twenty-second calculating sub-step of calculating Ivk+1/2
m+3/2 (k = 0, 1, 2, ..., N-1) by

Equation (27) until a value of m reaches a predetermined value while incrementing m by 1.
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[0026] Therefore, it is possible to comprehensively calculate the potential and current in the multi-conductor transmis-
sion line constituting the distributed constant circuit, the potential and the current in the element constituting the lumped
constant circuit connected to the multi-conductor transmission line, and the electromagnetic fields including noise gen-
erated from each circuit, without performing a complicated calculation.

Brief Description of the Drawings

[0027]

Fig. 1 is a diagram illustrating an example of a circuit configuration to which a calculation method of the present
invention is applied.
Fig. 2 is a diagram illustrating an example of a calculation flow of a calculation method of the present invention.

Description of Embodiments

<Boundary Condition>

[0028] It is a basic equation of a new transmission theory described as the background art.
[Math. 37] 

[Math. 38] 

[Math. 39] 

[Math. 40] 

[0029] In order to solve these equations, it is necessary to provide an appropriate boundary condition between a
transmission line which is a distributed constant circuit and a power supply or load which is a lumped constant circuit.
Fig. 1 shows a configuration example of an electric circuit in which a power supply Vij(t) and a resistor rij are connected
to one end (power supply side) of an n-conductor transmission line and a resistor Rij is connected to the other end (load
side) . Here, t is the time, subscripts i and j are the numbers of the transmission line and the node, the transmission line
i is connected to the node i of the same subscript, and j is a transmission line and node different from i. ij is the number
indicating between the transmission lines i and j and between the nodes i and j. In Fig. 1, as a specific example, in a
three-conductor transmission line, at the power supply side boundary (x = 0) which is one end of each transmission line,
a power supply V12 and a resistor r12 are connected between the transmission lines 1 and 2 (between the nodes 1 and
2), and a resistor r23 is connected between the transmission lines 2 and 3 (between the nodes 2 and 3). On the load
side boundary (x = w (w is the transmission line length)) which is the other end of each transmission line, R12 is connected
between the transmission line 1 (node 1) and the node 4, R42 is connected between the node 4 and the transmission
line 2 (node 2), R23 is connected between the transmission lines 2 and 3 (between the nodes 2 and 3), R45 is connected
between the node 4 and the node 5, and R53 is connected between the node 5 and the transmission line 3 (node 3). In
addition, Ui(t, x) and Ii(t, x) are the scalar potential (potential) and current at the time t and the position x on the transmission
line i, respectively. Note that the scalar potential (potential) corresponds to the potential of the node of the lumped
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constant circuit at the boundary (x = 0 and x = w).
[0030] Under such a circuit configuration, the following boundary condition formula can be obtained from the Ohm’s
law at the power supply side boundary. 

[0031] In addition, in the connection node i between the transmission line i and the power supply or the like, the
following boundary condition formula can be further obtained from the law of current conservation. 

[0032] Note that Equation (41) assumes that the current flows in the direction indicated by the arrow in Fig. land is
established under the definition that the direction flowing out from the connection node is a positive direction and the
direction flowing into the connection node is a negative direction. In the following, in order to match the current calculation
of the whole circuit, the definition of the direction of the current in the current calculation formula is the same as this.
[0033] On the other hand, the next boundary condition formula can be obtained from the Ohm’s law even at the load
side boundary. 

[0034] Equation (42) also includes a power supply term similarly to Equation (40) on the power supply side. This is
because it is assumed that the power supply is inserted. Vij (t) = 0 in the case of the example of Fig. 1 in which the power
supply is not inserted.
[0035] In addition, the following boundary condition formula can be obtained from the law of current conservation even
at the connection node i between the transmission line i and the load. 

[0036] The sign of Equation (41) on the power supply side is different from the sign of Ii because the current flows out
from the power supply side connection node, whereas the current flows into the load side connection node.
[0037] In Fig. 1, a case where the resistor Rij is connected as a load is exemplified. However, when the inductor Lij
and the capacitor Cij are connected, Equation (42) has the following form.
[Math. 41] 

[Math. 42] 

[0038] Then, Equations (42), (44), and (45) can be generalized as follows. 

[0039] In Equation (46), Δ is 1 when Zij = Rij, d/dt when Zij = Lij, and (d/dt)-1 when Zij = 1/Cij.
[0040] In this way, by giving the boundary conditions to the basic equations of the new transmission theory, it is possible
to comprehensively calculate the potential and current of the transmission line in the electric circuit, the potential and
current of the element, and the electromagnetic field including noise generated from the electric circuit.
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<Application of FDTD Method>

[0041] The calculation of the basic equations (16) and (17) of the new transmission theory can be performed efficiently
by using a Finite Difference Time Domain (FDTD) method. In the FDTDmethod, analysis is performed by a structure
called a Yee grid that shifts the grid where the unknown electric field is arranged and the grid where the unknown
magnetic field is arranged by half the width of the grid. In the FDTD method, the Maxwell’s equation (Faraday’s electro-
magnetic induction law and Ampere’s law) is spatially and temporally differentiated by relational expressions working
between these unknown electric and magnetic fields and adjacent unknown electric field and magnetic field (discretiza-
tion), and based on this, the unknown electric field and the magnetic field are updated in units of certain time steps to
obtain the whole electromagnetic field behavior. According to this analysis method, the electric field and the magnetic
field can be obtained alternately by updating the electric field at a certain time step, updating the magnetic field after 1/2
time step, and updating the electric field after one time step. In particular, by setting the interval of the grid used for
discretizing the space and time to be sufficiently small, it is possible to simulate the temporal change of the electromagnetic
field in detail and efficiently. In the present invention, this technique is used for obtaining the potential and the current
in the transmission line. In the boundary condition between the transmission line part and the lumped circuit part, the
calculation is possible by using the result calculated by FDTD and the theory based on the circuit theory used on lumped
constant side. Specifically, on the lumped constant side, Kirchhoff’s voltage law, Kirchhoff’s current law, and the voltage-
current characteristics of the element can be used.
[0042] First, it is necessary to discretize the basic equations (16) and (17) of the new transmission theory when
performing the calculation by using the FDTD method. At this time, at the position x = k·Δx (k = 0, 1, ..., N, w = N·Δx) on
the transmission line i and the time t =m·Δt (m= 0, 1, ... arbitrary), the scalar potential is expressed as Uk

m and the current
is expressed as Ikm. In a case where the part of k is k+1/2 and the part of m is m+1/2, it is expressed as Ik+1/2

m+1/2. In
this way, the grid of the FDTD method is defined in a range from 0 to the transmission line length w in the x direction
and in a range up to an arbitrary time in the t direction. At this time, Equations (16) and (17) can be discretized as shown
in, for example, Equations (47) and (48).
[Math. 43] 

[Math. 44] 

[0043] Here, Uvk
m is a vector with Uk

m as the element for each transmission line i, Ivk
m is a vector with Ikm as the

element for each transmission line i, Pd is a matrix with Pij as its element, Ld is a matrix with Lij as its element, and Rd
is a matrix with Ri as a diagonal element.

<Boundary Condition in Case of FDTD Method>

[0044] Next, the discretized basic equations are solved by giving the boundary conditions. Since the effect of the
antenna is generated on the transmission line and is not generated at the boundary portion which is the end of the
transmission line, it is possible to solve the equation with the antenna term removed from the basic equation. The
following is obtained by simply substituting k = 0 indicating the boundary position of one of the distributed constant circuit
and the lumped constant circuit to the equation obtained by removing the antenna term ∼U from Equation (47).
[Math. 45] 

[0045] At this time, since the term of Iv-1/2
m+1/2 becomes x < 0 and falls outside the definition range of the grid, it is

transformed as follows so that it falls within the definition range and the error becomes small.
[Math. 46] 
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[0046] Such a transformation is similarly performed when Qt01 is determined. Furthermore, when the signal is trans-
mitted at the speed of light c on the transmission line and Zcd is a matrix having the characteristic impedance Zcij between
the transmission lines i and j as an element, Zcij = Pij/c and c·Δt = Δx, and thus Equation (50) can be transformed as follows.
[Math. 47] 

[0047] In addition, the following is obtained by simply substituting k = N indicating the boundary position of the other
of the distributed constant circuit and the lumped constant circuit to the equation obtained by removing the antenna term
∼U from Equation (47).
[Math. 48] 

[0048] At this time, since the term of IvN+1/2
m+1/2 becomes x > w and falls outside the definition range of the grid, it is

transformed as follows so that it falls within the definition range and the error becomes small.
[Math. 49] 

[0049] Such a transformation is similarly performed when QtN1 is determined. Furthermore, Equation (53) can be
transformed as follows.
[Math. 50] 

[0050] The reason why Equation (51) in the case of k = 0 and the sign of the first term on both sides are different is
because when the direction of the current is k = 0, the current flows out from the connection node toward the transmission
line, and in the case of k = N, current is defined to flow from the transmission line to the connection node.
[0051] The boundary conditions are given to the discretized basic equations (51) and (54) in this way. When the resistor
Rij, the inductor Lij, or the capacitor Cij is connected between the transmission lines i and j and the current flowing
therethrough is Iij(t), the following boundary condition formula is obtained from Ohm’s law. Note that a case where the
power supply Vij(t) is connected between the transmission lines i and j together with these loads will be omitted herein
for simplicity of the equation. 

[Math. 51] 

[Math. 52] 
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[0052] When these equations are discretized, they become as follows.
[Math. 53] 

[Math. 54] 

[Math. 55] 

[0053] Then, Equations (58) to (60) can be generalized as follows.
[Math. 56] 

[0054] Here, when Zij = Rij, γij = 1 and δij = 1, when Zij = 2Lij/Δt, γij = 1 and δij = -1, and when Zij = Δt/2Cij, γij = -1 and δij = 1.
[0055] When the power supply Vij is further connected between the transmission lines i and j, the following equation
may be applied in consideration of discretized Vij in Equation (61).
[Math. 57] 

[0056] In addition, as the boundary condition formula, the following relational expression is obtained at the connection
node i between the transmission line i and the power supply or load from the law of current conservation.
[Math. 58] 

[0057] Here, when k = 0, β = 1 since the direction of the current is a direction of flowing out from the connection node,
and when k = N, β = -1 since the direction of the current is a direction of flowing into the connection node.
[0058] Note that the method of setting the boundary condition as described above can be similarly applied to a case
where the element is a mutual inductor or a cascade power supply.

<Calculation at Boundary Condition (k = 0)>

[0059] The value of the scalar potential U and the current I at the boundary condition of k = 0 can be obtained by
solving the simultaneous equations of Equations (51), (62), and (63). Equations (51), (62), and (63) can be collectively
represented in the form of, for example, the following matrix.
[Math. 59] 
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[0060] Ad in Equation (64) is a connection matrix indicating the presence or absence of involvement in each node
connection at each node and the presence or absence of connection with each transmission line. For example, in the
configuration of Fig. 1, three nodes (1 to 3) indicated by solid circles can be conceived on the power supply side where
k = 0 (x = 0). These are regarded as the row direction, and the presence or absence of involvement with the inter-node
connection (in this case, between the nodes 12 and 23) and the presence or absence of connection with the three
transmission lines (1 to 3) are expressed in the column direction as follows.
[Math. 60] 

[0061] That is, in this case, since the node 1 relates to the connection between the nodes 12 and is connected to the
transmission line 1 and the current is defined to flow out respectively, 1 is allocated to the first and third columns
respectively. On the other hand, since there is no connection to the connection between the nodes 23 and the connection
with the transmission lines 2 and 3, 0 is arranged in the second, fourth, and fifth columns . In addition, since the node
2 relates to the connection between the nodes 12 and 23 and is connected to the transmission line 2 and defined from
the direction of the current flowing from the node 1, -1 is arranged in the first column. Since it is defined as the direction
in which the current flows out to the node 3 and the transmission line 2, 1 is arranged in the second and fourth columns .
On the other hand, since there is no connection with the transmission lines 1 and 3, 0 is arranged in the third and fifth
columns. Further, since the node 3 relates to the connection between the nodes 23 and is connected to the transmission
line 3 and the node 3 is defined in the direction in which the current flows from the node 2, -1 is arranged in the second
column. Since it is defined as the direction in which the current flows out to the transmission line 3, 1 is arranged in the
fifth column. On the other hand, since there is no connection to the connection between the nodes 12 and connection
with the transmission lines 1 and 2, 0 is allocated to the first, third, and fourth columns. By constructing the matrix in this
manner, for example, when the description of k = 0 is omitted and the calculation of Ad

T·Uvm+1 on the left side of Equation
(64) is described,
[Math. 61] 

[0062] (Ui
m+1 - Uj

m+1) in the first term on the left side of Equation (62) in the first and second rows, and Uvm+1 in the
first term of the left side of Equation (51) in the third to fifth rows are expressed respectively.
[0063] Zd in Equation (64) is a matrix with the impedance Zij between the nodes and the characteristic impedance Zcij
between the transmission lines as elements. For example, in the configuration of Fig. 1, r12 is connected between the
nodes 1 and 2 on the power supply side where k = 0 (x = 0), r23 is connected between the nodes 2 and 3, and there are
three transmission lines, and thus, Zd is expressed as follows.
[Math. 62] 
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[0064] vI0m+1 in Equation (64) is a vector having the current Iij flowing between the respective nodes and the current
Ii flowing through the respective transmission lines as elements. For example, in the configuration of Fig. 1, I12 0

m+1

flows between the nodes 1 and 2 on the power supply side where k = 0 (x = 0), I23 0
m+1 flows between the nodes 2 and

3, and there are three transmission lines, and thus vI0m+1 is expressed as follows.
[Math. 63] 

[0065] By constituting Zd and vI0m+1 in this way, the calculation result of Zd·vI0m+1 on the left side of Equation (64) is
a vector in which Zij·Iijm+1 in the second term on the left side of Equation (62) are elements in the first and second rows,
and Zcd·Iv0

m+1 of the second term on the left side of Equation (51) are elements in the third to fifth rows. That is, the
matrix and vector to which Ad

T or Zd are applied are expressed by the elements of Equation (62) related to inter-node
connection in the first and second rows, and the elements of Equation (51) related to the transmission line in the third
to fifth rows. This also applies to the relationship between the right side of Equation (64) and the right side of Equations
(62) and (51).
[0066] γd and δd in Equation (64) are diagonal matrices with γij and δij corresponding to the type of elements connected
between nodes as elements. For example, in the configuration of Fig. 1, on the power supply side where k = 0 (x = 0),
the resistor r12 is connected between the nodes 1 and 2, and the resistor r23 is connected between the nodes 2 and 3.
As described in the description of Equation (61), when Zij = resistance Rij, γij = 1 and δij = 1. Therefore, γd and δd are
expressed as follows.
[Math. 64] 

[Math. 65]

[0067] In the matrix γd, 1 of the first row and the first column and 1 of the second row and the second column are γij
= 1 corresponding to r12 and r23, respectively. Similarly, in the matrix δd, 1 of the first row and the first column and 1 of
the second row and the second column are δij = 1 corresponding to r12 and r23 is, respectively. On the other hand, three
diagonal elements of the third row and the third column, the fourth row and the fourth column, and the fifth row and the
fifth column correspond to transmission lines 1 to 3, respectively. The transmission line itself has the property of a
capacitor . Since γij = -1 and δij = 1 when Zij = capacitor (Δt/2Cij) as described in the description of Equation (61), -1 is
assigned to the three diagonal elements of γd, and the three diagonal elements of δd are 1.
[0068] Since vI1/2

m+1/2 in Equation (64) is related only to Equation (51), the elements of the first and second rows
related to Equation (62) are 0. Therefore, it is expressed as follows.
[Math. 66] 
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[0069] On the other hand, since Vvm in Equation (64) relates only to Equation (62), elements in the third to fifth rows
related to Equation (51) are zero. Therefore, it is expressed as follows.
[Math. 67] 

[0070] Ad·vI0m+1 on the left side of Equation (64) represents the left side of Equation (63), and the right side (= 0)
corresponding to Ad·vI0m+1 represents the right side of Equation (63).
[0071] In calculating the values of U and I, Equation (64) is transformed as follows, so that the values of U and I at
time (m+1) Δt can be obtained from the values of U and I at the preceding time mΔt or (m+1/2)Δt.
[Math. 68] 

[0072] Equation (63) constituting a part of Equation (64) is a conditional expression in a case where the current source
is not included in the circuit. In consideration of the presence of the current source, the following transformation is needed.
[0073] When assuming that Adt is a connection matrix indicating the presence or absence of connection with other
nodes in each node and the presence or absence of connection with each transmission line and vtI0m+1 is a vector
having the current flowing between nodes and the current flowing through each transmission line as elements, the
following relational expression is established from the Kirchhoff’s current law. 

[0074] The connection matrix Adt can be divided into a connection matrix Ad indicating the presence or absence of
involvement in the connection between the nodes not including the current source and the presence or absence of
connection with each transmission line, and a connection matrix AdJ indicating the presence or absence of involvement
in the connection to the nodes including the current source at each node. For example, when the current source flowing
from the node 2 to the node 3 is inserted instead of the resistor r23 between the nodes 2 and 3 on the power supply side
in the configuration of Fig. 1, the connection matrix Ad and the connection matrix AdJ are expressed as follows.
[Math. 69] 

[Math. 70]

[0075] The connection matrix Ad has the nodes 1 to 3 in the row direction, and the column direction indicates the
presence or absence of involvement in each node connection (in this case, between the nodes 12) to which the current
source is not connected and the presence or absence of connection with the three transmission lines (1 to 3). That is,
in this case, since the node 1 relates to the connection between the nodes 12 and is connected to the transmission line
1 and the current is defined to flow out respectively, 1 is allocated to the first and second columns respectively. On the
other hand, since there is no connection to the transmission lines 2 and 3, 0 is arranged. In addition, since the node 2
relates to the connection between the nodes 12 and is connected to the transmission line 2 and defined from the direction
of the current flowing from the node 1, -1 is arranged. Since it is defined as the direction in which the current flows out
to the transmission line 2, 1 is arranged. On the other hand, since there is no connection with the transmission lines 1
and 3, 0 is arranged. Further, since the node 3 is connected to the transmission line 3 and defined in the direction in
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which the current flows out to the transmission line 3, 1 is arranged, and since there is no connection with the node 1
and the transmission lines 1 and 2, 0 is arranged. The connection matrix AdJ indicates the presence or absence of
involvement in each node connection to each node connection (in this case, between the nodes 23) in which the row
direction indicates the nodes 1 to 3 and the current source is connected in the column direction. That is, in this case,
since node 1 does not relate to the connection between nodes 23, 0 is arranged to the row of the node 1, and since the
nodes 2 and 3 relate to the connection between the nodes 23 and the current flows out from the node 2 and can be
considered to flow into the node 3, 1 is arranged to the row of the node 2, and -1 is arranged to the row of the node 3.
[0076] For the current vector vtI0m+1, the current Iij0m+1 flowing between the respective nodes (in this case, between
the nodes 12) to which the current source is not connected and the current Ii0m+1 flowing in the respective transmission
lines (1 to 3 in this case) can be divided into a vector vI0m+1 which is an element and a vector vIJ0

m+1 which is a current
IJij0

m+1 flowing between nodes (in this case, between nodes 23) to which the current source is connected as an element.
For example, when the current source flowing from the node 2 to the node 3 is inserted instead of the resistor r23 between
the nodes 2 and 3 on the power supply side in the configuration of Fig. 1, the vector vIJ0

m+1 is expressed as follows.
[Math. 71] 

[Math. 72] 

[0077] Based on the above, Equation (74) can be rewritten as follows.
[Math. 73] 

[0078] This equation corresponds to Equation (63) and is a conditional expression when the current source is included
in the circuit. Therefore, in this case, the value of the scalar potential U and the current I at the boundary condition of k
= 0 can be obtained by solving the simultaneous equations of Equations (51), (62), and (79). Equations (51), (62), and
(79) can be collectively represented in the form of a matrix as follows, and this equation corresponds to Equation (64)
in a case where the current source is not included in the circuit and is an expression in a case where the current source
is included in the circuit.
[Math. 74] 

[0079] As can be seen from the comparison with Equation (64), the part related to the current source in Equation (80)
is only the second row of the second term on the right side. Then, if the current source is not inserted, when the matrix
of all 0 is assigned as AdJ and the vector of all 0 is substituted as vIJ0

m+1, it is exactly the same as Equation (64). That
is, Equation (80) can be applied regardless of whether the current source is inserted.
[0080] In calculating the values of U and I, Equation (80) is transformed as follows, so that the values of U and I at
time (m+1) Δt can be obtained from the values of U and I at the preceding time mΔt or (m+1/2)Δt.
[Math. 75] 

[0081] Equations (64) and (80) can also be used in so-called lumped constant circuits in which transmission lines are



EP 3 333 736 A1

19

5

10

15

20

25

30

35

40

45

50

55

not included. In that case, an equation may be created by using irreducible representation of the connection matrix. In
addition, since Equations (64) and (80) are equations consisting of a matrix including partial matrices, the positions of
the partial matrices and partial vectors may be substituted as necessary. Even when there is a subordinate power supply
that is a model of a transistor or an operational amplifier, it is possible to deal with it by rewriting Equations (64) and (80)
as necessary.

<Calculation at Boundary Condition (k = N)>

[0082] The value of the scalar potential U and the current I at the boundary condition of k = N can be obtained by
solving the simultaneous equations of Equations (54), (62), and (63). The same method can also be applied to a case
where the elements are mutual inductors or cascaded power supplies. For example, Equations (54), (62), and (63) can
be collectively represented in the form of the following matrix.
[Math. 76] 

[0083] Similarly to Ad of Equation (64), Ad in Equation (82) is a connection matrix indicating the presence or absence
of involvement in each node connection at each node and the presence or absence of connection with each transmission
line. For example, in the configuration of Fig. 1, five nodes (1 to 5) indicated by solid circles can be conceived on the
load side where k = N (x = w). These are regarded as the row direction, and the presence or absence of involvement
with the inter-node connection (in this case, between the nodes 14, 42, 23, 45, and 53) and the presence or absence
of connection with the three transmission lines (1 to 3) are expressed in the column direction as follows.
[Math. 77] 

[0084] Zd in Equation (82) is a matrix with the impedance Zij between the nodes and the characteristic impedance Zcij
between the transmission lines as elements. For example, in the configuration of Fig. 1, on the load side where k = N
(x = w), Zd is expressed as follows.
[Math. 78] 

[0085] For example, in the configuration of Fig. 1, on the load side where k = N (x = w), vI0m+1 in Equation (82) is
expressed as follows.
[Math. 79] 
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[0086] γd and δd in Equation (82) are diagonal matrices with γ and δ corresponding to the type of elements connected
between nodes as elements. For example, in the configuration of Fig. 1, since all resistors R are connected, γd and δd
are expressed on the load side where k = N (x = w) as follows.
[Math. 80] 

[Math. 81] 

[0087] vIN-1/2
m+1/2 in Equation (82) is expressed as follows.

[Math. 82] 

[0088] On the other hand, Vvm in Equation (82) is expressed as follows.
[Math. 83] 

[0089] In calculating the values of U and I, Equation (82) is transformed as follows, so that the values of U and I at
time (m+1) Δt can be obtained from the values of U and I at the preceding time mΔt or (m+1/2)Δt.
[Math. 84] 

[0090] Equation (63) constituting a part of Equation (82) is a conditional expression in a case where the current source
is not included in the circuit. Thus, when considering the presence of the current source, Equation (79) may be applied
instead of Equation (63), similarly to the calculation at the boundary condition (k = 0). Therefore, in this case, the value
of the scalar potential U and the current I at the boundary condition of k = N can be obtained by solving the simultaneous
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equations of Equations (54), (62), and (79). Equations (54), (62), and (79) can be collectively represented in the form
of a matrix as follows, and this equation corresponds to Equation (82) in a case where the current source is not included
in the circuit and is an expression in a case where the current source is included in the circuit.
[Math. 85] 

[0091] As can be seen from the comparison with Equation (82), the part related to the current source in Equation (89)
is only the second row of the second term on the right side. Then, if the current source is not inserted, when the matrix
of all 0 is assigned as AdJ and the vector of all 0 is substituted as vIJN

m+1, it is exactly the same as Equation (82). That
is, Equation (91) can be applied regardless of whether the current source is inserted.
[0092] In calculating the values of U and I, Equation (91) is transformed as follows, so that the values of U and I at
time (m+1) Δt can be obtained from the values of U and I at the preceding time mΔt or (m+1/2)Δt.
[Math. 86] 

[0093] Equations (82) and (91) can also be used in so-called lumped constant circuits in which transmission lines are
not included. In that case, an equation may be created by using irreducible representation of the connection matrix. In
addition, since Equations (82) and (91) are equations consisting of a matrix including partial matrices, the positions of
the partial matrices and partial vectors may be substituted as necessary. Even when there is a subordinate power supply
that is a model of a transistor or an operational amplifier, it is possible to deal with it by rewriting Equations (82) and (91)
as necessary.

<Calculation of Antenna Term>

[0094] In calculating the values of the antenna terms ∼U and ∼A by the FDTD method,
[Math. 87] 

[Math. 88] 

are discretized.
[0095] For example, at the position x = k·Δx on each transmission line and time t=m·Δt, Equation (11) can be discretized
as follows.
[Math. 89] 

[0096] Here, when Qtkm is the total charge of all the transmission lines at the position x = k·Δx and the time t = m·Δt
on the transmission line, and Itkm is the total current on all the transmission lines at the position x = k·Δx on the transmission
line and the time t = m·Δt, Qtkm+1 can be calculated by, for example,
[Math. 90] 
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[0097] In addition, at a position x = (k+1/2)·Δx on the transmission line and time t = (m+1/2) ·Δt, Equation (12) can be
discretized as follows.
[Math. 91] 

[0098] Therefore, values of ∼U and ∼A can be calculated from previously given or previously calculated charge and
current values.

<Overall Calculation Procedure>

[0099] The overall procedure of calculating the potential and current in the multi-conductor transmission line constituting
the distributed constant circuit, the potential and current in the element constituting the lumped constant circuit connected
to the multi-conductor transmission line, and the electromagnetic field including noise generated from each circuit will
be described with reference to Fig. 2.
[0100] Prior to the calculation, the circuit configuration such as arrangement of elements and nodes is specified, and
initial values of potential, current, charge, and antenna term are set for each transmission line and each element (S1).
The initial value is set for a parameter value which is not obtained prior to calculation by each of the following calculation
expressions at m = 0. In addition, if there is a power supply between the nodes, the value is preset.
[0101] Subsequently, the potential, the current, the charge, and the antenna term are calculated (S2).
[0102] First, the calculation is performed at m = 0. Note that the order of calculation may be appropriately changed
according to how to set the initial value or the like.
[0103] First, Uv0

1 and vI01 are calculated by Equation (81) (S2-1) . Next, in the case of k = 0 in Equation (94), an initial
value is substituted into each parameter to calculate Qt01 (S2-2). In this case, Itk-1/2

1/2 becomes It-1/2
1/2 when k = 0 and

it is out of the definition range of the grid (x < 0). In this case, an initial value may be given, but (I01+I00) /2 may be
obtained from I01 calculated in S2-1 and I00 given as the initial value so that it falls within the definition range and the
error is small.
[0104] Next, in the case of k = 0 in Equation (93), the initial value and the calculation result of Qt01 obtained in S2-2
are substituted into each parameter to calculate ∼U0

1 (S2-3). Then, for each case of k = 1, 2,..., N-1 in Equation (94),
the initial values are substituted into the respective parameters to calculate Qt11, Qt21, ... QtN-1

1 (S2-4).
[0105] Next, for each case of k = 1, 2,..., N-1 in Equation (93), the initial value and the calculation result of Qtk1 obtained
in S2-4 are substituted into each parameter to calculate ∼U1

1, ∼U21, ... ∼UN-1
1 respectively (S2-5).

[0106] Next, for each case of k= 1, 2,..., N-1 in Equation (47), the initial values are substituted into each parameter
and calculation results of ∼Uk1 obtained in S2-5 to calculate Uv1

1, Uv2
1,...UvN-1

1 (S2-6) .
[0107] Next, UvN

1 and vIN1 are calculated by substituting the initial value into each parameter by Equation (92) (S2-7).
[0108] Next, in the case of k = N in Equation (94), an initial value is substituted into each parameter to calculate QtN1

(S2-8) . In this case, Itk+1/2
1/2 becomes ItN+1/2

1/2 when k = N and it is out of the definition range of the grid (x > w). In
this case, an initial value may be given, but (IN1+IN0) /2 may be obtained from IN1 calculated in S2-7 and IN0 given as
the initial value so that it falls within the definition range and the error is small.
[0109] Next, with respect to the case of k = N in Equation (93), the initial value, the calculation result of Qt01 obtained
in S2-2, the calculation result of Qtk1 obtained in S2-4, and the calculation result of QtN1 obtained in S2-8 are substituted
into each parameter to calculate ∼UN

1 (S2-9).
[0110] Next, for each case of k = 0, 1,..., N-1 in Equation (95), the initial value is substituted into each parameter to
calculate ∼A1/2

1/2, ∼A3/2
1/2, ... ∼AN-1/2

1/2 respectively (S2-10).
[0111] Next, for each case of k = 0, 1,..., N-1 in Equation (48), the initial value, the calculation result of Uvk

1 obtained
in S2-6, and the calculation result of ∼Ak+1/2

1/2 obtained in S2-10 are substituted into each parameter to calculate 1v1/2
3/2,

Iv3/2
3/2, ..., IvN-1/2

3/2 (S2-11).
[0112] Subsequently, the calculation is performed at m = 1. As long as the parameter values necessary for calculation
are already calculated, the order of calculation may be changed as appropriate.
[0113] First, the calculation results of Uv0

1 and vI01 obtained in S2-1 and the calculation result of I1/2
3/2 obtained in

S2-11 are substituted into each parameter of Equation (81) to calculate Uv0
2 and vI02 (S2-12) .
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[0114] Next, in the case of k = 0 in Equation (94), the calculation result of Qt01 obtained in S2-2 and the calculation
result of I1/2

3/2 obtained in S2-11 are substituted into each parameter to calculate Qt02 (S2-13) . In this case, Itk-1/2
3/2

becomes It-1/2
3/2 when k = 0 and it is out of the definition range of the grid (x<0). Therefore, the initial value maybe given,

but (I02+I01) /2 may be obtained from I02 calculated in S2-12 and I01 calculated in S2-1 so that it falls within the definition
range and the error is small.
[0115] Next, with respect to the case of k = 0 in Equation (93), the initial value, the calculation result of Qt01 obtained
in S2-2, the calculation result of Qtk1 obtained in S2-4, and the calculation result of QtN1 obtained in S2-8 are substituted
into each parameter to calculate ∼U0

2 (S2-14).
[0116] Next, for each case of k= 1, 2,..., N-1 in Equation (94), the calculation result of Qtk1 obtained in S2-4 and the
calculation result of Ik+1/2

3/2 obtained in S2-11 are substituted into each parameter to calculate Qt12, Qt22, ... QtN-1
2

respectively (S2-15) .
[0117] Next, for each case of k= 1, 2,..., N-1 in Equation (93), the initial value, the calculation result of Qtk1 obtained
in S2-4, and the calculation result of Qtk2 obtained in S2-15 are substituted into each parameter to calculate ∼U1

2,
∼U2

2, ... ∼UN-1
2 (S2-16) .

[0118] Next, for each case of k= 1, 2,..., N-1 in Equation (47), the calculation result of ∼Uk
1 obtained in S2-5, the

calculation result of Uvk
1 obtained in S2-6, the calculation result of hk+1/2

3/2 obtained in S2-11, and the calculation result
of ∼Uk

2 obtained in S2-16 are substituted into each parameter to calculate Uv1
2, Uv2

2, ... UvN-1
2 respectively (S2-17).

[0119] Next, the calculation results of UvN
1 and vIN1 obtained in S2-7 and the calculation result of IN-1/23/2 obtained

in S2-11 are substituted into each parameter of Equation (92) to calculate UvN
2 and vIN2 (S2-18).

[0120] Next, in the case of k =N in Equation (94), the calculation result of QtN1 obtained in S2-8 and the calculation
result of IN-1/2

3/2 obtained in S2-11 are substituted into each parameter to calculate QtN2 (S2-19) . In this case, Itk+1/2
3/2

becomes ItN+1/23/2 when k = N and it is out of the definition range of the grid (x > w). Therefore, the initial value maybe
given, but (IN2+IN1) /2 may be obtained from IN2 calculated in S2-18 and IN1 calculated in S2-7 so that it falls within the
definition range and the error is small.
[0121] Next, for the case of k = N in Equation (93), the initial value, the calculation result of Qt01 obtained in S2-2, the
calculation result of Qtk1 obtained in S2-4, the calculation result of QtN1 obtained in S2-8, the calculation result of Qt02

obtained in S2-13, the calculation result of Qtk2 obtained in S2-15, and the calculation result of QtN2 obtained in S2-19
are substituted into each parameter to calculate ∼UN

2 (S2-20). Next, in each case of k = 0, 1, ..., N-1 in Equation (95),
the calculation result of Ik+1/2

3/2 obtained in S11 is substituted into each parameter to calculate ∼A1/2
3/2, ∼A3/2

3/2, ...
∼AN-1/2

3/2 (S2-21).
[0122] Next, for each case of k = 0, 1,..., N-1 in Equation (48), the calculation result of ∼Ak+1/2

1/2 obtained in S2-10,
the calculation result of Ik+1/2

3/2 obtained in S2-11, the calculation result of Uv0
2 obtained in S2-12, the calculation result

of Uvk
2 obtained in S2-17, the calculation result of UvN

2 obtained in S2-18, and the calculation result of ∼Ak+1/2
3/2 obtained

in S2-21 are substituted into each parameter to calculate Iv1/2
5/2, Iv3/2

5/2, ..., IvN-1/2
5/2 respectively (S2-22).

[0123] Even at m ≥ 2, S2-12 to S2-22 are repeatedly executed up to a predetermined value m while increasing m by
1, and Uv0

m+1, vI0m+1, Qt0m+1, ~U0
m+1, Qtkm+1, ~Uk

m+1, Uvk
m+1, UvN

m+1, vINm+1, QtNm+1, ∼UN
m+1, ∼Ak+1/2

m+1/2, and
Ivk+1/2

m+3/2 are obtained.
[0124] As described above, according to the method for calculating the potential, the current, and the peripheral
electromagnetic field in the electric circuit according to the present invention, it is possible to comprehensively calculate
the potential and the current in the multi-conductor transmission line constituting the distributed constant circuit, the
potential and the current in the elements constituting the lumped constant circuit connected to the multi-conductor
transmission line, and the electromagnetic field including the noise generated from each circuit, without performing a
complicated calculation process.
[0125] Each process in the method for calculating the potential, the current, and the peripheral electromagnetic field
in the electric circuit according to the present invention may be merged, divided, or changed in order as necessary. In
addition, appropriately changes can be made thereto within the scope of the technical idea expressed in the present
invention, and such modifications or improvements also fall within the technical scope of the present invention.
[0126] When causing a computer to execute the method for calculating the potential, the current, and the peripheral
electromagnetic field in the electric circuit according to the present invention, the processing contents in each processing
step are described by a program. The program is stored in, for example, a hard disk device, and at the time of execution,
necessary programs and data are read into a random access memory (RAM), and the program is executed by a CPU,
whereby each processing contents are realized on the computer.

Claims

1. A method for calculating a potential, a current, and a peripheral electromagnetic field in an electric circuit, which
causes a computer to calculate a potential and a current in a multi-conductor transmission line constituting a dis-
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tributed constant circuit, a potential and a current in an element constituting a lumped constant circuit connected to
the multi-conductor transmission line, and an electromagnetic radiation amount from each circuit, the method com-
prising:

a circuit configuration inputting step of inputting a circuit configuration of the distributed constant circuit and the
lumped constant circuit and an initial value of each variable; and
a calculating step of obtaining the potential and the current in the multi-conductor transmission line, the potential
and the current in the element, and the electromagnetic radiation amount by solving:

under the circuit configuration and the initial value, the following basic equations of new transmission theory:
[Math. 1] 

[Math. 2] 

[Math. 3] 

[Math. 4] 

(t is a time, x and x’ are positions on each transmission line (x > x’), i, j (=1, 2, ...,n) is the number of each
transmission line, Ui(t, x) and Ai (t, x) are scalar potential (potential) and vector potential of a transmission
line i at time t and a position x, respectively, Ij(t, x) is a current flowing in a transmission line j at the time t
and the position x, Pij and Lij are a potential coefficient and an induction coefficient between the transmission
lines i and j respectively, Ri is a resistance per unit length of the transmission line i, ∼U(t, x) and ∼A(t, x)
are antenna terms indicating the electromagnetic radiation amount at the time t and the position x, ε is a
permittivity, m is a permeability, and Qt(t, x) and It(t, x) are a charge and a current of all transmission lines
at the time t and the position x)
using a boundary condition formula at x = 0 and w which are boundaries between the distributed constant
circuit and the lumped constant circuit: 

and
Kirchhoff’s current law, that is, a summation formula in which an algebraic sum of branch currents of all the
branches flowing into one node is zero, that is, a current flowing out from the node is positive and a current
entering the node is negative: 

(Vij(t) is a power supply voltage connected between the transmission line or the nodes i, j (≠ i) at the time
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t on the lumped constant circuit side, Iij (t) is a current flowing between the transmission lines or from the
node i to the node (≠ i) at the time t on the lumped constant circuit side, Zij is a load connected between
the transmission lines or the nodes i, j (≠ i), Δ is 1 when Zij = Rij, d/dt when Zij = Lij, and (d/dt)-1 when Zij =
1/Cij, and α is 1 when x = 0 and -1 when x = w).

2. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 1, wherein in the calculating step, the basic equation is solved by using an FDTD method.

3. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 2, wherein when a scalar potential at a position x = k·Δx (k = 0, 1, ···, N, w = N·Δx) and time t =
m·Δt (m = 0, 1, ..., arbitrary) on the transmission line i is Uk

m, a current is denoted as Ikm, Uvk
m is a vector with Uk

m

as an element for each transmission line i, Ivk
m is a vector whose elements are Ikm for each transmission line i, Pd

is a matrix whose elements are Pij, Ld is a matrix whose elements are Lij, and Rd is a matrix whose diagonal element
is Ri, in Equation (1),
[Math. 5] 

a discretized equation is used, and in Equation (2)
[Math. 6] 

a discretized equation is used.

4. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 3, wherein when Zcd is a matrix having a characteristic impedance Zcij between the transmission
lines i and j as an element, Equation (7) is used when k = 0 which is a boundary of one of the distributed constant
circuit and the lumped constant circuit,
[Math. 7] 

and, at k = N which is the other boundary,
[Math. 8] 

Equations (9) and (10) are solved using the following discretized boundary condition formulas for k = 0 and N
corresponding to Equations (5) and (6),
[Math. 9] 

(when Zij = Rij, γ = 1 and δ = 1, when Zij = 2Lij/Δt, γ = 1 and δ = -1, and when Zij = Δt/2Cij, γ = -1 and δ = 1)
[Math. 10] 
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(β is 1 when k = 0 and -1 when k = N).

5. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 4, wherein when a connection matrix indicating the presence or absence of involvement in each
node connection and the presence or absence of connection with each transmission line in each node is Ad, a vector
having the current Iij flowing between the respective nodes and the current Ii flowing through each transmission line
as an element is vIkm, a matrix having elements of the impedance Zij between the respective nodes and the char-
acteristic impedance Zcij between the transmission lines is Zd, diagonal matrices with γ and δ as elements corre-
sponding to a type of elements connected between the nodes are γd and δd, and a vector having the voltage Vij
applied between the nodes as an element is Vv, Equations (9), (11), and (12) are expressed in a form of a matrix:
[Math. 11]

Equations (10), (11), and (12) are expressed in a form of a matrix:
[Math. 12] 

and each equation is solved.

6. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 5, wherein in Equation (12),
[Math. 13] 

(Ad is a connection matrix indicating the presence or absence of involvement in each node connection not including
a current source and the presence or absence of connection with each transmission line in each node, AdJ is a
connection matrix indicating the presence or absence of involvement in each node connection including the current
source at each node, vI0m+1 is a vector whose elements are a current Iij0m+1 flowing between the respective nodes
to which no current source is connected and a current Iiom+1 flowing through each transmission line, and vIJ0

m+1 is
a vector whose elements are a current IJij0

m+1 flowing between the nodes to which the current source is connected)
is used, and Equations (9), (11), and (15) is expressed in a form of a matrix:
[Math. 14] 

Equations (10), (11), and (15) are expressed in a form of a matrix:
[Math. 15] 

and each equation is solved.

7. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 6, wherein when a total charge of all the transmission lines at the position x = k·Δx and the time
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t = m·Δt on the transmission line is Qtkm and a total current at the position x = k·Δx on the transmission line and the
time t = m·Δt is Itkm, a value of Qtkm+1 is calculated by
[Math. 16] 

and a value of an antenna term ∼U at the position x = k·Δx and time t = (m+1) ·Δt on each transmission line and a
value of an antenna term ∼A at a position x = (k+1/2) ·Δx on each transmission line and time t = (m+1/2) ·Δt are
calculated by the following Equations.
[Math. 17] 

[Math. 18] 

8. The method for calculating the potential, the current, and the peripheral electromagnetic field in the electric circuit
according to claim 7, wherein the calculating step performs:

in m = 0,
a first calculating sub-step of calculating Uv0

1 and vI01 by Equation (16);
a second calculating sub-step of calculating Qt01 by Equation (18);
a third calculating sub-step of calculating ∼U0

1 by Equation (19);
a fourth calculating sub-step of calculating Qtk1 (k = 1, 2, ..., N-1) by Equation (18);
a fifth calculating sub-step of calculating ∼Uk

1 (k = 1, 2, ..., N-1) by Equation (19);
a sixth calculating sub-step of calculating Uvk

1 (k = 1, 2, ..., N-1) by Equation (7);
a seventh calculating sub-step of calculating UvN

1 and vIN1 by Equation (17);
an eighth sub-step of calculating QtN1 by Equation (18) ;
a ninth calculating sub-step of calculating ∼UN

1 by Equation (19);
a tenth calculating sub-step of calculating ∼Ak+1/2

1/2 (k = 0, 1, ..., N-1) by Equation (20); and
an eleventh calculating sub-step of calculating Ivk+1/2

3/2 (k = 0, 1, ..., N-1) by Equation (8), and
in m ≥ 1,
a twelfth calculating sub-step of calculating Uv0

m+1 and vI0m+1 by Equation (16);
a thirteenth calculating sub-step of calculating Qt0m+1 by Equation (18);
a fourteenth calculating sub-step of calculating ∼U0

m+1 by Equation (19);
a fifteenth calculating sub-step of calculating Qtkm+1 (k = 1, 2, ..., N-1) by Equation (18);
a sixteenth calculating sub-step of calculating ∼Uk

m+1 (k = 1, 2, ..., N-1) by Equation (19);
a seventeenth calculating sub-step of calculating Uvk

m+1 (k = 1, 2, ..., N-1) by Equation (7);
an eighteenth calculating sub-step of calculating UvN

m+1 and vINm+1 by Equation (17);
a nineteenth calculating sub-step of calculating QtNm+1 by Equation (18);
a twentieth calculating sub-step of calculating ∼UN

m+1 by Equation (19);
a twenty-first calculating sub-step of calculating ∼Ak+1/2

m+1/2 (k = 0, 1, ..., N-1) by Equation (20); and
a twenty-second calculating sub-step of calculating IVk+1/2

m+3/2 (k = 0, 1, ..., N-1) by Equation (8) repeatedly
until a value of m reaches a predetermined value while incrementing m by 1.

9. A program for causing a computer to execute the method for calculating the potential, the current, and the peripheral
electromagnetic field in the electric circuit according to any one of claims 1 to 8.
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