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ࡿ࠶࡛⌮᰿ᮏཎࡢ㇟⌧☢㸪㟁ࡣ࡛✏ᮏ  ࡋࡲࡽ࠶ Maxwell ᪉⛬ᘧ࡟㐳࡚ࡗ㍽ᑕሙ⌮ㄽࢆ⣣ゎࡁ㸪㟁ຊఏ㏦ࡅ࠾࡟
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㸪ᐇࡣᒎ㛤࡞ᕤᏛⓗࡢ㍽ᑕሙ⌮ㄽ࡛ࡲࢀࡇ㸪ࡀࡿ࡞࡜ᚲせࡀ㍽ᑕሙ⌮ㄽࡣ࡟ࡵࡓ࠺࡞⾜ࢆ㔞ⓗホ౯ࡢ₃ὤ㟁☢Ἴࡧ

⿦ࡎࡽ࡞ࡳࡢィ ᪉ἲ࡚ࡵྵࢆ㸪୺࡚ࡋ࡜↓⥺㏻ಙࢆࢼࢸࣥ࢔ࡢࢲ࣮ࣞࡸᑐ㇟࡚ࡋ࡜Ⓨᒎࡀࢁࡇ࡜ࠋࡓࡁ࡚ࡋ㸪↓

⥺㟁ຊఏ㏦࡟౑⏝ࡿࡍ࿘Ἴᩘࡣ㸪↓⥺㏻ಙ࡜ࢲ࣮ࣞࡸẚ࡚࡭㠀ᖖ࡟పࡃ㸪100kHz㹼10MHz㸦Ἴ㛗ࡣ㸪3000m㹼30m㸧

࡛㸪↓⥺㏻ಙࡣ࡜㸪ᕤᏛⓗ࡞᮲௳ࡀ᰿ᮏⓗࠋࡿ࡞␗࡟ゎᯒࡢ⤖ᯝ㸪࢚ࢠࣝࢿఏ㏦ࡣ㸪㠀㍽ᑕ࡛ࡿ࠶㏆ഐࡢ‽㟼☢⏺

㸦1/r3࡟ẚ౛ࡿࡍ㸧ࢀࢃ࡞⾜࡚ࡗࡼ࡟ྜ⤖ࡢ㸪ࡘ࠿㸪㍽ᑕ㡯㸦k㸰/r ₃ὤ㟁☢Ἴࡿࡼ࡟㸪k㸸Ἴᩘ=2ȧ/Ȣ㸧ࡿࡍẚ౛࡟

㸪ࡣ࡟ࡿࡍ ィࢆ⏺☢㸪㍽ᑕ㟁ࡓࡲࠋࡓࡗ࠿ศࡀ࡜ࡇࡿ࡞ࡽ࠿㸰㔜㍽ᑕࡢ㟁Ẽ཮ᴟᏊ㍽ᑕ࡜㸪☢Ẽ㸲㔜ᴟᏊ㍽ᑕࡣ

㍽ᑕ㡯ࡀ௚ࡢ㡯࡜ẚ࡚࡭༑ศ࡟኱࡞࠺ࡼࡿ࡞ࡃࡁ ᐃ㊥㞳㸦r >>Ȣ㸧ࢆ☜ಖࡿࡍᚲせࡀࡿ࠶ࡀ㸪↓⥺㟁ຊఏ㏦ࡢ㟁

ィ ᪉ἲ㸦3mࡢ᪤Ꮡࡓࡋ࡜㇟ᑐࢆ㸪↓⥺㏻ಙ࡛ࡢ࠸㛗ࡀ㸪Ἴ㛗ࡣ⏺☢ ἲ,10m ἲ࡝࡞㸧࡛ࡣ㸪≀⌮ⓗ࡟㸪㠀㍽ᑕ࡛

 ࠋࡓࡋุ᫂ࡀ࡜ࡇ࠸࡞ࡁ࡛ ィ࠿ࡋࡳࡢ⏺☢㟼‽ࡢ㏆ഐࡿ࠶
㟁ຊఏ㏦㸪₃ὤ㟁☢Ἴ㸪Maxwell⥺↓  ࢻ࣮࣮࣡࢟ ᪉⛬ᘧ㸪㍽ᑕሙ⌮ㄽ 
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Abstract  This paper analyze energy transfer and Leakage Electro-magnetic Waves in Wireless Power Transfer Systems by 
the radiation theory derived from Maxwell’s equations which can describe the fundamental principle of the electromagnetism. 
The evolution of the radiation theory mainly have targeted at the antennae for radio communications and radars. However, the 
engineering conditions have much distance between them because frequencies for Wireless Power Transfer Systems lay from 
100kHz to 10MHz (Ȝ�IURP�����P� WR� ��P��ZKLFK� DUH�very lower than that of radio communications and radars. Then, the 
analysis showed that the energy was transferred through the coupling of the both non-radiative near field terms (proportional to 
1/r3)  and that Leakage Electro-magnetic Waves from the radiative terms (proportional to k㸰�U�� N �ʌ�Ȝ) was generated by 
double radiation constituted with both magnetic quadrapole radiation and electronic dipole radiation. Further, they also showed 
that conventional methods (3m method, 10m method etc.) for radio communication could only measure non-radiative near 
fields of Wireless Power Transfer Systems whose frequencies were low �WKHȜs were long) because measurements for radiative 
fields requires to enough range㸦U�!!Ȝ㸧where radiative terms were more effective than any other terms. 

. 
Keyword Wireless Power Transfer Systems, Leakage Electro-magnetic Waves㸪Maxwell’s Equations 
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ࡁࡀ࠼ࡲ .1  
ࡵࡓࡿࡍᐇ⏝໬ࢆ㟁㸦↓⥺㟁ຊఏ㏦㸧⤥ࢫࣞࣖ࢖࣡

㔞ⓗホ౯ࡢ₃ὤ㟁☢Ἴࡧࡼ࠾⋠ఏ㏦ຠࢠࣝࢿ㸪࢚ࡣ࡟

✵㸪ࡣ㟁࡛⤥ࢫࣞࣖ࢖࣡ࠋࡿ࠶ࡀᚲせ࠺⾜࡟ㄽⓗ⌮ࢆ

㛫ࢆ௓࡚ࡋ㟁☢⏺࢚ࢆࢠࣝࢿ஺᥮࡛ࡢࡿ࠸࡚ࡋ㸪✵㛫

ᚲࡀ㍽ᑕሙ⌮ㄽࡿࡁ㏣㊧࡛ࢆࡁືࡢࢠࣝࢿ࢚⏺☢㟁ࡢ

せ࡛ࡲࢀࡇࠋࡿ࡞࡜㍽ᑕሙ⌮ㄽࡢᕤᏛⓗ࡞ᒎ㛤ࡣ㸪ᐇ

⿦ࡎࡽ࡞ࡳࡢィ ᪉ἲ࡚ࡵྵࢆ㸪୺࡚ࡋ࡜↓⥺㏻ಙࡸ

ࡓࡢࡑࠋࡓࡁ࡚ࡋⓎᒎ࡚ࡋ࡜㇟ᑐࢆࢼࢸࣥ࢔ࡢࢲ࣮ࣞ

どⅬ࠺࠸࡜ࠖࡿࡍ⤥౪ࢆࢠࣝࢿ࢚ࡃࡼ⋠ຠ࡟㈇Ⲵࠕ㸪ࡵ

㧗࿘Ἴ㸦↓⥺ᕤࡿࡺࢃ࠸㸪ࡃ࡞࡛ࡾ࠿ࡤࡓࡗ࠿ࡋஈ࡟

Ꮫ࡛ࡣ㸪࿘Ἴᩘ 30MHz ௨ୖ㸧ࢆᑐ㇟ࡇ࡜ࠋࡓࡁ࡚ࡋ࡜

ࢆ࡜ࡇࡿࡍ⤥౪ࢆࢠࣝࢿ㸪࢚ࡣ㟁⤥ࢫࣞࣖ࢖㸪࣡ࡀࢁ

┠ⓗࡋ࡜㸪ࡘ࠿㸪౑⏝ࡿࡍ࿘Ἴᩘࡣ㸪↓⥺㏻ಙ࣮ࣞࡸ

㸪100kHz㹼10MHz㸦Ἴ㛗㸸3000mࡃప࡟㠀ᖖ࡚࡭ẚ࡜ࢲ
㹼30m㸧࡛ࡾ࠶㸪↓⥺㏻ಙࡣ࡜㸪ᕤᏛⓗ࡞᮲௳ࡀ᰿ᮏ

ⓗ࡛ࡇࡑࠋࡿ࡞␗࡟㸪ᮏ✏࡛ࡣ㸪✵㛫ࡿࡅ࠾࡟㟁☢⌧

ࡿ࠶࡛⌮᰿ᮏཎࡢ㇟ Maxwell ᪉⛬ᘧ࡟㐳࡚ࡗ㍽ᑕሙ⌮

ㄽࢆ⣣ゎࡁ㸪ࡢ࡜ࢼࢸࣥ࢔ᕤᏛⓗ࡞᮲௳ࡢᕪศ᫂ࢆ☜

໬ࡋ㸪㟁ຊఏ㏦ࢠࣝࢿ࢚ࡿࡅ࠾࡟ఏ㏦₃ࡧࡼ࠾ὤ㟁☢

Ἴ⏕ᡂࢆ࣒ࢬࢽ࣓࢝ࡢゎᯒࡋ㸪㟁ຊᕤᏛ࡜↓⥺ᕤᏛࡢ

཮᪉ࡢ▱ぢࢆ㸪⤫୍ⓗࠋࡿࡍ࡜⬟ྍࢆ࡜ࡇ࠺ᢅࡾྲྀ࡟  
 

2㸬✵㛫ࣞ࣋ࣝࡢゎᯒ   
2.1. Maxwell 㟁☢᪉⛬ᘧࡢ  

⏺☢㟁࡚ࡋ௓ࢆ㛫✵ࡣ࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡

㸪ࡣゎᯒࡢ㇟⌧࡞࠺ࡼࡢࡇࠋࡿ࠸࡚ࡋ஺᥮ࢆࢠࣝࢿ࢚

Maxwell 㟁☢᪉⛬ᘧࡢ (1)(2) 㟁ࡢ㸪✵㛫࡚ࣞ࣋ࣝࡗ㐳࡟(3)

ࠋࡿ࠶ࡀᚲせࡿࡍゎᯒ࡟ㄽⓗ⌮ࢆࡁືࡢࢠࣝࢿ࢚⏺☢  
ࡿࡍᑐ࡟࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡ Maxwell 㟁☢᪉ࡢ

⛬ᘧࡣ㸪እ㒊㟁⏺ࡧࡼ࠾እ㒊☢⏺ࢆ㏣ຍࡓࡋ㸪  
 

             䌖(D 1䠇D2)) 
rot( H1䠇H2)) =J0䠇䃢(E 1䠇E 2))䠇---------   (2.1) 

              䌖䡐 
 

䌖(B1䠇B2) 
rot (E 1䠇E 2)) = 䠉----䠉--               (2.2) 

䌖䡐 

 
ࡿ࡞࡜㐃❧ᚤศ᪉⛬ᘧࡿ࡞ ఏᑟయ࡟㸪⣔ෆࡣࢀࡇࠋ(7)

ཷࢆᙳ㡪ࡢ⏺☢እ㒊ࡧࡼ࠾⏺㸪እ㒊㟁ࡘ࠿㸪ࡋᏑᅾࡀ

 ࠋࡿ࠶࡛ࡵࡓ࠸࡞ࡽ࡞ࡤࢀࡅ࡞ࢃᢅࡾྲྀ࡚ࡋ࡜⣔ࡿࡅ

㸪H࡛ࡇࡇ
1
㸪⣔ࡣ  1 㸪Hࣝࢺࢡ࣋⏺☢ࡢ

2
㸪እ㒊ࡣ 

㸪Jࣝࢺࢡ࣋⏺☢ࡢ⏺☢
0 
ࣝࢺࢡ㸪㟁ὶᐦᗘ࣋ࡣ E

 1
㸪ࡣ

⣔ 1 㸪Eࣝࢺࢡ࣋⏺㟁ࡢ
 2)
㸪ࣝࢺࢡ࣋⏺㟁ࡢ⏺㸪እ㒊㟁ࡣ

D
1
㸪⣔ࡣ 1 㸪Dࣝࢺࢡ㟁᮰ᐦᗘ࣋ࡢ

 2)
㟁ࡢ⏺㸪እ㒊㟁ࡣ

᮰ᐦᗘ࣋ࣝࢺࢡ㸪Ȫࡣ㸪༢఩య✚ᙜࡢࡾࡓ㟁Ẽఏᑟ⋡㸪

Ȝࡣ㸪ㄏ㟁⋡㸪B
1
㸪⣔ࡣ 1 㸪Bࣝࢺࢡ᮰ᐦᗘ࣋☢ࡢ

 2)

 ࠋࡿ࠶࡛ࣝࢺࢡ᮰ᐦᗘ࣋☢ࡢ⏺☢㸪እ㒊ࡣ

ࡋ௓ࢆ㸪✵㛫ࡣ࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖㸪࣡࡜ࡿࡍ

࡚㟁☢⏺࢚ࢆࢠࣝࢿ஺᥮࡛ࡢࡿ࠸࡚ࡋ㸪Ⓨ⇕ᦆኻ㸦㖡

ᦆ㸩㕲ᦆ㸧࡟ຍ࡚࠼㸪⮬ᕫ㍽ᑕࡿࡼ࡟ࢫࣥࢲ࣮ࣆࣥ࢖

㍽ᑕᦆኻ㸪ࡧࡼ࠾㸪┦஫㍽ᑕࡿࡼ࡟ࢫࣥࢲ࣮ࣆࣥ࢖㍽

ᑕᦆኻࡀⓎ⏕ࡿࡍ ₃ࡽ࠿࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡ࠋ(7)

ὤ㟁☢Ἴࡣࡢࡿࡌ⏕ࡀ㸪ࡽࢀࡇ㍽ᑕᦆኻࠋࡿ࠶࡛ࡵࡓࡢ 
 

 ࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ .2.2

㍽ᑕሙ⌮ ㄽ࡟ ࡜ࡿࡼ 㸪 㟁☢Ἴࡀ Ⓨ⏕ ࡜ࡿࡍ ࡢࡁ

Maxwell Ȉࣝࣕࢩࣥࢸ࣏ࢶ㸪࣊ࣝࡣゎࡢ㟁☢᪉⛬ᘧࡢ

ࡿ࠸࡚ࢀࡽ▱ࡀ࡜ࡇࡿ࡞࡜ (1) ࡢ㸪௵ព࡚ࡗࡀࡓࡋࠋ(2)

㍽ᑕሙࡣ㸪ቃ⏺᮲௳ࢆ‶㊊ࢩࣥࢸ࣏ࢶࣝ࣊࡟࠺ࡼࡿࡍ

 ࠋࡿࡁ࡛ࡀ࡜ࡇࡿࡵồ࡚ࡗࡼ࡟࡜ࡇࡿࡍ␚㔜ࢆࣝࣕ

ࠋࡿ࠶ࡀᆺ⏺☢࡜㸪㟁⏺ᆺࡣ࡟ࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊

୺࡟㟁⏺ᆺࡀ࡜ࡇࡿࢀࡽ࠸⏝ࡀከࡀ࠸㸪㟁ὶࣉ࣮ࣝࡀ

ሙࡿ࡞࡜ 㸦ྜ࡝࡞ࣝ࢖ࢥ㸧ࡣ࡟㸪☢⏺ᆺࡀ౽฼࡛ࠋࡿ࠶ 

㟁⏺ᆺࡣࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ࡢ㸪༢୍࿘Ἴᩘࡢ㟁☢

Ἴࡢሙྜ㸪᣺ືࡿࡍᚤᑠ࣮࣏ࣝ࢖ࢲ p(R)e-i䃨 t ☢㸪㟁ࢆ

Ἴ※඲య R  ࡚ࡗࡼ࡟࡜ࡇࡿࡍศ✚࡚࠸ࡘ࡟

   

     e-i䃨t     eik(r-R) 
   䃀  = ------䌿------ p(R) dVR (2.3) 
       4䃟䃔  |r-R | 

 

ゅ࿘Ἴᩘ㸪rࡣ㸪Ȱ࡚࠸࠾࡟(2.3)ࠋࡿࡁ࡛ࡀ࡜ࡇࡿᚓ࡜
㸪Rࣝࢺࢡ࣋⨨఩ࡢ࡛ࡲほ Ⅼࡣ ఩ࡢ࡛ࡲ※㟁☢Ἴࡣ

㸪kࣝࢺࢡ࣋⨨ ࣮࣏࢖ࢲᚤᑠࠋࡿ࠶࡛ࣝࢺࢡἼᩘ࣋ࡣ

ࣝࢺࢡ࣋⨨఩ࡢ㟁Ⲵ㛫ࡿ࡞࡜࢔㸪࣌ࡣࣝ a 㸪㟁Ⲵ㛫࡜

㟁ὶࡿࡍື⛣ࢆ j  ࡾࡼ࡟

    
   p(R)e-i䃨 t

 = -j /(LȰ)e-i䃨 t (1/2)a  (2.4) 
 

 ࠋࡿࡁ࡛ࡀ࡜ࡇࡍ⾲࡜

☢⏺ᆺࡣࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ࡢ㸪㟁ὶࡋࣉ࣮ࣝࡀ㸪

ࡾࡼ࡟㟁ὶࣉ㸪ᚤᑠ࣮ࣝࡁ࡜࠸࡞ࡋᏑᅾࡀ㸪㟁Ⲵࡘ࠿

⏕ᡂࡓࢀࡉᚤᑠ☢໬㸦ᚤᑠ☢Ẽ࣮࣓ࣔࣥࢺ㸧M (R)ࢆ㸪

㟁☢Ἴ※඲య R ࡓࡋศ✚࡚࠸ࡘ࡟  
  

     e-i䃨t     eik(r-R) 
   䃀  = ------䌿------M (R) dVR  (2.5) 
       4䃟    |r-R | 
 

✚㠃ࣉ㸪࣮ࣝࡣ㸪ᚤᑠ☢໬࡛ࡇࡇࠋࡿ࡞࡜ S ࣉ࣮ࣝ࡜

㟁ὶ I  ࡾࡼ࡟

    
   M (R) e-i䃨 t = S(R) I(R) e-i䃨t       (2.6) 

 
࡜ࡿࡍᏑᅾࡀᛶయ☢࡟※㟁☢Ἴࠋࡿࡁ࡛ࡀ࡜ࡇࡍ⾲࡜

໬☢ࡢᛶయ☢࡚࠸࠾࡟ศ㛵ᩘ✚⿕ࡢ㸪㸦2.5㸧ᘧࡣ࡟ࡁ

㸪☢ᛶࡁ࡜ࡢࡇࠋࡿ࡞࡟࡜ࡇࡿࢀࡉ㏣ຍࡀຠᯝࡿࡼ࡟

య࡟ᑐࡋ㸪j =ѭ�M ☢㸦ࠕࢆ㟁ὶ(ᐦᗘ)ࡓࡵồ࡚ࡗࡼ࡟

ᛶయ㸧ࡢ➼౯㟁ὶ㸦ᐦᗘ㸧ࠖ  ࠋࡪࡼ࡜
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2.3  ₞㏆ᙧࡢࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊

࡟ᘧ(2.5)ࡧࡼ࠾㸪(2.3)ᘧࡀȈࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊

ࡑࠋ࠸ࡃ࡟ࡋ⏝㐺࡟㸪ᕤᏛⓗࡣ࡛ࡲࡲࡢศᙧᘧ✚ࡿࡼ

ࡗࡼ࡟௳᮲࡞ᕤᏛⓗࡢ࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖㸪࡛࣡ࡇ

࡚㸪࣊ࣝࣝࣕࢩࣥࢸ࣏ࢶȈࡢ₞㏆ᙧࢆồࡵ,ᕤᏛⓗ࡞

㐺⏝ࡀᐜ᫆ࠋࡿࡍ࡟࠺ࡼࡿ࡞࡜ 

㸪100kHzࡣ࿘Ἴᩘࡿ࠸⏝࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡

㹼10MHz 㸪3000m㹼30mࡣ㸪Ἴ㛗ࡽ࠿ࡿ࠶࡛ ࡑࠋࡿ࡞࡜

ࡣᚄ┤ࡢࣝ࢖ࢥ㸪ࡋᑐ࡟ࢀ 1m ௨ୗ࡛࡚ࡗࡀࡓࡋࠋࡿ࠶㸪

Ἴ㛗ࡀ㟁☢Ἴ※࡜ࢬ࢖ࢧࡢẚ࡚࡭༑ศ࡟኱ࡃࡁ㸪ࠕἼ㛗 

>> 㟁☢Ἴ※ࡵࡓࡿ࡞࡜ࠖࢬ࢖ࢧࡢ kR << 1 ࠋࡿ࡞࡜

࡟ᕤᏛⓗࡀ఩┦ᕪࡿࡼ࡟⨨఩ࡢ※㸪㟁☢Ἴࡣ௳᮲ࡢࡇ

negligible  ࠋࡿ࠸࡚ࡋព࿡ࢆ࡜ࡇࡿ࠶࡛

㸪ࢆࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ࡢᆺ⏺☢ࡿࡼ࡟㸪 (2.3)ᘧࡎࡲ

ከ㔜ᴟᒎ㛤࡜ࡿࡍࠋࡿࡍ㸪  
 

  e-i䃨 t      2nn! 
䃀  = ----(ik)䃂---hn

(1)(kr)䌿 jn(kR)Pn(cos䃒)M (R)dVR  

4䃟    (2n)!                     (2.7)      
 

㸪h࡛ࡇࡇࠋࡿ࡞࡜
n

(1)
(x) ࡣ㸪n ḟࡢ➨㸯✀ Hankel 㛵

ᩘ㸪j
n
 (x)ࡣ㸪n ḟࡢ㸦ᶆ‽ⓗ࡞㸧⌫ Bessel 㛵ᩘ㸪P

n
 (x) 

㸪nࡣ ḟࡢ Legendre 㛵ᩘ࡛ࠋࡿ࠶ 

㸪kR << 1࡟ࡽࡉ  ⌫㸪ࡣ࡟ሙྜࡿ࡞࡜ Bessel 㛵ᩘࡀ㸪  
 

2nn! 
    jn(kR) 䊻 ------ (kR)n  (2.8) 
             ( 2n+1)!  
 

㸪ࡣࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ࡢ㸪(2.7)ᘧ࡜ࡿࡍࠋࡿࡍ₞㏆࡟  
 

  e-i䃨 t         2nn! 
䃀  = ----(ik)䃂---hn

(1) (kr)䌿(kR)n Pn(cos䃒) M (R)dVR  

  4䃟     (2n)!                    (2.9) 

 

 ࠋࡿ࡞࡜

ࡣࣉࢵࣕࢠࡢ࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡ 1m ௨ୗ࡛ࠋࡿ࠶

༑ศ࡚࡭ẚ࡜Ἴ㛗ࡀ㸪㊥㞳ࡣ㌿㏦ࡢࢠࣝࢿ㸪࢚ࡾࡲࡘ

㸪kr << 1ࢀࢃ࡞⾜⠊ᅖ࡛࠸▷࡟ ࡲ㸪࡛ࡇࡑࠋࡿ࡞࡜

ࠋࡿࡵồࢆ₞㏆ᆺࡢሙࡢ㸪㏆ഐࡎ  
kr << 1 ሙྜ㸪Hankelࡢ 㛵ᩘࡀ 

 
             (2n-1)!!       (kr)2 

 hn
(1) (kr) 䊻 - --------䡗1 -  -------- … (2.10) 

               (kr) n ;+1          2(2n-1) 
         

➨ࡢ㸪(2.10)ࡣ₞㏆ᆺࡢሙࡢ㸪㏆ഐ࡜ࡿࡍࠋࡿࡍ₞㏆࡟

୍㡯࡚ࡗࡼ࡟࡜ࡇࡿ࡜ࢆࡳࡢ㸪                        
 

  
               䃛         Rn     

䃛䌛㽢䃀= e-i䃨 t ----䃂䌿---Pn(cos䃒)j (R) dVR  

             4䃟    r n+1 
 
  

               䃛       
j (R)     

= e-i䃨 t ----䌿------ dVR  

             4䃟   |r-R |  
                    

= A e-i䃨 t               (2.11)  

 
࣏ࣝࢺࢡ࣋ࡢ⏺☢㸪㟼ࡁ㝖ࢆ㒊ศࡢ㸪ᣦᩘ㛵ᩘࡾ࡞࡜

㸪kr << 1࡚ࡗࡀࡓࡋࠋࡿࡍ⮴୍࡜ࣝࣕࢩࣥࢸ ሙྜࡢ

 ࠋࡿ࠶࡛⬟㟁☢⏺⌮ㄽ࡛ᑐᛂྍࡢ㸪㠀㍽ᑕሙࡣ࡟

ᕤᏛⓗ࡞⬟ྍ⏝㐺ࡀ㟁☢⏺⌮ㄽࡢ㸪㠀㍽ᑕሙ࡛ࡇࡇ 

ࠋࡿࡵồࢆᣦᶆ࡞ (2.7)ᘧ࠸࠾࡟ࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ࡢ

࡚㸪Ἴືࡢᙳ㡪ࡣࡢࡿࢀ⌧ࡀ㸪 (2.10)ᘧࡢ Hankel 㛵ᩘ

㸪㠀㍽ᑕሙࡣ㸰㡯➨ࠋࡿ࠶࡛ࡽ࠿┠㸰㡯➨ࡢ₞㏆ᙧࡢ

㸪(kr)࡚࡭ẚ࡜㸯㡯➨ࡿ࠶࡛
2 ࠋࡿ࡞ࡃࡉᑠ࡚ࡋẚ౛࡟

ᐤࡢ㸪➨㸰㡯௨ୖࡁ࡜ࡢ㸪kr<0.1(r<Ȣ/60)࡚ࡗࡀࡓࡋ

୚ࡣ 0.01 ௨ୗࢫࣞࣖ࢖࣡ࠋࡿ࡞࡜⤥㟁ࡣ࡛࣒ࢸࢫࢩ㸪

㸪ࡣ㊥㞳ࡢ㛫ࣝ࢖ࢥ 1m ௨ୗ࡛࡚ࡗࡀࡓࡋࠋࡿ࠶㸪

5MHz(Ȣ㸸60m)௨ୗ࡛ࡤࢀ࠶㸪࣡ ࡿࡅ࠾࡟㟁⤥ࢫࣞࣖ࢖

ゎᯒ࡚ࡗࡼ࡟㟁☢⏺⌮ㄽࡢ㸪㠀㍽ᑕሙࢆ㌿㏦ࢠࣝࢿ࢚

 ࠋ࠸࡞࠼࠿ࡘᕪ࡟ᕤᏛⓗ,ࡶ࡚ࡋ

௚᪉㸪ࡣࢼࢸࣥ࢔㸪༙Ἴ㛗࡟ࢼࢸࣥ࢔௦⾲ࡼࡿࢀࡉ

ࡀᑍἲ㸧ࡢࢼࢸࣥ࢔㸦ࢬ࢖ࢧࡢ※㟁☢Ἴ࡜㸪Ἴ㛗࡟࠺

㸪kR 㸼 1ࡵࡓࡢࡑࠋࡿ࡞࡜ࢲ࣮࢜ࡌྠ 㸪ከ㔜ࡾ࡞࡜

ᴟᒎ㛤ࡀ཰᮰ࡓࡲࠋ࠸࡞ࡋ㸪ඵᮌ࡟࠺ࡼࡢࢼࢸࣥ࢔㸪

࡜ࢆ㊥㞳ࡢ㸪༙Ἴ㛗⛬ᗘࡶሙྜ࠺࡞⾜ࢆ㌿㏦ࢠࣝࢿ࢚

㸪kr 㸼 1࡟ࡵࡓࡢࡑࠋࡿ 㸪Hankelࡾ࡞࡜ 㛵ᩘࡶ⡆༢

㸪࣊ࡣሙྜࡢࢼࢸࣥ࢔㸪࡚ࡗࡀࡓࡋࠋ࠸࡞ࡽ࡞࡜ᙧ࡞

㐺࡟㸪ᕤᏛⓗࡀ₞㏆ᆺࡢሙࡢ㏆ഐࡢࣝࣕࢩࣥࢸ࣏ࢶࣝ

࣮࡚ࣔ࠸࠾࡟ᕤᏛࢼࢸࣥ࢔ࠋ࠸࡞ࡽ࡞࡜ᙧ࠸ࡍࡸࡋ⏝

Ⓨ㐩ࡀࢳ࣮ࣟࣉ࢔ࡿࡍ㏆ఝࢆศ᪉⛬ᘧ✚࡝࡞ἲࢺ࣓ࣥ

 ࠋࡿ࠸࡚࠼⪄࡜ࡿ࠶࡛ࡵࡓࡢࡇ㸪ࡣࡢࡓࡋ

ḟ࡟㸪₃ὤ㟁☢Ἴࡀၥ㢟ࡿ࡞࡜㐲᪉ࡢሙࡢ₞㏆ᆺࢆ

ồࡢࡇࠋࡿࡵሙྜ㸪㊥㞳ࡀἼ㛗࡜ẚ࡚࡭༑ศ࡟㛗࠸⠊

ᅖ࡟ᑐࡢࢠࣝࢿ࢚ࡿࡍᩓ㐓㔞ࢆồ࡛ࡢࡿࡵ㸪kr >> 1

 .ࡿ࡞࡜

kr >> 1 ሙྜ㸪Hankelࡢ 㛵ᩘࡣ㸪 

 

                 eikr
 

    hn
(1) 䊻(-i) n+1------  (2.12) 

                  kr  
 

 ࡣ₞㏆ᆺࡢሙࡢ㸪㐲᪉࡜ࡿࡍࠋࡿࡍ₞㏆࡟

 

  e-i䃨 t   (-i) n     e ikr 
䃀  = ----䃂------ ---䌿(kR)nPn(cos䃒)M(R)dVR   

  4䃟   (2n)!!   r              (2.13) 

 

ࠋࡿ࡞࡜  
㸪kR << 1࡟ࡽࡉ ࡢḟᩘ㡯ࡢ㸪᭱పࡣ࡟ሙྜࡿ࡞࡜

㍽ᑕࡀᨭ㓄ⓗࠋࡿ࡞࡜➨㸯㡯 (n=0)᭱ࡀపḟᩘࡢ㡯࡞࡜

㸪࡟㸪᭱⤊ⓗࡣ₞㏆ᆺࡢሙࡢሙྜ㸪㐲᪉ࡿ  
 

    e-i䃨 t+ ikr   I S  
䃀  = ----------          (2.14) 

     4䃟    r               

 

ࠋࡿ࡞࡜  㟁Ẽᆺࡿࡅ࠾࡟㐲᪉ࡢሙࡢ₞㏆ᆺࡣ ,ྠᵝ࡟

㸪࡚ࡋ  
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☢Ẽຊ⥺㟁Ẽຊ⥺

㟁Ẽ཮ᴟᏊ
䝰䞊䝯䞁䝖

☢Ẽ཮ᴟᏊ
䝰䞊䝯䞁䝖

 

       e-i䃨 t+ ikr  
 Ia 

䃀  = ---------------          (2.15) 

        4䃟䃔   LȰ r               
 ࠋࡿ࡞࡜

 ௨ୖࡾࡼ࡟㸪࣡ࢫࣞࣖ࢖⤥㟁₃ࡿࡼ࡟࣒ࢸࢫࢩὤ㟁

☢Ἴࡣ㸪ࠕἼ㛗 >> 㟁☢Ἴ※ࡵࡓࡿ࠶࡛ࠖࢬ࢖ࢧࡢ㸪☢

Ẽ཮ᴟᏊࡧࡼ࠾㟁Ẽ཮ᴟᏊࡿࡼ࡟ࡏྜ⤌ࡢ㍽ᑕሙ࡛ࣔ

࣒ࢸࢫࢩ㸪ࡣ₃ὤ㟁☢Ἴࡢࡇ㸪࡟ࡽࡉࠋࡿࡁ໬࡛ࣝࢹ

ࠋࡿࡁỴᐃ࡛ࡾࡼ࡟㟁ὶᙉᗘ㹇ࡿࢀὶ࡟  
 
2.3 ₃ὤ㟁☢Ἴ  

࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖㸪࣡ࡁᇶ࡙࡟ウ᳨ࡢ࡛ࡲࢀࡇ

㟁Ẽ཮ᴟᏊ࡛ࣔࡧࡼ࠾㸪☢Ẽ཮ᴟᏊࢆ※₃ὤ㟁☢Ἴࡢ

ࠋࡿࡍ໬ࣝࢹ  
୍⯡ⓗ࡟㸪ࡣࣝ࢖ࢥ㸪☢⏺ࢆ⏕ᡂࡽ࠸⏝࡟࡜ࡇࡿࡍ

ࠋࡿ࠸࡚ࢀࡉ࡞ぢ࡜ࡿࡌ⏕ࢆ㸪☢Ẽ཮ᴟᏊ࡛ࡢࡿ࠸࡚ࢀ

࡟㛫ࡢ࡜኱ᆅࡧࡼ࠾㛫⥺ࡁᕳࡢࣝ࢖ࢥ㸪ࡽࡀ࡞ࡋ࠿ࡋ

㏞ᐜ㔞 㸪ࡣ࡟ࡁ࡜ࡿࡍゎᯒࢆ₃ὤ㟁☢Ἴࠋࡿࡍ⏕Ⓨࡀ(4)

ࠋࡿ࠶ࡀᚲせࡿࡍὀព࡟㸪༑ศࡣ࡟ᐜ㔞㏞ࡢࣝ࢖ࢥ  
㸪㏦࡟ࣝ࢖ࢥ㸪ཷ㟁ഃࡣ࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡

㟁ഃࢆ⏺☢ࡿࡃࡘࡀࣝ࢖ࢥᡴࡕᾘࡍ᪉ྥ࡟㟁ὶࡀὶࢀ

ᑟ࡟㏆ഐࡢ㟁ὶࡿࡍኚື࡟㸪᫬㛫ⓗ࡟ⓗ⯡୍ࠋࡿ࠸࡚

యࡀᏑᅾ࡜ࡿࡍ㸪㟁ὶࡀ⏕ᡂࡿࡍ㟁☢⏺ࢆ௓࡚ࡋ㸪㏆

ഐࡢᑟయࡶ࡟㟁ὶࡀὶࢆ㇟⌧ࡢࡇࠋࡿࢀ㸪㟁ຊᕤᏛ࡛

㟁☢ㄏᑟࠕ㸪ࡣ 㸪ࠖ↓⥺ᕤᏛ࡛ࡣ㸪ࠕ┦஫㍽ᑕࢲ࣮ࣆࣥ࢖

㸪㟁ຊᕤࡣ࡚ࡋ࡜⏝ᛂ࡞ᕤᏛⓗࠋࡿ࠸࡛ࢇ࿧࡜ࠖࢫࣥ

Ꮫ࡛ࡣኚᅽჾ㸪↓⥺ᕤᏛ࡛ࡣඵᮌࡢࢼࢸࣥ࢔཯ᑕჾ࡞

ࠋࡿ࠶ࡀ࡝  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

ᅗ  ࣝࢹࣔࡢ࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡ 2.1

 
ࡁ࡛ࡀ࡜ࡇࡍ࡞ࡳ࡜ࡾࡲ㞟ࡢ㟁ὶࣉ㸪࣮ࣝࡣࣝ࢖ࢥ

㸪࣡ࡀࢁࡇ࡜ࠋࡿࡁ໬࡛ࣝࢹ㸪☢Ẽ཮ᴟᏊ࡛࡛ࣔࡢࡿ

఩ࡢ㟁ὶࣝ࢖ࢥࡢ࠸஫࠾㸪ࡣ࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖

ࡀ┦ 180r␗ࡵࡓࡢࡇࠋࡿ࠸࡚ࡗ࡞㸪ཷ㟁ഃ࡜ࣝ࢖ࢥ

㏦㟁ഃࡀࣝ࢖ࢥ㸪㟁☢ㄏᑟࡾࡼ࡟㸪☢Ẽ཮ᴟᏊࢆᡴᾘ

ࣝ࢖ࢥ㏦㟁ഃ࡜ࣝ࢖ࢥ㸪ཷ㟁ഃࡋࡔࡓࠋࡿ࠸࡚ࡗ࠶ࡋ

ࡿ࡞␗ࡀ఩⨨㸧ࡢ఩⨨㸦☢Ẽ཮ᴟᏊࡢ୰ᚰࣝ࢖ࢥ㸪ࡣ

ࡢ㟁ὶࡿࢀὶ࡟ࣝ࢖ࢥ㏦㟁ഃ࡜ࣝ࢖ࢥ㸪ཷ㟁ഃ࡜࡜ࡇ

ᙉᗘࡀ㸪⤖ྜಀᩘ࡟ᛂ࡟ࡵࡓࡿ࡞␗࡚ࡌ㸪☢Ẽ㸲㔜ᴟ

ࠋࡿ࡞࡟࡜ࡇࡿࡌ⏕ࡀẼ㸲㔜ᴟᏊ㍽ᑕ☢ࡿࡼ࡟  
࡛ࡶ࡜ࡇࡍ࡞ぢ࡜㟁Ⲵࢢ㸪ࣜࣥࡣ㟁ὶࣝ࢖ࢥ㸪ࡓࡲ

ࡀ┦఩ࡢ㟁ὶࣝ࢖ࢥࡢ࠸஫ࠋࡿࡁ 180r␗ࡿ࠸࡚ࡗ࡞

㟁Ⲵࢢࣥࣜࠋࡿࡌ⏕ࡀ㛫࡛㏞ᐜ㔞ࣝ࢖ࢥ㸪୧ࡽ࠿࡜ࡇ

㸪࡚ࡗࡀࡓࡋࠋࡿ࡞࡜౯➼࡜Ⅼ㟁Ⲵࡣሙ࡛ࡢ㸪㐲᪉ࡣ

ࡋ⏕Ⓨ࡚ࡗࡼ࡟㸪㏞ᐜ㔞ࡣ࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡

ࡉ㏣ຍࡀࢫࣥࢲ࣮ࣆࣥ࢖㍽ᑕࡿࡼ࡟㟁Ẽ཮ᴟᏊ㍽ᑕࡓ

ࠋࡿ࡞࡟࡜ࡇࡿࢀ  
௨ୖࡾࡼ࡟㸪ᅗ 2.1 㟁⤥ࢫࣞࣖ࢖㸪࣡࡟࠺ࡼࡍ♧࡟

㟁࡜㸪☢Ẽ㸲㔜ᴟᏊ㍽ᑕࡣ₃ὤ㟁☢Ἴࡢࡽ࠿࣒ࢸࢫࢩ

Ẽ཮ᴟᏊ㍽ᑕࡢ㸰㔜㍽ᑕࠋࡿ࡞ࡽ࠿  
 
3㸬ᅇ㊰ࣞ࣋ࣝࡢゎᯒ 

3.1 ᅄ➃Ꮚᅇ㊰ 

࡚ࡋ௓ࢆ⏺☢㟁ࡢ㸪✵㛫ࡣ࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡

ࡌ㸪ྠ࡛ࢁࡇ࡜ࠋࡿ࠶࡛࣒ࢸࢫࢩࡿࡍ㌿㏦ࢆࢠࣝࢿ࢚

స⏝࠺࡞⾜ࢆኚᅽჾ㸪ࡧࡼ࠾㸪ඵᮌࡢࢼࢸࣥ࢔ᑟἼჾ

㸪͆ࡣ཯ᑕჾࡸ 㸲➃Ꮚᅇ㊰͇࡚ࡋ࡜㸪⤥㟁ᅇ㊰ࡧࡼ࠾㈇

Ⲵ࡟ᑐࡿࡍᐃᘧ໬ࡿ࠸࡚ࢀࢃ࡞⾜ࡀ ࢖㸪࡛࣡ࡇࡑࠋ(3)

㸪͆ࡶ࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ 㸲➃Ꮚᅇ㊰͇࡚ࡋ࡜ᐃᘧ໬ࢆ

ࢆ㟁ὶࡿࢀὶ࡟ࣝ࢖ࢥࡢ㟁ഃཷ࡜ࣝ࢖ࢥࡢ㸪㟁ഃ࠸⾜

ồࠋࡿࡵ 

 㸪ࡣ㸲➃Ꮚᅇ㊰᪉⛬ᘧࡢᆺิ⾜ࢫࣥࢲ࣮ࣆࣥ࢖

 

 

                               (3.1) 

                 

  

ሙྜࡢ࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡ࠋࡿ࡞࡜  Z11 ㏦㟁ഃࡀ

㸦㖡ᦆ㸩⮬ᕫ㍽ᑕᦆኻ㸧㸪Z22ࢫࣥࢲ࣮ࣆࣥ࢖ࡢ 㟁ཷࡀ

ഃࢫࣥࢲ࣮ࣆࣥ࢖ࡢ㸦㖡ᦆ㸩⮬ᕫ㍽ᑕᦆኻ㸧㸪Z12 ┦ࡀ

஫ࠋࡿ࡞࡜ࢫࣥࢲ࣮ࣆࣥ࢖ 

㸲➃Ꮚᅇ㊰᪉⛬ᘧ㸦 3.1㸧ᘧ࡜ࡿࡼ࡟㸪㏦㟁ഃࢥࡢ

㟁ὶࡿࢀὶ࡟ࣝ࢖ࢥࡢ㟁ഃཷ࡜ࣝ࢖ I
1
,I

2
 㸪ࡣ

 

           Z22 
   I

1  = ------------ E   (3.2) 
        Z11Z22 䠉Z12

2 
             
          䠉Z12 
   I㸰  = ------------ E   (3.3) 
        Z11Z22 䠉Z12

2  

 

 ࠋࡿ࡞࡜
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ḟ࡟㸪┦஫ࡢࢫࣥࢱࢡࢲࣥ࢖పୗࡿࡼ࡟㟁※ຠ⋡ࡢ

ኚ ໬ ࢆ ศ ᯒ ࡍ ࡿ ࠋ (3.2) ᘧ ࡼ ࡾ 㸪 㟁 ※ ࠿ ࡽ ࡳ ࡓ

impedance  㸪࡜ࡿࡍࠋࡿࡵồࢆ

           
           Z12

2 
   Z = Z11 䠉 -------   (3.4) 
             Z22  

 

㸪Zࡣࢀࡇࠋࡿ࡞࡜
12

2э 0 ࣆࣥ࢖ࡓࡳࡽ࠿※㟁ࡁ࡜ࡢ

๭ྜࡿࢀࡉ㏦㍺࡟ࣝ࢖ࢥࡢ㸪㸰ḟഃࡋపୗࡀࢫࣥࢲ࣮

㸦Z
12

2
/Z

22
㸧ࡀపୗࢆ࡜ࡇࡿࡍព࿡ࠋࡿ࠸࡚ࡋ 

┦ࡿࡼ࡟⏺㸪‽㟼ࡣࢫࣥࢱࢡࢲࣥ࢖㸪┦஫ࡁ࡜ࡢࡇ

஫స⏝࡛ࡢ࡞㇟⌧ࡿࡼ࡟ r
-3 ࠋࡿ࡞ࡃࡉᑠ࡚ࡋẚ౛࡟

ࡼ࡟⏺㸪㍽ᑕࡣࢫࣥࢲ࣮ࣆࣥ࢖㸪┦஫㍽ᑕࡋᑐ࡟ࢀࡑ

࡛ࡢ࡞㇟⌧ࡿ r
-1 ࡋࠋ࠸࡞ࡽ࡞ࡃࡉᑠ࠿ࡋ࡚ࡋẚ౛࡟

ࢱࢡࢲࣥ࢖㸪┦஫ࡋቑ኱ࡀ㊥㞳ࡢ㛫ࣝ࢖ࢥ㸪࡚ࡗࡀࡓ

 ࠋࡿ࡞ࡃࡁ኱ࡀ๭ྜࡢ㸪㍽ᑕᦆኻ࡜ࡿࡍపୗࡀࢫࣥ

 

3.2 (Ȣ/20ȧ)࣮ࣝࣝ 

 ↓⥺ᕤᏛࡸ㧗࿘Ἴᅇ㊰࡛ࡣ㸪ࠕἼ㛗࡜ẚ࡚࡭༑ศ࡟ᑠ

ࡇࠋࡿ࠸࡚ࢀࡽ࠸⏝ࡃከࡀ⌧⾲࡞ᐃᛶⓗ࠺࠸࡜ࠖ࠸ࡉ

㠀ࠕࡧࡼ࠾⠊ᅖࠖࡿ࡞࡜㟁఩㸦ྠ఩┦㸧ྠࠕ㸪ࡣ⌧⾲ࡢ

㍽ᑕሙࡿ࡞࡜⠊ᅖࠖ࡜➼౯(୕఩୍య)࡛࡟≉ࠋࡿ࠶㸪

⏕ࡀ㸪㟁఩ᕪ࡜ࡿࡍ⏕Ⓨࡀ఩┦ᕪ࡟㛫⥺ࡁᕳࡢࣝ࢖ࢥ

ᐃ࡞࠺ࡼࡢࡇ㸪ࡽࡀ࡞ࡋ࠿ࡋࠋࡿࡍ⏕Ⓨࡀ㸪㏞ᐜ㔞ࡌ

ᛶⓗࡣ࡛⌧⾲࡞㸪ᐈほᛶࡧࡼ࠾෌⌧ᛶ࡟ஈࡇࡑࠋ࠸ࡋ

࡛㸪ྠ఩┦࡜ぢࡢࡵࡓࡍ࡞ᕤᏛⓗ࡞ᣦᶆࢆồࠋࡿࡵ  
⤥㟁Ⅼ࡟㟁ᅽ e-i䃨 t 㟁Ⅼ⤥࡜ࡿࡍࠋࡿࡍ࡜ࡓࡋ༳ຍࢆ

ࡽ࠿ r  㸪ࡣᐇᩘ㒊ࡢ㟁఩ࡢᆅⅬࡓࢀ㞳ࡅࡔ

 

cos(Ȱt-kr)= cos(Ȱt)cos(kr) 

 

+sin(Ȱt)sin(kr)     (3.5) 

 

 ࡣ⹫ᩘ㒊,ࡓࡲࠋࡿ࡞࡜

 

sin(Ȱt-kr)= sin(Ȱt)cos(kr) 

 

-cos(Ȱt)sin(kr)      (3.6) 

 

 ࠋࡿ࡞࡜

ୖᘧ࡚࠸࠾࡟㸪➨㸯㡯ࡣ㸪⤥㟁ಙྕࡌྠ࡜఩┦ࡢ࡞

࡛ᕼᮃಙྕ㸪➨㸰㡯ࡣ㸪⤥㟁ಙྕࡿ࡞␗࡜఩┦࡛ࡢ࡞

㞧㡢࡜ࡿࡍࠋࡿࡁ࡛ࡀ࡜ࡇࡍ࡞ࡳ࡜㸪➨㸰㡯ࢆ㞧㡢࡜

ࡢࡁ࡜ࡓࡋ࡞ࡳ S/N ẚࡣ 

 

             cos
2
(kr)   

S/N(r)  =----------             (3.7) 

               sin2
(kr)    

 

 ࠋࡿ࡞࡜

r=Ȣ���ȧ 㸪S/Nࡁ࡜ࡢ ẚࡣ㸪 

 

          cos
2
(0.1)   

S/N�Ȣ���ȧ�=-------------          (3.8)
 

               sin2
(0.1)    

 

           Ҹ 100 Ѝ 20dB 

 

Ȣ/60ࡽ࠿㸪⤥㟁Ⅼ࡚ࡗࡀࡓࡋࠋࡿ࡞࡜ ௨ෆ࡛ࡤࢀ࠶㸪

ᕤᏛⓗྠ࡟㟁఩ࠋࡿࡁ࡛ࡀ࡜ࡇࡍ࡞ࡳ࡜ 

ࡧࡼ࠾㸪ᙉ໬࡚ࡌᛂ࡟㏵⏝࡜㸪┠ⓗࡣ㸪ᮏᣦᶆ࠾࡞ 

⦆࿴ࠋࡿࡁ࡛ࡀ࡜ࡇࡿࡍS/N ẚࢆ 40dB ᚲせࡀᙉ໬࡛ࡲ

Ȣ/600ࡽ࠿㸪⤥㟁Ⅼࡾࡼ㸪Ȣ��0�ȧ(䍦Ȣ�600)ࡣࡁ࡜࡞

௨ෆࡿࡍ࡜ᚲせࠋࡿ࠶ࡀ௚᪉㸪10dB ࡜ࡿࡁ࿴࡛⦅࡛ࡲ

Ȣ/21ࡽ࠿㸪⤥㟁Ⅼࡾࡼ㸪Ȣ�7ȧ(䍦Ȣ�21)ࡣࡁ ௨ෆ࡜

 ࠋ࠸ࡼࡤࢀࡍ

 

 ࢫࣥࢲ࣮ࣆࣥ࢖ࡢࣝ࢖ࢥ 3.3

෇ᙧࡣࣝ࢖ࢥ㸪ࣉ࣮ࣝࠕ㛗ࡀἼ㛗࡜ẚ࡚࡭༑ศ࡟ᑠ

ࡁ࡛ࡀ࡜ࡇࡍ࡞ぢ࡜ࢼࢸࣥ࢔ࣉሙྜ㸪ᚤᑠ࣮ࣝࠖ࠸ࡉ

ࠋ࣡ࡿ 㸪100kHzࡣ࿘Ἴᩘࡿ࠸⏝࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖

㹼10MHz 㸪Ȣ/60ࡽ࠿ࡿ࠶࡛ 㸪50m㹼0.5mࡣ ௚ࠋࡿ࡞࡜

᪉㸪ࡢࣝ࢖ࢥ┤ᚄࡣ 30cm㸦෇࿘㛗:1m㸧࡛ࡢ࡞㸪☢⏺

⤖ྜἲࡿࢀࡽ࠸⏝࡟࿘Ἴᩘ㸦100kHz ⛬ᗘ㸧ࡣࡁ࡜ࡢ㸪

ᚤᑠ࣮ࣝ࡜ࢼࢸࣥ࢔ࣉぢ࡚ࡋ࡞ᕪࡋᨭࠋ࠸࡞࠼ 

ᚤᑠ࣮ࣝࡢࢼࢸࣥ࢔ࣉ⤥㟁ࡣࢫࣥࢲ࣮ࣆࣥ࢖㸪          

                           

 Z 䍦 20䃟2䠄kR䠅4 + i {120䃟(ln(8R/a) - 2}䠄kR䠅 (3.9) 

              

㸪n࠾࡞ࠋࡿ࠸࡚ࢀࡽ▱ࡀ࡜ࡇࡿ࡞࡜ ᅇᕳࣉ࣮ࣝࡢࡁ

ࡢᘧୖ࡟㸪㏆ఝⓗࡣ࡛ n
2 ࣉ࣮ࣝࡣ㸪㹐࡛ࡇࡇࠋࡿ࡞࡜

ᚄ㸪a༙ࡢࢼࢸࣥ࢔  ࠋࡿ࠶ᖜ್࡛༙ࡢࢼࢸࣥ࢔ࡣ

୍⯡ⓗ࡟㸪ࡣࢫࣥࢲ࣮ࣆࣥ࢖㸪ᐇᩘ㒊ࡢࢠࣝࢿ࢚ࡀ

ᾘ㈝ࢆ㸪⹫ᩘ㒊ࡀᅇ㊰㏆ഐࡢ✵㛫࡟⵳ࡿࢀࡽ࠼☢⏺࢚

㸪ࡣᐇᩘ㒊ࡢᐇ㝿㸪㸦3.9㸧ᘧࠋࡿ࠸࡚ࡋព࿡ࢆࢠࣝࢿ

☢Ẽ཮ᴟᏊࡢ㍽ᑕࠋࡿ࠸࡚ࡗ࡞࡜ࢫࣥࢲ࣮ࣆࣥ࢖⹫ᩘ

㒊ࡣ㸪ᅇ㊰㏆ഐࡢ✵㛫ࡿࡅ࠾࡟㟁☢⏺ࡢᵓ㐀࡚ࡗࡼ࡟

 ࠋࡿ࠸࡚ࡗ࡞࡜ࢫࣥࢱࢡࢲࣥ࢖ᕫ⮬ࡿࡲࡁ

 2.2 ⠇࡛㏙࡟࠺ࡼࡓ࡭㸪࣡ࢫࣞࣖ࢖⤥㟁࡛࣒ࢸࢫࢩ

ࡀࢫࣥࢲ࣮ࣆࣥ࢖㸪㍽ᑕࡎࡽࢃ㛵࡟≦ᙧࡢࣝ࢖ࢥ㸪ࡣ

☢Ẽ཮ᴟᏊ࡟₞㏆࡚ࡗࡀࡓࡋࠋࡿࡍ㸪ࡢࣝ࢖ࢥ⤥㟁࢖

㸪ࡎࡽࢃ㛵࡟≦㸪ᙧࡣࢫࣥࢲ࣮ࣆࣥ   

                           

 Z 䍦 20䠄k2Se䠅2
n

2 + i 䃨L       (3.10) 

              

㸪Se࠾࡞ࠋࡿࡁ㏆ఝ࡛࡜ ᐇຠ᩿㠃✚㸦෇ࡢࣝ࢖ࢥ㸪ࡣ

ᙧࡢሙྜࡣ㸪ᐇ᩿㠃✚୍࡜⮴㸧㸪㹊ࡣ⮬ᕫࣥࢱࢡࢲࣥ࢖

 ࠋࡿ࠶࡛ࢫ

ࢲ࣮ࣆࣥ࢖ࡢࣝ࢖ࢥ㸪࡟࠺ࡼࡍ♧ࡀ㸪(3.10)ᘧ࠾࡞

㸪㍽ᑕ᢬ᢠࡾࡂ࠿࠸࡞ࡉὶࢆ㧗࿘Ἴࡢ࡝࡯ࡼ㸪ࡣࢫࣥ

(kR)ࡀᐇᩘ㒊ࡍ⌧ࢆ
㸱࡟ẚ౛࡚ࡋᑠࡾ࡞ࡃࡉ㸪✵㛫ࡢ

㟁☢⏺࡟⵳ࡍ⾲ࢆࢠࣝࢿ࢚ࡿࢀࡽ࠼⹫ᩘ㒊ࡢᙳ㡪ຊࡀ

ᅽಽⓗ࡛ࡲࢀࡇࠋࡿ࡞ࡃࡁ࠾࠾࡟㸪㟁ຊᕤᏛ➼࠸࠾࡟

࡚㸪ࡢࣝ࢖ࢥ㍽ᑕ᢬ᢠࡀᕤᏛⓗ࡟ negligible ࡢࡓࡗࡔ

 ࠋࡿ࠶࡛ࡵࡓࡢࡇ㸪ࡣ
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3.4  ࢫࣥࢲ࣮ࣆࣥ࢖ࡿࡼ࡟㟁Ⲵࢢࣥࣜ

ࡽ࠸⏝࡟㸪☢⏺⤖ྜἲࡣ࡛࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖࣡

࿘Ἴᩘ㸦100kHzࡿࢀ ⛬ᗘ㸧ࡁ࡜ࡢ㸪ᕳࡁ⥺㛫ࡢ఩┦ᕪ

࡟ᕤᏛⓗࡀ negligible 㸪⪃៖ࡣᐜ㔞㏞ࡢ㸪⮬ᕫ࡛ࡢ࡞

ኚ໬࡟㸪᫬㛫ⓗࡣ㟁ὶࣉ㸪࣮ࣝࡓࡲࠋ࠸ࡼࡶ࡚ࡃ࡞ࡋ

ࣝ࢖ࢥ㟁ഃཷࠋࡿࡁ࡛ࡀ࡜ࡇࡍ࡞ࡳ࡜㟁Ⲵࢢࣥࣜࡿࡍ

ࡀ┦఩ࡢ㟁ὶࣉ㛫࡛㸪࣮ࣝࡢ࡜ࣝ࢖ࢥ㏦㟁ഃ࡜ 180°
㸪ࡌ⏕ࡀ㛫࡛㏞ᐜ㔞ࣝ࢖ࢥ㸪୧ࡽ࠿࡜ࡇࡿ࠸࡚ࡗ࡞␗

㍽ᑕࡀࢫࣥࢲ࣮ࣆࣥ࢖㏣ຍࠋࡿࢀࡉ  
Ⅼࡿࡍኚ໬࡟㸪᫬㛫ⓗࡣሙ࡛ࡢ㸪㐲᪉ࡶ㟁ὶࣉ࣮ࣝ

㟁Ⲵ࡜➼౯ࡋࡔࡓࠋࡿ࡞࡜㸪㟁☢Ἴࢆ㍽ᑕ࡟ࡵࡓࡿࡍ

ᐤࡢ࡬㸪㍽ᑕ࡛ࡢࡿ࠶ࡀᚲせࡿࡍ᭤‴ࡀ⥺㸪㟁Ẽຊࡣ

୚ࡣ㸪ࡢ➃ࡢࣝ࢖ࢥ㟁ὶ࡟㝈ࠋࡿࢀࡽ⹫ᩘ㒊ࡣ㸪✵㛫

ࢥ㸪୧࡛ࡢࡿ࠸࡚ࡋព࿡ࢆࢠࣝࢿ࢚⏺㟁ࡿࢀࡽ࠼⵳࡟

㟼㟁ᐜ㔞ࡢ㛫ࣝ࢖ C ࡼ࡟㸪㏞ᐜ㔞࡚ࡗࡀࡓࡋࠋࡿ࡞࡜

㸪ࡎࡽࢃ㛵࡟≦㸪ᙧࡣࢫࣥࢲ࣮ࣆࣥ࢖ࡿ   
 
               1           
 Z 䍦 20䠄kh䠅K

e

2 +------      (3.11) 
i 䃨C 

              

㸪h࡛ࡇࡇࠋࡿࡁ㏆ఝ࡛࡜ 㛫㝸㸪Kࡢࣝ࢖ࢥࡣ
e
㸪㍽ࡣ

ᑕ࡬ᐤ୚ࡿࡍ㟁ὶࡢ๭ྜࡍ⾲ࢆᐇຠᕳࠋࡿ࠶࡛ᩘࡁ  
୍⯡ⓗ࡟㸪ཷࠕ㟁ഃࡢ㟁ὶ㸺㏦㟁ഃࡢ㟁ὶ࡛ࠖࠋࡿ࠶

┦㸪ࡣࢫࣥࢲ࣮ࣆࣥ࢖㍽ᑕࡿࡼ࡟㸪㏞ᐜ㔞࡚ࡗࡀࡓࡋ

஫ࡃ࡞ࡣ࡛ࢫࣥࢲ࣮ࣆࣥ࢖㸪ཷ㟁ഃࡢ༢⊂ࢲ࣮ࣆࣥ࢖

ࢫࣥ Z22  ࠋࡿ࡞࡟࡜ࡇࡿࢀࡲྵ࡟

 

3.5 ᦤື㏆ఝ 

㸲➃Ꮚᅇ㊰᪉⛬ᘧ㸦 3.1㸧ࡣࡁ࡜ࡿ࡚❧ࢆ㸪ཝᐦ࡟

ࢫࣥࢲ࣮ࣆࣥ࢖㸪┦஫࡚ࡵྵࡀ㸪㍽ᑕᦆኻࡣ Z12 ồࢆ

 ࠋࡿ࠶ࡀᚲせࡿࡵ

┦஫㍽ᑕࢆࢫࣥࢲ࣮ࣆࣥ࢖ồࡣ࡟ࡿࡵ㸪㏦㟁ഃࡢ☢

Ẽ཮᭤Ꮚཷ࡜⏺☢ࡿࡼ࡟㟁ഃࡢ☢Ẽ཮᭤Ꮚࡿࡼ࡟㟁⏺

㸪඲ࡓࡵồ࡟ゎᯒⓗࢆࣝࢺࢡ࣋ࢢࣥ࢕ࢸࣥ࢖࣏ࡿࡼ࡟

᪉఩࡟ᑐࡋ㠃✚ศࡿࡍᚲせ࡞࠺ࡼࡢࡇࠋࡿ࠶ࡀ」㞧࡞

✚ศࢆᐇ⾜ࡣ࡜ࡇࡿࡍ㸪Ⰻ⟇ࠋ࠸࡞࠼࠸ࡣ࡜ 

ࢫࣥࢲ࣮ࣆࣥ࢖㸪┦஫࡛ࢁࡇ࡜ Z12 㸪ࡣⓗ┠ࡿࡵồࢆ

⤥㟁ᅇ㊰ࢫࣞࣖ࢖࣡ࡽ࠿⤥㟁࡟࣒ࢸࢫࢩὶࡿࢀ㟁ὶࢆ

ồࡣ࡛࣒ࢸࢫࢩࡢࡇࠋࡿ࠶࡟࡜ࡇࡿࡵ㸪3.2 ⠇࡜ 3.3

⠇࡛㏙࡟࠺ࡼࡓ࡭㸪ࡣࢫࣥࢲ࣮ࣆࣥ࢖ࡢࣝ࢖ࢥ㸪㍽ᑕ

᢬ᢠࡍ⌧ࢆᐇᩘ㒊ࡀ(kR)
㸱࡟ẚ౛࡚ࡋᑠࡾ࡞ࡃࡉ㸪✵

㛫ࡢ㟁☢⏺࡟⵳ࡍ⾲ࢆࢠࣝࢿ࢚ࡿࢀࡽ࠼⹫ᩘ㒊ࡢᙳ㡪

ຊࡀᅽಽⓗ࡟኱ࡓࡲࠋ࠸ࡁ㸪2.3 ⠇࡛㏙࡟࠺ࡼࡓ࡭㸪

ࡢ㸪㠀㍽ᑕሙࢆ㌿㏦ࢠࣝࢿ࢚ࡿࡅ࠾࡟㟁⤥ࢫࣞࣖ࢖࣡

㟁☢⏺⌮ㄽ࡛ゎᯒࡶ࡚ࡋ,ᕤᏛⓗ࡟ᕪࠋ࠸࡞࠼࠿ࡘ 

ࡋᑐ࡟࣒ࢸࢫࢩ㟁⤥ࢫࣞࣖ࢖㸪࣡ࡣ࡛✏㸪ᮏ࡛ࡇࡑ

࡚㸪㍽ᑕᦆኻЍ0 ᦤືࠋࡿࡍᥦ᱌ࢆᦤື㏆ఝࡍ࡞ࡳ࡜

㏆ఝࡣࣉࢵࢸࢫࡢ㸪௨ୗࡢձղճմ࡛ࠋࡿ࠶ 

ձ  ┦஫ࡣࢫࣥࢲ࣮ࣆࣥ࢖㸪ᚑ᮶ࢳ࣮ࣟࣉ࢔ࡢ㸦 ex. 

Neumann බᘧࡢ (5)㸧ࣝ࢖ࢥࡾࡼ࡟㛫ࡢ┦஫ࢲࣥ࢖

 ࠋࡿࡍ㏆ఝ࡛ࡳࡢ㸪⹫ᩘ㒊ࡵồࢆࢫࣥࢱࢡ

ղ  ḟ࡟㸪㠀㍽ᑕሙ͆ࡢ 㸲➃Ꮚᅇ㊰ ᪉͇⛬ᘧࢆ❧࡚࡚㸪

⤥㟁ᅇ㊰ࡽ࠿㏦㟁ഃཷ࡜ࣝ࢖ࢥࡢ㟁ഃ࡟ࣝ࢖ࢥࡢ

ὶࡿࢀ㟁ὶ I
1
,I

2
 ࠋࡿࡵồࢆ

ճ  㠀㍽ᑕሙ͆ࡢ㸲➃Ꮚᅇ㊰͇᪉⛬ᘧࡿࡼ࡟㟁ὶ I
1
,I

2

 ࡿࡵồࢆ㟁Ẽ཮ᴟᏊࡧࡼ࠾㸪☢Ẽ཮ᴟᏊࡽ࠿

մ  ☢Ẽ཮ᴟᏊࡧࡼ࠾㟁Ẽ཮ᴟᏊࣥࢸ࣏ࢶࣝ࣊ࡿࡼ࡟

 ࠋࡿᚓࢆ⏺☢㸪₃ὤ㟁࡚ࡵồࢆ໙㓄ࡢࣝࣕࢩ

 

4.ィ ࡿࡅ࠾࡟ㄢ㢟  
㟁☢⏺ࡣ㸪‽㟼⏺㸦1/r

3 ࢭࢿࣂẚ౛㸧㸪㏆᥋ሙ㸦࢚࡟

ሙ㸸k/r2ࢺࣥ ẚ౛㸧㸪㍽ᑕ⏺㸦ᨺᑕ⏺㸸k㸱࡟ /r ẚ౛㸧࡟

ࡢ 3 ᒙᵓ㐀₃ࠋࡿ࡞ࡽ࠿ὤ㟁☢Ἴࡢ㟁⏺ᙉᗘ➼ࢆィ 

ࡃࡁ኱࡟༑ศ࡚࡭ẚ࡟㡯ࡢ௚ࡀ⏺㸪㍽ᑕࡣ࡟ࡵࡓࡿࡍ

኱ࡌྠࡀ㡯ࡢࡘ㸱ࡽࢀࡇࠋࡿ࠶ࡀᚲせࡿ࡜ࢆ㊥㞳ࡿ࡞

⏺㸪㍽ᑕࡾ࠶࡛ࡁ࡜ࡢ㸪kr=1(0.16Ȣ)ࡣࡢࡿ࡞࡜ࡉࡁ

ࡀ ㏆᥋ ሙ ࡟ ᑐ ࡋ ࡚ 10dB ࡯ ኱࡝ ࡁ ࡃ ࡞ ࡿ ㊥㞳 ࡣ 㸪

kr=10(1.6Ȣ)௨ୖࠋࡿ࠶࡛ࡁ࡜ࡢ௚᪉㸪࣡ࢫࣞࣖ࢖⤥

㟁ࡿ࠸⏝࡛࣒ࢸࢫࢩ࿘Ἴᩘࡣ㸪100kHz㹼10MHz ࡿ࠶࡛

㸪kr=10ࡽ࠿ 㸪4800m㹼48mࡣ㊥㞳ࡿ࡞࡜ ࡢࡇࠋࡿ࡞࡜

ࡢ᪤Ꮡࡓࡋ࡜㇟ᑐࢆ㸪↓⥺㏻ಙࡣ࡜ࡇ 3m ἲ ,10m ἲ࡞

ࡢ㏆ഐࡿ࠶㠀㍽ᑕ࡛࡟㸪≀⌮ⓗࡣィ ᪋タ࡛ࡿࡼ࡟࡝

‽㟼⏺࠿ࡋࡳࡢィ ࡛ࢆ࡜ࡇ࠸࡞ࡁព࿡ࠋࡿ࠸࡚ࡋ௒

ᚋ㸪‽㟼⏺ࡢィ ⤖ᯝࡽ࠿㍽ᑕ⏺ࡢᙉᗘࢆホ౯ࡿࡍ᪉

ἲࡢ㛤Ⓨࡀᚲせ࡛ࠋࡿ࠶ 

 
࡟ࡾࢃ࠾.5  

ᮏ✏࡛ࡣ㸪 Maxwell ᪉⛬ᘧ࡟㐳࡚ࡗ㍽ᑕሙ⌮ㄽࢆ⣣

ゎࡁ㸪㟁ຊఏ㏦ࢠࣝࢿ࢚ࡿࡅ࠾࡟ఏ㏦₃ࡧࡼ࠾ὤ㟁☢

Ἴ⏕ᡂࢆ࣒ࢬࢽ࣓࢝ࡢゎᯒࠋࡓࡋ௒ᚋࡢㄢ㢟ࡣ࡚ࡋ࡜㸪

ձ㹋㹇㹒ࡢ☢⏺ඹ㬆ἲ ࡿࡼ࡟ࣝࣕࢩࣥࢸ࣏ࢶࣝ࣊ࡢ(6)

ᐃᘧ໬㸪ղ₃ὤ㟁☢Ἴ࡟ᑐࡿࡍ㌴యࡢᙳ㡪㸪ճ₃ὤ㟁

☢Ἴࡢィ ᪉ἲࡢ㛤Ⓨ㸪ࠋࡿ࠶ࡀ࡝࡞  
 
ᩥ    ⊩  
[1] W. K. H. Panofsky & M. Phillips ͇ Classical 

Electricity and Magnetism”㸪Addison-Wesley㸪1977 
[2] ᖹᕝᾈṇ :㟁ẼຊᏛ㸪ᇵ㢼㤋㸪1973 ᖺ  
[3] ㊊❧୕㑻 :㟁☢ἼᕤᏛ㸪ࢼࣟࢥ♫㸪1983 ᖺ㸬  
[4] Ᏹ⏣᪂ኴ㑻 :᪂∧↓⥺ᕤᏛϨఏ㏦⦅㸪୸ၿ㸪1974 ᖺ  
[5] ᚋ⸨᠇୍㸪ᒣᓮಟ୍㑻㸸ヲゎ㟁☢ẼᏛ₇⩦㸪ඹ❧

1970 ᖺ  
[6] A. Kurs, et al:Wirelss Power Trasfer via Strongly  

Coupled Magnetic Resonances, Science, VOl.317,  
pp.83-86, No. 6, July 2007 

[7] 㬀㔝㸪͆ ㄽ⌮ࡢ₃ὤ㟁☢Ἴࡢࡽ࠿㟁⤥ࢫࣞࣖ࢖࣡  
ゎᯒ  ͇ ⮬ື㌴ᢏ⾡఍᫓ᏘᏛ⾡ㅮ₇఍ 71-20135509 
2013 ᖺ 5 ᭶ 22 ᪥  

 

-17-


