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1.  

1.1 ≤  
│⅜╪ ─ ≈≢⁸ ⌐╒⅛─⅜╪ ≤ ⇔≡ ╦╣╢⁹

─ ≤⇔≡⁸ ⌐ ═≡ ⌂ ⅜ ⌂ↄ⁸ ה ╩ ⇔⌂⅜╠
∆╢↓≤⅜ ≢№╢⁹↕╠⌐⁸ ⅜ ↑╣┌ ≢ ╙ ≢№╢⁹↓─╟
℮⌂ ╩ ≈↓≤⅛╠ ─ ≤⌂╠⌂™ ╛ ─ ⌂ ⁸ ⌐⅜╪⅜
⇔≡™≡ ─ ≤⌂╠⌂™ ≢╙ ⅜ ≢№╢⁹╕√⁸ ∕─╙─⌐╟╢
⅜ ⌂ↄ⁸ ≢ ⌂ ≢╙ ╩ ℮↓≤⅜≢⅝╢√╘⁸⅜╪⌐╟╢ ₁⌂
╩ ╠→╢√╘─ ╩ ℮↓≤╙ ≢№╢⁹ │╕∏ ╘⌐⁸ ─
⌐╟∫≡ ╩ ⇔√ ⌐⁸CT ╩ ™⁸⅜╪╛∕─ ─ ─ ╩
⌐ ⇔√ ≢⁸≥─ ⅛╠ ╩ ∆╢⅛⌂≥╩ ⇔⁸ ⅜ ≡╠
╣╢⁹ ⌐⅔™≡⁸ ⅜ ╡ ה≥↓╢™≡⇔ ⌐ ╡─
⅜ ↕╣≡™╢↓≤─ │ ≢№╡⁸ ₁─ ⅜ ≢№╢⁹∕─√╘⁸

≢│QA Quality Assurance╩ ℮↓≤≢⁸ ─ ╩ ∫≡™╢⁹
─√╘─ │⁸JASTRO╛ AAPM⌐╟∫≡ ╘╠╣≡⅔╡⁸∕╣∙

╣ ⌐ ∂≡ ─ ╛⁸ ⅜ ↑╠╣≡™╢⁹╕√⁸ ─ │⁸
⁸ ⁸ ⁸⅔╟┘ ⌐ ↑╠╣≡⅔╡⁸ ─ ™╙─╒≥ ─ ⅜ ↄ

⌂╢╟℮⌐ ↕╣≡™╢⁹↓╣╠│⁸ ⅜ ╡ ⇔≡™╢↓≤╩ ∆╢√╘─
QA≢№╢─⌐ ⇔≡⁸ ≢│↓─ ⌐⁸ ⌐ ╡─ ╩ ≢⅝≡
™╢⅛╩ ∆╢√╘⌐ QA⅜ ╦╣╢⁹ QA≢│⁸ ─ ≤ ⌐
╟∫≡ ╠╣╢ ╩ ⇔≡⅔╡⁸ ⌐│ⱨ▫ꜟⱶ╛2 ╩ ™√QA
⅜ ╦╣╢⁹⇔⅛⇔⁸2 ≢│ ╩ ≢╙1,000 ═╢ ⅜№╢
↓≤⅛╠⁸ ⌐ ≢№╢⁹ ⁸ ≢│⁸♅♃fi Ᵽꜞ►ⱶ ╩ ™√◖fi
♦fi◘─ ⅜ ─ ⌐╟∫≡ ∆╢↓≤╩ ⇔ 1 ⁸ ⌐⅔
↑╢ ┼─ ⌐ ∆╢ ╩ ╘≡™╢⁹  

    
(a) ─ (5 )        (b) ≤ ─  

1 ⌐╟╢  
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1.2 ♅♃fi Ᵽꜞ►ⱶ  
♅♃fi Ᵽꜞ►ⱶ╩ ≤⇔√ ☿ꜝⱵ♇◒◖fi♦fi◘│⁸ ◘▬☼⅜ ↕ↄ⁸
⌐ ≢№╢√╘⁸ ₁⌂ ≢ ↕╣≡™╢⁹♅♃fi Ᵽꜞ►ⱶ│ABO3─Ɑ꜡Ⱪ
☻◌▬♩ ╩≤╡⁸ 2─╟℮⌐A◘▬♩⌐Ᵽꜞ►ⱶ Ba⁸B◘▬♩⌐♅♃fi Ti⅜
⇔≡™╢⁹╕√⁸ ─ ⌐ ∆╢ Ti▬○fi⅜ c ⌐ ⇔⁸ ╩

⇔ ─ ╩ ∆⁹♅♃fi Ᵽꜞ►ⱶ─ │ ⌐╟∫≡ ∆╢↓≤⅜ ╠
╣≡⅔╡⁸ ⅜ ∆╢≤╙⌐⁸ ⁸ ⁸ ⁸ ≤ ∆╢
3⁹♅♃fi Ᵽꜞ►ⱶ│ ≢ ⌐ ⇔⁸ ⌐╟∫≡ ─ ╩ ∆⁹╕
√⁸ ⌐ ∫≡ ⅜ ≥◓fi☺כ◄╢∆ ┌╣╢ ⅜ ↓╢↓≤⅜ ╠╣
╢╟⌐◓fi☺כ◄⁸╡⅔≡ ─ │⁸ 2.1≢ ↕╣╢↓≤⅜ ⅛∫≡™╢
(Papaioannou et al., 2005)⁹↓↓≢⁸T│ (K)⁸k│Ⱳꜟ♠ⱴfi ⁸Ὁ│ ◄Ⱡꜟ◑
⁸╡№≢כ †Ὕ│▪꜠כ♬►☻─ ⌐╟∫≡ ╘╠╣╢⁹╕√⁸╒ │ ─

⁸╒│ ⌂ ⁸ɓ│ ╩ ⇔≡™╢⁹ 

ὅὸ ὅ ὅὩ               ςȢρ 

 †Ὕ †Ὡ                                ςȢς 

 

2 ♅♃fi Ᵽꜞ►ⱶ─ ≤◖fi♦fi◘≤⇔≡─  

 
3 ♅♃fi Ᵽꜞ►ⱶ─ ≤◖fi♦fi◘≤⇔≡─  
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כꜞꜙ◐⁸≢ 127ϴ ≢│⁸ ⅜ ⌐ ⇔⁸ ─
╩ ∆⁹∕─√╘⁸♅♃fi Ᵽꜞ►ⱶ⌐▪♬כꜞfi◓ ╩ fi☺כ◄⁸≥∆
◓⌐╟∫≡ ⅜∫√ ⅜ ∆╢↓≤⅜ ╠╣≡™╢⁹⇔√⅜∫≡⁸ ⌐╟
∫≡ ⅜∫√ ◓fiꜞכ♬▪⁸│ ⌐╟∫≡ ∆╢√╘⁸ ≤⇔≡ ╡ ⇔
≢⅝╢ ⅜№╢⁹ 

 
1.3 ─  
♅♃fi Ᵽꜞ►ⱶ╩ ≤∆╢◖fi♦fi◘│⁸ ≤⇔≡ ⌐ ≢№╢↓≤
⅜ ↕╣⁸ ─ ⌐ ═≡ ≢ ◘▬☼⅜ ↕™ ╩ ∫≡™╢⁹╕√⁸
⅜⌂™↓≤╙ ≢№╡⁸ ⌐⅔↑╢ √⌂ ◦☻♥ⱶ≤⌂╡℮╢⁹
⁸ ─ ⌐ ™⁸₈ ≢─ ₉─ ⅜ ╕∫≡™╢

⅜⁸ ⇔≡™╢ ╛ ╩ ⇔√ ◦☻♥ⱶ│⁸
─◘▬☼╛◖☻♩⅜ ™√╘⁸ │∕╣╒≥ ↄ│⌂™⁹∕─√╘⁸ ⅜ ↕™
⌐ ⇔ↄ ╩ ℮↓≤⅜≢⅝⌂™↓≤⅜ ≤⌂∫≡™╢⁹ 
⁸ ⌐⅔↑╢ ─ ╩ ∆╢₈ ₉⌐ ∆╢ ╙ ↄ

╦╣≡™╢⁹⇔⅛⇔⁸ ⌐ ∆╢ ≤⇔≡ ╩ ™√╙─⅜ ↄ⁸
─ ╩ ∆╢↓≤⌐╟╢◘▬☼─ ⅝↕╛⁸ ⌐╟╢ ─

⅝↕⅜ ≤⌂∫≡™╢⁹∕↓≢⁸◖fi♦fi◘ │ ─ ╩ ⅛∆↓≤⌐╟╡⁸
─ ◦☻♥ⱶ─ ╩ ≢⅝╢≤ ⅎ╠╣╢⁹ 
≢│⁸ 2 ⌐⅔™≡ ≢ ⌂▪꜠▬ ─ ⌐≈™≡⁸ 3⌐⅔

™≡◖fi♦fi◘ ╩ ⇔√ ◦☻♥ⱶ⌐≈™≡⁸4 ⌐⅔™≡ ╩
⇔√◖▬ꜟ ─ ⌐≈™≡ ═╢⁹ 
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2. ▪꜠▬ ◖fi♦fi◘ ─√╘─ ╖ ⇔ ─  

2.1  
─ ≢│⁸ ╡─ ⅜ ╦╣√⅛╩ ∆╢√╘⌐ QA

Quality Assurance⅜ ╦╣⁸2 2ה ⅜ ⌐
↕╣╢⁹⇔⅛⇔⁸ │ ⅜⅛⌂╡ ⌂√╘⌐ ╩ ™≡ ⇔
≡⅔╡⁸ │ ─◘▬☼⅜ ⅝™√╘⁸ ⅝ ╘≡ ∆╢↓≤⅜≢⅝⌂
™⁹∕─√╘⁸ ≤╙ ⅜ ™≤™℮ ⅜№╢⁹↕╠⌐⁸2 │
⌐ 1000 ≢№╡⁸ ─ ⅜ ⅝™⁹ ≢│⁸
⌂≥⌐╟╢ ─ ⌐ ™⁸QA ─ ⌐ ─ ↕╛ ™ ⅜ ╘
╠╣≡™╢⁹⇔⅛⇔⁸ ─╟℮⌐2 ─ │ ↄ⌂™√╘⁸●▬♪ꜝ▬fi⌐
╟∫≡ ╘╠╣≡™╢ 3 % 2 mm╟╡╙ ™ ≢ ♅▼♇◒⅜≢⅝≡
™⌂™⁹⇔√⅜∫≡⁸ ⌐ ⇔ↄ ─ ⅜≢⅝≡™╢≤│ ⅎ⌂™ 4⁹ 

≢⁸ ⌐╟∫≡ ☿ꜝⱵ♇◒◖fi♦fi◘│⁸₈ ⌐ ≢ ◘▬☼⅜
↕™₉ ≤⇔≡ ≢⅝╢↓≤⅜ ↕╣√⁹⇔√⅜∫≡⁸ ─2 ╟╡╙
₈ ≢ ─ ™▪꜠▬ ₉╩ ≢⅝╢ ⅜№╢ 1⁹ 

 

4 QA≢ ↕╣╢ ≤  
 

2 ◖fi♦fi◘▪꜠▬ ≤ ─ ≤─  
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2.2  
◖fi♦fi◘ │⁸ ⌐╟╢ ╩ ⇔√ ≢№╢√╘⁸LCR
ⱷכ♃─╟℮⌐ ╩ ∆╢ ⅜№╢⁹⇔⅛⇔⁸ ─╟℮⌂ LCRⱷכ♃
≢│ ≢⅝╢ │1≈≢№╡⁸ ∆╢◖fi♦fi◘─ ⅜ ⅎ╢≤ⱴꜟ♅ⱪ꜠◒◘∞
↑≢│ ≢⅝⌂ↄ⌂╢⁹∕─√╘⁸ ⌂▪꜠▬ ╩ ∆╢⌐│⁸ ≢
─◖fi♦fi◘─ ╩ ≢⅝╢◦☻♥ⱶ⅜ ≤⌂╢⁹ ≢⁸ ⅜
≤⌂╢ ⁸ ⁸ ⌂≥ ≢│FPGA≤ ┌╣╢IC⅜ ↕

╣╢⁹FPGA│ ─ ╩ ∆╢↓≤⅜≢⅝⁸ ⇔≡ ╩ ⅎ╢√╘⁸
⅜ ⌐ ™≤™℮ ⅜№╢⁹∕─√╘⁸◖fi♦fi◘╩ ≢ ⇔⁸ ⅜
⌐⌂∫√≤⇔≡╙⁸ ⌐╟∫≡ ─ ╩ ↕∑╢↓≤⅜≢⅝╢⁹◖fi

♦fi◘─ C │LC ─ f╩ ⇔≡ ↕╣╢↓≤⅜ ↄ⁸
╩ ⇔√ ╛ ☿fi◘⁸│≢כ ╩ ⌐ ∆╢↓≤

⅜ ≢№╢⁹∕─√╘⁸ ─◖fi♦fi◘╩ ╡ ↑√LC ─▪♫꜡◓
╩♦☺♃ꜟ─ ⌐ ⇔⁸FPGA≢ ╩ ≢⅝╢ ╩ ⇔√⁹↕

╠⌐⁸ │♃כ♦ FPGA⅛╠ PC⌐ ↕╣⁸PC ≢│ ⅛╠ ╩
╘⁸ ⌐ ⇔≡⅔™√ ╩ ⇔≡ ⅜ ╘╠╣╢ 5⁹ 

 
5 ─  

 
FPGA ≢│⁸ ↕╣√ ⅛╠ ⅜≢⅝╢ ╩ ∆╢ ⅜№╢⁹
FPGA│ ─ ⅛╠⁸1 High≤0 Low╩ ∆╢↓≤⅜≢⅝⁸ ─ ∟
⅜╡ ≢─◘fiⱪꜞfi◓ⱳ▬fi♩ ⅛╠⁸ ─ T╩ ╘╢↓≤⅜≢⅝╢⁹
╕√⁸ ⌂ ╩ ≢ ℮⌐│⁸ ╡ ⇔ ╩♃כ♦√╣↕ ╡√╘≡⅔ↄ
⅜№╢⁹∕↓≢⁸FPGA ⌐FIFOFirst-in First out╩ ⇔⁸№╢ ╩♃כ♦─
╡√╘≡⅔↑╢╟℮⌐⇔√⁹FIFO⌐√╘╠╣√♦⁸│♃כPC ♃כ♦─╠⅛ ⅜№
∫√ ⌐⁸FPGA─ ⱷ⸗ꜞ≢№╢BRAMBlock RAM⌐ ⅝ ╕╣⁸ ─EZï
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USBFX2Cypress╩ ⇔≡PC┼♦כ♃ ↕╣╢╟℮⌐ ╩ ⇔√
♃כ♦⁸⅔⌂6⁹ ╖ ╖─ ⌐ ⁸USB⌐℮╟™⌂╣∏⅜♃כ♦ │Ɫfi♪◦▼▬◒
≢ ∫√⁹ 

 

6 FPGA ─ ≤USB  
 
2.3 ≤  

≢№╢₈ ⌂▪꜠▬ ₉│ ∆╢ ⅜ ⅝™√╘⁸
≢ ↕∑╢↓≤│ ≢№╡⁸∕─ ⌐™ↄ≈╙ ⅜ ∂╢≤ ↕╣╢⁹∕─√╘⁸
╕∏ ╘⌐1 ⱪ꜡ⱨ□▬ꜟ ╩ ↕∑⁸ ─ ≤─ ⌐╟∫≡
≤⇔≡─ ╩ ∆⁹∕─ ⁸ ─ ⅜ ⌂™ ⌂▪꜠▬ ─ ⅛╠
⇔⁸ ╩ ∫√⁹ 
 
2.3.1 ⱪ꜡ⱨ□▬ꜟ  

⌂ ◦☻♥ⱶ╩ ∆╢√╘⌐│⁸◖fi♦fi◘╩ ≢ ↕∑╢
⅜№╢⁹∕─√╘⁸ ◘▬☼─ ↕⌂ ☿ꜝⱵ♇◒◖fi♦fi◘  

GRM155R71H103JA88╩ ⇔⁸1 mmⱧ♇♅≢98─◖fi♦fi◘╩ ═√⁹╕√⁸
─◖fi♦fi◘─ ╩ ⅛≈ ⌐ ∆╢√╘⌐│⁸ⱴꜟ♅ⱪ꜠◒◘─ ╙

⌐ ⌂ ≤⌂╢⁹∕↓≢⁸ ☻▬♇♅fi◓⅜ ⌂ⱴꜟ♅ⱪ꜠◒◘ ANALOG 
DEVICES ADG1406╩ ⇔√ 7⁹1 ⱪ꜡ⱨ□▬ꜟ │⁸10 cm ×10 
cm─PCB ⌐ ≡ ╕╢╟℮⌐ ⇔⁸FPGA⅛╠─ ╛ ⌂≥─
╩◖Ⱡ◒♃≢ →╢╟℮⌐⇔√ 8 a⁹↕╠⌐⁸ 8 b─╟℮⌐ⱴꜟ♅ⱪ꜠◒◘╩ ⌐
╖ ╦∑╢↓≤≢⁸ ∆╢ⱴꜟ♅ⱪ꜠◒◘─ ╩ ╠∆ ╩ ⇔√⁹ 

 
7 ADG1406ANALOG DEVICES 
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a ─                  b ─  
8 1 ꜝ▬fiⱪ꜡ⱨ□▬ꜟ  

 
2.3.2 ≤  

≤⇔≡⁸ ⌐ ↕╣√ ◄Ⱡꜟ◑כX 
Varian Medical Systems  True Beam╩ ™√⁹ ⱨ□fi♩ⱶ ה

♃ⱨ►◊כ♃כ ╩ ™≡SSD (Source to Surface Distance)╩100 cm⁸ ─ ╩
⇔≡⁸◖fi♦fi◘─ ⌐10 cm─ ⱨ□fi♩ⱶ╩ ⇔√⁹╕√⁸◖fi♦fi◘ │
≢№╡⁸ ⌐ ⌐⌂∫≡™╢√╘⁸ ⱨ□fi♩ⱶ╩ ↄ↓≤│≢⅝⌂™⁹∕

↓≢⁸5 mm─▪◒ꜞꜟ─ ╩ ⌐ ⇔⁸∕─ ⌐1 cm─ ⱨ□fi♩ⱶ╩ ∆╢↓
≤≢⁸STD╩101.5cm≤⇔√⁹╕√⁸FPGA╛PC│ ⌐╟╢ ⅛╠ ╢√╘⌐⁸
╩ ⌐≤∫√ ⌐ ⇔≡ ⇔√ 9⁹ 

 

9 ≤ ⇔√True Beam ─  
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2.3.3 IC Profiler 
ⱪ꜡ⱨ□▬ꜟ ─ ╩ ∆√╘⌐│⁸ ─ ≤ ∆╢ ⅜

№╢⁹ ≢│2 ╩ ⇔√ ⅜ ≢№╡⁸
╛ ╩ ⇔√╙─⅜ ™⁹∕↓≢⁸ ≢│ ╩ ⇔√IC Profiler
Sun Nuclear╩ ≤⇔√ 10⁹ 

 

10 IC Profiler─  
 
2.3.4 1 ⱪ꜡ⱨ□▬ꜟ ≤IC Profiler≤─  

1 ⱪ꜡ⱨ□▬ꜟ ─ ╩ ∆√╘⌐⁸IC Profiler ≤─
─ ╩ ∫√⁹ ≤ ↕╣╢ ≤IC Profiler─ ─ ™│⁸

Ɑ♫fiⱩꜝ ≢ ⅝ↄ⌂╢≤ ↕╣╢⁹∕↓≢⁸ ─ ↕10 cm⌐ ⇔≡⁸
│5×5 cm²≤⇔≡20 Gy─ ╩ ⇔⁸▪▬♁☿fi♃כ╩ ≤⇔√ ─ⱪ꜡ⱨ
□▬ꜟ ╩ ∫√⁹ │2Ɽ♃כfi≢ ™⁸ 1≢│5×5 cm²─ ≢⁸

2│ 1⌐60°►▼♇☺≢ ╩≈↑√⁹ ⇔√60°►▼♇☺╩ ⌐ ∆
11 c⁹ 
 

 
a 1─      (b) 2─           (c) 60°►▼♇☺  

          11 1, 2 ─ ≤ ⇔√  
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2.3.5 ▪꜠▬ ─ⱪ꜡ⱨ□▬ꜟ  
⌂▪꜠▬ ≢│⁸◖fi♦fi◘─ ⅜⅛⌂╡ ⌐⌂╢≤ ↕╣╢⁹∕↓≢⁸

1 ⱪ꜡ⱨ□▬ꜟ ╒≥ ≢│⌂™⅜⁸ ⌂▪꜠▬ ╩ ⇔≡
╩ ⇔√⁹╕√⁸▪꜠▬ ≢│◖fi♦fi◘╩ ⌐ ∆╢ ⅜№╡⁸1
ꜝ▬fiⱪ꜡ⱨ□▬ꜟ ≤│ ╩ ⅎ╢ ⅜№╢⁹∕↓≢⁸ ⌐ ↕

╣√◖fi♦fi◘⅛╠1≈─ ≤⌂╢◖fi♦fi◘╩ ∆╢√╘⌐⁸ 12─╟℮⌐ⱴ
ꜟ♅ⱪ꜠◒◘╩ ה ⌐ ⇔√⁹╕√⁸ 13 c ⌐ ∆╟℮⌐⁸ꜚ♬Ᵽכ◘ꜟ
2.54 mmⱧ♇♅ ⌐◖fi♦fi◘╩ ╘ ╖⁸35.56×35.56 mm² 15×15 = 225─
╩ ≢⅝╢▪꜠▬ ╩ ⇔√⁹ │⁸ ⅜20×20 mm²─ 3 13 
a ≤⁸10×50 mm²─ 4 13 b─2≈─ ╩ ∫√⁹ 
 

 
12 ▪꜠▬ ─  

 

 
a 3─   b 4─    c ▪꜠▬ ─   

        13 3, 4 ─ ≤ ⇔√▪꜠▬  
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2.4  
2.4.1 ⱪ꜡ⱨ□▬ꜟ ─  

14─╟℮⌐ ₁─◖fi♦fi◘─ ⌐│ ⅜№╢⁹∕─√╘⁸ ⌐
╩ ⇔≡ ╠╣╢ ╩ ⇔≡⁸ ─ ╩ ╘╢ ⅜№╢⁹

∕↓≢⁸ ╠╣√ ╩ ⇔√ ─ ⌐╟∫≡⁸⅝╣™⌐ⱪ꜡ⱨ□▬ꜟ ⅜
≢⅝╢↓≤⅜ ↕╣√⁹ 1 ⱪ꜡ⱨ□▬ꜟ ≤IC Profiler─ ╩ ∆
╢≤⁸ 1⁸2─ ≢ⱪ꜡ⱨ□▬ꜟ│╒╓ ∂⌐⌂∫√ 15⁹╕√⁸ 1 ⱪ
꜡ⱨ□▬ꜟ │╟╡ ⅜ ™↓≤╙ ↕╣√ 1 mm⁸IC Profiler5 mm⁹
↕╠⌐⁸ 1 ⱪ꜡ⱨ□▬ꜟ │PC╩ ╘≡╙◖☻♩│20 ≢№╡⁸ 1000
─IC Profiler╟╡╙ ⌐◖☻♩⅜ ™↓≤⅜ ⅛╢⁹⇔⅛⇔⁸ ≢IC Profiler
≤─╦∏⅛─ ⅜ ─◓fi☺כ◄⁸│╣↓⁹√╣╠ ⅜ ⇔ↄ ╦╣≡™⌂™↓≤⅜
≤ ⅎ╠╣╢⁹ ⁸ ≤│ ⌐ ─⌂™◖fi♦fi◘─◄כ☺fi◓╩ ⇔⁸ⱨ▫♇
♥▫fi◓⌐╟∫≡ ╠╣√ ╩ ⇔≡⁸ ⅛╠ ─♃כ♦ ╩ ∫≡™╢⁹⇔√⅜
∫≡⁸PCB ─ ⌐◖fi♦fi◘╩ ⇔⁸ ≤ ⌐Ᵽ♇◒◓ꜝ►fi♪≤⌂╢
╩◓fi☺כ◄ ∆╢↓≤≢⁸ ≢─ ╩ ≢⅝╢≤ ⅎ╠╣╢⁹ 

 
14 ─ ≤ ─ⱪ꜡ⱨ□▬ꜟ  

 

 
 (a) 1─ ⱪ꜡ⱨ□▬ꜟ   (b) 2─ ⱪ꜡ⱨ□▬ꜟ        

15 1 ⱪ꜡ⱨ□▬ꜟ ≤IC Profiler─  
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2.4.2 ▪꜠▬ ─ⱪ꜡ⱨ□▬ꜟ  
16⁸17─ ⅛╠ ⅛╢╟℮⌐⁸ 3, 4⌐⅔™≡ ⇔√ ≤ ╩

↓⇔√ ⅜╟ↄ ∆╢↓≤⅜ ↕╣√⁹⇔⅛⇔⁸1 ⱪ꜡ⱨ□▬ꜟ ≤│ ⌂
╡⁸2.54 mmⱧ♇♅≢ ╩ ⇔≡™╢√╘⁸Ɑ♫fiⱩꜝ ─ ╩ ⌐
≢⅝≡™⌂™⁹╕√⁸ ↔≤─ ─ ╙╦∏⅛⌐ ⅝ↄ⌂∫≡™╢⁹↓╣
│⁸ ─ꜝ▬fiⱪ꜡ⱨ□▬ꜟ ─╟℮⌐⁸PCB ≢ ⌐ ↕╣√╙─≢│⌂
ↄ⁸ ─√┘⌐ ∆╢◄♫ⱷꜟ ─ ⅜ ╦∫≡™╢↓≤⅜ ∞≤ ⅎ╠╣
╢⁹╕√⁸ ─ ─√╘⌐⁸ ─ ≤ ╩◖Ⱡ◒♃≢ ⇔⁸ ╡
⇔≡ ⌐℮╟╢⅝≢◓fiꜞכ♬▪⌐ ⇔≡™╢⁹∕─√╘⁸ ≤⌂╢◖fi♦fi
◘╩ ╡ ⅎ╢↔≤⌐⁸ ₁─◖Ⱡ◒♃≢ ⌂╢ ⅜LC ⌐ ╦∫≡⇔╕℮⁹
↓╣⌐╟╡⁸ ─ ⅜ ∟⁸ ⅜ ⅝ↄ⌂∫≡™╢≤ ⅎ╠╣╢⁹ 

 
a 2 ─           b 2 ─3     

16 3≢ ↕╣√  
 

 
a 2 ─           b 2 ─3  

17 4≢ ↕╣√  
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2.5  
1 ⱪ꜡ⱨ□▬ꜟ ─◖☻♩│⁸PC╩ ╘≡20 ≢№╡⁸ ─2
─ 1000⌐ ═≡⁸ ⌐ ≢№╢↓≤⅜ ⅛╢⁹╕√⁸IC Profiler≤─

─ ⌐╟∫≡⁸ 1 ⱪ꜡ⱨ□▬ꜟ │ ⅜ ⌐ ↄ⁸ ⱪ꜡ⱨ□▬
ꜟ╙╟ↄ ∆╢↓≤⅜ ↕╣√ 1 mm⁸IC Profiler5 mm⁹⇔√⅜∫≡⁸₈
≢ ─ ™▪꜠▬ ₉│ ⌐ ≢№╢⁹ ≢⁸ ≢IC Profiler
≤─ ⅜ ╠╣√⁹↓╣│⁸ ◓fi☺כ◄™⇔ ⅜ ╦╣≡™⌂™⅛╠≢№╡⁸
⌐ ─◖fi♦fi◘╩ ∆╢ ⅜№╢⁹ 
2 ⱪ꜡ⱨ□▬ꜟ ≢│⁸ ⌂▪꜠▬ ⌐╟∫≡⁸ ⇔√ ≤
╩ ↓⇔√ ⅜ ⌐╟ↄ ∆╢↓≤⅜ ↕╣√⁹ ─ ≢│ 2.54 mmⱧ

♇♅─ ⇔⅛ ╦╣≡⅔╠∏⁸ ↔≤─ ╙╦∏⅛⌐ ⅝ↄ⌂∫≡™╢⁹↓╣│⁸
PCB ─╟℮⌐ ⌐ ↕╣√╙─≢│⌂™↓≤╛⁸ ─√┘⌐◄♫ⱷꜟ ─

⅜ ╦∫≡™╢↓≤⅜ ∞≤ ⅎ╠╣╢⁹⇔√⅜∫≡⁸ ⌂2 ╩
╢√╘⌐│⁸ ⅜ ≡ PCB ⌐ ↕╣√▪꜠▬ ≢ ╩ ℮ ⅜№
╢≤ ⅎ╠╣╢⁹ 
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3. ◖fi♦fi◘ ╩ ⇔√ ╘ ╖ ⌂ ⌐ ∆╢   

3.1   
│⅜╪ ─ ≈≢№╡⁸ ⌐ ═≡ ⌂ ⅜ ⌂ↄ⁸ ה

╩ ⇔⌂⅜╠ ∆╢↓≤⅜ ≢№╢⁹ │╕∏ ╘⌐⁸ ─ ⌐╟∫
≡ ╩ ⇔√ ⌐⁸CT ╩ ™⁸⅜╪╛ ─ ╩ ⌐ ⇔√ ≢⁸
≥─ ⅛╠ ╩ ∆╢⅛⌂≥╩ ⇔⁸ ⅜ ≡╠╣╢⁹∕─√╘⁸

⌐⅔™≡ ⅜ ╡ ה≥↓╢™≡⇔ ⌐ ╡─ ⅜ ↕╣≡™
╢↓≤─ │ ≢№╡⁸ ₁─ ⅜ ≢№╢⁹ ⁸ ≢ ↕
╣√ ≤⁸ ⅛╠ ↕╣√ ╩ ∆╢↓≤≢ ⅜ ╦╣≡™╢⁹
⇔⅛⇔⁸ ─ ╩ ∆╢◦☻♥ⱶ⅜ ⇔≡™⌂™√╘⁸ ⌐ ╡
─ ╩ ≢⅝≡™╢⅛│ ⅛╠⌂™ 18⁹ ⁸ ─Ɽꜝⱷכ♃
Ⱶ☻⌂≥⌐ ∆╢ ⅜ ⇔≡⅔╡⁸ ⌐│ ⌂ ⅜ ╙☻כ◔√⇔
↕╣≡™╢⁹╕√⁸ ⇔≡™╢Ⱶ☻│ ─ ≢№╡⁸╟╡ ↄ─ ⅜
⇔≡™╢ ⅜№╢√╘⁸ ─ ╩ ∆╢↓≤⅜ ╕⇔™⁹ 

 
18 ≤ ─  

 
3.1.1 ≤    

◄Ⱡꜟ◑כX ╩ ™√ ≢│⁸kV-X ╩ ™√
IGRT ; Image-guided Radiation Therapy⅜ ⇔≈≈№╢⁹ ⌐⅔™≡⁸
─ ╩ ⅛╠ ⌐ ∆╢↓≤⅜ ≢№╢√╘⁸ ⌐ ⌐≡

≢⅝╢ mm─ ⱴכ◌╩ ╘ ⇔≡⅔⅝⁸X ╛ X CT ⌐╟∫
≡⁸ ⌐ ⌐ ╩ ⇔≡⅛╠ ⅜ ╦╣╢⁹∕─√╘⁸ ⱴכ◌≤⇔
≡ ↕╣╢ VISICOIL☿♥▫ⱷ♦▫◌ ⌐⁸ ╩ ↑ ⅎ√ ◦
☻♥ⱶ⌐ ∆╢ ⅜ ↄ ∆╢(Son and Ziaie, 2006)⁹ ⌂ ╩
⇔√╙─≤⇔≡⁸Sicel Technologies─DVSDose Verification System⅜ ∆╢
19 a⁹ ≢ ↓╢ ╩ ⌐ ↕∑╢≤ ⅜ ⇔⁸∕╣⌐ ∫
≡ ⇔√ ╩ ⅛╠ ∆╢↓≤╩ ≤⇔≡™╢ 19 b⁹⇔⅛
⇔⁸ ≢⅝╢ ⅜ 10 cm≤ ™√╘⁸ ≢│╒≤╪≥ ↕╣≡™⌂
™⁹╕√⁸ ⌐│ ⅜№╡⁸ ⌐╟╢≤ ≢5 ─ ⅜
∂╢↓≤⅜ ↕╣≡™╢ 19 c(Dick et al., 2011)⁹ │ ≢ ╦╣
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╢↓≤⅜ ≢№╡⁸ ⌐ ↕╣√ │ ⌐3 ⌐ ↄ≤ ⅎ╠
╣╢⁹⇔√⅜∫≡⁸ ─ ╩ ℮↓≤│ ≢№╡⁸ ⌐ ─№╢

╩ ∆╢═⅝≢│⌂™⁹ ⁸◖fi♦fi◘ │ ⌐╟∫≡ ⅜⌂™
↓≤⅜ ↕╣≡™╢⁹↕╠⌐⁸ ─╟℮⌐ ╩⅛↑╢√╘─ │
⅜⌂ↄ⁸◖fi♦fi◘ ⅜ ≤⌂╢√╘⁸ ─ ╩ ⌂₈ √⌂
₉≤⇔≡ ≢⅝╢ ⅜№╢⁹ 

 
a ≤      b     c ─  

19 DVSDose Verification System 
 
3.1.2 ─  

─ ╩ ≢ ∆╢ ⌐│⁸ ╩ ⇔√╙─⅜ ↄ⁸ ⅛╠
╩ ∆╢↓≤≢◦☻♥ⱶ⅜ ↕╣╢⁹ ⌐│Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙⅜
↕╣╢↓≤⅜ ↄ⁸ ⌐ ∆╢ ≤ ─ ⅝↕≢ ─ ╩ ∫≡™
╢⁹↓─ ⌐ ↕╣╢ │SⱤꜝⱷכ♃≤ ┌╣⁸ ⌂2ⱳכ♩⌐╟╢ ╩
ⅎ√ ⁸SⱤꜝⱷ⁸│⌐♃כ ─4 ─Ɽꜝⱷכ♃ S11⁸S12⁸S21⁸S22⅜
∆╢⁹╕√⁸ 20─╟℮⌂ ≢2≈─  a_1 , a_2≤⁸2≈─ b_1, b_2╩ ⅎ
√ ⁸ ─╟℮⌂ ⅜ ╠╣⁸SⱤꜝⱷכ♃│ ─ ╩ ∆⁹ 
 

S11: 1⅛╠ ╩ ⇔√≤⅝⌐⁸ ⌐ ∆╢  
S21: 1⅛╠ ╩ ⇔√≤⅝⌐⁸ 2⌐ ∆╢  
S12: 2⅛╠ ╩ ⇔√≤⅝⌐⁸ ⌐ ∆╢  
S22: 2⅛╠ ╩ ⇔√≤⅝⌐⁸ 2⌐ ∆╢  

 
20 SⱤꜝⱷכ♃─  
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Ⱡ♇♩꞉⁸│◙▬ꜝ♫▪◒כ ⌐ ⌐ ∆╢ ─ ⌐ ⇔≡⅔╡⁸S11─
⅛╠⁸ ╩ ⌐ ∆╢↓≤⅜ ≢№╢⁹S11╩ ⇔√

│ ₁⌂ ≢ ↕╣≡⅔╡⁸ ⌐ ╩ √∑≡ ∆╢ │
ↄ ╦╣≡™╢⁹⇔⅛⇔⁸S11 ╩ ⇔√ ─ │ ↄ⁸
™╙─≢╙ cm ≢№╢(Lee et al., 2016)⁹ ∫≡⁸S11╩ ⇔√ ≢│⁸

⌐ ∆╢ ─ ╩ ∆╢↓≤ ≢№╢≤ ↕╣╢⁹⇔√⅜∫≡⁸
≢│S21Ɽꜝⱷכ♃╩ ⇔√ ⌐≈™≡ ╩ ∫√⁹ 

 
3.2   
3.2.1 ⌐╟∫≡ ∂╢ ∏╣ 
ⱨ□ꜝ♦כ─ ⱪכꜟ─ꜟ▬◖⁸≥╢╟⌐ ╩ ↄ ⅜ ∆╢≤⁸ ⌐╟╡

⅜ ⇔⁸ ⅜ ╣╢⁹◖▬ꜟ─ ⅝ ╩N⁸◖▬ꜟ╩ ↄ ╩ɋ⁸
╩t≤∆╢≤ │ 3.1─╟℮⌐ ↕╣⁸◖▬ꜟ╩ ↄ ─ ⅜ ⅝
™╒≥⁸ √╡─ ⅜ ⅝ↄ⌂╡⁸ ⅜ ⅝ↄ⌂╢↓≤⅜ ⅛╢⁹ 
 

ὠ ὔ
ῳ•
ῳὸ
       σȢρ 

 
⁸ ☿fi◘כ⌐ ∆╢ ≢│⁸ ─ ╩ ⇔√╙─⅜ ↄ

∆╢⁹ⱴכ◌≤⌂╢◖▬ꜟ╩ ≢ ↕∑⁸∕─ ⌐ ∂╢ ╩ ∆╢↓
≤╩ ≤⇔≡™╢⁹╕√⁸ ⅜ ∂╢ ≢│⁸₈ⱴכ◌≤⌂╢◖▬ꜟ─
₉≤₈ ⅛╠ ↕╣╢ ─ ₉⅜ ⇔⁸ 21 b ─╟℮⌂ ⅜ ∂

╢⁹ 21 a ─╟℮⌐ ╩ ∆╢ ◖▬ꜟ╩ ∆╢≤⁸ ∆╢◖▬ꜟ
⌐╟∫≡⁸ ∆╢◖▬ꜟ⅛╠ ↑ ╢ B ⅜ ⌂╢√╘⁸ ⌐ ⇔√
⅜ ∆╢(Hashi et al., 2008)⁹╕√⁸ ◖▬ꜟ╩ ↄ │ ╩ ⇔≡ ╘╢↓
≤⅜≢⅝╢√╘⁸ ₁─◖▬ꜟ≢ ≤─ ╩ ℮↓≤⌐╟╡⁸ⱴכ◌≤⌂╢◖▬ꜟ─
⌂ ╩ ╘╢↓≤⅜ ≤⌂╢⁹ 

 

a ☿fi◘כ─       b ⌐╟╢ ∏╣ 
21 ╩ ⇔√ ☿fi◘כ⌐ ∆╢  
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3.2.2 ─    
⁸ ⁸ ⁸꞉▬ꜘ꜠☻ ⌂≥≤ ─™√╢≤↓╤≢ ה

─ │ ↕╣≡™╢⁹ │ ─ ה ╩ ⇔√ ≢№╡⁸ ₁⌂
⅜ ∆╢⁹╕√⁸ ⌐│ ∆╢ ⌐ ⇔≡ ה ╩ ∫≡⅔╡⁸
⌐ ∂≡ ∆╢ ╩ ⅎ╢ ⅜№╢⁹ ⌐ ⌂ ⌐ ⇔≡⁸∕╣∙

╣─ ╩ ∆╢⁹ 
 
A.  

≤ ≢ ∆╢ ╩ ⇔≡⁸ ╩ ∆╢ ≢№╢⁹ │
≤ ─◖▬ꜟ─ ⌐ ⅝ↄ ∆╢√╘⁸ ─◖▬ꜟ⌂≥─ │↔ↄ

≢⇔⅛ ╩ ∆╢↓≤│≢⅝⌂™⁹╕√⁸ ─◖▬ꜟ ⌐ ⌐ ∆╢ ╩
ⱪכꜟ─ꜟ▬◖⁸╘√╢™≡⇔ ⌐ ─ ∏╣⌐ ™≤™℮ ╙№╢⁹ 
 
B.  
2006⌐MIT⅛╠ ↕╣√ ≢№╡⁸ ─ ─◖▬ꜟ⌐Ⱬꜞ◌ꜟ
─◖▬ꜟ ╩ ⇔≡™╢─⅜ ⅝⌂ ≢№╢ 22⁹ 60cm─◖▬ꜟ╩
™≡ ⅜2 m─ ≢╙⁸45 ~50 %─ ╩ ≡╢↓≤╩ ↕╣≡™╢⁹ 
 
C.  

╩│↕╪∞ ─ ≤ ─ ⌐╟╡⁸ ╩ ⇔≡ ≢⅝╢
≢№╢⁹ ≤∕╣╩│↕╗ ⌐╟╡◖fi♦fi◘⅜ ↕╣╢⁹↓─◖fi♦fi◘⌐

╩ ∆↓≤⌐╟∫≡⁸ ∆╢↓≤⅜≢⅝╢⁹ 
 
D.  

∆╢ ⅜ ™√╘ ─ ⅜ ↄ⁸ ─ ⌐ ═≡ ⅜ ™
≤™℮ ⅜№╢⁹ ≢│⁸ⱴ▬◒꜡ ╩ ⇔≡⁸▪fi♥♫≢ ∆╢↓≤≢
╩⇔≡⅔╡⁸ ⅜ ™√╘⌐⁸ ⇔─☼꜠⅜ ⅝⌂∏╣≤⌂∫≡⇔╕℮ ⅜№╢⁹ 
 

3 ─ ≤  
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22 ╩ ⇔√ ─  

 
⌐│ ─ ╙ ∆╢⅜⁸ ≢╙ MIT⅜ ⇔√ ╩ ⇔√
SCMR : Strongly Coupled Magnetic Resonance│⁸ ⌂ ≢ ≢─

╩ ⅎ╢ ⅜№╢⁹╕√⁸ ─▪fi♥♫│ ─▪fi♥♫⌐ ═≡⁸ ─╟℮
⌂ ⅛╠ ↑╢ ⅜ ↕™√╘(Manteghi and Ibraheem, 2014)⁸ ─╟℮⌂ ⅜
◖▬ꜟ─ ↄ⌐ ⇔≡™≡╙⁸╒≤╪≥ ╩ ↑⌂™↓≤⅜ ⅛∫≡™╢⁹⇔√⅜∫≡⁸

─ ≢│⁸ ⌐ ─▪fi♥♫⅜ ↕╣≡™╢⁹ ⌐⅔™≡╙⁸
⌐ ↕╣√◖▬ꜟ│ ⅛╠ ╩ ↑╢≤ ⅎ╠╣╢√╘⁸ ╩

⇔√ SCMR ⌐╟╢ ╩ ∆╢↓≤≤⇔√⁹⌂⅔⁸ ╒≥ ⅛╠ ↑╢
⅜ ⅝ↄ⌂╢↓≤╩ ⇔≡⁸ ∆╢ │ISMIndustry Science MedicalⱣfi♪

⌐ ∆╢13.56MHz≤⇔√(Li, Tsui and Ki, 2014)⁹ 
─ ╩ ⇔√ ☿fi◘⁸│כ ◖▬ꜟ≢ⱴכ◌≤⌂╢◖▬ꜟ─
∏╣ ╩ ⇔≡™╢⁹≈╕╡⁸ ⅜ ╦╣≡™╢ ≢ S21

╩ ⇔√ ⌐⁸ ─ ∏╣╩ ≢⅝╢≤ ↕╣╢ 23⁹∕↓≢3 ≢│⁸₈
≢─ ⅜ ⌂ ─SCMR₉≤₈S21⌐ ∂╢ ∏╣╩ ⇔√
₉╩ ╖ ╦∑≡◦☻♥ⱶ╩ ↕∑╢ ⌐≈™≡ ∆╢⁹ 

 

23 S21⌐ ∂╢ ∏╣Ⱨכ◒ 
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3.2.3 SCMR≤S21╩ ╖ ╦∑√ ─  
24⌐SCMR≤S21 ╩ ⇔√ ─ ╩ ∆⁹ ⁸

≢ ╩ ╢◖▬ꜟ╩ ◖▬ꜟ1 ⁸ ◖▬ꜟ2 ≤⇔⁸ ╩ ↑ ╢◖
▬ꜟ╩ ◖▬ꜟ1 ⁸ ◖▬ꜟ2 ≤ ┬⁹↕╠⌐⁸ ─◖▬ꜟ≤
─◖▬ꜟ─ ⌐ ↄ◖▬ꜟ╩♃כ◕♇♩◖▬ꜟ ◖▬ꜟ ≤ ┬↓≤⌐∆╢⁹╕√⁸
─ꜟ▬◖♩♇◕כ♃ ─ ╩ fbefore⁸ ─ ╩ fafter≤∆╢⁹
⌐S21╩ ⇔√ ─ ≤⁸ ─ ╣⌐≈™≡ ∆╢⁹ 
 
ᵑ ⅛╠ f0≢S21⅜ ≤⌂╢╟℮⌂ ╩ ℮⁹ 
ᵒ ⌐ ⅜ꜟ▬◖♩♇◕כ♃√╣⅛ ╩ ↓⇔⁸S21⌐ fbefore≢
≤⌂╢ ∏╣╩ ∂╢⁹ 

ᵓ ♃כ◕♇♩◖▬ꜟ─◖fi♦fi◘⌐ ⅜ ─ꜟ▬◖♩♇◕כ♃⁸≢≥↓╢√
⅜ ⇔⁸ ∏╣Ⱨכ◒⅜ ∂╢ ⅜⁸fafter─ ⌐∏╣╢⁹ 

ᵔ Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙≢ ─ fafterfbefore╩ ∆╢↓≤≢⁸
─ ╩ ⇔⁸ ⌐ ∆╢⁹ 

 

 
24  SCMR≤ S21⌐╟╢ ─  

 
╩ꜟ▬◖♩♇◕כ♃─ ⌐ ∆╢↓≤╩ ∆╢≤⁸ ◖♩♇◕כ♃⌂

▬ꜟ─ Ⱨ⁸│◒כ ≤∆╢ ≤ ─ ╩ ↑≡ ↕ↄ⌂╢√╘⁸♃כ◕♇
♩◖▬ꜟ─ ∏╣Ⱨכ◒⅜ ⌐ ╣⌂™ ⅜№╢⁹∕↓≢⁸ ╠╣√S21─
─ ╩ ≢ ∆╢↓≤⌐╟╡⁸ ∏╣Ⱨכ◒⅜ ⌂ ≢╙⁸
⌂ ≤⇔≡ ≢⅝╢╟℮⌐ ⇔√⁹ 
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3.3 ≤  
3.3.1 Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙  

≢│Agilent TechnologyⱠ♇♩꞉כ◒▪♫ꜝ▬◙E5071C 8.5GHz
╩ ⇔≡⁸ S21─ ╩ ∫√ 25⁹ 26⌐Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙╩
™√ ─ ╩ ∆⁹SⱤꜝⱷכ♃─ │ ⌐⁸ ≤ ╩ ∆╢
⁸Ɽ꞉כ☻ⱪꜞ♇♃╩ ⇔≡ ╦╣╢⁹◦fi☿◘▬◙╩ ™√ ⅛╠⁸ ─
≢ ⌐ ╩ ⇔⁸ ⌐ ╠╣√ │⁸☻ⱪꜞ♇♃⌐╟∫≡ ≤
⌂╢ ≤ ⌐ ∆╢ ─2≈⌐ ↕╣╢⁹ ⌐ ⅜
∆╢≤▬fiⱧכ♄fi☻─ ™⌐╟∫≡⁸ ∆╢ ≤ ↕╣╢
⅜ ╠╣╢⁹ ≤ │ ≢ ⇔≡™╢⅜⁸ ╩ ™╢↓≤⌐

╟∫≡ ∞↑╩ ╡ ∆↓≤⅜≢⅝╢⁹╕√⁸ ╙ ⌐ ╩ ⇔≡
╡ ∆↓≤⅜≢⅝╢√╘⁸ ⌐ ∆╢ ≤ ─ ╩ ╘╢↓≤≢S11

≤S21 ╩ ⇔√⁹ 

 
25 ⇔√Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙ E5071C 

 

 
26 Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙╩ ™√ ─  
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3.3.2 S21─ ╩ ™√◦Ⱶꜙ꜠כ◦ꜛfi 
∕╣∙╣─◖▬ꜟ─ R⁸▬fi♄◒♃fi☻ L⁸ C⁸◖▬ꜟ ─ ▬
fi♄◒♃fi☻M⅜ ⅛╣┌⁸ ⌐╟╡ ∆╢↓≤⅜ ≢№╢⁹∕↓≢⁸C++ ╩
™≡◦Ⱶꜙ꜠כ◦ꜛfi◖כ♪╩ ⇔⁸◦Ⱶꜙ꜠כ◦ꜛfi⌐╟∫≡ ─ ╩ ∫
√⁹ ─ ≢│⁸Source⁸ ─Resonator⁸♃כ◕♇♩◖▬ꜟ LC sensor⁸
─Resonator⁸Load╩∕╣∙╣Coil1⁸Coil2⁸Coil3⁸Coil4⁸Coil5≤⇔≡ ∆ 27⁹╕√⁸

╩ ∆╢√╘⌐⁸Coil3╩ ≤⇔≡ ≤⌂╢╟℮⌐⁸ ≤
⌐ ⇔≡◖▬ꜟ ≤◖▬ꜟ ─ │ ∂⌐⌂╢╟℮⌐⇔√⁹ ⌐ SCMR⌐╟╢

≢│⁸Source≤LoadCoil1⁸Coil5│ ⅝─◖▬ꜟ≢ ⇔⁸Resonator Coil2⁸
Coil4│ Q ╩ ⅝ↄ⇔≡ ╩ →╢√╘⌐⁸ ⅝─◖▬ꜟ≢ ↕╣╢⁹╕
√Resonator⌐│⁸Ⱬꜞ◌ꜟ ◖▬ꜟ╛☻Ɽ▬ꜝꜟ ◖▬ꜟ╩ ™╢↓≤⅜ ™√╘⁸∕╣
∙╣─ ⌐≈™≡ R ≤▬fi♄◒♃fi☻ L ─ ╩ ◕כ♃⁸⌐╠↕⁹∆
♇♩◖▬ꜟ Coil3│⁸ ⌐ ⌐ ╘╢√╘⌐ ∆╢ ⅜№╢√╘⁸◖▬ꜟ─
ⱪכꜟ ⅜ ↕™ ⅜ ꜟ▬◖♩♇◕כ♃⁸╘√─⧵⁹™⇔╕ Coil3│Ⱬꜞ◌ꜟ ≢
∆╢↓≤⌐⇔√ 

 
27 ◦Ⱶꜙ꜠כ◦ꜛfi─ ≤ ⇔√ ◖▬ꜟ─  

 
3.3.3 ≤▬fi♄◒♃fi☻─   
A. Ⱬꜞ◌ꜟ ◖▬ꜟ 
Ⱬꜞ◌ꜟ◖▬ꜟ─ ╩ ∆╢ ⁸ Ro≤ Rr─2≈─
╩ ⅎ╢ ⅜№╢⁹ │ 3.4≢ ↕╣⁸ Rr│ RrL≤

RrD⌐ ↑╠╣⁸∕╣∙╣ 3.2≤ 3.3≢ ↕╣╢⁹ ∫≡⁸◖▬ꜟ─
─ R│⁸Ὑ Ὑ Ὑ Ὑ ≢ ↕╣╢(Tuan et al., 2016)⁹r│◖▬ꜟ─ ⁸N

│◖▬ꜟ─ ⅝ ⁸f│ ⁸c│ ⁸d│ ─ ⁸L│◖▬ꜟ─ ⁸ɨ│
╩ ⇔≡™╢⁹↓↓≢⁸ɖ│◖▬ꜟ─ ⌐╟∫≡ ╕╢ ≢№╡⁸ ⌐╟╡
╘╠╣╢⁹ 
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Ὑ ‌
ὒ
Ὠ
ρςπ
‗„
                  σȢς 

Ὑ ςπ“
ὰὪ
ὧ
                σȢσ 

Ὑ σςπ“ὔ
ὶὪ
ὧ
       σȢτ 

 
╕√⁸Ⱬꜞ◌ꜟ ◖▬ꜟ─▬fi♄◒♃fi☻─ │⁸◖▬ꜟ─ ⅝ ⅜1 ≤─
─ ≢ ⌂╢√╘⁸ ⅝ ⌐ ∂≡ ╩ ℮ ⅜№╢⁹ ∫≡⁸Coil1⁸Coil5│
⅝─◖▬ꜟ≢⁸∕╣ ─◖▬ꜟ│ ⅝─◖▬ꜟ≢ ∆╢↓≤≤⇔⁸ ⌐∕╣∙
╣─ ╩ ∆⁹ 
 
(a) Single turn coil  

⅝─◖▬ꜟ─ ▬fi♄◒♃fi☻ L │ 3.5≢ ↕╣(Hu, Bao and 
Georgakopoulos, 2017)⁸‘0│ ─ ╩⁸a│ ─ ╩ ⇔≡™╢⁹ 
 

ὒ ‘ὶ ÌÎ
ψὶ
ὥ

ς        σȢυ 

 
(b) Multiple turn coil  
⅝ ⅜ ≤⌂╢Ⱬꜞ◌ꜟ◖▬ꜟ─ ▬fi♄◒♃fi☻ L │ 3.6≢ ↕╣⁸l│

▬◖▬ꜟ─ ↕╩ ⇔≡™╢⁹╕√⁸ὑὲ │ ≤ ┌╣╢ ─♁꜠ⱡ▬♪◖▬ꜟ─
≢№╡⁸ 3.7≢ ↕╣╢(Noda, Nagashima and Sekiya, 2016)⁹↕╠⌐⁸K k

│ ⁸E k │ ╩ ⇔≡™╢⁹ 
 

ὒ
‘“ὶὔ
ὰ

ὑ                    σȢφ 

ὑ
τ

σ“ ρ Ὧ  

ρ Ὧ
Ὧ

ὑὯ
ρ ςὯz
Ὧ

ὉὯ Ὧ         σȢχ 

Ὧ
ρ

ὰ
ςὶ ρ 

   σȢψ 

ὑὯ
ρ

ρ Ὧ ÓÉÎ—
Ὠ—                     σȢω 

%Ὧ ρ Ὧ ÓÉÎό—
Ⱦ

Ὠ—                    σȢρπ 
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B. ☻Ɽ▬ꜝꜟ ◖▬ꜟ 
─ │ ⌐╟∫≡⁸ ⅜ ⅜╢╒≥ ⅝ↄ⌂╢↓≤⅜ ⅛∫≡™╢⁹☻

Ɽ▬ꜝꜟ◖▬ꜟ─ │ 3.13≢ ↕╣⁸ə│ ⌐╟╢ ↕╩ ⇔≡™╢
(Waters et al., 2014)⁹ 
 

Ὑ
ρ

„“‫Ⱦς
   σȢρρ 

‏
ρ

“Ὢ„‘ 
   σȢρς 

Ὑ Ὑ
‫
τ„
   σȢρσ 

 
╕√⁸☻Ɽ▬ꜝꜟ◖▬ꜟ─▬fi♄◒♃fi☻│ 3.14≢ ↕╣⁸Do│ ─ ╩⁸p
│ ⅝ ─Ⱨ♇♅╩ ⇔≡™╢(Waters et al., 2014)⁹ 
 

ὒ
ὔ Ὀ ὔὨ ὴ
ρφὈ ςψὔὨ ὴ

σωȢωχ 
ρπ

  σȢρτ 

 
3.3.4  
™ ╩ ≈√╘⌐│⁸Source⁸Load⁸Resonator─◖▬ꜟ─ ╩ ↕∑╢
⅜№╢⁹∕↓≢ ≤ ◖▬ꜟ Coil1⁸Coil2⁸Coil4⁸Coil5⌐│⁸♅ꜙכ♬fi◓
─ ◖fi♦fi◘╩ ╡ ↑√⁹ 
 
3.3.5 ▬fi♄◒♃fi☻─  
2≈─◖▬ꜟ⅜ ⇔≡™╢ ⁸ ™⌐ ⇔№™ ╩ ↓∆⁹ ▬fi♄
◒♃fi☻M│⁸ 3.15≢ ╦↕╣╢(Hoang, Hete and Gaumond, 1993)⁹╕√⁸Ⱬꜞ◌ꜟ◖
▬ꜟ╙☻Ɽ▬ꜝꜟ◖▬ꜟ╙ ⅝─◖▬ꜟ⅜ ╦↕∫√╙─≤ ⅎ╢↓≤⅜≢⅝╢√╘⁸
─ ≢ ≢№╢⁹ 

ὓ ‘ ὶὶ ‪Ὧ σȢρυ 

Ὧ
τὶὶ

ὶ ὶ Ὠ
                       σȢρφ 

‪Ὧ
ς
Ὧ
ὯὑὯ

ς
Ὧ
ὉὯ                     σȢρχ 
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ὑὯ
ρ

Ѝρ ὯÓÉÎ—
Ὠ—                    σȢρψ 

%Ὧ ρ ὯÓÉÎ—Ὠ—                   σȢρω 

↕╠⌐⁸ │ ╡ ℮◖▬ꜟ∞↑≢⌂ↄ⁸ ≡─◖▬ꜟ≤ ⇔№℮√╘⁸∕╣∙
╣─◖▬ꜟ⌐⅔↑╢ Vה Iה▬fiⱧכ♄fi☻Z─ │⁸ 3.20─╟℮⌐ ↕
╣╢(Wang et al., 2017)⁹↕╠⌐Ὑ ὛέόὶὧὩ⁸Ὑ ὒέὥὨ│Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙≤─▬fiⱧ
╩☻fi♄כ ↕∑╢√╘⌐ ╡ ↑√ ≢№╢⁹ 
 

 σȢςπ 
 

ὤ Ὑ Ὑ Ὦ‫ὒὮ
ρ
‫ὅ
 ȟ ὤὙ Ὑ  Ὦ‫ὒὮ

ρ
‫ὅ
 

ὤ Ὑ Ὦ‫ὒὮ  , ὤ Ὑ Ὦ‫ὒὮ    ȟ ὤὙ Ὦ‫ὒὮ  
 

≢│⁸ⱨ▼ꜝ▬♩⌐╟∫≡ ╩ ┌∆ ⅜ ≢№╡⁸ⱨ▼ꜝ▬♩╩
⇔√◖▬ꜟ─ ▬fi♄◒♃fi☻│⁸ 3.21≢ ↕╣╢⁹ ─‘│ⱨ▼ꜝ▬♩─
╩⁸F│ ⌐╟∫≡ ╕╢ ≢№╢(Theilmann and Asbeck, 2009)⁹ 

 

ὓ ᴂ
‘

ρ Ὂ ‘ρ
ὓ        σȢςρ 

 
3.3.6 S21─  
S21│ ─ ⌐╟∫≡ ╘╠╣╢Ɽꜝⱷכ♃╩ ⇔≡⁸ 3.22≢ ╘╠╣╢
↓≤⅜ ⅛∫≡™╢(Sample, Meyer and Smith, 2011)⁹↓↓≢⁸ὠ│Coil1Source⌐⅛⅛╢
╩⁸ὠ│Coil5Load⌐⅛⅛╢ ╩ ⇔≡⅔╡⁸ 3.20─ ╩ ↄ↓≤≢∕

╣∙╣─ Ὅ Ὅ ⅜ ↕╣⁸ὠ⁸ὠ╩ ∆╢↓≤⅜≢⅝╢⁹ 
 

Ὓςρ ς
ὠ
ὠ
Ὑ
Ὑ
  σȢςς 
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Ⱡ♇♩꞉⁸│≢◙▬ꜝ♫▪◒כS21⅜♦◦ⱬꜟ ↕╣╢√╘⁸ ╘╠╣√S21╩ 3.23
⌐ ⇔Ὓςρ  ⁸ ╘╠╣╢⁹ ─Offset│Ⱡ♇♩꞉כ◒▪♫ꜝ▬◙─ ▪
♇♥Ⱡכ♃⌐╟╢ ≤⌂∫≡⅔╡⁸ ⌐╟∫≡ ╘╠╣╢⁹ 
 

Ὓςρ  Ὠὄ ςπÌÏÇὛςρ έὪὪίὩὸ Ὠὄ  σȢςσ 
 
3.4 ◦Ⱶꜙ꜠כ◦ꜛfi─  

─ ⌐╟╢◦Ⱶꜙ꜠כ◦ꜛfi│⁸ ≤─ ⌐╟∫≡ ╩ ∆ ⅜№╢⁹
◖▬ꜟ ╩ ⌐ ╘ ╗↓≤╩ ∆╢≤⁸ ╩ ⇔√ ≢─ ⅜
⌐⌂╢≤ ⅎ╠╣╢⁹ │⁸ ╩ ⇔√ ≢№╢√╘⁸ ─╟℮⌂
⅛╠ ↑╢ ⅜ ↕™≤ ↕╣╢⁹⇔⅛⇔⁸ ≢◦Ⱶꜙ꜠כ◦ꜛfi⌐

─ ╩ ╡ ╗↓≤│ ≢№╡⁸ ≤ ↕∑╢↓≤│ ⇔™⁹∕↓≢⁸ ≢│⁸
≢─ ⌂ ⅛╠ ⌐ ╩ ╘⁸◦Ⱶꜙ꜠כ◦ꜛfi≤ ⅜ ∆╢↓

≤╩ ∆⁹∕─ ⁸ ≢ ─ ╩ ⇔√ ≢─ ⌐≈™≡ ℮↓≤⌐∆╢⁹ 
 
™⌂⅜ꜟ▬◖♩♇◕כ♃ 3.4.1 ≢─ A  

28 a ⌐ ꜟ▬◖♩♇◕כ♃⌐℮╟∆ Coil3⅜ ⇔⌂™ ≢⁸ ─ ™
100 mm─S21╩ ∆╢⁹ ≤◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ™⁸◖▬ꜟ⅜4≈

∞↑ Coil1⁸Coil2⁸Coil4⁸Coil5─ ⌐⅔™≡⁸◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ∆⁹ 
 
╢№⅜ꜟ▬◖♩♇◕כ♃ 3.4.2 ≢─ B  

28 a ≤ ─ ⌐⅔™≡⁸Coil2≤Coil4─  50 mm⌐♃כ
◕♇♩◖▬ꜟ 18 mm⁸ ⅝ 6 ⁸ ↕ 14 mm╩ ∆╢ 28 b⁹↓↓≢⁸
─ꜟ▬◖♩♇◕כ♃⌐ ╩ ⇔≡⅔⅝⁸ ─ ∏╣⅜ ↓╢ ≤
∆╢↓≤╩ ⇔⁸ ─ꜟ▬◖♩♇◕כ♃╠⅛╣∏ ⅜ ≢№╢↓≤╩ ∆⁹
╕√⁸ 4 ⌐ A, B⌐ ⇔√ ₁─◖▬ꜟ─ ╩ ⇔⁸ ⅛╠ ╘╠╣√
≤▬fi♄◒♃fi☻⅜ ≢№╢↓≤╩ ∆ ⅜№╢⁹∕↓≢⁸ ─ LCRⱷכ♃╩
™≡⁸◦Ⱶꜙ꜠כ◦ꜛfi≢ ╘╠╣√ ≤ ≤─ ╩ 5⌐ ∆⁹ 

 
a ꜟ▬◖♩♇◕כ♃ ⇔ A   b ꜟ▬◖♩♇◕כ♃ ╡ B  

28 A, B─ ─  
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29 A, B─  

 
4 A,B⌐ ™√◖▬ꜟ─Ɽꜝⱷכ♃ 

 
─☻fi♄◒♃fi▬ה 5 ≤ ─  

 

 
3.4.3 ╩ ┌⇔√ ≢─ C  

30─╟℮⌐⁸ LC☿fi◘כ≢╙ ≢ ⅜ ≢№╢↓≤╩ ∆√╘
ꜟ▬◖♩♇◕כ♃⁸⌐ Coil3│≢⅝╢∞↑ ⌂◖▬ꜟ 2.2 mm⁸ ⅝ 7 ⁸
↕10 .5 mm⌐ ⇔⁸ ≤∆╢ │175 mm≤⇔√⁹↕╠⌐⁸ ☿fi◘כ≢│

╩ ┌∆√╘⌐ⱨ▼ꜝ▬♩╩ ∆╢↓≤⅜ ≢№╢√╘⁸Fair-Rite─ 67
☼כꜞ◦ 2mm⁸ ↕15mm╩♃כ◕♇♩◖▬ꜟ⌐ ⇔⁸ ◖▬ꜟ≢№╢Coil2⁸
Coil4⌐ ♩▬ꜝ▼ⱨ♩כ◦─ 135 mm ×135 mm╩ ╡ ↑√⁹ 
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⌐ꜟ▬◖♩♇◕כ♃⁸≢ ∂╢ ☼꜠│ ⌐ ∆╢√╘⁸ ▬fi♄◒
♃fi☻ M ⅜ ⅝™╒≥⁸ ∏╣Ⱨכ◒│ ⅝ↄ⌂╢≤ ⅎ╠╣╢⁹ ▬fi♄◒♃fi
☻│◖▬ꜟ ─ ה ⌐ ∆╢Ɽꜝⱷ⁸╡№≢♃כ ─ ╩ ⇔⁸ ⌂ ╩
╘╢↓≤⅜≢⅝╢⁹∕↓≢⁸ 175 mm⌐⅔™≡ ▬fi♄◒♃fi☻ M╩ ⌐
∆╢ │⁸ ∆╢ ╛ ⅝ ─ ⅛╠140 mm≤ ╘╠╣√ 31⁹↕╠
─ꜟ▬◖♩♇◕כ♃⁸⌐ ∏╣Ⱨ⁸│◒כ ≤∆╢ ⅜ ↄ⌂╢≤ ↕ↄ⌂╢≤
↕╣╢√╘⁸Ⱨכ◒⅜ ⌐ ╣⌂™ ⅜№╢⁹∕↓≢⁸ ╠╣√S21[dB] ╩

≢ ∆╢↓≤≢⁸ ⌂ ⅜ ╠╣╢╟℮⌐ ⇔√⁹ 
 

 
30 C─ ─     31 ≤ ▬fi♄◒♃fi☻─   

 
6 C⌐ ™√◖▬ꜟ─Ɽꜝⱷכ♃ 

 

─☻fi♄◒♃fi▬ה 7 ≤ ─  
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3.5  
™⌂⅜ꜟ▬◖♩♇◕כ♃3.5.1 A ≤№╢ B ─  

32 a⌐ A─S21─◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ ╩ ∆⁹ ⅛╠⁸◦Ⱶꜙ
≥fiꜛ◦כ꜠ ⅜╒╓ ⇔≡™╢↓≤⅜ ⅛╢⁹◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ ⌐
─∏╣⅜ ∂╢─│⁸ ₁─◖▬ꜟ⅜ ≢№╢↓≤╛⁸ ≢ ↕╣╢◖▬ꜟ─
─☼꜠⅜ ≢№╢≤ ↕╣╢⁹↕╠⌐⁸ 32 b⌐ B─S21─◦Ⱶꜙ꜠כ◦ꜛfi≤
─ ╩ ∆⁹ ⌐ ─ꜟ▬◖♩♇◕כ♃√⇔ │12.18MHz≢№╡⁸
32 a , b ─ ⅛╠⁸S21⌐♃כ◕♇♩◖▬ꜟ─ ≢ ∏╣⅜ ∂≡™╢↓≤

⅜ ≢⅝╢⁹ ⌐╟∫≡⁸S21⌐ ∂╢ ∏╣ ─Ⱨכ◒╩ ∆╢↓≤≢⁸
⅜ ≢№╢↓≤⅜ ↕╣√⁹ 

 

a ꜟ▬◖♩♇◕כ♃ ⇔ A    b ꜟ▬◖♩♇◕כ♃ ╡ B  
32 ◦Ⱶꜙ꜠כ◦ꜛfi≤ ─  

 
3.5.2 ╩ ┌⇔√ ≢─ ─ C  

33 a│ C─◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ ╩ ⇔≡⅔╡⁸ ─╟℮⌐
⅜ ┘╢≤ ─Ⱨכ◒⅜ ⅎ≠╠ↄ⌂╢√╘⁸S21╩ ≢ ⇔√╙─╩ 33 b
⌐ ∆⁹ ≤∆╢ ⅜ ↄ ⅜ ↕™ ≢╙⁸ 33 b─╟℮⌐ ∆╢
─ꜟ▬◖♩♇◕כ♃⁸≡∫╟⌐≥↓ ≢ ∏╣⅜ ∂≡™╢↓≤⅜ ↕╣√⁹
╕√⁸ ⌐ ─ꜟ▬◖♩♇◕כ♃√╣↕ │12.22MHz≢№╡⁸Ⱨכ◒⅜ ∂
╢ ⅜ ∆╢↓≤╙ ↕╣√⁹⇔√⅜∫≡⁸SCMR⌐╟╢ ≤S21⌐
∂╢ ∏╣╩ ╖ ╦∑╢↓≤≢⁸ LC☿fi◘כ ≈ ⅜ ™ ≢╙
⅜ ≢№╢↓≤⅜ ↕╣√ 
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a C─              b a ─  

33 ◦Ⱶꜙ꜠כ◦ꜛfi≤ ─  
 
3.6  

◦☻♥ⱶ⌐ ∆╢ ≢│⁸ ─ ╩ ⇔√ ⅜
≢№╢⁹⇔⅛⇔⁸ ╩ ⇔√ ≢№╡⁸ ⅜10 cm≢ ™
≤™℮ ⅜№╢⁹↕╠⌐⁸ ⌐│ ⅜№╡⁸ ⌐╟╢≤ ≢
5 ─ ⅜ ∂╢↓≤⅜ ⅛∫≡™╢⁹ ≢⁸ ≢ ∆╢◖fi♦fi◘
│ ⅜⌂™√╘⁸ ≢─ ⌂ ╩ ∆╢↓≤⅜ ≢№╢⁹╕√⁸

≤⇔≡⁸ ≤ S21⌐ ∂╢ ∏╣╩ ╖ ╦∑√ ⌐
╟╡⁸ ⅜ ™ ≢╙ ≢⅝╢↓≤⅜ ↕╣√⁹⇔⅛⇔⁸ ≢─ │∆═≡

≢ ╦╣√╙─≢№╡⁸╟╡ ⌐ ™ ≢─ ╩ ℮ ⅜№╢⁹∕↓≢⁸
≢↕╠⌐ ↕∑√ ⌐≈™≡ ℮↓≤≤∆╢⁹ 
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4. ╩ ⇔√◖▬ꜟ ─  

4.1   
≢│⁸S21≤ ╩ ⇔√ ⌐╟∫≡⁸ ─ ╟╡╙ ™
≢ ≢№╢↓≤⅜ ↕╣√⁹╕√⁸◦Ⱶꜙ꜠כ◦ꜛfi≤ ⅜ ⌐╟ↄ

∆╢↓≤⅛╠⁸S21╩ ⇔√ │ ⌐ ⌂╙─≢№╢≤ ⅎ╢⁹⇔⅛⇔⁸
≡─ │ ≢ ╦╣√╙─≢№╡⁸ ─ ╩ ⇔√ │ ╦╣≡™⌂™⁹
│ꜟ▬◖♩♇◕כ♃⁸⌐╠↕ ╪ ⌐ ↕╣⁸ ⱪכꜟ─ꜟ▬◖─≡ ⅜ ℮ ⌂
≢ ⅜ ╦╣≡™╢⁹ ─ ≢ ∆╢⌐│⁸ ─ꜟ▬◖♩♇◕כ♃⌐
⅜ ∆╢↓≤⁸ ⌐│ ⌐╟∫≡ ↄ↓≤╩ ∆╢ ⅜№╢⁹∕─√╘⁸
─2 ╩ ⇔√ ⌂ ≢╙⁸ ◦☻♥ⱶ╩ ↕∑╢ ⅜№╢⁹ 

 
4.2  
4.2.1 k≤Q  
S21⌐ ∂╢ ∏╣Ⱨכ◒─ ⅛╠ ╩ ╘╢ ⁸Ⱨכ◒⅜ ↄ⁸
◦ⱨ♩⅜ ⅝™╒≥ ⌂ ⅜ ≢№╢⁹╕√⁸ ⅜ ™ ≢╙Ⱨכ◒╩ ∂
↕∑╢√╘⌐│⁸╟╡ S21╩ ⅝ↄ∆╢ ⅜№╢⁹ ╩ ⇔√ SCMR⌐╟╢

│⁸◖▬ꜟ─ k≤ ∆╢Q ─ ≢ ↕╣╢₈kQ ₉⅜ ⅝™╒≥⁸
S21⅜ ∆╢↓≤⅜ ╠╣≡™╢⁹ 
≤│◖▬ꜟ ─ ┘≈⅝╩ ∆ ≢№╡⁸ ─ ▬fi♄◒♃fi☻ M⅛╠

∆╢↓≤⅜≢⅝╢⁹ ╩ ↓∆ ≈─◖▬ꜟ─ ▬fi♄◒♃fi☻╩ὒȟὒ≤⇔√
⁸ │ 4.1≢ ╘╠╣╢⁹ 

Ὧ
ὓ

ὒὒ
πḶὯḶρ     τȢρ 

│ ≢1≢≤⌂╡⁸↓─ ⁸ ─◖▬ꜟ⅛╠ √ ─ ≡⅜
ⱪכꜟ─ꜟ▬◖─ ╩ ↄ↓≤╩ ∆╢⁹⇔√⅜∫≡⁸ ⅜ ⅝™╒≥ ▬
fi♄◒♃fi☻⅜ ⅝™╒≥ ⁸ ≢─ ─ ⅜ ≤⌂╢⁹⇔⅛⇔⁸ ⌐
╩☼▬◘─ꜟ▬◖♩♇◕כ♃╢╣↕ ∆╢≤⁸ ⅜ ↕ↄ⌂╡⁸ ≢⅝╢
⅜ ↄ⌂∫≡⇔╕℮≤ ⅎ╠╣╢⁹↓─╟℮⌂ ⌐│⁸ ─╟℮⌐ⱨ▼ꜝ▬♩╩◖▬
ꜟ─ ⌐ ╣≡ ╩ ↕∑╢↓≤≢⁸ ╩ ┌∆ ⅜ ≢№╢⁹∕↓
≢⁸◦Ⱶꜙ꜠כ◦ꜛfi╩ ⌐ꜟ▬◖♩♇◕כ♃⁸≡⇔ ∆╢ⱨ▼ꜝ▬♩─ ∞↑
╩ ⅝ↄ⇔√≤↓╤⁸Ⱨכ◒⅜ ⅝ↄ⌂╢↓≤⅜ ↕╣√ 34 b⁹≈╕╡⁸
╕√│ ▬fi♄◒♃fi☻ ╩ ↕∑╣┌⁸ ⅜ ™ ≢╙ ⅜ ⌐⌂╢⁹ 
 
≢⁸Q ≤│⁸₈Quality Factor₉≤ ┘⁸ ⌐⅔↑╢ ─₈ ↕₉╩ ⇔⁸

4.2≢ ↕╣╢⁹ 



 

31 
 

ὗ
‫ὒ
Ὑ

ς“Ὢὒ
Ὑ

ρ
Ὑ
ὒ
ὅ
     τȢς 

 
▬fi♄◒♃fi☻L╩ ⅝ↄ⇔≡⁸ C╩ ↕ↄ⁸↕╠⌐ R╩ ↕ↄ∆╢╒≥⁸
Q ╩ ⅝ↄ∆╢↓≤⅜≢⅝╢⁹ ⌐⁸Q ⅜ ™◖▬ꜟ╒≥ ≢─ │ ↕
ↄ⌂╢─≢⁸╟╡ ↄ─ ╩ ↄ╕≢ ≢⅝╢↓≤⅜ ♇◕כ♃⁸⇔⅛⇔⁹╢™≡╣╠
♩◖▬ꜟ─ ⅝↕│ ⌐ ╘╢↓≤╩ ∆╢ ⅜№╡⁸ ╛ ⅝ ⌐ ⅝⌂ ⅜
⅛⅛╢⁹∕─√╘⁸▬fi♄◒♃fi☻ L ⅜ ↕ↄ⌂╡⁸Q ╙ ∆╢√╘⁸ ≢─

─ │ ⌐⌂╢≤ ⅎ╠╣╢⁹ ≤ ⌐⁸ ◖▬ꜟ─ R
╩ →≡⁸Q ╩ ↕∑√ ─◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√≤↓╤⁸ ≤ ⌐
◖▬ꜟ─ ∏╣Ⱨכ◒⅜ ⅝ↄ⌂╢↓≤⅜ ↕╣√ 34 c⁹ 

 
a ≤⌂╢◦Ⱶꜙ꜠כ◦ꜛfi  

 
b ╩ ↕∑√         c Q ╩ ↕∑√  

34 ≤Q ╩ ↕∑√ ─◦Ⱶꜙ꜠כ◦ꜛfi  
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⅛╠⁸ ─╟℮⌂ ⇔™ ≢╙ ─ ◦☻♥ⱶ╩ ↕∑╢⌐│⁸
≤ Q ╩ →╢↓≤⅜ ≢№╢⁹⇔⅛⇔⁸ ⌐◖▬ꜟ╩ ◕כ♃╛≥↓╢∆

♇♩◖▬ꜟ⅜ ↄ↓≤╩ ∆╢≤⁸ ≤ Q │ ⅛⇔╠─ ╩ ↑╢≤ ↕
╣╢⁹⇔√⅜∫≡⁸ ≢│₈ ⅛╠ ↑╢ ─ꜟ▬◖♩♇◕כ♃₈≥₉ ה ∏
╣⌐╟╢ ₉⌐ ╩ ≡√ ╩ ℮⁹ 
 
4.2.2 ⅛╠ ↑╢  

⌐⅔™≡│⁸ ─ ⅜ ↄ⌂╢╒≥ ╩ ≢⅝╢ ⅜ ↄ⌂╢
√╘⁸ ╛Ⱡ♇♩꞉כ◒≢│ ™ ⅜ ™╠╣╢⁹⇔⅛⇔⁸ ─╟℮⌂
≢ ⅜ ∆╢ ⁸ ╒≥ ⌐╟╢ ⅜ ∂╛∆ↄ⌂╡⁸╕√⁸
⌐ ─◄Ⱡꜟ◑כ│ ╒≥ ↄ⌂╢√╘⁸ ≢ ∆╢≤™℮ ⅜№╢⁹∕─
√╘⁸ ─ ≢│⁸SARSpecific Absorption Ratio─ ╩ ⇔≡⁸
─ ≢│ ∆╢ ⌐ ⅜ ↑╠╣≡™╢⁹ 

⁸ ⌂≥─ ⅜ SCMR ─ ⌐ ⅎ╢ ⌐≈™≡│ ⌂↓≤
╙ ↄ⁸ ⌐╟∫≡ ⅛∫≡™╢↓≤╩ ⌐ ⌐ ∆(Awai et al., 2013)⁹ │
╩╙√⌂™ ≢№╢↓≤⅛╠⁸ │ ─╖≢ ≢⅝╢⁹╕√⁸
─ │ ≤ ⅛╠⌂╡⁸™∏╣╙ ⅝⌂ ╩ ∫≡™╢√╘⁸ ⌂⅛╠∏

S21⌐ ╩ ⅎ╢≤ ⅎ╠╣╢⁹ H│ E⁸ D⁸ J╩
™≡ⱴ◒☻►▼ꜟ ⅛╠ ─ ≢ ↕╣╢⁹↓↓≢⁸ů│ ⁸ɤ│ ⁸‐ȟ‐
│∕╣∙╣ ─ ⁸ ╩ ∆⁹ 
 

ὶέὸὌὐ  
ῳὈ
ῳὸ

„Ὁ Ὦ‐‫ Ὦ‐Ὁ  ὮὉ‐‫ „ Ὁ  τȢσ‐‫ 

 
≤Q ─∕╣∙╣⅜ ⅛╠ ↑╢ ⌐≈™≡ ⌐ ∆⁹ 

 
4.2.2.1 ⅜ ↑╢  
SCMR⌐╟╢ │⁸2≈─ Coil2, Coil4⅜ ⌐ ⇔≡⅔╡⁸ ⅝ↄ
₈ ₉≤₈ ₉─2 ⌐ ↑╠╣╢⁹ │ ⌂∫√ ─ ≢
│ ∆╢ ⅜№╡⁸ ╩ ↕∑╢ ⅜№╢⁹ ≢⁸ │
─ ╩ ↑⌂™─≢⁸ │ ─ │ ↑⌂™⁹⇔√⅜∫≡⁸ ╩
⇔√SCMR⌐╟╢ │⁸ ⅛╠ ↑╢ ⅜ ↕™√╘⁸ │╒
≤╪≥ ╩ ↑⌂™≤ ⅎ╠╣╢⁹╕√⁸ ─ ‐  ⅜ ⌐ ╩
ⅎ╢√╘⁸ ↄ⌐ ⅜ ∆╢ ⁸ ⅜ ∆╢ ⅜№╢⁹⇔⅛⇔⁸
⌐◖fi♦fi◘╩ ⇔√ ⁸ ◄Ⱡꜟ◑כ⅜◖fi♦fi◘ ⌐ ∂ ╘╠╣⁸ ⌐
∆╢ ◄Ⱡꜟ◑כ─ ⅜ ╢√╘⁸ ⌐ ⅎ╢ ⅜ ↕ↄ⌂╢↓≤⅜
↕╣≡™╢⁹ ─↓≤⅛╠⁸ ⅜₈ ₉≤₈ ₉⌐ ⅎ╢ │
⌐ ↕ↄ⁸ ≤ │╒≤╪≥ ⇔⌂™≤ ↕╣╢⁹ 



 

33 
 

4.2.2.2 Q⅜ ↑╢  
─ │ ─ Q ⌐ ╩ ⅎ╢↓≤⅜ ⅛∫≡™╢⁹ ─ │⁸

─ ⌐ ╩ ⅎ╢√╘⁸ ⅜ ⅝ↄ⌂╢╒≥ Q │ ∆╢≤ ⅎ╠╣
╢⁹⇔⅛⇔⁸↓─ ⌐╙◖fi♦fi◘⌐╟∫≡ ◄Ⱡꜟ◑כ╩ ∂ ╘╢↓≤≢⁸
⌐╟╢ ╩ ╠→╢↓≤⅜≢⅝╢⅜⁸ ⌐ ═╢≤ ↑╢ │ ⅝™≤↕╣≡™
╢⁹ ⌐⁸◖▬ꜟ≤ ─ ⅜ ™╒≥◖▬ꜟ─Q │ ╩ ↑╢√╘⁸ ≢

╩ ℮ ◖▬ꜟ ◖▬ꜟ ⁸ ◖▬ꜟ2 ≤ ◖▬ꜟ ◖▬ꜟ
⁸ ◖▬ꜟ2 ─Q │∕╣╒≥ ╩ ↑⌂™⁹⇔⅛⇔⁸ ⌐ ♇◕כ♃╢╣╠╘
♩◖▬ꜟ│ ⌐ ╕╣╢√╘⁸Q ─ ⅜ ⅝ↄ⌂╢≤ ↕╣╢⁹ 

─ ≤ Q ⅜ ↑╢ ╩ ∆╢≤⁸ ⌂≥─ ⌂ ╩ ◖▬ꜟ
≤ ◖▬ꜟ─ ⌐ ⇔≡╙⁸ ◦☻♥ⱶ─ │╒≤╪≥ ∑∏⁸ ⌐№
Q─ꜟ▬◖♩♇◕כ♃╢ ⅜ ⌐ ╩ ↑╢≤ ⅎ╠╣╢ 35⁹ 

 
35 ( )╩ ⇔√ ≤Q ─  

 
─ꜟ▬◖♩♇◕כ♃ 4.2.3 ה ∏╣⌐╟╢  

╛ ∏╣⅜╙√╠∆ ⌐≈™≡⁸ ∆╢√╘⌐│ ─ ▬fi♄◒♃fi☻╩
╘╢ ≢│ ≢№╢⁹◖▬ꜟ─3 ⌂ │⁸ 36 a ⅛╠ 36 b ─╟℮⌐
∆╢⁹∕↓≢⁸4 ─ 3.15╩╙≤⌐ ה ∏╣╩ ⇔√ ┼ ↕∑╢
⅜№╡⁸ ─ 4.4≢ ▬fi♄◒♃fi☻│ ↕╣╢⁹ 

 
a ה ☼꜠─⌂™   b ה ☼꜠─№╢  

ה 36 ☼꜠─№╢ ─ ▬fi♄◒♃fi☻  
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ὓ
ς ‘
“

ὙὙ
ÃÏÓ—Ὠ ὙÃÏÓ•‪Ὧ

ὯЍὠ
Ὠ•            τȢτ 

‌
Ὑ
Ὑ
      τȢυ 

‍
ὧ
Ὑ
       τȢφ 

‚ ‍ ‌ÃÏÓ•ÃÏÓ—       τȢχ 

Ὧ
τ‌ὠ

ρ  ‌ὠ‚ 
      τȢψ 

ὠ ρ ὧέί•ίὭὲ— ς
Ὠ 
Ὑ
ÃÏÓ•ÃÏÓ—  

Ὠ 
Ὑ
          τȢω 

 
3│ꜟ▬◖♩♇◕כ♃ ⌐ ↄ≤ ↕╣╢√╘⁸ 37─╟℮⌂ ╩ ⇔⁸
╠╣√ ₈─ꜟ▬◖♩♇◕כ♃⁸⌐≥╙╩ ⅜∏╣√ ₉≤₈ ⇔√ ₉⌐ ⇔
≡◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√⁹⌂⅔⁸ ∏╣│X ⌐ ⅝⁸ ∏╣│XZ ≢
∆╢ ╩ ⇔√⁹ 38⁸ 39─ ⅛╠ ⅛╢╟℮⌐⁸ ה╣∏ ∏╣⌐╟∫
≡ ∏╣Ⱨכ◒⅜ ↕ↄ⌂∫≡™╢↓≤⅜ ⅛╢⁹↓╣│⁸ ה ∏╣⌐╟∫≡

▬fi♄◒♃fi☻ ⅜ ↕ↄ⌂∫√↓≤⅜ ∞≤ ⅎ╠╣╢⁹ 
 

 

3─ꜟ▬◖♩♇◕כ♃ 37  
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a ∏╣⌐╟╢Ⱨכ◒    b a ─Ⱨכ◒ ─  
     38 ∏╣ X ⅜№╢ ─◦Ⱶꜙ꜠כ◦ꜛfi 
 

 

a ∏╣⌐╟╢Ⱨכ◒    b a ─Ⱨכ◒ ─  
      39 ∏╣ XZ ⅜№╢ ─◦Ⱶꜙ꜠כ◦ꜛfi 
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4.3  
⌐╟∫≡⁸ ≢─◦Ⱶꜙ꜠כ◦ꜛfi≤ ⅜ ↄ ⇔⁸SCMR≤S21⌐ ∂╢
∏╣╩ ⇔√ ─ ⅜ ↕╣√⁹ ≢─ A⁸B⁸C ─
╣╙ ⇔≡⁸5 ≢│ ╩ ⇔√ ╩ 40─╟℮⌐ ⌐ ∫√⁹╕√⁸ 5
≢ ⇔√ ₁─◖▬ꜟ│ C≤ ∂╙─≢№╢⁹ 
 

40 5 ≢─ D⁸E⁸F ─ ╣ 
 
4.3.1 ⅜ ◦☻♥ⱶ⌐ ⅎ╢ D  

│ 70 %⅜ ≢ ↕╣≡⅔╡⁸↕╠⌐ ≢│⌂ↄ ╩ ╪≢™╢√╘⁸
0.9 %≢ ↕╣╢↓≤⅜ ™(Rondelli and Vicentini, 1999)⁹ ─ C─

30─╕╕⁸ 41─╟℮⌐ ⌐30cm×30cm─ ╩ ∆╢↓≤≢⁸ ⅜
≤ Q ⌐ ╩ ⅎ╢ │ ↕ↄ⁸ ≢╙ ⌂ↄ ⅜ ≢№╢↓≤╩

∆╢⁹↕╠⌐⁸ ╩15 cm≢ ∆╢↓≤⌐╟╡⁸ ─ ◦☻♥ⱶ╟╡
╙ ⌐⅔™≡ ⅜ ™↓≤╩ ∆⁹ 
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a D─           b ─  
 41 D─  

 
─ꜟ▬◖♩♇◕כ♃ 4.3.2 ה╣∏ ∏╣⅜ ⅎ╢ E, F 
╩ꜟ▬◖♩♇◕כ♃ ⌐ ╘√ ≢⁸3 ⌂ ∏╣╩ ↓⇔√ ⌐⁸Ⱨכ◒⌐
≥─╟℮⌂ ╩ ⅎ╢⅛╩ │ꜟ▬◖♩♇◕כ♃⁹√⇔ ≢ ⌐ ↄ≤ ↕╣⁸
∕─☼꜠│ ∏╣≤ ∏╣─ 2≈ ↕╣╢⁹∕↓≢⁸ D≢─♃כ◕♇♩◖▬ꜟ
─ ╩ ≤⇔≡⁸ ∏╣≤ ∏╣⌐ ⇔≡ ╩ ∫√ 42⁹ ∏╣│⁸
≢№╢ Coil2≤ Coil4─ꜟכⱪ ⌐ ⇔≡ Z ⌐∏╣⅜ ∂╢ ≤⁸

ⱪכꜟ ⌐ ⇔≡ X  or Y⌐∏╣⅜ ∂╢ ⅜№╢⁹X ≤Y
─☼꜠│≥∟╠╙ ⌐ ⇔≡ ≢№╢√╘⁸ ─ ⌐⌂╢≤ ⅎ╠╣╢⁹∕
─√╘⁸Z Xה ⌐±25, ±50 mmↄ ⌐≈™≡ ⇔√⁹╕√⁸ ∏╣⌐
⇔≡│⁸ Horizontal≤ Vertical⌐ ∆╢ ⅜ ⅎ╠╣╢√╘⁸∕
╣∙╣⌐≈™≡⁸ ⅜0°,15°, 30°, 45°, 60°, 75°, 90°─ ≢ ╩ ∫√⁹ 
 

 
a E─          b F─  

ה╣∏ 42  ∏╣─ ⅎ╢ ⌐ ∆╢  
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4.4  
4.4.1 ⅜ ◦☻♥ⱶ⌐ ⅎ╢ D  

D│ C─ ⌐ ╩ ⅎ√∞↑≢№╢√╘⁸ C≤─ ╩ ∫√⁹
43 a⅛╠ ⅛╢╟℮⌐⁸ │ ⌂⅛╠∏ ⌐ ╩ ⅎ⁸S21 ⅜
↕ↄ⌂∫≡™╢⁹↓─ │⁸ ─ ⅛╠ ↑╢ ⌐ ∆╢ ⌐ ⇔≡™╢⁹
↓╣│⁸ ⅜ ⅎ╢ ⌐ ∆╢ ≢─ ⅜ 2MHz≢№╢─⌐ ⇔≡⁸
≢ ↕╣╢ │ 13MHz≤ ™↓≤⅜ ∞≤ ↕╣╢⁹↓─ ≢│⁸

─₈ ≢ ⅜ ∆╢ ⁸ ╒≥ ⌐╟╢ ⅜ ∂╛∆ↄ⌂╢₉↓
≤≤ ⇔⌂™⁹ ≢⁸ ⅜Q ⌐ ⅎ╢ │ ╡≢№╡⁸Ⱨכ◒─ ⅜
↕ↄ⌂╢∞↑≢№╡⁸ ∏╣─Ⱨכ◒│ ⌐ ≢№∫√ 43 b⁹⇔√⅜∫≡⁸

─ 15 cm ≢╙♃כ◕♇♩◖▬ꜟ─ ⅜ ≢№╢↓≤⅜ ↕╣√⁹ 

 
 a S21           b S21─  

43 ─ C ≤ ≢─ D ─  
 

─ꜟ▬◖♩♇◕כ♃ 4.4.2 ∏╣⅜ ⅎ╢ E  
44 a, c │Z ⁸X ⌐ ∏╣⅜№╢ ─S21─ ≢№╡⁸ 44 b ,d │

∕╣∙╣─Ⱨכ◒ ╩ ⇔√╙─≢№╢⁹ ⅛╠╙ ⅛╢╟℮⌐⁸ ∏╣⅜ ╢
≢╙ ∂╢Ⱨכ◒─ ⌐ │⌂ↄ⁸Ⱨכ◒─ ∞↑⅜ ∆╢↓≤⅜ ↕╣√⁹
X ⌐∏╣⅜ ∂╢ ⁸∏╣⅜ ⅝ↄ⌂╢⌐≈╣≡Ⱨכ◒⅜ ↕ↄ⌂╢↓≤⅜ ⅛∫
√⁹↓╣│⁸ ─◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ 38 b≤ ⇔⁸ ≢ ↕╣╢
─ꜟ▬◖♩♇◕כ♃ ↄ ╩ ∆╢≤⁸ ∏╣⌐│ ⌐ ≢⅝╢≤ ⅎ╠╣╢⁹ 

≢⁸Z ⌐∏╣⅜ ∂╢ │⁸ ה ─≥∟╠⅛─◖▬ꜟ Coil2⁸Coil4
⌐ ↄ⌂╢√╘⁸ ▬fi♄◒♃fi☻⅜ ⅝ↄ⌂╡⁸Ⱨכ◒⅜ ⅝ↄ⌂╢≤ ⅎ╠╣╢⁹∕
↓≢⁸Z ⌐ ∏╣⅜ ∂√ ⌐≈™≡◦Ⱶꜙ꜠כ◦ꜛfi⇔√≤↓╤⁸ ≤ ∂╟
℮⌐∏╣⅜ ⅝ↄ⌂╢╒≥⁸Ⱨכ◒⅜ ⅝ↄ⌂╢↓≤⅜ ↕╣√ 45 b⁹ 
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a Z ⌐∏╣⅜ ∂╢       b Ⱨכ◒ ─  

 
c X ⌐∏╣⅜ ∂╢      d Ⱨכ◒ ─  

44 ☼꜠⅜№╢ ─S21─  

 
a ∏╣⌐╟╢Ⱨכ◒   b a ─Ⱨכ◒ ─  

45 ∏╣ Z ⅜№╢ ─◦Ⱶꜙ꜠כ◦ꜛfi 
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─ꜟ▬◖♩♇◕כ♃ 4.4.3 ∏╣⅜ ⅎ╢ F  
46 a , c│ ⁸ ⌐ ∏╣⅜№╢ ─S21─ ≢№╡⁸ 46 b , 

d │∕╣∙╣─Ⱨכ◒ ╩ ⇔√╙─≢№╢⁹ ∏╣─ ≤ ⌐⁸ ⅜ ∂╢Ⱨ
─◒כ ⌐ │⌂ↄ⁸Ⱨכ◒─ ∞↑⅜ ∆╢↓≤⅜ ↕╣√⁹ ⅛╠ ⅛╢
╟℮⌐⁸ ⅜ ⅝ↄ⌂╢╒≥⁸ ∏╣─Ⱨכ◒ │ ↕ↄ⌂╡⁸ 39 b ─◦Ⱶ
fiꜛ◦כ꜠ꜙ ≤╟ↄ ∆╢⁹╕√⁸horizontal⁸Vertical─∕╣∙╣≢
⅜ 60° ⌐⌂╢≤Ⱨכ◒⅜ ⅎ≡⇔╕℮↓≤⅜ ↕╣√⁹↓╣│⁸Coil2 ⁸Coil4⌐
ⱪכꜟ─ꜟ▬◖♩♇◕כ♃≡⇔ ⅜∏╣╢↓≤≢⁸ ▬fi♄◒♃fi☻⅜ ↕ↄ⌂╢↓≤
⅜ ≢№╢≤ ⅎ╠ⅎ╢⁹ 
 

 
a Horizontal⌐       b Ⱨכ◒ ─  

 

 
c Vertical⌐         d Ⱨכ◒ ─  

46 ☼꜠⅜№╢ ─S21─  
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4.5  
4.5.1 ≢─ ◦☻♥ⱶ─  

╩ ⇔√SCMR⌐╟╢ │⁸◖▬ꜟ─ ≤Q ─ ≢ ↕╣╢
₈kQ ₉⅜ ⅝™╒≥⁸ S21⅜ ∆╢↓≤⅜ ╠╣≡™╢⁹⇔⅛⇔⁸
⌐◖▬ꜟ╩ ⅜ꜟ▬◖♩♇◕כ♃╛≥↓╢∆ ↄ↓≤╩ ∆╢≤⁸ ≤ Q │
⅛⇔╠─ ╩ ↑╢≤ ↕╣╢⁹⇔√⅜∫≡⁸ ≢│₈ ⅛╠ ↑╢ ₉≤₈♃
─ꜟ▬◖♩♇◕כ ה ∏╣⌐╟╢ ₉⌐ ╩ ≡√ ╩ ∫√⁹ 

─╟℮⌐⁸SCMR⌐╟╢ │ ╩ ⇔√╙─≢№╡⁸ ─╟℮⌂
⅛╠ ↑╢ │ ↕™≤ ↕╣√⅜⁸ │ ⌐ ⇔√ ≤⌂∫√⁹↓╣│⁸
⅜ ⅎ╢ ⌐ ∆╢ ≢─ ⌐ ⇔≡⁸ ≢ ↕╣√ ⅜

ↄ⁸ ╟╡╙ ⌐╟╢ ⅜ ∂╛∆⅛∫√√╘≤ ⅎ╠╣╢⁹ ≢⁸ ⅜Q
⌐ ⅎ╢ │ ╡≢№╡⁸Ⱨכ◒─ │ ⇔ ↕ↄ⌂∫√∞↑≢№╢⁹╕√⁸
∏╣─Ⱨכ◒│ ⌐ ≢№∫√√╘⁸ ─ 15 cm ≢╙ ◦
☻♥ⱶ│ ≢№╢≤ ⅎ╢⁹ 

─ꜟ▬◖♩♇◕כ♃⁸≢ ה ∏╣⌐╟╢ ⌐≈™≡│⁸ ∏╣≤ ∏╣
⌐ ⇔≡ ₁⌐ ╩ ∫√⁹ ∏╣⅜ ╢ ≢╙ ∂╢Ⱨכ◒─ ⌐ │⌂ↄ⁸
Ⱨכ◒─ ∞↑⅜ ∆╢↓≤⅜ ↕╣√⁹╕√⁸ ≢ ▬◖♩♇◕כ♃╢╣↕
ꜟ─ ↄ ╩ ∆╢≤⁸ ∏╣⌐│ ⌐ ≢⅝╢≤ ⅎ╠╣╢⁹ ∏╣⌐ ⇔
≡╙⁸ ∏╣─ ≤ ⌐⁸Ⱨכ◒─ ⌐ │⌂ↄ⁸Ⱨכ◒─ ∞↑⅜ ∆╢↓
≤⅜ ↕╣√⁹⇔⅛⇔⁸ ⅜ ⅝ↄ⌂╢╒≥Ⱨכ◒ │ ↕ↄ⌂╡⁸ ⅜
60° ⌐⌂╢≤Ⱨכ◒⅜ ⅎ≡⇔╕℮↓≤⅜ ↕╣√⁹⇔√⅜∫≡⁸ ≢ ∆
╢√╘⌐│⁸ ≡─ ≢ ◦☻♥ⱶ╩ ↕∑╢ ⅜№╢⁹ 
 
4.5.2 ∏╣┼─   

─ ◦☻♥ⱶ≢│⁸ ∏╣⌐ ⇔≡│ ⌐ ≢⅝╢⅜⁸ ∏╣⌐
⇔≡│ ─ ≢⇔⅛ ≢⅝⌂™↓≤⅜ ⅜ꜟ▬◖♩♇◕כ♃⁸│╣↓⁹√⇔

90° ⇔√ ⱪכꜟ─ꜟ▬◖⁸ ╩ ↄ ⅜ ⌐ ∆╢⅛╠∞≤ ⅎ╠╣╢⁹
≢│⁸ ⌐ ∆╢◖▬ꜟ ─ │ ≢⅝⌂™√╘⁸ ≡─ ≢ ≢

⅝╢◦☻♥ⱶ╩ ∆╢ ⅜№╢⁹ ≢⁸SCMR⌐╟╢ │⁸ ≡─◖▬ꜟ─
⅜ ™⁸ ⱪכꜟ─ꜟ▬◖─≡ ⅜ ⌐⌂╢ ⌂ ≢⌂ↄ≡╙⁸ ∆╢↓≤

⅜ ≢№╢⁹↓─╟℮⌂ ⁸◖▬ꜟ─ ⌂ ╟╡╙ ⅜ ∟╢↓≤⅜
⅛∫≡™╢⁹↓╣│⁸◖▬ꜟ─ ─ ⌐╟╡⁸ ╩ ∆╢ ─ ╙ ∆
╢↓≤⅜ ∞≤ ⅎ╠╣╢⁹≈╕╡⁸ ─◖▬ꜟ Coil1⁸Coil2⁸Coil4⁸Coil5─
ꜟ▬◖♩♇◕כ♃⁸≢≥↓∆╠∏╩ Coil3╩ ↄ ─ ⅝╩ ⅎ╠╣╢ ⅜№╢⁹    
⅜◒כⱧ─ꜟ▬◖♩♇◕כ♃⁸≢↓⧵ ↕╣⌂™ 47 a─╟℮⌂90°─ ∏╣⅜№
╢ ⅛╠⁸ ◖▬ꜟ Coil1⁸Coil2≤ ◖▬ꜟ Coil4⁸Coil5⅜∕╣∙╣ ∂
∞↑ ↨⅛╢╟℮⌐☻ꜝ▬♪↕∑≡™∫√ 47 b⁹ ◖▬ꜟ─ ⌐ ⅜⌂™
│⁸ 48 a ─╟℮⌐ ∏╣⌐╟╢Ⱨכ◒│ ↕╣⌂⅛∫√⁹⇔⅛⇔⁸ ◖▬ꜟ
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─ ╩∏╠⇔≡™ↄ≤⁸☻ꜝ▬♪∆╢ ⅜ ⅝ↄ⌂╢╒≥⁸Ⱨכ◒⅜ ⌐ ╣╢↓≤
⅜ ↕╣√ 48 b, c, d⁹⇔√⅜∫≡⁸ ◖▬ꜟ─ ╩☻ꜝ▬♪↕∑╢∞↑≢⁸
∏╣⌐ ⇔≡╙ ⌐ ≢⅝╢≤ ⅎ╠╣╢⁹∕↓≢⁸ ≢│⁸ 49─╟℮⌐◌
►♅╩ ╪≢ ⌐◖▬ꜟ╩ ⇔⁸kV - CTה ⅛╠◖▬ꜟ─ ⅝╩ ⇔√
⌐⁸ ◖▬ꜟ─ ─ ╩ ℮↓≤≢⁸◖▬ꜟ ⅜≥─ ╩ ™≡™╢
≢╙₈ ◦☻♥ⱶ₉│ ≢№╢⁹ 
 

 
a ∏╣⅜90°№╢     b a ─ ⅛╠ ◖▬ꜟ─ ╩  

47 ∏╣┼─  

 
a ☻ꜝ▬♪⅜⌂™  

 
b 160 mm ☻ꜝ▬♪     c 200 mm ☻ꜝ▬♪     d 240 mm ☻ꜝ▬♪ 

48 ◖▬ꜟ╩☻ꜝ▬♪↕∑√ ─  
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49 ≢─  
 

4.5.3 ⌂◖▬ꜟ ─  
─ │⁸ ≢ ⌂₈ ◦☻♥ⱶ₉╩ ∆╢↓≤≢№╢⁹ 

↓╣╕≢│⁸₈◖▬ꜟ ─ ╩ ≢⅝╢◦☻♥ⱶ₉⌐ ╩ ™√ ⅜
╦╣≡⅔╡⁸ ⌐ ╩ ∆╢ │ ╦╣≡↓⌂⅛∫√⁹∕─√╘⁸ ∆╢◖fi
♦fi◘│ ─ ☿ꜝⱵ♇◒◖fi♦fi◘≢№∫√⁹⇔√⅜∫≡⁸ 33─╟℮⌂
─ ∏╣Ⱨכ◒─◦ⱨ♩ ⅛╠⁸ ╩ ╘╢⌐│⁸♅♃fi Ᵽꜞ►ⱶ╩

≤⇔√ ─◖fi♦fi◘╩ ∆╢ ⅜№╢⁹ ≢⁸◖▬ꜟ ─ ∏╣Ⱨכ
◒╩ ⌐ ∆╢⌐│ Q ⅜ ≢№╡⁸◖fi♦fi◘─ ⅜ ↕ↄ∆╢ ⅜№
╢⁹ ☿ꜝⱵ♇◒◖fi♦fi◘│ ⅜ ⅎ╢╒≥⁸ ↕╣╢√╘⁸ C
⅜ ⅎ⁸ R ⅜ ⅜╢↓≤⅜ ⅛∫≡™╢ 50 a⁹∕─√╘⁸◖fi♦fi◘─
⅜ ↄ ⅜ ⅝™╙─╒≥⁸◖▬ꜟ ⌐ ⇔≡™╢≤ ⅎ╢⁹⇔⅛⇔⁸
⅜ ⅝™◖fi♦fi◘│ ─ ⅛╠⁸ ⇔™ ⌐ ∏╣Ⱨכ◒╩

∂↕∑╢↓≤│≢⅝⌂™ 50 b⁹⇔√⅜∫≡⁸ ≢◖▬ꜟ ╩ ∆╢√╘⌐│⁸
⅜ ↄ⁸ ⅜ ↕™◖fi♦fi◘╩ ∆╢ ⅜№╢⁹ 

 

 
 

a ◖fi♦fi◘─      b ≤▬fiⱧכ♄fi☻─  
50 ☿ꜝⱵ♇◒◖fi♦fi◘─  
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5.    

─ ╩ ⅎ≡™√∞⅝⁸ ⌐№√╡ ⌂↔ ╩ ╡╕⇔√⁸
ה ⌐ ↄ ⇔ →╕∆⁹╕√⁸ ⌐ ∆╢ ╩

™√∞⅝╕⇔√ ה 3 ─ ⌐ ⅛╠ ⇔
→╕∆⁹╕√⁸ ⌐ ⇔≡™√∞™√ ─ ⌐ ↄ ⇔ →╕∆⁹ 
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