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1  

 

 

 

1.1  

1.1.1 ─ ≤  

◦☻♥ⱶ⌐ ↕╣╢╟℮⌐ ◦☻♥ⱶ─ │≤≥╕╢↓≤╩

╠∏ 1980 ⌐ ⅜ ⇔≡ 10 ↔≤⌐ ⌂ ╩ ↑ 2020 ⌐│

5 ◦☻♥ⱶ 5th Generation ⅜ ↕╣╢⌂≥ │ 40 ≢

10000 ⌐ ⇔≡⅝√ 1.1.1.1 [1] ╕√ ─ ≤ ⅜

≤⌂∫√↓≤⅛╠№╠╝╢╙─⅜ ≢Ⱡ♇♩꞉כ◒⌐ ↕╣╢ ─ ⅜

↕╣≡™╢[2] ⅎ┌ ╩ ⌐╟╡◘ⱳכ♩∆╢↓≤╛ ─√╘

─ ╕√ ►▼▪ꜝⱩꜟ ╩ ⇔√Ⱬꜟ☻◔▪╛ⱴכ◔♥▫fi◓⌂≥⅜

↕╣≡™╢ │♩♇ⱪכꜟ☻╢↑⅔⌐☻ⱦכ◘ 2000 ─ 3

◦☻♥ⱶ 3th Generation ☻ⱦכ◘─ ⌐│ 380 kbps ≢№∫√⅜ HSPA

High Speed Packet Access ⌐╟╡ ╡ꜞfi◒≢ 3.6 Mbps ╩ ⇔√ 5G ≢│ ╡ꜞfi

◒≢ 20 Gbps ─ ╩ ⇔≡⅔╡ ↓╣│ ⌐ ∆╢ ≢№╢  

 

1.1.1.1 ─ ─  [1] 
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1.1.2 ─ ⌐╟╢ ─  

5 ◦☻♥ⱶ⌂≥ ─ ⌂ ה ⌐ ∫≡

─ ╩ ⌐╟╡ ∆╢ ⅜ ≢ ╕∫≡™╢ ▬fi♃כⱠ♇

♩≢ ↕╣≡™╢ ה♃כ♦ה ⌂≥─ ꜟ♃☺♦╩☻ⱦכ◘ ≢

⌐ ∆╢ ISDN Integrated Services Digital Network │ 1980 ⅛╠ ⌂

⅜ ITU International Telecommunication Union ╩ ⌐ ─ ≢ ╘╠╣√

≢│ 1988 ⌐ NTT ☻ⱦכ◘≡∫╟⌐ⱪכꜟ◓ ⅜ ↕╣√ ♃כ♦─

╩ ∫≡⅝√ ISDN ∞⅜ ─ ≤ ─ ╩ ⌐

⌐ ╩ MVNO ┼ ∆╢↓≤⅜ ⇔≡™╢[3] ↕╠⌐ ⌐⅔™

≡╙ ─ AVSI Aerospace Vehicle Systems Institute ╩ ⌐ ─ ◖

☻♩ ╩ ≤⇔≡ ─ ─ ╩ ⌐╟╡ ∆╢ ♃כ♦⌂√

WAIC Wireless Avionics Intra-Communication ◦☻♥ⱶ⅜ ↕╣≡™╢[4] 1.1.2.1

⌐ ∆╟℮⌐ WAIC ◦☻♥ⱶ│ ⱴ☻◒─ ∆╢☿fi◘כ╛ ☿

fi◘כ⌂≥┼─ ╩ ℮ ─ꜟⱩכ◔ ⅜ ↕╣╢⌂≥ ₁─

⅜ ╕╣≡™╢  

 

 

1.1.2.1 WAIC ◦☻♥ⱶ─  [4] 
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1.1.3 ─ ⌐╟╢ ╕≢─  

─ ≤ ╩ ∆╢√╘⌐│ ─ⱴꜟ♅Ɽ☻ ⌂≥ ╛

─ ⅜ ⅝™ ⌂ ≢─ ⌂ ⅜ ⌐⌂╢ ⅎ┌ ⌐

⅔™≡│ ≢─ ╩ ∆╢ ─ ⅜ ≤⌂╢

⇔⅛⇔ ⱦꜟ ⅜ ∟ ┬ ╛ ─ │ ╩ ⌂≥─ ≢

╕╣√ⱴꜟ♅Ɽ☻ ≢№╢√╘ ⅛╠ ↕╣╢ ─ │↓╣╠

⌐╟∫≡ ╩ ╡ ⇔⌂⅜╠ ⇔ ⌐ ⇔≡│ ─ ⌐╟╢ ╛

≤™∫√ ╩ ↑╢√╘ │ ⌐ ⌂╙─≤⌂╢  

↓╣╠─ ╩ ≢─ ⌐╟∫≡ ╠⅛⌐∆╢↓≤│ ⇔™ ─ ⌐│

↔≤⌐ ╛ ─ ⅜ ⅎ╠╣ ─ ⌐│ ⅜ ≢

─ ⌐ ⅜№╢↓≤⌂≥⅜ →╠╣╢ ╕√ ∆╢ ≤⇔≡

≢─ ≤⌂╢√╘ ◖☻♩⅜ ≢№╡ ∕─╙── ⅜ ≢№╢ ⅜

→╠╣╢ ≢ ≢ ⌂ ☻כ꜠♩▬꜠╢№≢ ⌐╟∫≡

↓─ ╩ ↄ↓≤╙╕√ ⇔™ ☻כ꜠♩▬꜠ │ ╩ ⌐ ≡ ⌐⅔↑╢꜠▬

─ ╩ ⇔≡ ╩ ∆╢ ≢№╢√╘ ─ ≢ ↕╣╢ ╛

╩ ╪∞ ≢│ ─ ⌐ ∫≡ ⅜ ∆╢√╘ ↕⌂™ ⇔

√⅜∫≡ ↕╕↨╕⌂ⱦꜟ ╛ ⌐ ─≤⌂כ꜠ꜗ◑╛ ─ ⌂╢

⅜ ∆╢ ⌐⅔↑╢ ⌐≈™≡│ ↓╣╕≢⌐ ⅛≈

⌂ ⅜⌂↕╣≡⅔╠∏ ⸗♦ꜟ ╛ ─ ⌐│ ∫≡™⌂

™≤™℮ ⅜№∫√  

 

1.2 ─ ≤  

≢│ ↓╣╕≢⌐ ═√ ⌐ ⇔ FDTD ⌐ ≠ↄ

≤ ╩ ™√ ⌂ ╩ ∆╢↓≤≢

⌐⅔↑╢ ─ ⌂ ╩♃כ♦ ⇔ ─ ╩ ╪∞

⌂ ≢─ ╩ ∆╢ FDTD ╩ ⇔√ ◦Ⱶꜙ꜠כ◦ꜛfi│

⌐ ↕╣≡⅔╡[5-7] ≢─ ⅜ ⌂ ┼─ ─ ╛ ─

⅔╟┘ ⅜ ≢№╢↓≤⅜ ╠⅛⌐⌂∫≡™╢ ╩ ∆╢↓≤≢ ↓╣

╕≢ ⅜ ≢№∫√ ╩♃כ♦ ⅛≈ ⌐ ∆╢↓≤⅜ ≤⌂╢  

FDTD │ ─ ≢№╡ ≢ ∂╢ ─ ה

╩ ⌐ ™ ≢ ≢⅝ ╩Ⱳ◒☿ꜟ≤ ┌╣╢ ─ ⌂

⌐ ⇔≡ ∆╢√╘ ⅜ ≢ ⅜ ⌂╢ ≢№∫≡╙

⌐⸗♦ꜟ ⇔ ∆╢↓≤⅜≢⅝╢ ≢ FDTD ─ │ ─

≤ ═≡ ™ WAIC ◦☻♥ⱶ╩ ╗ ─ ╩ ∆╢
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⌐ ⇔≡ ─ ⅜ ⅝ↄ⌂╢√╘ ⅜ ≤⌂╡

⌂≥≢│ ╩ ≢⅝⌂™ ∕↓≢ ≢│ ⌐╟╢

╩ ™≡↓╣╩ ⇔ ⌐⅔↑╢ ⌐ ∆╢ ⌐≈™

≡ ╠⅛⌐∆╢  

 

1.3 ─ ≤  

1.3.1 ⌐ ⌐⅔↑╢ ≤ ─ ╩ ⇔ ∕─ ⌐≈™≡ ⌐ ∆

╢ │ 1 ⅛╠ 8 ≢ ↕╣≡™╢ 1 │ ≢№╡ 2 ⅛╠

7 ╕≢⅜ 8 ⅜ ≢№╢ ⌐ 2 ─ ╩ ═╢   

 

1  

2 ⱴ◒☻►▼ꜟ─ ⌐ ≠ↄ  

3 FDTD  

4 ⸗♦ꜟ─ ≤ ≤─ ⌐╟╢  

5 ⸗♦ꜟ╩ ™√  

6 ⌐⅔↑╢ ╩ ⇔√  

7 ⌐╟╢ ─ ─  

8  

  

 2 │ FDTD The Finite-Difference Time-Domain method ⌐≈™≡ ⌐ ╩

℮ ⱴ◒☻►▼ꜟ ╩◖fiⱧꜙכ♃ ≢ ℮√╘─ ⌂╠┘⌐ ╩ ⇔

√ ─ Yee ☿ꜟ ⌐⅔↑╢ ─ ⅔╟┘ ─ ╡ ™⌐≈™≡ ∆ ⅎ≡

FDTD ╩ ∆╢ ─ ⌂ ≢№╢☿ꜟ ╛ ☻♥♇ⱪ ─ ↕╠

⌐│ ─ ⌐≈™≡ ∆  

 3 ≢│ 2 ≢ ⇔√ FDTD ╩ ⌐╟╡ ╡ ℮ ─ ╩

℮ ↓─≤⅝─ │ FDTD ≤ ┌╣╢ ⌐╟╢ ─▪ꜟ◗ꜞ☼

ⱶ≤∕╣⌐ ℮ FDTD ─ ⅔╟┘ ⱪ꜡◓ꜝⱵfi◓─ ⌐≈™≡ ∆  

4 ≢│ ⌐╟∫≡ ↕╣╢ ⌐╟╢ ─ ≤ ╩

∆╢√╘⌐ ╩ ⇔√ ─ ⸗♦ꜟ╩ ⇔ ⌐⅔↑╢ ⌐

≈™≡ ∆╢ ▪fi♥♫ ↕≤ ─ ─ ⌐ ∆╢ ╩

∆   

5 ≢│  

≢ ∆╢ ─ ⸗♦ꜟ╩ ⇔√ ⌂

─ ─√╘⌐ ─ ⌐≈™≡ ⌐ ∆╢ ⅜№╢ WAIC ◦☻♥ⱶ

⌐ ⇔ ≢─ ─ ╛ ⌂≥⌐≈™≡ ⇔≡™╢ ⌐
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↕╣√▪fi♥♫⅛╠ ↕╣√ │ ─ ⌐╟╡ ⇔⌂⅜╠ ⇔

─ ⅛╠ ∆╢ ╕√ ⌐⅔™≡╙ ⌂≥⅛╠─ ⅜ ↕╣╢√╘

│ ⌂╙─⌐⌂╢  

∕↓≢ ≢│ WAIC ◦☻♥ⱶ⅜ ↕╣√ ╩ ⇔ ▪fi♥♫ ↕⅜

⇔√ ⌐ ⌐⅔↑╢ ╩ ⇔ ╛◄fi☺fi⌂≥─ ⌐ ⇔√

⌐≈™≡ ⅛≈ ⌐ ∆╢  

 

4 ≢ ⇔√ ⸗♦ꜟ╩ ™≡ ─ ⅔╟┘ ⌐≈™≡

⌐ ⇔√  

 6 ≢│ EMI ⅜ ↕╣≡™╢ WAIC ◦☻♥ⱶ≤ ─ ≢№╢

≢─ ⌐≈™≡ ∆╢  

 7 ≢│ WAIC ◦☻♥ⱶ╩ ⇔√ ≢─ EMI ╩ ⇔≡ ╩

╗ ╩ ≢ ⇔ ⌐⅔↑╢ ⌐≈™≡ ∆╢  

8 ≢│ ≢ ╠╣√ ⌐≈™≡╕≤╘ ≤∆╢  

 

 

1.3.1 ─  

 

 

 



 6 
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2  

 

ⱴ◒☻►▼ꜟ ⌐ ≠ↄ 

 

 

2.1 ╕ⅎ⅜⅝ 

FDTD Finite-Difference Time-Domain method [8] [12]│

⌐⅔™≡ ─ⱴ◒☻►▼ꜟ ╩ ⅔╟┘ ⌐≈™≡ ∆╢↓

≤≢ ⅜ ╩ ⇔≡™ↄ ╩ ─╙≤ ⌂ ≢№╢

⅜ ⌂√╘⌐≥─╟℮⌂ ⸗♦ꜟ≢╙ ⌂ ⅜ ╠╣╢ ↓─ ≢

│ ─╒⅛ ╛ ⌂≥╙ ⌂√╘ ▪fi♥♫ ⌐╙ ™╠╣

╢ ↕╠⌐│ Green ╩ ∆╢↓╣╕≢─ ⌐⅔↑╢ ≢│ ℮↓

≤⅜≢⅝⌂⅛∫√ ╩ ∆╢ ⌂ ─▪fi♥♫╩⸗♦ꜟ ∆╢↓≤⅜ ≢

№╢  

FDTD ⌐╙ │ ⇔ ♩ⱷfiכ⸗ MOM ╛

GTD FEM PO ⌂≥ →╠╣╢⅜ FDTD │

⌐⅔↑╢ ≢№╢√╘ ↓╣╠ ≤ ⇔≡ ╟╡ ⌂ ⌐

∆╢↓≤⅜ ≤⌂╢ ╕√ ─⸗♦ꜟ ◦Ⱶꜙ꜠כ◦ꜛfi ≡⇔≥ꜟכ♠

ↄ─ ╣√ ╩ ⇔≡™╢ ∕╣╠ ─ ⌐≈™≡ ⌐ ∆  

 

(1) ◦☻♥ⱶ─ ⌐ ∆╢ ⌂  

(2) 3 ─⸗♦ꜟ  

(3) №╢™│ 0 ─ ─⸗♦ꜟ  

(4) ─⸗♦ꜟ ⌐ ∆╢ ⌐ ⇔√ Ɽꜝⱷכ♃─  
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ⱪꜝ☼ⱴ⅔╟┘ⱨ▼ꜝ▬♩  

 

 

 

(5) ⅛╠ ↕╣╢ ∆═≡─ ─   

 

▪fi♥♫Ɽ♃כfi  

♄כ꜠ RCS  

 

ה  

↓╣╠─ │ ⌂ ╩ ∆╢ ╩ ∆╢↓≤⌐╟╡ ↕╣╢

⌐ ↕╣╢ ⌐≈™≡ ⌐ ∆  

(1)   

(2)  Ɽꜟ☻ EMP  

 

⸗♦ꜟ ─ ─ ╩ ⇔≡ ╩ ℮ FDTD │ ─

⌐ ═≡ ≢─ ⌐ ⇔≡™╢ ∕─ ⌐ ≤⌂╢─⅜

╩ ∆╢☿ꜟ─ ≤ ╩ ∆╢√╘─ ☻♥♇ⱪ ≢№╢  

☿ꜟ ⌐≈™≡│ ⌐ ─ ─ ≢№╣┌ ⌂ ╩

╠╣╢≤ ╦╣≡™╢ ↓╣╟╡↕╠⌐☿ꜟ ╩ ↕ↄ∆╣┌ ╟╡ ⌂ ⅜

╠╣╢ ≢ ☿ꜟ ─ ⌐≈™≡│♫▬◐☻♩ ─ ⅛╠

─ ≤⌂╢ ≢│ CAD Computer Aided Design ╛ CAE Computer Aided 

Engineering ⌂≥─ ⌐╟╡ ─⸗♦ꜟ FDTD ─ ─

⌂≥⅜ ≢╙ ⌐ ℮↓≤⅜≢⅝╢╟℮⌐⌂∫√  

FDTD │ ─ⱴ◒☻►▼ꜟ ╩ ⌐╟╡ ≤⇔≡

⌐ ╩ ∫√ ⌐ ⇔ ╩◦Ⱶꜙ꜠כ♩∆╢

─ ⌐ ∆╢ ╩ ⌐ ™ ☻♥♇ⱪ ─ ╩ ∆╢

╕√ CW ⌐ ∆╢ ╩ ╘╢ ⌐╙ ≢№╢  
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2.2  ─  

2.2.1  ⱴ◒☻►▼ꜟ─  

⌐≈™≡ ⌐⅔↑╢ⱴ◒☻►▼ꜟ─ ╩ ⌐ ∆  

Ð ³ = - -E
B

J
µ

µ t
m  

2.1  

Ð ³ = +H
D

J
µ

µ t
 

2.2  

Ð Ö =D r  2.3  

Ð Ö =B 0  2.4  

↓↓≢  

D E= e  2.5  

B H= m  2.6  

⌐⅔™≡ ⅜ ↕╣ ∕╣╠⅜ⱴ◒☻►▼ꜟ ╩ ⇔≡™

╢ 2.1 2.6 │ ╩ ∆╢√╘⌐ ⌂∆═≡─ ╩ ╪≢™╢

╕√ 2.3 ⅔╟┘ 2.4 │ 2.1 ⅔╟┘ 2.2 ≤ ⅛╠ ↕╣╢─

≢ FDTD ⌐⅔™≡│ ⌐ ≢│⌂™ ⇔√⅜∫≡ FDTD ─ │ⱴ◒☻►

▼ꜟ─ 2.1 ≤ 2.2 ─╖╩ ∆╢  

 

2.1 ≤ 2.2 ╩ FDTD ─ ⌐ ≠⅝ ⇔√ ╩ ⌐ ∆  

HE
H

m

s

mµ

µ *
-³Ð-= )(

1

t
 

2.7  

EH
E

e

s

eµ

µ
-³Ð= )(

1

t
 

2.8  

≤ ⌐ ∆╢ J E= s ╩ ⌐ ⇔ s*╩ ⅎ╢↓≤≢

╩ ≢⅝╢  

 

FDTD ≢│ E ≤ H─╖╩ ╡ ™ D≤ B │ ╦⌂™

╕√ Ɽꜝⱷכ♃ e m s s * │ ≢№╢↓≤⅜ ≤⌂╢ ⅎ≡

⌐⅔™≡│ ╛ ⌐⅔↑╢ ⅔╟┘ ╩ ∆╢╟℮⌂

│ ╦⌂™ │ ╩ ⇔ ╩ ∆╢ⱷꜞ♇♩⅜№╢⅜ Ɽꜝⱷ

─♃כ ╩ ℮♦ⱷꜞ♇♩⅜ ∆╢⅛╠≢№╢  
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╕√ⱴ◒☻►▼ꜟ ⌐╟╢ │ ≤ ⌐ ╩ ∆╢↓≤

⅜≢⅝╢ │ 2.1 ≤ 2.2 ─ ╩ ╘╢↓≤≢ ↕╣╢  

ÐÖ Ð ³ = - ­ = -
ÐÖ

­ ÐÖ =( )
( )

E
B B

B
µ

µ

µ

µt t
0 ���X  

Ð Ö Ð ³ = + ­ =
Ð Ö

+ Ð Ö( )
( )

H
D

J
D

J
µ

µ

µ

µt t
0  

                         ­
ÐÖ

- Ð Ö + =
µ

µ

µr

µ

µr

µ

( )
( )

D
J

t t t
4�)F�öFÛG� 0  

( )[ ]­ ÐÖ - = ­ Ð Ö - =
µ

µ
r r

t
D D0  

↓↓≢ ⱬ◒♩ꜟ  Ð ÖÐ ³ =A 0╩ ⇔√ FDTD ⌐⅔™≡ ≤ ─

╩ 0 ≤∆╣┌ ≢│ BÖÐ ≤ )( r-ÖÐ D │∆═≡─ ≢ 0 ⌐⌂╢  

│ FDTD ⌐ ↑√ⱴ◒☻►▼ꜟ ─ ≢│ ≢№╢⅜ ─

╩ ™╣┌ ─ ⌐ ≢⅝╢   

 

2.2.2  ≤ ─  

  2 ≈─ 2.7 ≤ 2.8 │ ≤ ⌐ ≢⅝ ─╟℮⌐ ∆╢

↓≤⅜≢⅝╢  

E E E E= ¹ +total incident scattered
 2.9  

scatteredincidenttotal HHHH +¹=  2.10  

≤ ╩ ⇔≡ ∆╢↓≤≢ ⇔√ ⅛╠ ≡⌐⅔↑╢

⅜ ≢⅝╢ √∞⇔ │ ─ ≢ ↕╣╢  

─ ⌐ⱴ◒☻►▼ꜟ ⌐ ≠™√ ╩ ∆╢ ⅜ ∆╢ ╕

√ ─ ≢│E E
scattered incident= - ≢№╡ ∕╣ ─ ≢│ ⅜ ─

Ɽꜝⱷכ♃⌐ ∆╢ │ ≢│ ─ⱴ◒☻►▼ꜟ ╩

⇔ ≢│ ─ⱴ◒☻►▼ꜟ ╩ ∆╢ │ ╩ ╡

⅞╢ ╩ ╖ ⌐ ╩ ⇔ ⅜ ⇔⌂™ ─ ≤⇔≡

∆╢  

≤ │ ⇔≡ⱴ◒☻►▼ꜟ ╩ ⇔⌂↑╣┌⌂╠∏ ↓↓≢│

╩ ⅎ╢ │ ╩ ∆╢≤ ∆╢ ⌐ ∂≡ │◖

fi◒ꜞכ♩╛ ⌂≥─ ⌐ ∆╢↓≤⅜≢⅝╢ ⇔⅛⇔ ─ ⌐⅔

™≡│ ─√╘ ╩ ∆╢ ⌐≤∫≡ │∆═≡ ≢№
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╢ ⇔⅛⇔⌂⅜╠ ≤ ⅛╠ ╢ │ ─ ≢│ ╩

⇔ ─ ≢│ ─ ╩ ∆╢ ≢ │ ╩

∆╢  

Ð ³ = - - *E
H

H
total

total
total

t
m
µ

µ
s  

2.11  

Ð ³ = +H
E

E
total

total
total

t
e
µ

µ
s  

2.12  

↓↓≢ ╩ ∆╢ │ ╩ ∆╢√╘ │ ↕╣╢  

Ð ³ = -E
Hinc

inc

t
m
µ

µ
0  

2.13  

Ð ³ =H
Einc

inc

t
e
µ

µ
0  

2.14  

╩ ─╟℮⌐ ⅝ ⅎ╢  

Ð ³ + = -
+

( )
( )

E E
H Hinc scat

inc scat

t
m
µ

µ
- +s *( )H H

inc scat  
2.15  

Ð ³ + =
+

( )
( )

H H
E Einc scat

inc scat

t
e
µ

µ
+ +s ( )E E

inc scat  
2.16  

2.13 ≤ 2.14 ╩ 2.15 ≤ 2.16 ⌐ ⇔≡ ─ ─ │

≤⌂╢  

Ð ³ = - - * - - + *
è

ê
é

ø

ú
ùE

H
H

H
H

scat
scat

scat
inc

inc

t t
m
µ

µ
s m m

µ

µ
s( )0  

2.17  

Ð ³ = + + - +
è

ê
é

ø

ú
ùH

E
E

E
E

scat
scat

scat
inc

inc

t t
e
µ

µ
s e e

µ

µ
s( )0  

2.18  

≢ │ ╩ ∆╢  

Ð ³ = -E
Htotal

total

t
m
µ

µ
0  

2.19  

Ð ³ =H
Etotal

total

t
e
µ

µ
0  

2.20  

2.19 ≤ 2.20 ╩ ⅝ ⇔≡ ⌐ ∆  

t

scatinc
scatinc

µ

µ
m

)(
)( 0

HH
EE

+
-=+³Ð  

2.21  

t

scatinc
scatinc

µ

µ
e

)(
)( 0

EE
HH

+
=+³Ð  

2.22  

╩ ╡ ↄ≤ ─ ╩ ∆╢ ⅜ ╠╣╢  
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Ð ³ = -E
Hscat

scat

t
m
µ

µ
0  

2.23  

Ð ³ =H
Escat

scat

t
e
µ

µ
0  

2.24  

╩ ≤⇔√ 2.23 ≤ 2.24 │ ─ ⅛╠ ↕╣╢ ╕

√ ─ ─ ⌐ 2.17 ≤ 2.18 │ 2.23 ≤ 2.24 ⌐⌂╢  

m m­ 0  

e e­ 0  

s ­ 0  

s*­ 0  

─≤↓╤ ≤ ╩ ⇔√╙─≤⇔≡ ℮⌐│ ─ 2.13 ≤

2.14 ⅜ ⌐⌂╢  

Ð ³ = -E
Hinc

inc

t
m
µ

µ
0  

Ð ³ =H
Einc

inc

t
e
µ

µ
0  

⌐ ⇔√ 1 2 ─ │ ⌐ ↕╣√ ⅜ⱴ◒☻►▼ꜟ

╩ ∆╢↓≤╩ ⇔≡⅔╡ ─ 2.17 ≤ 2.18 │ ⌐╟∫≡ ≢

⅝╢ √∞⇔ ≢│ m e s * s ≢│s s*= = 0 m m= 0 e e= 0

≢№╢ ╕√ ⌂ ╩ ∆╢↓≤≢ ─ ╩ ╡─ ─

≤⇔≡ ∆╢↓≤⅜≢⅝╢  

µ

µ

s

m

s

m

m m

m

µ

µ m

H
H H

H
E

scat
scat inc

inc
scat

t t
= -

*
-
*

-
-

- Ð ³
( )

( )0 1
 

2.25  

)(
1)( 0 scat

inc
incscat

scat

tt
H

E
EE

E
³Ð+

-
---=

eµ

µ

e

ee

e

s

e

s

µ

µ
 

2.26  

  ≢│ ↓╣╠ ─ ─ ╩ ℮ ⌐ ─ ≢↓╣╠─

╩ ∆╢ ╕√ ⌂ e m s s*╩ ™≡ ⌂ ─ ⌐≈™

≡ ∆╢  

2.2.3  ─  

│ ─ ⌐⅔™≡│ ─ ╩ ∆╢ ⇔√⅜∫≡ s s*= = 0

m m= 0 e e= 0 ≤⇔≡ 2.25 ≤ 2.26 │ ⌐ ∆╟℮⌐ ↕╣╢  
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µ

µ m

H
E

scat
scat

t
= - Ð ³

1

0

( )  
2.27  

µ

µ e

E
H

scat
scat

t
= Ð ³

1

0

( )  
2.28  

⌐⅔™≡ │ 2.26 ─╟℮⌐ ⅝ ⅎ╠╣╢  

e

s

µ

µ

e e

s

µ

µ s

E
E E

E
H

scat
scat inc

inc
scat

t t
= - - -

-
- Ð ³

( )
( )0 1

 
2.29  

│ s = ¤≢№╢√╘ 2.29 │ ↕╣ 2.30 ≤⌂╢  

 

E E
scat inc= -  2.30  

⇔√⅜∫≡ ╩ ⅎ╢ ⌐⅔™≡│ 2.30 ╩ ™╢ ╕√ ≤

─╖⅜ ⅎ╠╣√ ≢№∫≡╙ FDTD ╩ ∆╢√╘⌐│ ⌐ ∆

╢ ≤ ─ 2.27 2.28 2.30 ⅜ ≢№╢ ↕╠⌂╢ ─√╘⌐

│ 2.30 ╩ ─ ⌐─╖ ⇔ ─ ╩ ∆╣┌ ™  

↕╣√ ≤ ─ ╩ Yee ─ [13]╩ ™≡ ∆╢ 2.2.3.1 ⌐

∆ ☿ꜟ⌐≈™≡ ╩ 2.31 ─╟℮⌐ ∆╢  

( , , ) ( , , )i j k i x j y k z= D D D  2.31  

  ↓↓≢ i j k │ ≢№╡ Dx yD Dz │ x y z ─☿ꜟ ╩ ⇔≡

™╢ ╕√ ☿ꜟ ─ ↕╣√ ≤ ≢ ∆╢ u╩ 2.32 ⌐ ∆

╟℮⌐ ∆╢  

),,(),,,(),,,( kjiunkjiutnzkyjxiu n==DDDD  
2.32  

↓↓≢ Dt │ ≢№╡ n│ ≢№╢  

Yee ─ ⌐⅔™≡│ ≤ ╩ ≢ ∆╢ ↓─ ≤

─ ⌐ ⇔≡ 2 ─ ⅜ ↕╣╢ №╢ t n t= D ⌐⅔™≡ x ─ u

─ ⌐⅔↑╢ ╩ ─╟℮⌐ ∆╢  

µ

µ

u i x j y k z n t

x

u i j k u i j k

x
O x

n n( , , , ) ( / , , ) ( / , , )
[( ) ]

D D D D

D
D=

+ - -
+

1 2 1 2 2
 

2.33  

2.33 ≢─ i ─ °1/2 │ °1/2 Dx⌐╦√╢ ╩ ⇔≡™╢ 1/2

∏≈ ∆╢ │ ☿ꜟ ⌐ ╩ ⌐ ↕∑≡™╢↓≤╩ ∆╢

∆⌂╦∟ ╩Dx⅔⅝⌐ ⇔ ∕─ ─ °1/2 Dx ╣√ ⌐ ╩ ∆

╢ ─ ⅜µ µE x/ ─ ╩ ⅎ╢ ⌐⇔≡ y ⅔╟┘ z ≢─

│ 2.34 ≤ 2.35 ≢ ↕╣╢  
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µ

µ

u i x j y k z n t

y

u i j k u i j k

y
O y

n n( , , , ) ( , / , ) ( , / , )
[( ) ]

D D D D

D
D=

+ - -
+

1 2 1 2 2
 

2.34  

µ

µ

u i x j y k z n t

z

u i j k u i j k

z
O z

n n( , , , ) ( , , / ) ( , , / )
[( ) ]

D D D D

D
D=

+ - -
+

1 2 1 2 2
 

2.35  

≢ ⅎ╠╣╢  

u─ │☿ꜟ ( , , )i j k ⌐⅔™≡ ─╟℮⌐ ↕╣╢  

µ

µ

u i x j y k z n t

t

u i j k u i j k

t
O t

n n

( , , , ) ( , , ) ( , , )
[( ) ]

D D D D

D
D=

-
+

+ -
1

2

1

2
2  

2.36  

u⌐≈™≡ n─ °1/2 ╩ ⇔≡™╢ ↓╣│ ≤ ╩ 1/2 Dt ⅔⅝

⌐ ⌐ ∆╢√╘⌐ ↕╣√ ▪ꜟ◗ꜞ☼ⱶ leapfrog algorithm ≤ ┌╣╢

≢№╢  

  2.2.3.2 ⌐ ∆╟℮⌐ ☿ꜟ ( , , )i j k ⌐│ 6 ≈─ ⅜ ↕╣≡™╢ ⌐

∆ ≢│ ≤ⱪ꜡◓ꜝⱵfi◓◖כ♪┼─ ╩ ⇔≡ 2.2.3.1 ≤

2.2.3.2 ⌐ ∆╟℮⌐ ∆╢ 2.2.3.1 │ 2.2.3.2 ⌐ ⇔≡⅔╡ 2.2.3.2 │ 2.2.3.2

⌐⅔↑╢ ( , , )i j k ≤ ⌂ ⌐ ∆╢ ⌐ ⇔√ ≢№╢ ↓─╟℮⌐

↑∆╢ │ ─ ≤⇔≡ ─ ─ ╩ ∆╢

⅛ ⅛─ ™⌐╟╢  
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( , , )i j k

( , , )i j k+ + +1 1 1

E i j k
x
( / , , )+1 2 H i j kz ( / , / , )+ +1 2 1 2

E i j ky ( , / , )+ 1 2

H i j kx ( , / , / )+ +1 2 1 2
E i j kz ( , , / )+ 1 2

H i j k( / , , / )+ +1 2 1 2

 

2.2.3.1  Yee ☿ꜟ≤    2.2.3.2 ☿ꜟ ( , , )i j k ⌐⅔↑╢ ─  

 

 

 

2.2.3.1 Yee ☿ꜟ≤ ─  

⌂  ↕╣√  

E i j kx ( / , , )+1 2  E i j kx ( , , )  

E i j ky ( , / , )+1 2  E i j ky ( , , )  

E i j kz ( , , / )+1 2  E i j kz ( , , )  

H i j kx ( , / , / )+ +1 2 1 2  H i j kx ( , , )  

H i j ky ( / , , / )+ +1 2 1 2  H i j ky ( , , )  

H i j kz ( / , / , )+ +1 2 1 2  H i j kz ( , , )  

 

 

2.2.3.2 ☿ꜟ≤ ─ 2  

⌂  ↕╣√  

E i j kx ( / , , )-1 2  E i j kx ( , , )  

E i j ky ( , / , )-1 2  E i j ky ( , , )  

E i j kz ( , , / )-1 2  E i j kz ( , , )  

H i j kx ( , / , / )- -1 2 1 2  H i j kx ( , , )  

H i j ky ( / , , / )- -1 2 1 2  H i j ky ( , , )  

H i j kz ( / , / , )- -1 2 1 2  H i j kz ( , , )  

( , , )i x j y k zD D D

Dx

D y

Dz

x

z

y

i

j

k

( , , )i j k
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  ⌐ ∆╢ⱬ◒♩ꜟⱴ◒☻►▼ꜟ ╩☻◌ꜝ ⌐ ∆╢↓≤⌐╟∫

≡ ╩ ╢  

 

µ

µ e

µ

µ

µ

µ

E

t

H

y

H

z

x
scat

z
scat

y
scat

= -
å

ç

æ
æ

õ

÷

ö
ö

1

0

 

2.37a  

µ

µ e

µ

µ

µ

µ

E

t

H

z

H

x

y
scat

x
scat

z
scat

= -
å

ç
æ

õ

÷
ö

1

0

 
2.37b  

µ

µ e

µ

µ

µ

µ

E

t

H

x

H

y

z
scat

y
scat

x
scat

= -
å

ç

æ
æ

õ

÷

ö
ö

1

0

 

2.37c  

µ

µ m

µ

µ

µ

µ

H

t

E

z

E

y

x
scat

y
scat

z
scat

= -
å

ç

æ
æ

õ

÷

ö
ö

1

0

 

2.37d  

µ

µ m

µ

µ

µ

µ

H

t

E

x

E

z

y
scat

z
scat

x
scat

= -
å

ç
æ

õ

÷
ö

1

0

 
2.37e  

µ

µ m

µ

µ

µ

µ

H

t

E

y

E

x

z
scat

x
scat

y
scat

= -
å

ç

æ
æ

õ

÷

ö
ö

1

0

 

2.37f  

 

╩ ≢ ⅝ ⅎ╢≤ ╩ ╢  

( ) ( )
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2.38a  
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y

e

e

 

 

 

 

2.38b  
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2.38c  
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2.38d  
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2.38e  
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2.38f  

╩ ≤ ⌐ ⇔≡ ℮ ≢№╢  

 

2.2.4 ─  

  2.9 2.10 ╩ ™≡ ╩ ∆╢ ─ 2.25 2.26 ╩

⇔√ inc⌐ ⇔≡ i scat ⌐ ⇔ s╩ ∆╢↓≤≢ 2.26 ─ ╩ ⌐ ⅝ ⅎ

╢  

)()( 0

s
i

is
s

tt
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2.39  

  ⌐ ∆╢↓≤≢ ─ x ╩ ╘╢  
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2.42f  

2.42a ⅛╠ 2.42d ⌐⅔™≡ s = 0 s* = 0 e e= 0 m m= 0 ⅜

⇔⌂™ ─ │ ⌐ ↕╣√ 2.38a 2.38f ≤ ∆╢  

 

2.2.5  ♦ꜟ♃◑ꜗ♇ⱪ ─  

⌐⅔™≡ ♄▬ⱳכꜟ▪fi♥♫╩ ™√ FDTD ╩ ℮⅜ ↓─≤⅝ ▪fi

♥♫┼─ ⌐│♦ꜟ♃◑ꜗ♇ⱪ [14]╩ ∆╢ ≢│ ♦ꜟ♃◑ꜗ♇ⱪ

─ ⌐≈™≡ ∆╢ )(tV ╩ ≤⇔√≤⅝ 2.2.5.1 ⌐ ∆╟℮⌐▪fi♥

♫ ⌐⅔↑╢ ─ z ╩ 
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 ⌐╟∫≡ ⅎ╢╙─⅜♦ꜟ♃◑ꜗ♇ⱪ ≢№╢ ↓↓≢ │ ─ C

⌐▪fiⱭ▪─  

ñ Ö=
C

dstI H)(  2.44  

 ╩ ⇔≡ 

ykjiHkjiH

xkjiHkjiHtnI

fff

n

yfff

n

y

fff

n

xfff

n

x

D
ý
ü
û

í
ì
ë

ö
÷

õ
æ
ç

å
+--ö

÷

õ
æ
ç

å
+++

D
ý
ü
û

í
ì
ë

ö
÷

õ
æ
ç

å
++-ö

÷

õ
æ
ç

å
+-=öö

÷

õ
ææ
ç

å
Dö
÷

õ
æ
ç

å
+

++

++

2

1
,,

2

1

2

1
,,

2

1

2

1
,

2

1
,

2

1
,

2

1
,

2

1

2

1

2

1

2

1

2

1

 

2.45  

 ╟╡ ╘╠╣╢  

 

2.2.5.1 : ♦ꜟ♃◑ꜗ♇ⱪ ≤ ╩ ╘╢√╘─  

 

2.2.6  ⱷ♇◦ꜙ─  

FDTD ⌐⅔™≡ ─ ╩ ℮ ╩ ∆╢ ≤⇔≡

ⱷ♇◦ꜙ[10]─ ⅜№→╠╣╢ ≢│ ⱷ♇◦ꜙ⌐⅔↑╢ ☿ꜟ

─☿ꜟ◘▬☼─ ⌐≈™≡ ∆╢  

3 FDTD ⌐⅔™≡ ╩∕╣∙╣ 
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⌐╟∫≡ ─ ⅝↕⅜ ↕╣ ↓╣⅛╠ ☿ꜟ─ ─ ⅝↕│ ─╟℮⌐ ↕╣╢ 
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2.49  

FDTD ⌐⅔™≡ ⱷ♇◦ꜙ─ ─ ⅝↕│ ≤ ⌐≈™

≡ ∕╣∙╣ ─╟℮⌐ ↕╣╢  
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2.50  

   ☿ꜟ─ ⅝↕│ 2.2.6.1 ╩  

 

2.2.6.1 : ⱷ♇◦ꜙ 

 

2.3  FDTD ─  

≢│ FDTD ╩ ™√ ╩ ∆╢√╘─ ⇔≡⅔ↄ═⅝ ⌐

≈™≡ ∆╢ │ ⌐ 2 ≈№╡ ⸗♦ꜟ─☿ꜟ ≤ ☻♥♇ⱪ

⌐≈™≡≢№╢  

☿ꜟ │ ╩ ℮ ⌐⅔™≡ ⌂ ⅜ ╠╣╢╟℮ ⌐ ⇔≡

↕⌂ ╩ ∆╢ ⅜№╡ ↓╣│ ℮ ⌐╟∫≡╙ ∆╢ ⅜№╢ ⌐

⅜№╢ ≢│ ⌐╟╡ ≢│ ⅛↑ ─ ⅜ ↄ⌂

╢⅛╠≢№╢  

☻♥♇ⱪ │ ╩ ∆╢√╘─ ⅜ ∆╢[15] ↓╣│

Courant ─ ≤╟┌╣╢ ↓─≤⅝ ☻♥♇ⱪ ╩ ↕ↄ⇔≡╙
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─ ⅜ ≢⅝⌂™↓≤⅜ ╠╣≡™╢ ╕√ ☻♥♇ⱪ ⅜ ╩ ⅎ╢

≤ ⅜ ⌐⌂╢  

FDTD │ ⌐ ⇔√ ₁⌂ ╩ ≢⅝╢⅜ ≢ ⇔√

2.42 ⌐╟╡ ╩ ╘╢ ╩ ⌐ ⇔⌂↑╣┌⌂╠⌂™√╘

⌐│ ●►◦▪fiⱤꜟ☻╩ ™╢ ╕√ ⌐ ╩ ╗

│◖◘▬fiⱤꜟ☻─ ⅜ ≢№╢ FDTD │ ♄▬♫Ⱶ♇◒꜠fi☺⅜ ↄ ☿ꜟ

⅔╟┘⸗♦ꜟ─ ⌐╟∫≡ ∆╢⅜ ─ │ 120 dB ≢№╢

▪fi♥♫─ ─ ⌂≥ ⅜ ⇔⌂™ ╩ ↄ │ ╩ ∆╢

FDTD ╩ ∆╢. 

╕√│ ─ ≢│ Mur[16]№╢™│ Higdon[17]─ 1 №╢™│ 2 ─

╩ ∆╢↓≤≢ FDTD ─ ╩ ∆╢ ↓╣╠─

─ │ ≢№╡ ↄ─ FDTD ⌐⅔™≡ ⌂ ╩

∆╢  

⸗♦ꜟ╩ ╗ ⌐ ™ ─☿ꜟ ╩ ⇔√ ⸗♦ꜟ≤ ─

☿ꜟ ╩ ∆╢ ╕√ ⸗♦ꜟ≤ ─ ╩ ∆╢─⌐ ⌂ ☻♥

♇ⱪ ╩ ∆╢  

 

2.3.1  ☿ꜟ ─  

⇔™ ╩ ∆╢√╘⌐│ ☿ꜟ ╩ ⌐ ∆╢ ⅜№╢ ⌐

│ 1 ☿ꜟ─ ╩ ─ ─ ⌐∆╢ ⅜№╢≤™╦╣≡™╢ ╕

√ ♄כ꜠─ ╩ ⌐ ╘╢√╘⌐│ 1/20 ⌐ ╩ ∆╢

⅜№╢ ⌂ ⸗♦ꜟ≢│ 1 √╡ 4 ☿ꜟ≢╙ ™ↄ ⅜ ╠╣

╢ ⅜№╢ ☿ꜟ ╩ ⅝ↄ⇔√ ♫▬◐☻♩─ ─ ≢№╢l = 2Dx

⌐ ≠ↄ√╘⌐ ⅜ ∆╢  

 ⌐ ╩ ╗ ☿ꜟ ─ │ ─ ⌐╟∫≡ ╕╢√╘

─ ⅝™ ╩ ╪∞ ≢│☿ꜟ ⅜ ⅝ↄ⌂╢ ↓─╟℮⌂ ⌐

─ ⌐ ∫≡ ─☿ꜟ ╩ ∆╢≤ ⌐☿ꜟ ⅜ ⇔ ◖

☻♩⅜ ⇔≡⇔╕℮ ∕─√╘ ↓─╟℮⌂ ╩ ∆╢ │ ─

≢│ ↕™☿ꜟ╩ ≢│ ⅝™☿ꜟ╩ ™╢ ☿ꜟ─ ╛[18]-[19] ╕

♩כ◦│√ ─▬fiⱧכ♄fi☻[20]-[22]─ ⅜ ╕╣╢  

☿ꜟ ╩ ∆╢ ≢⅝╢∞↑ ⸗♦ꜟ─ ╩ ⌐ ⇔⌂↑╣┌⌂╠⌂™
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꞉▬ꜘכ ─ ™▪fi♥♫─ ꞉▬ꜘכ─ ↕╩ ─ 1/10 ⅛╠ 1/20 ⌐ ↕

ↄ∆╢≤ ▪fi♥♫─▬fiⱧכ♄fi☻⌐ ╩ ⅎ╢↓≤⅜ ↕╣╢ ╕√ ╩

∆ ⸗♦ꜟ ╩ ∆╢ ╩ ☿ꜟ╩ ™≡ ∆╢⅜ ↓─

│ ─ ⌐⌂╡╛∆™[23] ⌐╟╢ ─ ╩⌂ↄ∆√╘⌐

│☿ꜟ ╩ ⌐ ⇔≡ ⌐ ↕ↄ∆╢ ⅜№╢ №╢™│ ─ Yee ☿ꜟ

╩ ∆╢─≢│⌂ↄ ╩⸗♦ꜟ ∆╢√╘─◘Ⱪ☿ꜟ №╢™│ ⌂☿ꜟ ╩

∆╢  

 

2.3.2  ☻♥♇ⱪ  

 ∆╢☿ꜟ ⌐╟╡ ☻♥♇ⱪ D t ─ ⅜ ⅛╠ ↕╣╢ ∆═

≡─☿ꜟ ╩D u ≤⇔ d d = 1 2 3 ╩ ─ ⌐ ⇔≡ ⌐

⅔↑╢ ─ ╩ v≤∆╢ ≢│ v │ ⌐ ≤ │  

v t
u

d
D

D
¢  

2.51  

≤ ∑╢ ╕√ ─☿ꜟ ⅜ ≢⌂™ │ ⌐╟╡ ↕╣╢[13]  

( ) ( ) ( )

v t

x y z

D

D D D

¢

+ +

1

1 1 1
2 2 2

 2.52  

2.51 ╙⇔ↄ│ 2.52 ─ ⅛╠ ⅛╣╢ D t ╩ ∆╢↓≤≢ ⌂

⅜ ╠╣╢ ↄ─ ─ D t ╟╡ ↕™ ╩ ∫≡╙ ─ ⅝⌂

│ ╘⌂™↓≤⅜ ╠╣≡™╢   

 

2.4  CPML 

 FDTD │ ─ ╩ ≤⇔≡ ℮√╘ ⌂ ╩ ∂≡⇔╕℮ ∕─√

╘ ⌐│ ≢─ ╩ ∆╢√╘─ ╩ ∆╢ ∕─└≤≈⅜

CPML ≢№╢ CPML │ ⌐ ™╠╣╢ ─ Unsplit PML ╛ Uniaxial

PML ⌐ ═, ╟╡ ╩ ≢№╡ ⌂ ⅜ ≢№╢  

 CPML │ ⌐ ∆╢ CFS PML Complex Frequency Sift PML  ╩ ╖ ╖

⌐ ≠™≡ ∆╢ ≢№╢ ⇔√⅜∫≡ ≢│ ╘⌐ PML ─ ╩ ⇔

√ CFS ♥fi♁ꜟ⌐≈™≡ ═ ⌐ FDTD ⱪ꜡◓ꜝⱶ⌐⅔↑╢ CPML ─ ⌂

╩ ∆ ⌐≈™≡│ [25]╩ ≤⇔√  
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2.4.1  PML ─  

2.4.1.1   

 FDTD ≢│ ⌐ ─ ⌐╟╢ ╩ ⅎ╢√╘ ╩ ∆

╢ PML Perfect Matched Layer │ ─ ≈≢№╡ ⱷ⸗ꜞ ╩ ↄ ≤∆╢⅜

╩ ⅝ↄ ⅎ╢ ≤⇔≡ ╠╣≡™╢ PML ╩ ™√ ∕─ ─ ↕d ≤⇔√≤

⅝  w zyx ,, ⌐ ⌂ ⌐ q≢ PML ⌐ ∆╢ ⌐ ⇔≡ │

╩ ™≡ ↕╣ ≤⌂╢  

( ) qhsq cos2 dweR
-

=  

2.53  

↓↓≢ h⅔╟┘ ws  │w ⌐ ∆╢ ⌐ ∆╢PML ⌐⅔↑╢ ▬fiⱧכ♄fi☻⅔

╟┘ ≢№╢ FDTD ⌐⅔™≡ ( )qR │ ≢№╡ PML ╩ ∆╢PEC 

⌐╟╢ ⌂ ≢№╢ │ PML ☻♩꜠♇♅ PML ⅔╟┘

Uniaxial PML∆═≡⌐≈™≡ ≢№╢ ↓╣│ ─ ╩ ⇔≡™╢⅛╠≢№

╢.↓─ │ ws ≤d ⌐ ⇔≡ ⌐ ∆╢ ⇔⅛⇔ │ ( )qcosexp ≤≤

╙⌐ ⇔ ¯= 90q ─≤⅝ ≤⌂╢ ⇔√⅜∫≡ PML⌐ ⇔ ⅜ ⇔√

1=R  ≤⌂╡PML⌐╟╢ ─ ⅜ ≤⌂╢ ∕─√╘ ( )qR │ ⌂ ╡

↕ↄ⌂↑╣┌⌂╠⌂™ ↓╣│PML─ ╩ ↄ∆╢↓≤≢ ≢№╢ PML ─ ╩

ↄ∆╢ ⅜№╢ ws │ ⌂ ╡ ⅝ↄ⇔ ─ ╩ ⌐∆╢↓≤⅜ ╕⇔
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™  

2.4.1.1 : ⌐╟╢PML  

 

2.4.1.2   

 PML Ɽꜝⱷכ♃─  ⌂ ⌐ ⇔≡s ⅔╟┘ *s ⅜ ⌐ ☻

♥♇ⱪ≢№∫√≤⇔≡╙ ⌐ │PML ╩ ≢ ⇔℮╢ √∞⇔ FDTD 

╕√│ⱴ◒☻►▼ꜟ ─ ⌐⅔™≡ ◘fiⱪꜞfi◓⌐╟╢ ⅜

∆╢ FDTD ≢─s ⅔╟┘ *s ─ ─ ╩ ⇔√PML ─ │PML 

≢ ⌂ ╩ ∆╢  

 ↓─ ╩ ↕∑╢√╘ PML ⌐ ⌂ ⌐ ∆╢ ╩ ⇔≡™

╢[22] ∆╢ ╩ ∆╢≤ ☻♩꜠♇♅ ⅛╠ ╠⅛⌂╟℮⌐PML │

⇔≡™╢ ↓─ ⅎ⌐ ≠™≡ 0=x ╩ ≤∆╢ ↕d ─PML ⌐ ⇔≡ x ⅛╠

q≢ ∆╢ ⌐≈™≡ ∆╢ ∆╢PML ( )xxs ╩ ∆╢

≤ │ ─╟℮⌐№╠╦∑╢  

( )
( )dxx

d

x

eR
ñ

=
-

0

cos2 sqh

q  

2.54  
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   ( )xxs Uniaxial PML ⌐⅔↑╢ ( )xxk ─ ⌐≈™≡ ↕╕↨╕⌂ ⅜

╦╣≡™╢ ⇔√ │ x ⌐ ╕√│ ≢№╢[26]

│ ⌐  

( ) max,x

m

x
d

x
x ss ö

÷

õ
æ
ç

å
=  

2.55a  

( ) ( )
m

xx
d

x
x ö

÷

õ
æ
ç

å
-+= 11 max,kk  

2.55b  

0=x ─PML ⌐⅔™≡
xs  ╩0 ≤⇔ PEC ─ dx = ⌐⅔™≡

max,xs  ⌐⌂╢

╟℮⌐ ↕∑╢ Uniaxial PML ⌐≈™≡│
xk  │ 0=x  ≢1 ≢ dx = ≢ max,xk  ╕≢

∆╢ 2.55 ╩ 2.54 ⌐ ⇔≡  

( ) ( )1/cos2 max, +-
=

mdxeR
qhs

q  

2.56  

≤ ∆ ─d ⌐ ⇔≡ ≢│2 ≈─Ɽꜝⱷכ♃
max,xs ⅔╟┘m ╩ ⅎ╢

m ⅜ ⅝™≤ PML ≢│ ⌂ ( )xxs ─ ≤⌂╢⅜ PML ╩ ╗⌐≈╣≡

⌐ ( )xxs ⅜ ∆╢ ⇔√⅜∫≡ │ ₁⌐ ⇔ ⌐╟╢ ⌂

™ ⌐ 43 ¢¢ m ⅜FDTD◦Ⱶꜙ꜠כ◦ꜛfi⌐≤∫≡ ≢№╢↓≤⅜╦⅛∫≡™╢

[26],[27],[28],[29]  

 ⌐≤∫≡ PML Ɽꜝⱷכ♃│ ╩ ⌐ ⅎ╢↓≤≢ ∟⌐ ↕╣╢

ⅎ┌ m d  ⅔╟┘ ─ ( )qR ⅜ ≢№╢≤∆╢ ∕─≤⅝ 2.59 ⅛╠
max,xs

│ ─╟℮⌐ ⅛╣╢  

( ) ( )
d

Rm
x

h
s

2

0ln1
max,

+
=

 

2.57  

 

 PML ─ ╩ ─╟℮⌐ ∆╢[27]  

( ) 0,

/

x

x

x gx ss D=  

2.58a  
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( ) D= //

max,

xdx

xx gx kk  

2.58b  

√∞⇔  
0,xs  │ ⌐⅔↑╢PML g │ D│☿ꜟ ≢№╢ PML 

│
0,xs  ⅛╠

0,

/

x

dg sD  ╕≢ ∆╢ 2.58 ╩ 2.54 ⌐ ⇔≡ ╩ ╢  

( ) ( ) gg d
xeR

ln/cos12 /
0, qhs

q
-D- D

=  

2.59  

 d  ⅜ ─≤⅝ │2  ≈─Ɽꜝⱷכ♃ g  ≤
0,xs  ╩ ∆╢  

0,xs  │

╩ ∆╢√╘ ↕⌂ ≤⇔ 1>g  ─≤⅝PML ─ │ ∆╢ g ⅜

⅝™≤⅝ 0=x  ─ ─ │ ≢ ╒≥ ≤⌂╢ dg, ⅔╟┘ ( )0R ╩

╙∫≡ ∆╢─≢  

( )
( )12

ln0ln
/0,
-

=
Ddx

g

gR

h
s

 

2.60  

⌐ 32 ¢¢ g ≤∆╢─⅜ ╒≤╪≥─FDTD ◦Ⱶꜙ꜠כ◦ꜛfi⌐≤∫≡ ≢№╢  

 

  ⌂PML ╩ ∆╢√╘⌐│ ( )0R ≤ ─

╩ ⇔⌂↑╣┌⌂╠⌂™ ⅎ┌ 2.57 │ ( )0R ≤m ⌐ ⇔≡ ╩

∆╢
max,xs ╩ ⅎ╢  

max,xs  ⅜ ↕™≤ PML ⅛╠─ ⌂ │PEC ≢─

≤⌂╢ 2.54 │ ⌐ ∆╢ ╡ ⅝⌂
max,xs ╩ ™╢ ⇔⅛⇔  

max,xs  

⅜ ⅝∆⅞╢≤FDTD ⌐╟╢ ⅜ ≢⅝⌂ↄ⌂╡ ─ │

2.54 ╟╡╙ ⅝ↄ⌂╢ ⅜№╢ PEC ⅛╠─ ≤ ─Ᵽꜝfi

☻╩≤╢
max,xs  ─ ⅜ ∆╢  

 │ 0=x  ─PML ≢ ∆╢≤ ⌐ ─ ⅜ ╠⅛≢№╢≤Berenger 

⅜ ═≡™╢[26],[27] PML ╩ ⇔ ↕╣╢ ◄Ⱡꜟ◑כ│ ─ ≢ ↕

╣ │ ⌂™ 0=x  ⌐⅔↑╢ ╩ ∆╢↓≤⅜ ╕⇔™ ⇔√╟

℮⌐ ≈─ │ 0=x ≢PML ─ ╩ ⌐∆╢↓≤≢№╢ √∞⇔ ↕≤≤╙

⌐ ⅜ ⌐ ∆╢≤ PML ⅛╠─ │ ≢⅝⌂™  

 ⅛╠ ↄ─ ⌐ ⇔≡10 ☿ꜟPML ≢│ ≢ ( ) 160 -= eR 5 ☿ꜟ

PML ≢│ ( ) 80 -= eR  ⅜ ≢№╢ 2.57 ⅛╠ ⌐ ∆╢
max,xs  ─

│  

( )

effreffr

optx

m

,.0

,

18.0

meh
s

D

+
=  

2.61  

√∞⇔  
oh  │ ≢─ ▬fiⱧכ♄fi☻ D│ ─☿ꜟ  

effr ,e  ⅔╟

┘
effr ,h │ ⅔╟┘ ╩№╠╦∆ ≢№╢ ⅔╟┘
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⌐ ⇔≡
effr ,e ⅔╟┘

effr ,h │ Ɽꜝⱷכ♃─ ╕√│PML ⌐ ∆╢≤ ↕

╣╢ ─♪כ⸗ ⌂≥⅛╠ ↕╣╢ ↓─╟℮⌐ ↕╣√
optx.s  │ ↄ─

⌐ ⇔≡ ≢№╢  

 

2.4.2  ◦ⱨ♩♥fi♁ꜟ 

2.4.2.1  ≤  

 ─PML─ ⌐⅔™≡ PML ⌐╒╓ ⌐ ∆╢ ─ ⌐≈™≡

⇔√ ⇔⅛⇔ FDTD ⌐⅔™≡PML ╩ ∆╢ PML ⌐ ⇔≡

╒╓ ⌐ ∆╢ ≢│ ⌂ ⅜ ∆╢↓≤⌐ ⇔⌂↑╣┌⌂╠

⌂™ ⅎ┌ ⌐ ™ ╩PML ≢ ∆╢≤⅝⌐ ↓─╟℮⌂ ╩ ⇔⌂↑

╣┌⌂╠⌂™ ↕╠⌐ ⅜ ≢№╢╟℮⌂ ⌂PML ⌐╟╢ ⅜

↓╡℮╢ ∕─ ─ ≤⇔≡ ─ ⅔╟┘ №╢™│▪fi♥♫

⌂≥ ─ ⅜PML ⌐ ⇔≡™╢ ⌐ ∆╢  

 PML ⅛╠ ⌐ ∆╢ zTE  ⌐╟╢ ⌐≈™≡ ∆╢

│ ─≤⅔╡ ↄ↓≤⅜≢⅝╢  

( ) ( )

( ) ( )0/01

0/01

*

*

0

xx

xx

ss

ss

+

-
=g  

2.62  

⌐≈™≡│ ⅛╠ ↄ  

 

 Uniaxial PML ⌐⅔↑╢ ⱴ◒☻►▼ꜟ │  

EsjH
$C$C

we=³Ð  
2.63a  

HsjE
$C$C

wm-=³Ð  

2.63b  

≤ ⅛╣╢ s │ ♥fi♁ꜟ≢№╡ ≢ ↕╣╢  

ù
ù
ù
ù
ù
ù
ù

ú

ø

é
é
é
é
é
é
é

ê

è

=

ù
ù
ù

ú

ø

é
é
é

ê

è

ù
ù
ù

ú

ø

é
é
é

ê

è

ù
ù
ù

ú

ø

é
é
é

ê

è

=
-

-

-

z

yx

y

zx

x

zy

z

z

z

y

y

y

x

x

x

S

SS

S

SS

S

SS

S

S

S

S

S

S

S

S

S

S

00

00

00

00

00

00

00

00

00

00

00

00

1

1

1

 

2.64  

─ ≢№╢ k ╩ ⇔≡ s ─ │ ≢ ⅎ╠╣╢  
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we

s
k

j
s x

xx +=  

2.65a

 

 

we

s
k

j
s

y

yy +=  

2.65

b  

 

we

s
k

j
s z

zz +=  

2.65c

 

 

2.64 ─♥fi♁ꜟ≢ FDTD ─ PML ╩ ∆╢↓≤⅜≢⅝╢  

 ↓─≤⅝ Uniaxial PML ⌐⅔↑╢ │ ≢№╢≤ ⇔≡╢─≢ 2.65a ≢™℮≤,

( )zy,ee = ≢ ↔≤⌐ ≢№╢ ↓─╟℮⌐ │ ⌐ ⇔

─ ⌐╟╡ ─●►☻ ⌐╟╡ ↕╣ ↓─ │ ⌂ ≤⌂

╢  

( ) ( ) ( ) ( ) 01 =
µ

µ
+

µ

µ
+

µ

µ
=ÖÐ=ÖÐ -

zxyxxx Es
z

Es
y

Es
x

EsD eeee
CC

 
2.64  

↓╣╩ ↑╢√╘ xs  │ y ≤ z ⌐ ≢⌂↑╣┌⌂╠⌂™ es /x ⅜ ─≤⅝─╖

↕╣╢ ( ) ( )zyzyx ,/, es ⅜ ⌐⌂╢╟℮⌐ ╩ ⌐∆╢↓≤≢ ↕╣╢  xs

╩ ≢ ∆╢─⅜ ⌂ ≢№╡ 2.65a ╩ ─≤⅔╡ ⅝ ⅎ╢  

0we

s
k

j
s x

xx

¡

+=  

2.65a

 

 

√∞⇔  
0e │ ─ ≢№╢ ¡

xs │ ─ y ⅔╟┘ z ⌐ ⇔≡

≢№╢⅜ ─ x ⌐ ⇔≡ ∆╢ ↓↓≢ Uniaxial PML ≢●►☻ ⅜ ↕╣

╡ ™ ™ ≤⌂╢ ↕╠⌐ Uniaxial PML ─ ⌐ ⌂ ≤⌂╢

[24],[29],[30],[31]-[36]  

 ↓─ 2.65a ≢ ↕╣≡™╢ ♥fi♁ꜟ
xs ⅔╟┘ ♥fi♁ꜟ *

xs ╩ ⇔

≡ 2.62 ≢ ⇔≡™╢  

 

☻♩꜠♇♅ │ 2.55 ⅛╠ ⌐ ↕╣≡™╢≤ ⇔≡™╢ ↓─≤⅝

PML 

⌐⅔™≡ ( ) 10 =xs  ≢№╢ ⌐⅔™≡ ♥fi♁ꜟ⅔╟┘ ♥fi

♁ꜟ⅜2 ─1 ☿ꜟ↔≤⌐ ⌐ ↕╣╢ ≢№╢↓≤⅛╠ ♥fi♁ꜟ

│PML ⅛╠2 ─1 ☿ꜟ∞↑ ⌐⅔™≡0 ≢│⌂™ ∆⌂╦∟  
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( )

( )2/1

2/1
0

xx

xx

s

s

D+

D-
=g  

2.66  

√∞⇔
xD │FDTD ☿ꜟ ≢№╢ 2.65a ⌐ ↕╣≡™╢

xs ─ ⅛╠

2.66 │ ─╟℮⌐ ⅝ ⅎ╠╣╢  

( )

( )

( )

( ) wesw

wesw

wes

wes
g

+D-

-D-
=

+D+

-D+
=

0

0

0

0

0

/2/

/2/

1/2/1

1/2/1

xx

xx

xx

xx

j

j

j

j
 

2.67  

√∞⇔ ─√╘ ( ) 12/ =D xxk  ≤⇔≡™╢ ( ) 0/2/ esw xx D>> ⌐⅔™≡

00 =g  ≢№╢ ( ) 0/2/ esw xx D<< ≢│ 10 =g  ≢№╢ PML ≤

™ ⌐╦√∫≡ ⇔⌂⅜╠ ╝∫ↄ╡≤ ∆╢ ╕√│ ⌐╟╡ ⅝⌂

⅜ ∂╢[27],[37]  

 ⌐⅔↑╢ ⅝⌂ ≤ ⌐⅔↑╢ ↕⌂ ─ ≤⌂╢ │ 2.67

⅛╠ ─≤⅔╡ ↕╣╢[38]  

( )2/108.1

11
10

xxc

c
f

t
D³

==
s

 
2.68  

↓─ ⌐ ⅝⌂ ⅜ ∆╢↓≤╩ Berenger ⅜ ⌐╟╡ ⇔≡™

╢[26] ╘ ╛╝∫ↄ╡≤ ∆╢ ⌂≥ ⌐PML ≤ ⌐╦√∫≡

∆╢╟℮⌂ ⌐ ⇔≡PML ≢│ ⌂ ⅜ ╠╣⌂™  

 ( )2/xx Ds ╩ ↕∑╢╕√│ ╩ ∆╢↓≤≢ PML ⅛╠─

─ ╩ ↕∑╢↓≤│ ≢№╢ ⇔⅛⇔ ∕─╟℮⌂ ≢│ ( )qR ⅜ ∆╢ №

╢™│ ⌐ ⌂ ⅜☻כ♁ꜞ ∆╢↓≤⌐⌂╢ ⅔╟┘ ⌂

╩℮╕ↄ ⇔⌂↑╣┌⌂╠⌂™  

 

2.4.2.2  №╢™│ ⌐⅔↑╢ ╩ ↕∑╢√╘─

 

 ⌐⅔™≡ ⅜ ⅝⌂ ≤⌂╢ │ ♥fi♁ꜟ xs  ⅜♀꜡ ≢ⱳכ

ꜟ№╢™│ ≤⌂╢√╘≢№╢ ∆⌂╦∟ 0­w ─≤⅝ ¤-­ jsx
≢№╢ ⇔⅛⇔

⅛╠ ⌐ⱳכꜟ╩∏╠∆↓≤⌐╟∫≡ ↓─ ╩ ∆╢↓≤⅜≢⅝╢ ↓

─ ≢ ♥fi♁ꜟ xs  ╩ ─≤⅔╡ ⅎ╢[39],[40]  

0we

s
k

ja
s

x

x
xx

+
+=  

2.69
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↓─ │ ◦ⱨ♩ CFS ♥fi♁ꜟ ≤ ┌╣≡™╢[30],[39],[41] ↓↓≢ ,1²xk  

,0²xs  0²xa  ⅛≈∆═≡ ≢№╢≤ ∆╢≤ 4.17 ≢ ⅎ╠╣╢
xs │ ╩

⇔ ∕─ │ ≢№╢[ 1]  

 

 2.62 ╩ ⇔≡CFS-PML ♥fi♁ꜟ⅛╠ ╩ ∆╢ ↓─
xs  │

≢ ↕╣ ( ) ,00 =xs   ( ) 10 =xk , 0¸xa ⌂╠┌ ( ) 10 =xs  ≢№╢ ♥fi♁ꜟ *

xs

│ 2/xD  ⌐⅔™≡0 ≢│⌂™ ╩ ≈ │ ⌐ ≢ ⅎ╠╣╢  

( )
( )

( )
( )

1
2/

2/
1

1
2/

2/
1

0

0

+
+D

D
+

-
+D

D
+

=

we

s

we

s

g

ja

ja

xx

xx

xx

xx

CFS

 

2.70  

─√╘ ( ) 12/ =D xxk ≤ ∆╢ ( ) 0/2/ ew xxa D>>  ⅔╟┘

( ) 0/2/ esw xx D>> ⌐⅔™≡ 0­CFSg   ≤⌂╢↓≤⅜ ⅛╢

( ) 0/2/ ew xxa D<<  ⌐⅔™≡ ≤⌂╢  

( )
( )

( )
( )

1
2/

2/
1

1
2/

2/
1

| lim

+
D

D
+

-
D

D
+

=-

xx

xx

xx

xx

itflowCFS

a

a

s

s

g  

2.71  

↓↓≢  ( ) ( ) 1/2///2/ 00 <<DD ees xxxx a  ╩ ∆╢≤ 2.70 │ ≤⌂╢  

( )
( )2/4

2/
| lim

xx

xx
itflowCFS

a D

D
=-

s
g  

2.72  

2.67 ≤ 2.72 ╩ ⇔≡ CFS ♥fi♁ꜟ │ ⌐⅔↑╢PML 

⅛╠─ ╩⅛⌂╡ ≢⅝╢≤ ∟⌐ ⅛╢ CFS PML ⌐ ∆╢

⌐ ∆╢ ⌂ ⌐≈™≡│ [42]╩ ∆╢↓≤  

 CFS PML ─ ╩ ⌐ ∆╢√╘ ↓─ ╩ ∆╢ ─ ⌐≈™≡

∆╢ │ inc

x

inc

x

inc

x jbag += ╩ ∆╢ √∞⇔
inc

xa │ ≢№╢

[25] ≤ ∂ ⌐╟╡ │ ≤ ⌂ ⌐ ⇔≡

( )xsx

inc

xg-exp ≢ ↕╣╢ ╩ ⇔≡™╢ 2.69 ─CFS ♥fi♁ꜟ │

─╟℮⌐ ∆╢↓≤⅜≢⅝╢  
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j
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j
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xinc
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x
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x
x
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x
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å

+
+

+
++-ö

ö
÷

õ
æ
æ
ç

å

+
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s
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2.73  

 

 2.73 ⅛╠ ↄ─↓≤⅜ ⅛╢ ⌐
xk │ ─CFS PML ⌐⅔↑╢

inc

xa ╩ ∆╢ ⌐
0/ew xa>> ─ ⌐⅔™≡ CFS PML │ ─PML ≤ ⌂

╩ ∆╢ ⇔⅛⇔
0/ew xa<< ─ ≢│ CFS PML ─

xs  ⅜ ─

⌐ ⇔⌂™↓≤⅜ ⅛╢ ⅜ ⇔⌂™ ( )0=inc

xa ≢ ∆╢≤ CFS PML 

│ ≢ ╩ ↕∑╢↓≤│⌂™ CFS PML ─ │ ─╟℮⌐

╙╢↓≤⅜≢⅝╢  

02/ pexa af =  2.74  

aff << ⌂╠┌ │PML ⌐╟╢ ╩ ↑∏ ⌐ ∆╢ ─╖⅜ ↕╣

╢ ⌐ aff >> ⌂╠┌ PML │ ╩ ⌐ ↕∑╢  

 ≤⇔≡ CFS PML │ ≢ ╩⅛⌂╡ ↕∑╢↓≤⅜ ≢№╢⅜

─PML ≢│ ↄ ↕∑╢↓≤│⌂™ ⌐╙ ↓─ │ xa ╩ ⇔≡

∆╢↓≤⅜≢⅝╢ 2.70 ⅔╟┘ 2.72 ⅛╠ ↕╣╢╟℮⌐ xa  │PML 

≢ ⌐ ⅝⌂ ≤∆═⅝≢№╢ ∕─ │  ( ) ( ) 1/2///2/ 00 <<DD ees xxxx a  ─

≤⅝ ⅜ ⌐⌂╢⅛╠≢№╢ PML ≢│ xa ╩ ₁⌐ ↕⌂ ≤⇔≡ PML 

╩ ∆╢ ─ ☻Ɑ◒♩ꜟ⅜ ⌐ ↕╣╢╟℮⌐∆╢ ⇔√⅜∫≡

( )xax
│PML ⌐⅔™≡ ≤⇔ PML ⌐ ╗╒≥♀꜡⌐ ≠ↄ ↓─ ╩

∆╢√╘ ( )xax
⌐ ↕╣╢ │ ≤⌂╢  

( )( )

í
ì
ë -
=

0

/max,
am

x
x

dxda
a  

otherwise

dx ¢¢0
 

2.75  

√∞⇔ PML │ 0=x ⌐№╢≤∆╢ ╕√ am  │═⅝ d │PML ─ ↕≢№

╢  

 

2.4.3  FDTD ⱪ꜡◓ꜝⱶ⌐⅔↑╢ CPML ─ ⌂  

 ⌂Uniaxial PML│ⱪ꜡◓ꜝⱶ ⌐╟∫≡ ↄ ↕╣ ─ FDTD ♁ⱨ♩
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─FDTD▪ꜟ◗ꜞ☼ⱶ─
xE  ─ ,

xH ─ ╩∕╣∙╣ ⌐ ∆ [25] 
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3.42 ≤
xE  ─ 2.89 , 3.43 ≤

xH ─ 2.91 ╩∕╣∙╣

∆╢↓≤≢ ╖ ╖ ≤ Ɽꜝⱷכ♃─ ╩ ↑┌ CPML │ ─FDTD ▪ꜟ

◗ꜞ☼ⱶ≤ ≢№╢↓≤⅜ ⅛╢ Ɽꜝⱷכ♃
yk ⅔╟┘

zk │PML ─ ╩

⌐ ⇔ ≤ ⇔≡™╢↓≤⅛╠ ⌐☻♩꜠♇♅ ≤ ∂≢№╢

╖ ╖ ─ │ ⌐ ⇔√ ⅜ ∆╢ ≤╖⌂∆↓≤⅜≢⅝╢ ∕╣⌐╟╢

│PML ⌐ ∆╢─≢│⌂ↄ PML ╩ ⇔≡ ∆╢ ╩ ∟ ∆ ⅝

╩ ≈  

 

 

 

 

 



 41 

2.5  ╗∆┘ 

≢│ FDTD ⌐≈™≡ ⇔√ FDTD │ ≤ ╩

∆╢↓≤≢ ⌐⅔↑╢ ─┤╢╕™╩ ╘╢ ≢№╢ FDTD ─

☿ꜟ ⅔╟┘ ☻♥♇ⱪ ─ CPML ⌐

≈™≡ ═√  
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3  

 

FDTD  

 

3.1 ╕ⅎ⅜⅝ 

 ≢│ ─ ≈≢№╢ FDTD ⌐≈™≡ ∕─

╩ ═√ ↓─ ≢│ FDTD ╩ ─ ╩ ⌐ ⇔≡ ∆╢

⌐≈™≡─ ╩ ═╢  

FDTD │ ≤∆╢ ╩ Yee ☿ꜟ≤ ┌╣╢ ⌂ ⌐ ⇔ ⌂

⌐⅔↑╢ ☿ꜟ─ ╩ ╡ ⇔ ∆╢↓≤⌐╟╡ ╩ ╘╢

≢№╢ ↓─╟℮⌐ ⌂▪ꜟ◗ꜞ☼ⱶ≢№╢√╘ ─ ⌐ ═

⌐ ╛ ⌂≥╩ ↄ ╗╟℮⌂ ⌐⅔™≡╙ ™ ╩ ∫√╕╕

╩ ╘╢↓≤⅜ ⌂ ≢№╢ ⌐ ─╟℮⌂ ™ ─ ╩ ה

∆╢ ╩ ╪∞ ╩ ⌐ ╡ ⅎ╢[44]  

 ⇔⅛⇔ ╛ ≤™∫√ ╩ ≤⇔√ FDTD ╩ ℮ ☿

ꜟ ⅜ ⇔ ─ ⌐ ⌂ ⅜ ≤⌂╢√╘ ה ⌐

⌂ ╩ ∆╢ ⅜№╢[45] ∕↓≢ ─ ⌐╟╡ ╠╣√

≢ ╩ ∆╢ ╩ ∆╢ ↓─ ⌐│ ⌐ ↔≤─ ╩

╖ ╡╩ ╡ ∆ ⅜№╢⅜ ↓─ ≢│ ♃כ♦⌂ ─ ⅜

⅝ↄ ∆╢√╘ ⌐ ∆╢─│ ≢№╢ ↓─ ⌐ ⇔ ◖fiⱧꜙכ♥

▫fi◓─ ≢№╢ MPI Message Passing Interface ꜝ▬Ⱪꜝꜞ╩ ™√ ⱪ꜡◓

ꜝⱵfi◓ ╩ ⇔ ─ ⱡכ♪╩ ™√ FDTD ╩ ℮[46]

⸗♦ꜟ╩ ≢ ⇔ ⱡכ♪ ⌐ ╩ ⅛≈ ⌐ ╩ ℮↓

≤≢ ה ⌐ ╩ ╢↓≤⅜≢⅝ ─№╢ ⅜ ≤⌂╢[47]  
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♃כꜙfiⱧ◖כⱤכ☻ 3.2  

 │ ◖fiⱧꜙכ♃◦☻♥ⱶ─ ≢╙ ⌐ ≢ HPC High Performance 

Computing ≤ ┌╣╢ ⌂ ╩ ℮√╘⌐ ↕╣√◖fiⱧꜙכ♃─ ≢№╢

⌂ ≤ ⇔≡ ™☻Ɑ♇◒╩ ≈ ─↓≤╩ ∆ ↕╣≡™╢

⌂ │ CPU ╩ ⅛╠ ⇔ ╙ ⅛╠ GB

╕√Ɫכ♪♦▫☻◒ ⌐≈™≡│ TB ╢™≡∫⌂≥כ♄כ○─ ╕√ ─

╩ ≤⇔√ ≤⇔≡ ↕╣≡™╢↓≤⅜ ™ │ⱷ⸗ꜞ

─ ⌐╟∫≡ ⅝ↄ ─ ⌐ ≢⅝ ⱷ⸗ꜞ ≤ ⱷ⸗ꜞ ⅜ ∆╢  

⌐∕╣∙╣─ ⌐≈™≡ ═╢  

 

3.2.1 ⱷ⸗ꜞ  

ⱷ⸗ꜞ │ꜗ♅◒♥◐כ▪─ 3.2.1.1 ⌐ ∆╟℮⌐ ─ CPU ⅜ ─

ⱷ⸗ꜞ╩ ∆╢ ≤⌂╢ ⱷ⸗ꜞ │ CPU ≢ ╩ ≤⇔⌂

™√╘ ≢ ∆╢ ⱷ⸗ꜞ ≤ ⇔≡ ⅜ ™↓≤⅜ ≢

№╢ ╕√ ⱪ꜡◓ꜝⱶ╩ ⌐◙כꜚ╢∆ ⇔ ◖fiⱤ▬ꜝ⌂≥─

⅜ꜟכ♠ ↕╣≡™╢√╘ ⱪ꜡◓ꜝⱶ─ ⅜ ≢№╢≤™∫√

╙№╢  

 

 

3.2.1.1 ⱷ⸗ꜞ ─  

 

3.2.2 ⱷ⸗ꜞ  

 ⱷ⸗ꜞ │ꜗ♅◒♥◐כ▪─ ⱷ⸗ꜞ ≤ ⌂╡ CPU ⌐

─ⱷ⸗ꜞ⅜ ∆╢ ─ ╩ 3.2.2.1 ⌐ ∆  

CPU ≤ ─ⱷ⸗ꜞ─╕≤╕╡╩ⱡכ♪≤ ┘ ⱡכ♪⌐ ⇔≡ ╩ ∆╢↓≤

≢ ─ ╩ ∆╢ √∞⇔ ⱡכ♪≢ ⅜♃כ♦√╣↕ ─ⱡכ♪≢ ≤

⌂╢≤⅝│ ╩ ℮ ⅜№╡ ↓─≤⅝ ⅜ ∂≡⇔╕℮√╘

│ ⱷ⸗ꜞ ⌐ ═ ↄ⌂╢ ⅜№╢ │ ⱷ♇☿כ☺ ─ꜝ▬

Ⱪꜝꜞ MPI ╩ⱪ꜡◓ꜝⱵfi◓⇔ ∆╢↓≤≢ ≤⌂╢  

CPU0 CPU1 CPU2 CPU3CPU0 CPU1 CPU2 CPU3CPU0 CPU1 CPU2 CPU3
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3.2.2.1 ⱷ⸗ꜞ ─  

 

ⱷ⸗ꜞ ⅔╟┘ ⱷ⸗ꜞ ⌐≈™≡ ╩ ℮ ─ ⌂ ╣⌐≈™

≡ 3.2.2.2 ⌐ ∆ ↓↓≢│ ⌐ 2 ≈─ ╩ ∆╢ ╩ ∆╢ ╕√

⇔√ ╩ ⱷ⸗ꜞ ≢│ CPU0 CPU1 ≤ ⇔ ⱷ⸗ꜞ ≢│ Node #0 Node 

#1 ≤ ∆╢ ⱷ⸗ꜞ ≢│ CPU0 ≢ ⅜ ╦╣√ ⅜ ⌂

⌐ ∆╢≤ CPU1 ⌐☻꜠♇♪⅜ ↕╣ 2 ≈─ CPU ≢ ⅜ ╦╣╢

⅜ ╦╢≤☻꜠♇♪│ ⌐ ⇔ √⌐ ⅜ ╣╢≤ ↕╣╢≤

™℮╟℮⌐ ⌂ ─ ─╖ ⅜ ↕╣╢ ⱷ⸗ꜞ ⌐⅔↑╢

│ ≤ ⅜ ╩ ─ ─ⱡכ♪≢ ⇔ MPI ꜝ▬

Ⱪꜝꜞ⌐╟∫≡ⱡכ♪ ─♃כ♦─≢ ╩ ╡ ⇔⌂⅜╠ⱪ꜡☿☻╩ ⇔≡™ↄ   

 

 

3.2.2.2 ─ⱨ꜡כ ⱷ⸗ꜞ ≤ ⱷ⸗ꜞ  

 

 

 

CPU0 CPU1 CPU2 CPU3

Interconnection Network

Node0 Node1 Node2 Node3

CPU0 CPU1 CPU2 CPU3

Interconnection Network

CPU0 CPU1 CPU2 CPU3

Interconnection Network

CPU0 CPU1 CPU2 CPU3CPU0 CPU1 CPU2 CPU3

Interconnection NetworkInterconnection Network

Node0 Node1 Node2 Node3

Node0 NodeCPU0 CPU Node0 NodeNode0 NodeCPU0 CPUCPU0 CPUCPU0 CPUCPU0 CPU
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3.2.3 HITACHI SR16000/M1 

 ─ ≤⇔≡ PC ◒ꜝ☻♃⅜№→╠╣╢ PC ◒ꜝ☻♃│ ─ PC/WS

╩Ⱡ♇♩꞉כ◒≢ ∆╢↓≤⌐╟╡ ↕╣ ⱷ⸗ꜞ ⌐ꜗ♅◒♥◐כ▪ ↕╣

╢   

 

 

 

3.2.3.1 ─ ⌐ ™√ HITACHI SR16000/M1  

 

 3.2.3.1 ⌐ ⌐ ⇔√ ╩ ∆ │ 32 ─ CPU ≤ 1

─ⱷ⸗ꜞ≢ ↕╣╢ⱡכ♪─ ≢№╢ ⱡכ♪⅜ ≢ 128 №╡ ∕─ ₁⅜

⌂ Ⱡ♇♩꞉כ◒⌐╟╡ ↕╣≡™╢ ⱡכ♪ │ 32CPU ⅜ⱷ⸗ꜞ╩ ∆╢

ⱷ⸗ꜞ ⱡכ♪ │ ⱷ⸗ꜞ ≢ ↕╣≡⅔╡ MPI ⅜⌂↕╣≡

™⌂™ ⱪ꜡◓ꜝⱶ│ 1 ⱡכ♪ 32CPU ≢ ↕╣╢ 32CPU ╩ ∫√ⱡכ♪

│ ◖fiⱤ▬ꜝ⅜ ™ MPI ≢ ↕╣√ ⱪ꜡◓ꜝⱶ│ ⱡכ♪╩ ∫√

ⱡכ♪ ╩ ⌐∆╢  

 ╕√ CPU │ IBM 3.83 GHz POWER7 ⱪ꜡☿♇◘⅜ ↕╣≡⅔╡ │

1 ⱡכ♪№√╡ 100 GB ≤⌂∫≡™╢ ⱡכ♪╩ ⇔√ │ 5.4 Tflops

│ 16.6 TB ≢№╢ MPI ─☿♇♥▫fi◓ ≢ ⱡכ♪ ╩ MPI ↕ⅎ╢↓≤

╛◖fiⱤ▬ꜝ⌐╟╢ ⌐╟╡ ↕∑╢↓≤⅜ ≢№╢ MPI ⱪ꜡◓ꜝⱶ⌐⅔↑

╢ⱡכ♪ ─ │ SR16000 ─ Ⱡ♇♩꞉כ◒ 24 GB/s ╩ ∆╢ ╕

√ ♃כ♦ ╖ ╖⅜ ⌂◐ꜗ♇◦ꜙ│ L1 L2 L3 ≤ 3 ⌐ ↑≡ ↕╣≡

™╢ ≡─◐ꜗ♇◦ꜙ╩ ≤∆╢↓≤≢ ─ ╩ ╢  

  



 47 

3.3  

3.3.1 ─√╘─ FDTD ⱪ꜡◓ꜝⱶ─  

 ≢ ╩ ⇔√ ⱷ⸗ꜞ ⌐╟╢ ≢│ ⱡכ♪ ♃כ♦─≢

⅜ ↄ⌂╢√╘ ≥♪♇ⱫכⱣכ○ ┌╣╢ ⅜ ⇔ ─

≤⌂╢ ↓─↓≤⅛╠ ⱡכ♪ ─ ♃כ♦ ⅔╟┘ │ ⌂ ╡

≤∆╢↓≤⅜ ╕⇔™ ⅎ≡ ─ ─√╘⌐│ ⱡכ♪ ─ ⅜

⌐⌂╢╟℮ ⌂ ╩ ℮ ╩ ⱪ꜡◓ꜝⱶ⌐ ╖ ╗ ⅜№╢ [48]  

 

3.3.2 ─  

 3.3.2.1 ⌐ ∆╟℮⌐ ╩ ⇔√ FDTD ≢│ ╩ ─

⌐ ⇔ ≢─ ╩ⱡכ♪ ⌐ ↕∑≡ ╩ ∆╢ 2 ≢ ⇔√

╟℮⌐ FDTD ⌐⅔↑╢ ☿ꜟ─ │ 3.3.2.2 ⌐ ∆╟℮ ∆╢ ─ 1

─⧵┘╟⅔♃כ♦─ ⌐ ⇔√ ─ ⅛╠ ↕╣╢ ∕─√╘ ╩

℮ ⅜ ⇔≡™╢ⱡכ♪─ ⇔≡™╢ ─ ─ ≢№∫√ ⌐

│ ⱡכ♪⅜ ∆╢ ⅜♃כ♦─ ≤⌂╢   

 

 

3.3.2.1 ⌐ ℮ⱡכ♪ ─  
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CPU CPU CPU CPU
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CPU

Interconnection Network
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Memory

Local

Memory

CPU CPU CPU CPU

Local

Memory

CPU

Interconnection Network
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3.3.2.2 ☿ꜟ ≢─ ≤ ─  

 

─♃כ♦─≢ 3.3.3  

FDTD ⌐⅔↑╢ ╩ ≤⇔√ ⱷ⸗ꜞ │ ─

⅜ ≢№╢ 3.3.3.1 ⌐ ⱷ⸗ꜞ ─√╘─ ╩ ∆

≢│ x y z ─ 3 ╩ ≤∆╢ 3 ╩ ⇔√ ⌐⅔↑╢ ─ ╩

⇔≡™╢ ⌐ ∆ 3 ╩ z ⌐ 3 ≈⌐ ⌐ ⇔√

╩ ⱡכ♪⌐ ╡ ↑≡ ∆╢ ≢│∕─ ╩ ⇔≡™╢ ⌂⅔

FDTD ⌐⅔↑╢ ≢│ ∆╢ ─♃כ♦≢ ╩ ╦⌂↑╣┌⌂╠

⌂™↓≤╛ ▪ꜟ◗ꜞ☼ⱶ─ ⅛╠ ≢ ∆╢ ╩ ∆╢ ⅜№

╢ ∕─ ⌐≈™≡ ⌐ ∆ │ ⌐ 1 ☿ꜟ≢╟™  
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3.3.3.1 ─  

 

 3.3.3.1 ≤ 3.3.3.2 ⌐ ╩ ℮ ─ ─ ≤ ⇔√ⱡכ♪ ≢─

♃כ♦ ─ ╩∕╣∙╣ ∆ z ─ ─ ─☿ꜟ ╩ Kz ≤∆╢≤ Kz-1

≤ Kz ─☿ꜟ ╩ ≤∆╢ Node #0 ─ Kz-1 ≤ Kz ─☿ꜟ⅔╟┘

Node #1 ─ 001 ≤ 002 ─☿ꜟ⅜ ≤⌂╢ ⌂╢ⱡכ♪ Node #0 ≤ Node #1 ⅜

─ ╩ ℮ ≢│ 3.3.3.2 ─╟℮⌐ Node #0 ⅛╠│ Node #1 ⌐ ⇔

≡ ⅜♃כ♦─ Node #1 ⅛╠│ Node #0 ⌐ ⇔≡ ╣∙╣⧵⅜♃כ♦ ↕╣╢  

 

 

─♃כ♦╢↑⅔⌐ 3.3.3.2  

3

x

z

y

33

x

z

y

x

z

y

1 Kz-1 Kz

1 Ke-1 KeKzKz-1

Node0

Node1

Node1 Node0

Node0 Node1

H

Ke-Kz001 002

Kz-1 Kz Ke

1 Kz-1 Kz1 Kz-1 Kz

1 Ke-1 KeKzKz-11 Ke-1 KeKe-1 KeKzKz-1

Node0

Node1

Node1 Node0

Node0 Node1

H

Ke-Kz001 002

Kz-1 Kz Ke

Ke-Kz001 002001001 002

Kz-1 Kz Ke
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3.3.4 ⱡכ♪ ≢─ ─ ♃כ♦≥  

3.3.4.1 ⌐ Node #0ΊNode #1 ╩ ⌐≤∫≡ⱡכ♪ ≢ ∆╢ ⅔╟┘ כ♦

♃⌐≈™≡ ∆ ⱡכ♪─ z ─☿ꜟ │ ≤ ⌐ Kz ≤⇔≡™╢ z ┼

─ ≢│ ⌐⅔™≡ Ex Ey ╩ ∆╢√╘ Node #1 ⌐⅔↑╢ z = 2

⌐⅔↑╢ Ex Ey ╩♃כ♦─ Node #0 ⌐⅔↑╢ z = Kz ≤∆╢√╘ ♃כ♦

╩ ™ ∆╢ ╕√ ╙≡™≈⌐♃כ♦ ⌐ Node #0 ≢ z = Kz-1 ⌐⅔↑╢

Hx Hy ╩ Node #1 ⌐⅔↑╢ z = 1 ≤ ∆╢  

 

 

3.3.4.1 a  Ex ≤ Ey ─  

 

 

3.3.4.1 b  Hx ≤ Hy ─  
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─ ╡ⱡכ♪ ♃כ♦─ │ ─ ╩ ↄ√╘ ↓╣╩ ≤∆╢╟

℮ ∆╢ ⅜№╢ ╩ ∆╢ ≤⇔≡ ╩♃כ♦ √⌂ כ♦─

♃☿♇♩⌐╕≤╘ ⇔≡ ∆╢ ⅜№╢ 3.3.4.2 ⌐ ♃כ♦ ─ ≤

ⱡכ♪ ╩ ∆╢√╘─ Fortran ⌐╟╢ⱪ꜡◓ꜝⱶ◖כ♪─ ╩ ∆ ↓↓≢

│ ─ ╩ RnewVec ≤⇔ ≢ Kx*Ky ╠⅛♃כ♦─ ↕╣╢≤

⇔≡⅔╡ Kx Ky │∕╣∙╣ x ≤ y ─☿ꜟ ≤⇔≡™╢ ⌐ z

⌐ ∆╢ Fortran ─ ─ ▪♪꜠☻ ≤─ ⅛╠

MPI_TYPE_VECTOR ≢ ∆╢☻♩ꜝ▬♪⅔╟┘Ⱪ꜡♇◒ ╩™∏╣╙ 1 ≤∆╢  

 3.3.4.2 ≢│ ─ꜝfi◒ ╩∕╣∙╣ iLF ≤ iRT ⌐ ⇔≡™╢

─☻꜠♇♪╛ⱪ꜡☿☻⅜ ™ ∟ ⌐⌂╢♦♇♪꜡♇◒╩ ∆╢√╘ ◘Ⱪꜟכ

♅fi MPI_SENDRECV ╩ ™≡™╢ ♃כ♦ ─ ╩ ∫√ ⱪ꜡◓ꜝⱶ─

≢◘Ⱪꜟכ♅fi MPI_TYPE_FREE ╩ ⇔≡ ♃כ♦√⇔ ╩ ⇔≡™╢  

 

 

♃כ♦ 3.3.4.2 ⌐╟╢ ≤ ─ⱡכ♪ ─ 

ⱪ꜡◓ꜝⱵfi◓◖כ♪  

 

  

C A L L  M P I _ T Y P E _ V E C T O R ( K x * K y ,  1 ,  1 ,  M P I _ R E A L 8 , R N e w V e c, i e r r )
C A L L  M P I _ T Y P E _ C O M M I T ( R N e w V e c, i e r r )

i L F = m y r a n k - 1
I F  ( m y r a n k . E Q .  0        ) i L F =  M P I _ P R O C _ N U L L
i R T = m y r a n k +  1
I F  ( m y r a n k . E Q .  i s i z e - 1  ) i R T =  M P I _ P R O C _ N U L L

K 1  =  2
K 2  = K z
C A L L  M P I _ S E N D R E C V (  E x ( 1 , 1 , K 1 ) ,   1 , R N e w V e c, i L F , i t a g _ s e n d ,

&                    E x ( 1 , 1 , K 2 ) ,   1 , R N e w V e c, i R T , i t a g _ r e c v ,
&                    M P I _ C O M M _ W O R L D , m s t a t u s , i e r r            )

C A L L  M P I _ S E N D R E C V (  E y ( 1 , 1 , K 1 ) ,   1 , R N e w V e c, i L F , i t a g _ s e n d ,
&                    E y ( 1 , 1 , K 2 ) ,   1 , R N e w V e c, i R T , i t a g _ r e c v ,
&                    M P I _ C O M M _ W O R L D , m s t a t u s , i e r r             )

K 1  =  K z - 1
K 2  =  1
C A L L  M P I _ S E N D R E C V ( H x ( 1 , 1 , K 1 ) ,   1 , R N e w V e c, i R T , i t a g _ s e n d ,

& H x ( 1 , 1 , K 2 ) ,   1 , R N e w V e c, i L F , i t a g _ r e c v ,
&                    M P I _ C O M M _ W O R L D , m s t a t u s , i e r r )

C A L L  M P I _ S E N D R E C V ( H y ( 1 , 1 , K 1 ) ,   1 , R N e w V e c, i R T , i t a g _ s e n d ,
& H y ( 1 , 1 , K 2 ) ,   1 , R N e w V e c, i L F , i t a g _ r e c v ,
&                    M P I _ C O M M _ W O R L D , m s t a t u s , i e r r )

C A L L  M P I _ T Y P E _ F R E E ( R N e w V e c, i e r r )
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3.4 ╗∆┘ 

≢│ ₁⌂ⱦꜟ ╩ ╗ ╛ ╩ ╪∞ ⌂≥─

⌐⅔↑╢ FDTD ╩ ™√ ─ ≤⇔≡ ╩ ™√ ⱷ⸗ꜞ

⌐ ⇔ ─ ≤ FDTD ┼─ ⌐≈™≡ ╩ ═√  

3.4.1 ⌐ ≢ ═√ FDTD ─ ╣╩╕≤╘√ⱨ꜡כꜗ♅כ♩╩ ∆

⌐⅔™≡ ♃כ♦ ─ ꜝfi◒ ⅔╟┘ ↕╣√ⱡכ♪ ─

─ꜝfi◒╩ ∆╢ ™≡ ≤ ∕╣∙╣─ PML ─ ╩

ⅎ√ ⌐ ⱡכ♪ ♃כ♦─≢ ╩ ℮ ⱷ⸗ꜞ │ ⱪ꜡◓ꜝⱶ

─ ─ │ ⌂™⅜ ℮ ⸗♦ꜟ╩ ─ ╩ ⇔⌂⅜

╠ ∆╢↓≤ ⱡכ♪─ ╩ ⌐∆╢⌂≥─ ⅜ ≢№╢  

 

 

3.4.1 FDTD ⱨ꜡כꜗ♅כ♩ 

 

 

 

 

 

 

 

 

E

E PML

H

H PML

n=n+1

e, m
E = H = 0

t = n

t = n + 0.5

E

E PML

H

H PML

n=n+1

e, m
E = H = 0

t = n

t = n + 0.5
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4.2.1.1 ─ ≤ ⌐ ∆╢ ⸗♦ꜟ 

 

 

4.2.2 ⌐⅔↑╢ ─  

4.2.2.1 a ⅛╠ ⅛╠+1.5 m ─ ⌐⅔↑╢ XPR ─ │ ⅛╠+0.5 m ─

─ ≤ ⇔≡ 14 dB ↕™↓≤╩ ⇔≡™╢ ↓─ ⅛╠ ▪fi♥♫⅛╠

─ ┼─ ⌐⅔™≡ ⅜ ≢№╡ ⅜ ∆╢

↓≤⅜ ≢⅝╢  

4.2.2.1 b ⅛╠ ⅛╠+1.5 m ─ ⌐⅔↑╢ 0 dB ≢─ XPR ─ │ ⅛

╠+0.5 m ─ ≤⇔√ ≤ ⇔≡ ⅝™↓≤⅜ ╖ ╣╢ ↓─ ⅛╠

⌐╟╢ ⅜ ⅝™↓≤⅜ ╖ ╣╢  

4.2.2.1 c ⅛╠ ⅛╠+0.5 m ─ ⌐⅔↑╢ XPR ─ │ ⅛╠+1.5 m ─

─ ≤ ⇔≡ 4 dB ↕™↓≤╩ ⇔≡™╢ ↓╣│ ▪fi♥♫⅛╠─

┼─ ⌐⅔™≡ ⅜ ≢№╡ ⅜ ∆╢↓≤╩

⇔≡™╢  

 

 



 55 

 

(a) ▪fi♥♫ ⅛╠+0.5 m 

 

 

(b) ▪fi♥♫ ⅛╠+1.0 m 
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(c) ▪fi♥♫ ⅛╠+1.5 m 

 

4.2.2.1 ⸗♦ꜟ ⌐ ≤⌂╢╟℮⌐ ▪fi♥♫╩ ⇔√≤⅝─

⌐⅔↑╢  

 

4.2.2.2 a 4.2.2.2 b 4.2.2.2 c ⅛╠  0 dB ⌐ ⅜ ⇔≡™╢↓≤

⅜ ╖ ╣╢ ▪fi♥♫─ ╩ ≤⇔≡╙ ⌐⅔™≡ ⌐ ⅜

╠╣⌂™↓≤⅜ ╖ ╣╢ ↓╣│ ↕╣√ ⅜ ─ ⌐ ⇔≡ ≢№

╢√╘∞≤ ⅎ╠╣╢  

 

(a) ▪fi♥♫ ⅛╠+0.5 m  
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(b) ▪fi♥♫ ⅛╠+1.0 m  

 

 

(c) ▪fi♥♫ ⅛╠+1.5 m  

 

4.2.2.2 ⅛╠+1.5 m ─ ↕⌐ ≤⌂╢╟℮⌐ ▪fi♥♫╩ ⇔√≤⅝─
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4.3 FDTD ⸗♦ꜟ 

 ≢│ 37 m ─ ≢№╢ Airbus320-200 ╩ ⌐ ⇔√ ⸗♦ꜟ

⌐≈™≡ ╩ ℮[49] 4.3.1⌐ ─ ╩ ∆ │ 37.6 m  35.8 

m  11.8 m ≢№╢ ─ │ 166 ╒≥≤⌂╢  

 

 

4.3.1 Airbus320-200 

 

4.3.1 ⸗♦ꜟ 

 ─ ╡ ⸗♦ꜟ⌐│Airbus320-200─ ⸗♦ꜟ╩ ∆╢ 4.3.1.1⌐ ⸗♦ꜟ

╩ ∆ ⌐│◄fi☺fi─╒⅛ ♃▬ꜘ⌂≥╩ ╘≡⸗♦ꜞfi◓⇔≡™╢ ⌐ 4.3.1.2

⌐╟╡ ⌐≈™≡ ∆ ꜠▬♩╛כ꜠ꜗ◑│ ⱨ꜠כⱶ⌂≥≢ ↕╣≡⅔╡

─ ⌐ ∆╢╟℮ ⌐⸗♦ꜟ ⇔≡™╢ ⌐ ⌐≈™≡│ CAD ♁ⱨ♩╩

⇔√⸗♦ꜞfi◓⌐╟╡ ↑ ⅜ ≤⌂∫√ ⸗♦ꜟ╩ ╖ ╗↓≤⅜ ≤⌂╡ ╟

╡ ⌐ ™⸗♦ꜟ≤⌂∫≡™╢ ╕√ 4.3.1.1⌐ ⌐ ⇔√ ⌐≈™≡

∆ ⱨ꜠כⱶ כ꜠ꜗ◑ ♩▬꜠ ─ ╣ ⱨ꜠כⱶ ◄fi

☺fi ⌂≥─♃▬ꜘ╩ ↄ ⌐│ ≢№╢ PEC Perfect Electric Conductor ╩

⇔ ╛ ♩כ◦ ♃▬ꜘ ─ │ ≤⇔≡ ∕╣∙╣ ≤

╩ ⌂╙─⌐ ⇔√  
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4.3.1.1 Airbus320-200 ╩ ⌐ ⇔√ ⸗♦ꜟ 

 

 

 

 

4.3.1.2 Airbus320-200 ╩ ⌐ ⇔√ ⸗♦ꜟ─  
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4.3.1.1 ─  

Media er s [S/m] 

Free space 1.0 0 

Aircraft body - Ð PEC  

Seat 

metal & pad  

- Ð PEC   

2.0 3.02*10-3 

Cabin Partition - Ð PEC   

Lavatory - Ð PEC   

Galley - Ð PEC   

Ceiling luggage rack - Ð PEC   

Cabin floor 3.5 1.51 

Inside panel wall 3.5 1.51 

Window 2.25 8.34*10ī  

Engine - Ð PEC   

Wing - Ð PEC   

tire 2.75 0  

 

4.3.2 FDTD ⌐⅔↑╢  

≢│ FDTD ╩ ℮⌐№√╡ ⱷ⸗ꜞ ─ ⅛╠ ⸗♦ꜟ─

╩ ⇔√ ⌐ ≤⌂╢ ─ ╩ ⇔≡™╢ 4.3.2.1 ⌐

╩ ⇔√≤⅝─ ╩ ∆ ⸗♦ꜟ─ ⌐ ≤ ┌╣╢ ╩ ⌐

∆╢ ╩ ∆╢↓≤≢ ╡ ≈ ↓─≤⅝ FDTD ⌐⅔↑╢ ⌐⅔™≡

≤ ⌐ ∆╢ ≢ ⌂ ⅜ ≤⌂╢ ∕─ ⌐≈™≡ 4.3.2.2

⌐ ∆ │ x ⌐⸗♦ꜟ⅜ ≢№╢≤ ⇔≡™╢ ↓─≤⅝ ─ y z

─ ⌐ ⌂ ⅜ FDTD ╩ ∆╢☿ꜟ ⅜ ≤⌂╡ ⅜ ≤⌂╢

⇔⅛⇔ ⇔√⸗♦ꜟ│ ⌐≈™≡ ≢№╢√╘ ⌐ ∆ ─ ╡ ⇔

√☿ꜟ─ ─ ╩ ╢≤ 0 ≤⌂╢ ↓─ ╩ ™╢↓≤≢ ─ ≤ ─ ╩

╠╣╢  



 61 

 

 

 

4.3.2.1  ─ ─ ⸗♦ꜟ  

 

 

 

4.3.2.2  FDTD ⌐⅔↑╢ ─ ─  
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4.3.3 FDTD Ɽꜝⱷכ♃ 

FDTD Ɽꜝⱷכ♃╩ 4.3.3.1⌐ ∆ x ⌐⸗♦ꜟ╩ ≤⌂╢╟℮ ⇔

╩ ™≡™╢√╘ ─ ⅝↕│ ⌂≥╩ ╘  18.1 m ↕ 12.2 m

37.6 m ≤⌂╢ ↓─ ╩ 5 mm ─ Ⱳ◒☿ꜟ⌐╟╡ ∆╢ ☿ꜟ │⅔╟

∕67◑●Ⱳ◒☿ꜟ ≤⌂╢ │4.4 GHz≤∆╢ ≤⇔≡10 ─C.P.M.L

╩ ™╢ ▪fi♥♫⌐│ ⌂ ╩ ∆╢√╘ ♄▬ⱳכꜟ▪fi♥♫╩

≤⌂╢╟℮ 1.0 m ─ ⌐ ∆╢ ⌂⅔ │ 100 mW ⌐≡ ∆╢

≢│ ─ ╕≢⌐ ↄ ╩ ≤∆╢√╘ ╩ 6000 ⅜ ↕

╣╢ ≤∆╢ ↓─ ⌐│ 6.4 TB ─ⱷ⸗ꜞ ╩ ≤∆╢ ⌐│ 64ⱡכ♪╩

⇔√ ↓─≤⅝ ╕≢⌐ ⇔√ │ 110 ╒≥≢№∫√  

 

 

4.3.3.1 FDTD Ɽꜝⱷכ♃ 
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4.4 ╗∆┘ 

≢│ ─ ≤ ⌐ ⇔√ ╩ ∆╢√╘ ⸗♦ꜟ╩

⇔√ WAIC ─ ▪fi♥♫╩ ⌐ ⇔√ ⁸ ⌐ ─ ⅛╠─

⌐╟╡ XPR ─ │ 0 dB ⌐ ↄ⌂╢↓≤╩ ⇔√ ╕√ ⅜ ⌂

▪fi♥♫ ─ ⌐⅔™≡╙ XPR ⱥ☻♩◓ꜝⱶ─ │ 6-14 dB ─ ⌐

№╢↓≤╩ ⇔√ ↕╠⌐ ╩ ™√ ⌐ ⇔√ Airbus 

320-200 ╩ ⌐⇔√ ⸗♦ꜟ╩ ╛ ⌂≥─Ɽꜝⱷכ♃╩ ⇔≡

⇔√  
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5  

 

⸗♦ꜟ╩ ™√ 

─  

 

5.1 ╕ⅎ⅜⅝ 

⌐⅔™≡ ≢ ∆╢ ─ ⸗♦ꜟ╩ ⇔√

⌂ ─ ─√╘⌐ ─ ⌐≈™≡ ⌐ ∆╢ ⅜№╢  

WAIC ◦☻♥ⱶ⌐ ⇔ ≢─ ─ ╛ ⌂≥⌐≈™≡ ⇔≡

™╢[51-53] ⌐ ↕╣√▪fi♥♫⅛╠ ↕╣√ │ ─ ⌐╟╡

⇔⌂⅜╠ ⇔ ─ ⅛╠ ∆╢ ╕√ ⌐⅔™≡╙ ⌂≥⅛╠─ ⅜

↕╣╢√╘ │ ⌂╙─⌐⌂╢  

∕↓≢ ≢│ WAIC ◦☻♥ⱶ⅜ ↕╣√ ╩ ⇔ ▪fi♥♫ ↕⅜

⇔√ ⌐ ⌐⅔↑╢ ╩ ⇔ ╛◄fi☺fi⌂≥─ ⌐ ⇔√

⌐≈™≡ ⅛≈ ⌐ ∆╢ ╕√ ┼─ ⅜ ↕╣≡™

╢ WAIC ◦☻♥ⱶ⌐≈™≡ ⅔╟┘ ⌐ ╩ ⇔√ ─

≢─ ⌐≈™≡ ⇔√ ↕╠⌐ ⇔√ ╩♃כ♦

ITU International Telecommunication Union ⅜ ⇔≡™╢ ₁⌂ ⌐ ⇔≡

↕╣√ ≥♃כ♦ ∆╢↓≤≢ ╩ ╪∞ ─ ⌐≈™

≡ ⇔√  

 

5.2 ─ ─  

 WAIC ◦☻♥ⱶ─ ─√╘─ ─♃כ♦ ╩ ≤⇔ -

─ ≤⇔≡ ⌐ ⇔√ 4.4GHz WAIC ◦☻♥ⱶ─ ▪fi♥♫

⅛╠ ╕≢─ ⌐≈™≡ ─ ╩ ⇔√ ╩

℮  
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5.2.1 ▪fi♥♫≤ ─  

5.2.1.1 ⌐ ≢ ™╢ ⸗♦ꜟ≤ ∆╢ ▪fi♥♫⅔╟┘

─ ╩ ∆ 5.2.1.2 ⌐ ∆╟℮⌐ ╩ 100 mW ≤⇔√ ▪fi♥♫

Tx-antenna : 𝜆/2 Dipole antenna ╩ ─ 1.0 m ─ ↕⌐ ∆╢ │

⅛╠ 0.5 m 1.0 m 1.5 m ≢ ▪fi♥♫⅛╠ +x ┼ 15 m ╣√ ╩

∕╣∙╣ 1 2 3 ≤⇔ ╩ ⌐∕╣∙╣ 1 70 mm×70 mm ─

─ ╩ ─ ≤∆╢  

 

 

 

5.2.1.1 ⌐ ™√ ⸗♦ꜟ 
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5.2.1.2 ▪fi♥♫ ≤ ─ ↕ 

 

5.2.2  

⌐╟╡ ╠╣√ xy ╩ 5.2.2.1 ⌐ ∆ ─ │

⌐⅔™≡ ⅜ ∆╢ ╩ ⇔≡™╢ ⌐ ↕╣√ ▪fi♥♫⅛╠

↕╣√ ⅜ ⅛╠─ ≤ ⇔ Ɫ▬♩Ɽ♃כfi⅜ ╣≡™╢ 5.2.2.1 ⌐

∆╟℮⌐ 1 2 3 ─ ─ ─ │∕╣∙╣ 75±3 dBɡV/m 72±6 dB

ɡV/m ⅔╟┘ 69±3 dBɡV/m ─ ≢№╢ ─ ↕⌐╟∫≡ ─ ⅜ ⌂╢

↓≤⅜╦⅛╢  
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5.2.2.1 ▪fi♥♫ ≢─  

 

5.2.2.1 1, 2, 3 ⌐⅔↑╢  

─ 

⅛╠─ ↕ 

3 

1.5 [m] 

69±3 

[dBɡV/m] 

2 

1.0 [m] 

72±6 

[dBɡV/m] 

1 

0.5 [m] 

75±3 

[dBɡV/m] 

 

 

⌐ xz ─ ⌐≈™≡ ∆ 5.2.2.2 ⌐ 1 ╩ ╢

0.5 m ≢─ ╩ ∆ ≢│ ⌂≥⌐╟╢ ⌐╟╡

⅜ ⌐ ⇔ ≢│ ⅛╠ ⇔√ ⅜ ⌐ ∆╢↓≤⅜ ≢⅝╢

5.2.2.3⌐ 2╩ ╢ 1.0 m ▪fi♥♫ ↕ ≢─ 5.2.2.3

⌐ 3 ╩ ╢ 1.5 m ≢─ ╩ ∆ 1 2 ┘ 3 ─№╢

⅛╠ z ⌐±0.5 m ↕ⅎ√ ╩ 4 5 6 ≤⇔ ≢ ↕╩

↕∑√ ─ ─ ╩ 5.2.2.2 ⌐╕≤╘≡ ∆ ↓╣╠╟╡ ↕ ⅔╟┘

≢±0.5m ─ ╩ ⇔√ ─ ─┌╠≈⅝│ ≢±6 dB

≢№╢↓≤⅜ ╖ ╣╢  
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5.2.2.2 0.5 m ≢─  

 

 

5.2.2.3 1.0 m ▪fi♥♫ ↕ ≢─  

 

5.2.2.4 1.5 m ≢─  
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5.2.2.2 4, 5, 6 ⌐⅔↑╢  

 ⅛╠─ ↕[m] 

0.5 1.0 1.5 

─ z ─  

6 

+0.5 [m] 

72±6 

[dBɡV/m] 

72±6 

[dBɡV/m] 

69±3 

[dBɡV/m] 

5 

0 [m] 

72±6 

[dBɡV/m] 

75±3 

[dBɡV/m] 

75±3 

[dBɡV/m] 

4 

-0.5 [m] 

69±3 

[dBɡV/m] 

69±3 

[dBɡV/m] 

69±3 

[dBɡV/m] 

 

 

5.3 ─ ─ ⌂  

 ≢│ WAIC ◦☻♥ⱶ≤ ⅜ ╩ ⇔≡ ⇔≢№╢ ⇔≢

⌂™ ─ ╩ ™ ⌐╟╢ ⌐ ⇔√ ─ ╩ ∆╢  

 

5.3.1 ▪fi♥♫≤ ─  

5.3.1.1 ⌐ ≢ ™╢ ⸗♦ꜟ≤ ∆╢ ▪fi♥♫⅔╟┘ ─

╩ ∆ ╩ 100 mW ≤⇔√ ▪fi♥♫ Tx-antenna : 𝜆/2 Dipole antenna

╩ ─ 1.0 m ─ ↕⌐ ∆╢ │ ▪fi♥♫⅛╠ +x

┼ 18 m ╣√ ⇔≢№╢ 1 ≤∕↓⅛╠+z ⌐ ⇔√ ⇔

≢№╢ 2 ≤∆╢ ╩ ⌐∕╣∙╣ 1 70 mm×70 mm

─ ─ ╩ ─ ≤∆╢  
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5.3.1.1 ⌐ ™√ ⸗♦ꜟ 

 

5.3.2 ╟╡ ⌂ ─  

5.3.2.1 ⌐ ∆╟℮⌐ ≢ ∆ 1 ≢─ ─ │ ⇔ ─ ≤

⇔≡ 5 dB ™↓≤╩ ⇔√ ↓─ ⅛╠ ⌐⅔™≡ ⅜

≢№╢↓≤⅜╦⅛╢ 5.3.2.2 ⌐ ∆╟℮⌐ ⇔ ≢№╢ ╩ ≤⇔

√ 2 ≢─ ─ │ 58±2 dBÕV/m ≢№╢ 2 ≢─ ─

│ ⇔ ≢№╢ ⅛╠+0.5 m ─ ↕─ ≤ ⇔≡ 3 dB ™↓≤╩

⇔√ 5.3.2.3 ⌐ ∆╟℮⌐ ≢│ ⌂≥⌐╟╢ ⌐╟╡ ⅜ ⌐

⇔ ≢│ ⅛╠ ⇔√ ⅜ ⌐ ∆╢↓≤⅜ ≢⅝╢ 1 ─

≢│ 66Ñ2 dBɛV/m ─ ≤⌂∫≡™╢ ─ ≤ ⇔≡ 3 dB

™  
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5.3.2.1 1 ╩ ╢ xy ≢─ 2  

 

5.3.2.2 2 ╩ ╢ xy ≢─ 2  



 73 

 

5.3.2.3 1 2 ╩ ╢ xz ≢─ 2  

 

 

5.4 ─ ─ ⌐ ∆╢  

WAIC ◦☻♥ⱶ─ ≤⇔≡ ☿fi◘כ⌂≥⅜ ↕╣≡™╢ ⅜

→╠╣≡™╢ ─ ⅛╠ ↕╣√ │ ⅛╠─ ≤ ⇔ ─ ⅛╠

⌐ ∆╢ ⇔√ │ ─ ⌐╟∫≡ ∆╢√╘ │

⌐ ⌐⌂╢ ↓─√╘ ≢─ ╩ ⌐ ∆╢↓

≤│ WAIC ╩ ∆╢ ≢ ⌐ ≢∆  ≢│ ─ WAIC

◘▬♩╩ ⇔ ITU ⅜ ⇔√ [54, 55]⌐ ≠™≡ ⅛╠ ╠╣√

╩ ⌐ ⇔≡™╢  

≢│ ⌂ ─ ╩ ≤⇔≡ ⌐ WAIC ◦☻♥ⱶ─

╩ ⇔√ ⌐⅔↑╢ ─ ╩ ╠⅛⌐∆╢≤≤╙⌐ ╛

≤ ⇔≡ ╩ ╪∞ ─ ─ ≤∕─ ╩ ╠⅛⌐⇔√  

 

5.4.1 ▪fi♥♫≤ ─ ─  

5.4.1.1 ⌐ ≢ ™╢ ⸗♦ꜟ≤ ∆╢ ▪fi♥♫⅔╟┘

─ ╩ ∆ ▪fi♥♫ Tx-antenna : 𝜆/2 Dipole antenna │ ╩ 100 mW

≤⇔ ≤⌂╢╟℮ ⇔√ ─ ⅝↕│ 70 mm×70 mm ≤⇔

≡ ▪fi♥♫ ⅛╠ -x ⌐ 15 m 18 m ─ ⌐ ─

╩∕╣∙╣ ⇔√  
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5.4.1.1 ⸗♦ꜟ≤ WAIC ◦☻♥ⱶ⅔╟┘  

 

5.4.2  

5.4.2.1 │ ⅛╠ ╠╣√ ─ ⌐⅔↑╢ ─ ≤

⅛╠ ╘╠╣√ ○ⱨ▫☻ ╩ ⇔≡™╢

│ ─ ≤ │ ∕╣∙╣─ ─ ▪fi♥♫⅛╠─

╕≢─ ≢№╢  

─ │ FSPL Free Space Pass Loss ─ ╟

╡╙ ⅝™↓≤⅜ ╖ ╣╢ ≢│ ╛◄fi☺fi⌂≥─ ─ ⌐
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╟╢ ⅜ ⅎ╠╣╢ ≢│ │ ⌐╟╡ ⅝ↄ ⇔

│ ╟╡╙ ⅜ ⅝™↓≤⅜ ╖ ╣╢ 5.4.2.1 ≢─ ─

│ 15.5 dB ≢№╢ ⅛╠ ╠╣√ ⌐│ ⅛╠─ ⅜ ╕

╣≡⅔╡ ≢│ ↕╣≡™⌂™ ⅜ ⌐ ↕╣╢√╘

│ ⌐⌂╢ ─◐ꜗⱦfi ≢─ ╩ ∆╢√╘⌐ ⌂○ⱨ▫☻

⌐⅔↑╢ ≤ ⇔√ ─ │ ≢ 10 dB ≢№∫√ ─

─ ≢─ ⌐╟╢ ⅜ ⅝™↓≤╩ ≢⅝╢ ↕╠⌐ ≢─

╩ ∆╢√╘⌐ ⌐⅔↑╢ ≤ ⇔√ ─ │ ≢

30 dB ≢№∫√ ╛ ─ ⌐╟╢ ⅜ ⅝™↓≤⅜ ≢⅝√  

 5.4.2.1 ⌐ ∆╟℮⌐ │▪fi♥♫⅛╠─ ⅜ ↄ⌂╢⌐≈╣≡

∆╢ ⇔⅛⇔ 5.4.2.2 │∕─ ╩ ⇔≡™╢ 5.4.2.3 ⌐ ⌐╟∫≡ ╠

╣√ ╩ ∆  ™ │ ─ ─ ╩ ⇔≡™╢

─Ɫ▬♩Ɽ♃כfi⌐ ↕╣╢╟℮⌐ ⅛╠ ↕╣√ │ ≤ ⇔

╩ ⌐∆╢  

 

 

5.4.2.1 ─ ⌐⅔↑╢▪fi♥♫ ↕≢─  
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5.4.2.2 ─ ⌐⅔↑╢▪fi♥♫ ↕-0.5 m ≢─  

 

 

5.4.2.3 ▪fi♥♫╩ ╢ xy ≢─  
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5.5 ╗∆┘ 

 ≢│ 4.4GHz WAIC ◦☻♥ⱶ─ - ─ ─ ≤⇔≡

⌐ ↕╣√ ▪fi♥♫⅛╠ ╕≢─ ⌐≈™≡

╩ ™≡ ⇔√ ↓╣╠─ ╟╡ WAIC ◦☻♥ⱶ─ ⌐⅔™≡│

┌╠≈⅝╩ ⇔√ ⅜ ≢№╢↓≤╩ ⇔√  

 ╕√ WAIC ◦☻♥ⱶ─ ≤⇔≡ ⅔╟┘ ╩ ⇔

⅛╠ ╠╣√ ≤ ⅛╠ ╠╣√ ╩ ⇔√ ⌐╟∫≡ ╠

╣√ ⌐│ ⅛╠─ ⅜ ╕╣╢⅜ ↓╣│ ≢│ ↕╣≡™⌂

™ ⌐ ∆╢ ─ ⅜ ⅝ↄ ⅜ ⌐ ⌐⌂╢↓≤╩ ⇔

√ ╕√ ╩ ™╢↓≤─ ≤ ⌐⅔↑╢ ─ ╩

∆╢↓≤─ ╩ ⇔√ ─ ⌐≈™≡╙ ≤ ╩ ⇔ ╠

╣√ ⅜ ⌡ ∆╢↓≤╩ ⇔√[56] ↓╣╠─ ⅛╠ ─ │№╢

≢№╢≤ ⅎ╠╣╢  
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6  

 

⌐⅔↑╢ ╩

⇔√  ï 

╩ ≤⇔√

 ï 

 

6.1 ╕ⅎ⅜⅝ 

╕≢≢ WAIC ◦☻♥ⱶ⌐ ∆╢ ─ ⌐≈™≡ ╠⅛⌐⇔√

≢│ WAIC ◦☻♥ⱶ≤ ─ ≢№╢ ⌐⅔↑╢ ╩ ⇔

√ ╩ ∆╢ ⌐│ WAIC ◦☻♥ⱶ─ ⌐╙ ⌐ ↄ─▪fi♥♫╛

☿fi◘כ⌂≥─ ⅜ ↕╣≡™╢ ⅎ┌ ⌐ ╡ ↑╠╣≡

™╢ │ ≤ ⅛╠─ ─ ⅛╠ ─ ╩ ∆╢

≢№╡ ∕╣╠─ ⌐ ≠™≡ ─♫ⱦ◕כ◦ꜛfi

◦☻♥ⱶ⌂≥┼ ╩ ∆╢ ⌂ │

FM-CW Frequency Modulation - Continuous Wave ╩ ⇔≡⅔╡ ⅜

4.3 GHz ⅜ 100 MHz ─◦☻♥ⱶ≤⌂∫≡™╢ WAIC ◦☻♥ⱶ─ ⌐№√╡

WAIC ◦☻♥ⱶ- ─ ⅜ ↕╣≡⅔╡ ╕√ ⌐ ↕╣≡™╢

◦☻♥ⱶ 5G 5th Generation ─ Sub6 5G ⌐⅔↑╢ 6 GHz ─

≤─ ⅜ ↕╣≡™╢[57]  

≢│ WAIC ◦☻♥ⱶ≤ ∆╢ ⅜ ∆╢ ╩ ≤⇔√

╩ ⌐ ⌐⅔↑╢ ⌐≈™≡ ∆╢ ⌐│ ⌐

WAIC ◦☻♥ⱶ╩ ⇔√ ▪fi♥♫ ▪fi♥♫ ╩ ⇔√ ╩

⇔ ─ ≢№╢ ╕≢─ ╩ ⅛╠ ╠╣√
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6.2.2 ─  

 

6.2.1 ─▪fi♥♫Ɽꜝⱷכ♃ 
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6.2.3 ⌐ ™√ ⸗♦ꜟ 

 

 

6.3 WAIC ◦☻♥ⱶΊ ⌐⅔↑╢

 

 

6.3.1 ▪fi♥♫≤ ╩ ╢ ⌐⅔↑╢  

6.3.1.1 6.3.1.2 ⌐ ▪fi♥♫≤ ╩ ╢ xy ≢─

─ ≤ ╩∕╣∙╣ ∆ 6.2.3 ≢ ⇔√╟℮⌐

│ ≤⌂╢╟℮ ↕╣≡™╢ ⌐⅔™≡ ▪fi♥♫╩ ≤⌂╢

╟℮⌐ ⇔√√╘ ─ ≤ ↓↓≢│ ⅜ ─
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╩≤∫√╙─⅜ ≢─ ≤ ⅎ╠╣╢ 6.3.1.1 6.3.1.2 ╩

∆╢↓≤⌐╟╡ ≢ ⅜ ╕╣╢ ─ ╩ ∆╢  

6.3.1.1 6.3.1.2 ™∏╣─ ⌐⅔™≡╙ ≢ ⌐ ⇔≡ ⌐ ⅝⌂

─ ⅜ ≢⅝╢ ↓╣│ ▪fi♥♫⅛╠─ ↕╣√ ≤ ⅛╠─

⅜ ↕╣╢↓≤≢ ∂√Ɫ▬♩Ɽ♃כfi≢№╢  

↓╣╠ │ ╩ ╡ ╪≢ ⌐ ↕╣√ ┼≤ ∆╢

▪fi♥♫ ↕⅜ ╦╣┌ Ɫ▬♩Ɽ♃כfi⅜ ╦╢√╘ ≢

↕╣╢ ─ ╙ ∆╢ ╟∫≡ ┼─ ╩ ∆╢ │

WAIC ─ ↕╩ ∆╢ ⅜№╢  

 

 

 

6.3.1.1 ▪fi♥♫≤ ╩ ╢ xy ≢─  
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6.3.1.2 ▪fi♥♫≤ ╩ ╢ xy ≢─  

─╖  

 

6.3.1.1 ⅛╠ ─ 10 ─ ⌐⅔↑╢ 76Ñ6 dBɛV/m

≢№∫√ ╕√ 6.3.1.1 6.3.1.2 ─ ╩ ╢↓≤⌐╟∫≡ ⌐⅔↑╢

─ ⌐ ⇔√ ╩ ⇔ ⌐⅔↑╢ ⅜

⅝™≤↓╤≢ 6 dBɛV/m ≢№╢↓≤╩ ⇔√ ⌐№╢ ─

╛ ╖╩ ┘√◄fi☺fi⌐ ⇔≡ ⅜ ⇔≡™╢↓≤⅜ ╠⅛⌐⌂∫

√  

 

 

6.3.2 ╩ ╢ ⌐⅔↑╢  

6.3.2.1 6.3.2.2 ⌐ ─ ╩ ╢ yz ≢─

╩ ∆ ≤╙ ⌐ ─ ╩

≢⅝╢ ╕√ ─ │ 4.4 GHz ─ 1 │ 68 mm ⌐ ⇔≡ ⌐ ⅝™ ↓

╣│⸗▪꜠≤ ┌╣╢ ≢№╢≤ ⅎ╠╣╢ ⸗▪꜠≤│ ⇔™ ╡ ⇔
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⅜ ↕╣√ ⌐ ┘ ─ ⌂ ⌐╟∫≡ ∆╢ ─↓≤≢№╢

│ ╩ ─ ─ ─ ⌐ ⌂☿ꜟ⌐ ∫≡ ╩ ∫≡™

╢√╘ ╠╣╢ ╙ ⌂╙─≤⌂╢ ─ ⅜ ╩ⱴ◒꜡⌐ √

≤⅝⌐ ↕╣√↓≤≢⸗▪꜠⅜ ∂√╙─≤ ⅎ╠╣╢  

 

 

6.3.2.1 ╩ ╢ yz ≢─  

 

 

 

6.3.2.2 ╩ ╢ yz ≢─  

─╖  
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6.3.2.1⅛╠ ─10 ─ ⌐⅔↑╢ │80Ñ6 dBɛV/m

≢№∫√ ╕√ 6.3.2.1 6.3.2.2 ─ ╩ ╢↓≤⌐╟∫≡ ≢─

─ ⅜ ⅝™≤↓╤≢ 7 dBɛV/m ≢№╢↓≤╩ ⇔√  

 

 

6.4 ╗∆┘ 

 ≢│ 4.4GHz WAIC ◦☻♥ⱶ≤ ─ ─ ≤⇔≡

⌐ ↕╣√ ▪fi♥♫⅛╠ ⅜ ↕╣≡™╢ ╕≢─

⌐≈™≡ ╩ ™≡ ⇔√ ⅛╠

⌐⅔↑╢ ⌐≈™≡ ∆╢ │ ─ ▪fi♥♫ ↕⌐≈™≡

⌂ ⅜ ≢№╢↓≤╩ ╠⅛⌐⇔√ ╕√ ╩ ⌐ ⇔≡ ⌐ ⌂☿

ꜟ≢ ⇔ ⇔√↓≤≢ ⌐⅔™≡⸗▪꜠≤ ┌╣╢ ⌂ ⌐╟∫≡ ∂

╢ ╩ ⇔√ ╕√ ⌐⅔™≡╙ ⇔√ ⌂ ╠⅛♃כ♦

⌐ ⇔√ ─ ╩ ⌐ ⇔√   

↓╣╠─ ⅛╠ WAIC ◦☻♥ⱶ─ ⌐⅔™≡│ ╛◄fi☺fi≤™∫√

⌐╟╢ ╩ ⇔√ ⅜ ≢№╢↓≤╩ ⇔√  
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7  

 

⌐╟╢ ─ 

─  

 

7.1 ╕ⅎ⅜⅝ 

≢│ WAIC ◦☻♥ⱶ─ ╕≢─ ⌂ ≤⌂∫≡™╢ WAIC

─ ⅎ™ ⌐ ∆╢ ⌐≈™≡ FDTD ╩ ⇔ 3 ─

⌂ ╩ ∆╢ ╩ ╗ ⸗♦ꜟ╩ ™≡ ⅎ™─ ╩ ╠

⅛⌐∆╢ ⅎ™│ ─ ─ ⅛╠─ ─ ⌡ ╦∑≤⇔≡ ∂╢√╘

╩ ╡ ╗ ─ ⌐ ╩ ⇔ ╩ ℮ ≢│ ╩ ™√

⌐⅔™≡ ≤⇔≡ →╠╣≡™╢ ─ ⌐ WAIC ◦☻♥ⱶ╩ ⇔

√ ▪fi♥♫ ▪fi♥♫ ╩ ⇔↓─ ╩ ≤⇔√ ─ ╩

℮ ↕╠⌐ ▪fi♥♫─ ↕⅜ ⅎ™ ⌐ ⅎ╢ ⌐≈™≡ ╩ ℮  

 

7.2 ▪fi♥♫≤ ─  

7.2.1 ⌐ ≢ ™╢ ⸗♦ꜟ≤ ∆╢ ▪fi♥♫⅔╟┘ ─

╩ ∆ ▪fi♥♫ Tx-antenna :ɠ/2 Dipole antenna │ ╩ 100 mW

≤⇔ ≤⇔√ │ ⌐⅔↑╢ ╩ ≤⇔√ ≤⇔

∆╢ ─ ⅜ ╕╣╢╟℮⌐ ╩ 20 m ≤⇔√ 7.2.1 ─  
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7.2.1 ⌐ ™√ ⸗♦ꜟ 

 

 

7.3 ╩ ™√  

╩ ≤⇔√≤⅝ ─ ▪fi♥♫─ ↕⌐ ⇔√ ⅎ™

─ ⌐≈™≡ ∆╢ ⌐ ∆╢ ⅎ™ ╩ ∆╢√╘

╩ ≤⇔√ 20 m ─ ╩ ≤⇔ ─ ↕ ≤ ⌐∕╣

∙╣ ⇔√   
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7.3.1 ≤ ─ ↕╩ ≤⇔√ ─  

7.3.1.1 ⌐ ∆╟℮⌐ ─ ▪fi♥♫≤ ─ ≢ ╩ ⇔ ⅜

№╢ ≤⌂™ ─ ╩ ℮√╘ ▪fi♥♫╩ ─ ╩ ╢ ↕⌐ ⇔√

╩ Antenna position 1 ∕↓⅛╠+0.5 m ⌐ ⇔√ ╩ Antenna position 2 ≤∆╢

│ ─ ╩ ╢ ↕≤∕↓⅛╠Ñ0.5 m ─ ↕≤⇔ ╩ ≤∆╢ 15°⅛╠

165°─ ─ ╩ ≤⇔√ ⌐№√╢Ⱳ◒☿ꜟ⌐⅔™≡ Antenna 

position 1 ≤ Antenna position 2 ─ ─ ╩ ⇔ ─ ▪fi♥♫

↕─ ™⌐ ⇔√ ⅎ™ ─ ⌐≈™≡ ∆╢  

7.3.1.2 ⌐ ─ ╩ ╢ ↕⅛╠+0.5 m ╩ ≤∆╢ ─ ≢─

╩ ∆ ╩ ⇔≡ ⇔≤⌂╢ Antenna position 1 ─ Pattern 1 ⌐⅔™≡

▪fi♥♫ ≢№╢ 20°⅛╠ 50° ≢│ Antenna position 2 ─ Pattern 2

≤ ═ ⅜ ↕ↄ⌂╢↓≤⅜ ╖ ╣╢ ⅜ ≤⌂╢ ≢│ ─

⌂™ Antenna position 2 ─ ≤ ⇔ Antenna position 1 ─ ⌐│ 19 dB ↕™

7.3.1.2 ─ ╩ ∫√ ─ ╩ ╢ ↕⅛╠+0.5 m ─ ⌐⅔↑╢

╩ 7.3.1.3 ⌐ ∆ ─ ≢ ⇔√ ╩ ∆╢≤ Antenna position 1 ─

─ ⌐╟╡ ─ ⅛╠ ─ ™ ⅎ™ ⅜ ∂≡™╢↓≤⅜╦⅛╢  

 

 

7.3.1.1 ▪fi♥♫ ≤ ─ ↕ 
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7.3.1.2 ─ ⅛╠+0.5 m ─ ↕╩ ≤∆╢ ─  

 

 

7.3.1.3 ─ ⅛╠+0.5 m ─ ↕╩ ≤∆╢  

a Antenna position 1 b Antenna position 2  
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7.3.1.4⌐ ─ ╩ ╢ ↕╩ ≤∆╢ ─ ╩ ∆ ╟╡20°

⅛╠ 50° ≢ Antenna position 1 ─ ⅜ ↕ↄ⌂∫≡™╢↓≤⅜╦⅛╢ Antenna 

position 2 ─ ≤ ⇔ ≢ 16 dB ↕ↄ⌂╢ 7.3.1.5 ⌐ ─ ╩ ╢

↕─ ⌐⅔↑╢ ╩ ∆ ≢ ⇔√ ╩ ⇔√

7.3.1.3 ≤ ⌐ ⅜ ∆╢ Antenna position 1 ≢│ Antenna position 2 ≤ ⇔

─ ⅛╠─╟╡ ─ ™ ⅎ™ ⅜ ≢⅝╢  

↕╠⌐ 7.3.1.6 ⌐ ─ ╩ ╢ ↕⅛╠-0.5 m ╩ ≤∆╢ ─ ╩

∆ Antenna position 1 ⌐⅔™≡ ▪fi♥♫ ≢№╢ 40°⅛╠ 50° ≢

⅜ ↕ↄ⌂∫≡™╢ Antenna position 2 ≤ ⇔√ ⌐ ≢ 18 dB ↕ↄ

⌂╢ 7.3.1.7 ⌐ 7.3.1.6 ─ ╩ ∫√ ─ ⅛╠-0.5 m ─ ↕─ ⌐⅔↑╢

╩ ∆ ≢ ⇔√ ╩ ⇔√ 7.3.1.3 ⅔╟┘

7.3.1.5 ≤ ═≡ Antenna position 1 ≤ Antenna position 2 ─ │ ↕ↄ ⅎ╢╙──

Antenna position 1 ─ ⌐│ ╩ ⇔√ ╕≢╟╡ ™ ─ ⅎ™ ⅜

∂≡™╢↓≤⅜╦⅛╢  

 

7.3.1.4 ─ ╩ ╢ ↕╩ ≤∆╢ ─  
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7.3.1.5 ─ ╩ ╢ ↕─ ⌐⅔↑╢  

a Antenna position 1 b Antenna position 2  



 93 

 

7.3.1.6 ─ ⅛╠-0.5 m ─ ↕╩ ≤∆╢ ─  

 

 

7.3.1.7 ─ ⅛╠-0.5 m ─ ↕╩ ≤∆╢  

a Antenna position 1 b Antenna position 2  
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7.3.2 ─ ↕╩ ≤⇔√ ─  

⌐ 7.3.1 ≤ ─ ╩ ─ ↕╩ ≤⇔√ ⌐≈™≡ ℮

7.3.2.1 ⌐ ∆╟℮⌐ ╩ ⅛╠+0.7 m +1.4 m +2.1 m ─ ↕≤⇔ ╩

≤∆╢ 15°⅛╠ 165°─ ╩ ⇔√  

 

 

7.3.2.1 ▪fi♥♫≤ ─ ↕ 

 

7.3.2.2 ⌐ Antenna position 1 2 ⌐⅔↑╢ ⅛╠+2.1 m ─ ↕╩ ≤∆╢

─ ╩ ∆  ≢ ⇔√ ─ ↕ ⌐ ╩ ⇔√ ≤ ⌂╡

Antenna position 2 ─ ⌐ ⅜ ↕ↄ⌂╢↓≤⅜╦⅛╢ ↓╣│ ⅜ ⌐

№╢√╘ Antenna position 2 ─ ⌐ ⅜ ∆╢╟℮⌐⌂╢√╘≤ ⅎ╠╣╢

╟╡ 30°⅛╠ 100° ⌐⅔™≡ Antenna position 2 │ Antenna position 1 ≤ ⇔

≡ ⅜ ≢ 20 dB ↕ↄ⌂╢↓≤⅜ ╖ ╣╢ ≢ 115°⅛╠ 150°

⌐⅔™≡│ Antenna position 1 ─ │ Antenna position 2 ╟╡╙ 12 dB ↕ↄ

⌂╢ 7.3.2.3 ⌐ ⅛╠+2.1 m ─ ↕─ ⌐⅔↑╢ ╩ ∆

─ ≢ ⇔√ ╩ ⇔√ Antenna position 2 │ Antenna position 1 ≤ ⇔≡

─ ⅜ ⅝™↓≤⅜╦⅛╢ ↓╣│ ◄fi☺fi─ ⅛╠─ ─ ≢№

╡ ↓╣⅜ 115°⅛╠ 150° ⌐⅔™≡ Antenna position 1 ─ ╩ ↕∑╢

≤ ⅎ╠╣╢  
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7.3.2.2 ⅛╠+2.1 m ─ ↕╩ ≤∆╢ ─  

 

 

7.3.2.3  ⅛╠+2.1 m ─ ↕─ ⌐⅔↑╢  

a Antenna position 1 b Antenna position 2  
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↕╠⌐ 7.3.2.4 ⅔╟┘ 7.3.2.5 ⌐ ⅛╠+1.4 m ⅔╟┘+0.7 m ─ ↕╩ ≤⇔

√ ─ ─ ╩∕╣∙╣ ∆  

7.3.2.4⌐⅔↑╢ ⅛╠+1.4 m─ ↕╩ ≤⇔√ ─ ⅛╠ 60° ≤ 80°

⅛╠ 120° ⌐⅔™≡ Antenna position 2 │ Antenna position 1 ≤ ⇔≡ ⅜

≢ 28 dB ↕™↓≤⅜ ╖ ╣╢  

7.3.2.5 ⌐⅔↑╢ ⅛╠+0.7 m ─ ↕╩ ≤∆╢ ╟╡ 40°⅛╠ 100°

⌐⅔™≡ Antenna position 2 │ Antenna position 1 ≤ ⇔≡ ⅜ ≢ 15 dB

↕™↓≤⅜ ╖ ╣╢  

↓╣╠│™∏╣╙ 7.3.2.2 ─ ≤ ⌐ Antenna position 2 ─ ⌐ ╩ ⇔√

⅜ ─ ⌐ ╕╣╢√╘≢№╢∞≤ ⅎ╠╣╢  

 

7.3.2.4  ⅛╠+1.4 m ─ ↕╩ ≤∆╢ ─  

a Antenna position 1 b Antenna position 2  
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7.3.2.5  ⅛╠+0.7 m ─ ↕╩ ≤∆╢ ─  

a Antenna position 1 b Antenna position 2  

 

7.4 ╗∆┘ 

≢│ 4.4GHz WAIC ◦☻♥ⱶ─ ⅎ™ ─ ⌐≈™≡ FDTD

⌐╟╡ ╩ ∫√ ▪fi♥♫ ≤⇔≡ ─ ╩ ≤⇔≡

⇔ ⌂ ╩ ⇔≡ ⅎ™ ─ ╩ ⇔√

╩ ╗ ⌐╟╡ ⌐⅔↑╢ ⅎ™ ─ ⅜ ╠⅛⌐⌂∫

√ ↕╠⌐ ─ ▪fi♥♫ ↕╩ 0.5 m ↕∑√ ⅎ™ ─

⌐⅔™≡ ≢ 28 dB ─ ⅜ ∂╢ ⅜№╢↓≤╩ ╠⅛⌐⇔√ WAIC

◦☻♥ⱶ─ - №╢™│ ⅎ™ ⌐╟╢ ⌐⅔™≡│

↓╣╠ ╩ ╗ ⅜№╢↓≤╩ ⇔√   
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