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𝑟 = (𝑥, 𝑦, 𝑧)𝑇 

𝑟0 = (𝑥0, 𝑦0, 𝑧0 = 0)𝑇

(𝑟, 𝑡) = ∫
𝑣𝑛 (𝑟0, 𝑡 −

|𝑟 − 𝑟0|
𝑐 )

2𝜋|𝑟 − 𝑟0|
𝑑𝑟0



 

𝑣𝑛 = 𝑣0exp(𝑖𝜔𝑡) 



 

𝑘 =
2𝜋

𝜆

(𝑥, 𝑦, 𝑧𝑓) =
𝑒𝑖𝑘𝑧𝑓

𝑗𝜆𝑧𝑓
∫ 𝑎(𝑥0, 𝑦0)exp (−𝑖

2𝜋

𝜆𝑧𝑓
(𝑥0𝑥 + 𝑦0𝑦))𝑑𝑥0𝑑𝑦0



(𝒙, 𝒚, 𝒛𝒇) ≅ {𝒂(𝒙𝟎, 𝒚𝟎)}

 

𝑎(𝑥0) =  (
𝑥0

𝐷
) . (

𝑥0

𝑤
)Ш(

𝑥0

𝑑𝑥
)

 Ш



 

𝐴(𝑥1, 𝑧𝑓) = 𝑠𝑖𝑛𝑐 (
𝑥1

𝜆𝑧𝑓
𝑊)[𝑠𝑖𝑛𝑐 (

𝑥1

𝜆𝑧𝑓
𝐷)𝑥1

Ш(
𝑥1

𝜆𝑧𝑓
𝑑𝑥)]

𝑠𝑖𝑛𝑐(𝑢) =
sin(𝜋𝑢)

𝜋𝑢







 

 



 

 

𝐴𝑡(𝑥, 𝑦, 𝑧𝑓) ≅ {𝑎𝑡(𝑥0, 𝑦0)}

𝐴𝑟(𝑥, 𝑦, 𝑧𝑓) ≅ {𝑎𝑟(𝑥0, 𝑦0)}

𝑨𝒕/𝒓(𝒙, 𝒚, 𝒛𝒇) = 𝑨𝒕(𝒙, 𝒚, 𝒛𝒇). 𝑨𝒓(𝒙, 𝒚, 𝒛𝒇)



 

 

 

𝑟 = (𝑥, 𝑦, 𝑧)𝑇

0 = (𝑟, 𝑡) −
1

𝑐2

𝜕2(𝑟, 𝑡)

𝜕𝑡2

◻ (𝑟, 𝑡) = 0 ◻= 𝛥 −
1

𝑐2

𝜕2

𝜕𝑡2

(𝑟, 𝑡) ◻

𝑠(𝑟, 𝑡)

◻ (𝑟, 𝑡) = 𝑠(𝑟, 𝑡)

𝑟 𝑟0

(𝑟, 𝑡) = ∭𝐺(𝑟, 𝑡|𝑟0, 𝑡0) 𝑠(𝑟0, 𝑡0)𝑑
3𝑟0𝑑𝑡0



 

𝑟0 = (𝑥0, 𝑦0, 𝑧0)
𝑇

(𝑟, 𝑡) = 𝐺(𝑟, 𝑡)𝑟𝑡 𝑠(𝑟, 𝑡)



𝑠(𝑟, 𝑡)

(𝑥, 𝑦, 𝑧, 𝑡)

𝑠(𝑟, 𝑡)

(𝑟, 𝑡)

𝒔(�⃗⃗�, 𝒕) = (�⃗⃗�, 𝒕)�⃗⃗�𝒕𝑮
−𝟏(�⃗⃗�, 𝒕)

(𝑟, 𝑡) 

𝑟0 = (𝑥0, 𝑦0, 𝑧0 = 0)𝑇

𝑟0



𝑠(𝑥, 𝑦, 𝑧) = ∫ ∫ 𝑅𝐹[𝑥0, 𝑦0, 𝜏(𝑥0, 𝑥, 𝑦0, 𝑦, 𝑧)]
𝑦+𝐿

𝑦−𝐿

𝑥+𝐿

𝑥−𝐿

𝑑𝑥0𝑑𝑦0





 

𝑠(𝑥, 𝑦, 𝑧) = ∑∑𝑎𝑖𝑗

𝑁𝑒

𝑖=1

𝑅𝐹 (𝑥𝑖 , 𝑦𝑗 , 𝜏(𝑥𝑖 , 𝑥, 𝑦𝑗 , 𝑦, 𝑧))

𝑁𝑒

𝑗=1

  





 

 

 



 

 





 

 

 

 



 



𝐼 = 𝑅𝐹[1] cos  + 𝑅𝐹[2] sin 

Q = 𝑅𝐹[2] cos − 𝑅𝐹[1] sin 

𝑠(𝑥, 𝑧) = ∑𝑎𝑖𝐼𝑄(𝑥𝑖, 𝜏(𝑥, 𝑥𝑖 , 𝑧))

𝑁𝑒

𝑖=1

𝐵𝑀𝑜𝑑𝑒(𝑥, 𝑧) = 20𝑙𝑜𝑔10(|
𝑠(𝑥, 𝑦)

𝑠𝑟𝑒𝑓(𝑥, 𝑦)
|)



 

 



 



 

 

 



 

𝑠(𝑡) = 𝑒{𝐴(𝑡)𝑒𝑗2𝜋𝑓0𝑡} = 𝐴(𝑡)cos(𝜔𝑡 − 𝛹)





 

 

Δτ = 
2Δ𝑧

𝑐0
=

2𝑡𝑃𝑅𝐼𝑣𝑧

𝑐0
=

2𝑣𝑧

𝑐0𝑓𝑃𝑅𝐹



𝑠(1) = 𝐴(𝑡)cos(2𝜋𝑓0𝑡 − )

𝑠(2) = 𝐴(𝑡 − Δτ)cos(2𝜋𝑓0(𝑡 − Δτ) − )

𝑠(3) = 𝐴(𝑡 − 2Δτ)cos(2𝜋𝑓0(𝑡 − 2Δτ) − )

⋮

𝑠(𝑘) = 𝐴(𝑡 − 𝑘Δτ)cos(2𝜋𝑓0(𝑡 − 𝑘Δτ) − )



𝑠(𝑘) = 𝐴(𝑡 − 𝑘Δτ)cos(2𝜋𝑓0𝑡 − 𝑘
4𝜋𝑓0𝑣𝑧

𝑐0𝑓𝑃𝑅𝐹
)

𝝎𝑫 =
𝟒𝝅𝒇𝟎𝒗𝒛

𝒄𝟎𝒇𝑷𝑹𝑭



𝑓𝐷 = 2𝑓𝑢𝑠

𝑣

𝑐0
cos 𝜃 = 

1

2𝜋

𝜕𝜙𝑘

𝜕𝑡



                                                           





 

 



𝜙𝒌 = 𝑎𝑟𝑐𝑡𝑎𝑛[𝑄𝑘/𝐼𝑘]

𝑑𝜙𝒌

𝑑𝑡
≈

∑ 𝐼𝑘𝑄𝑘+1 − 𝑄𝑘𝐼𝑘+1
𝐾
𝑘=1

∑ 𝐼𝑘
2 + 𝑄𝑘

2𝐾
𝑘=1



𝜔𝐷 ≈ −𝑎𝑟𝑔[𝐼𝑄𝑘𝐼𝑄𝑘+1
∗

]

�̅�𝐷 ≈ −
1

𝐾
∑ 𝑎𝑟𝑔[𝐼𝑄𝑘𝐼𝑄𝑘+1

∗
]

𝐾−1

𝑘=1



 

�̅�𝒛 −
𝒄𝟎𝒇𝑷𝑹𝑭

𝟒𝝅𝒇𝟎

𝟏

𝑲
∑ 𝒂𝒓𝒈[𝑰𝑸𝒌𝑰𝑸𝒌+𝟏

∗ ]

𝑲−𝟏

𝒌=𝟏
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�⃗�

�⃗�

�⃗� �⃗�

 

𝑎1𝐷(𝑥0) =  (
𝑥0

2𝐿𝑥
) [ (

𝑥0

𝑤
)Ш(

𝑥0

𝑑𝑥
)]  

 

Ш Ш(
𝑥

𝑑𝑥
) = ∑ 𝛿(𝑥 − 𝑛𝑑𝑥)

+∞
−∞



 





𝑎1𝐷(𝑥0) =  (
𝑥0

2𝐿𝑥
)Ш(

𝑥0

𝑑𝑥
)  

𝑎2𝐷(𝑥0, 𝑦0) = 𝑎1𝐷(𝑥0)𝑎
1𝐷(𝑦0) =  (

𝑥0

2𝐿𝑥
)Ш(

𝑥0

𝑑𝑥
)(

𝑥0

2𝐿𝑦
)Ш(

𝑥0

𝑑𝑦
)  



𝑝(𝑥, 𝑦, 𝑧,)ℱ{𝑎2𝐷(𝑥0, 𝑦0)} = 𝐴2𝐷(𝑓𝑥, 𝑓𝑦)  

𝑝(𝑥, 𝑦, 𝑧,) = 2𝐿𝑥𝐿𝑦𝑑𝑥𝑑𝑦 ∑ 𝑠𝑖𝑛𝑐 [
2𝐿𝑥

𝜆
(𝑢 −

𝑛𝜆

𝑑𝑥
)]

+∞

𝑛=−∞

∑ 𝑠𝑖𝑛𝑐 [
2𝐿𝑦

𝜆
(𝑣 −

𝑚𝜆

𝑑𝑦
)]

+∞

𝑚=−∞

 

   

𝑢𝐺𝐿 = ±
𝑛𝜆

𝑑𝑥
 ; 𝑣𝐺𝐿 = ±

𝑚𝜆

𝑑𝑦
 

𝑎𝑅(𝑥0, 𝑦0) =  (
𝑥0

2𝐿𝑥
)Ш(

𝑥0

𝑑𝑥
)(

𝑦0

2𝐿𝑦
)  

𝑎𝐶(𝑥0, 𝑦0) =  (
𝑥0

2𝐿𝑥
)(

𝑦0

2𝐿𝑦
)Ш(

𝑦0

𝑑𝑦
)  



 

𝑝𝑛
𝑅

𝑝𝑛
𝐶

𝑝𝑛
𝑅(𝑥, 𝑦, 𝑧, 𝜔) ≈ ℱ { (

𝑥0

2𝐿𝑥
) .Ш (

𝑥0

𝑑𝑥
) .(

𝑦0

2𝐿𝑦
)} = ℱ {𝑎(𝑥0, 𝑦0).Ш(

𝑥0

𝑑𝑥
)}  

𝑝𝑛
𝐶(𝑥, 𝑦, 𝑧, 𝜔) ≈ ℱ { (

𝑥0

2𝐿𝑥
) .(

𝑦0

2𝐿𝑦
) .Ш(

𝑦0

𝑑𝑦
)} = ℱ {𝑎(𝑥0, 𝑦0).Ш(

𝑦0

𝑑𝑦
)}  

𝑎(𝑥0, 𝑦0)



𝑝𝑛
𝑅(𝑥, 𝑧, 𝜔) =  [2𝐿𝑥𝑠𝑖𝑛𝑐 (

2𝐿𝑥𝑥

𝜆𝑧
)𝑥𝑑𝑥Ш(

𝑥

𝜆𝑧
𝑑𝑥)]  

𝑝𝑛
𝐶(𝑦, 𝑧, 𝜔) = [2𝐿𝑦𝑠𝑖𝑛𝑐 (

2𝐿𝑦𝑦

𝜆𝑧
)𝑦𝑑𝑦Ш(

𝑦

𝜆𝑧
𝑑𝑦)]  



 

 

𝜔 �⃗⃗�

𝑝𝑠(𝑥, 𝑦, 𝑧, 𝜔) = ∑𝑝𝛼𝑖
𝑒𝑗(�⃗⃗�.𝑟−𝜔𝑡)

𝑁

𝑖=1

 

  ℕ ≤

𝑟 = (𝑥𝑦𝑧)𝑇

�⃗⃗� = 𝑘0. (𝑠𝑖𝑛𝛼𝑖𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝛼𝑖𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝛼𝑖)
𝑇  





    

�⃗⃗� =

𝑘0. (𝑠𝑖𝑛𝛼𝑖0𝑐𝑜𝑠𝛼𝑖)
𝑇  

�⃗⃗� = 𝑘0. (0𝑠𝑖𝑛𝛼𝑖𝑐𝑜𝑠𝛼𝑖)
𝑇

𝑝𝑠
𝑅 𝑝𝑠

𝐶

𝑝𝑠
𝑅(𝑥, 𝑧, 𝜔) = ∑𝑝𝛼𝑖

𝑒𝑗(𝑘0(𝑥𝑠𝑖𝑛𝛼𝑖+𝑧𝑐𝑜𝑠𝛼𝑖)−𝜔𝑡)

𝑁

𝑖=1

 

𝑝𝑠
𝐶(𝑦, 𝑧, 𝜔) = ∑𝑝𝛼𝑖

𝑒𝑗(𝑘0(𝑦𝑠𝑖𝑛𝛼𝑖+𝑧𝑐𝑜𝑠𝛼𝑖)−𝜔𝑡)

𝑁

𝑖=1

 

𝑝𝑠
𝑅(𝑥, 𝑧𝑓 , 𝜔) = ∑𝑝𝛼𝑖

𝑒𝑗(𝑘0𝑥𝛼𝑖−𝜔𝑡)

𝑁

𝑖=1

 



 

𝑝𝑠
𝐶(𝑦, 𝑧𝑓 , 𝜔) = ∑𝑝𝛼𝑖

𝑒𝑗(𝑘0𝑦𝛼𝑖−𝜔𝑡)

𝑁

𝑖=1

 



𝑝𝑠
𝑅(𝑥, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔𝑡 ∑𝑝𝛼𝑖

𝑒
𝑗
2𝜋
𝜆

𝑥𝛼𝑖

𝑁

𝑖=1

 

𝑝𝑠
𝐶(𝑦, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔𝑡 ∑𝑝𝛼𝑖

𝑒
𝑗
2𝜋
𝜆

𝑦𝛼𝑖

𝑁

𝑖=1

 



(
𝑥

𝜆
,
𝑦

𝜆
)

𝑝𝑠
𝑅(𝑥, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔𝑡 ∫ 𝑝(𝛼)𝑒

𝑗
2𝜋
𝜆

𝑥𝛼
+∞

+∞

𝑑𝛼  

𝑝𝑠
𝐶(𝑦, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔𝑡 ∫ 𝑝(𝛼)𝑒

𝑗
2𝜋
𝜆

𝑦𝛼
+∞

+∞

𝑑𝛼  





𝑝(𝛼) =  (
𝛼

2𝛼𝑚𝑎𝑥
) .Ш (

𝛼

𝛥𝛼
)  

  

Ш  ШΔ𝛼(𝛼) =

∑ 𝛿(𝛼 − 𝑛Δ𝛼)+∞
−∞

 (
𝑥

𝜆
,
𝑦

𝜆
)  

𝑝𝑠
𝑅(𝑥, 𝑧𝑓 , 𝜔) = 𝑒−𝑗𝜔𝑡 ℱ𝑥

𝜆
{ (

𝛼

2𝛼𝑚𝑎𝑥
) .Ш(

𝛼

𝛥𝛼
)}  

𝑝𝑠
𝐶(𝑦, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔(𝑡)ℱ𝑦

𝜆
{ (

𝛼

2𝛼𝑚𝑎𝑥
) .Ш(

𝛼

𝛥𝛼
)}  



 

𝑝𝑠
𝑅(𝑥, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔𝑡 [𝑠𝑖𝑛𝑐 (2𝛼𝑚𝑎𝑥

𝑥

𝜆
)𝑥

𝜆
Ш(

𝑥

𝜆
𝛥𝛼)]  

𝑝𝑠
𝐶(𝑦, 𝑧𝑓 , 𝜔) =  𝑒−𝑗𝜔𝑡 [𝑠𝑖𝑛𝑐 (2𝛼𝑚𝑎𝑥

𝑦

𝜆
)𝑦

𝜆
Ш(

𝑦

𝜆
𝛥𝛼)]  

𝑥

𝜆
𝑦

𝜆

Ш

𝑥𝐺𝐿 =
𝑛𝜆

Δ𝛼
 

𝑦𝐺𝐿 =
𝑛𝜆

Δ𝛼
 

  

Δ𝛼 

Δ𝛼

𝐷 =
2Δ𝛼𝐿𝑥/𝑦

𝜆
 



 

 





 





 



 

 

 



 

 

ℎ𝑅𝐶

ℎ𝐶𝑅

 

ℎ𝑅𝐶(𝑥, 𝑦, 𝑧, 𝜔) = 𝑝𝑠
𝑅 . 𝑝𝑛

𝐶
 

 

 
ℎ𝐶𝑅(𝑥, 𝑦, 𝑧, 𝜔) = 𝑝𝑠

𝐶 . 𝑝𝑛
𝑅  

ℎ𝑅𝐶(𝑥, 𝑦, 𝑧, 𝜔) = [𝑠𝑖𝑛𝑐 (2𝛼𝑚𝑎𝑥

𝑥

𝜆
)𝑥

𝜆
Ш(

𝑥

𝜆
Δ𝛼)] . [2𝐿𝑦𝑠𝑖𝑛𝑐 (

2𝐿𝑦𝑦

𝜆𝑧
)]  

ℎ𝐶𝑅(𝑥, 𝑦, 𝑧, 𝜔) = [𝑠𝑖𝑛𝑐 (2𝛼𝑚𝑎𝑥

𝑦

𝜆
)𝑦

𝜆
Ш (

𝑦

𝜆
Δ𝛼)] . [2𝐿𝑥𝑠𝑖𝑛𝑐 (

2𝐿𝑥𝑥

𝜆𝑧
)]  



 



 

 



 

 

ℎ𝑂𝑃𝑊 = ℎ𝑅𝐶(𝑥, 𝑦, 𝑧, 𝜔) + ℎ𝐶𝑅(𝑥, 𝑦, 𝑧, 𝜔)  

ℎ𝑂𝑃𝑊 = [𝑠𝑖𝑛𝑐 (2𝛼𝑚𝑎𝑥

𝑥

𝜆
)𝑥

𝜆
Ш (

𝑥

𝜆
Δ𝛼)] . [𝑠𝑖𝑛𝑐 (

𝐿𝑦𝑦

𝜆𝑧
)]

+ [𝑠𝑖𝑛𝑐 (2𝛼𝑚𝑎𝑥

𝑦

𝜆
)𝑦

𝜆
Ш(

𝑦

𝜆
Δ𝛼)] . [𝑠𝑖𝑛𝑐 (

𝐿𝑥𝑥

𝜆𝑧
)] 

 



 

Δ𝛼 ≤
𝜆

2𝐿𝑥/𝑦
  





 



 



 

 

 

 



 



 

 







|�⃗�| = 20𝑐𝑚. 𝑠−1

𝑣𝑧 = −6.4𝑐𝑚. 𝑠−1 𝑣𝑥 = −19𝑐𝑚. 𝑠−1 𝑣𝑦 =

0𝑐𝑚. 𝑠−1

𝑉𝑁𝑦𝑞𝑢𝑖𝑠𝑡 =
𝑐0𝑓𝑃𝑅𝐹

4𝑓𝑐𝑁𝑇𝑋

 



 

 







 

 



 

 



 



 

 







 

 

 



 



𝛿𝑙𝑎𝑡 =
2. 𝑣𝑧

𝐷. 𝑓𝑃𝑅𝐹. tan(∆𝛼)
 

𝑣𝑧 𝑓𝑃𝑅𝐹

𝛿𝑙𝑎𝑡





 

 

 



 

 



 

 

 

  





 NTX = 2 

x [°] 0° - 

y [°] - 0° 

 NTX = 4 

x [°] -1° - 1° - 

y [°] - -1° - 1° 

 NTX= 8 

x [°] -3° - -1° - 1° - 3° - 

y [°] - -3° - -1° - 1° - 3° 

 



 

 





 





 



 

NTX 

Ouverture angulaire 
constante 

max = ±5° 

Ecart angulaire constant 

 = 2° 

Cadence 
d’imagerie 

[Hz] 

Vitesse de 
Nyquist [cm.s-1] 

2 - max = 0° 5000 30.8 

4  = 10° max = 1° 2500 15.4 

8  = 3.3° max = 3° 1250 7.7 

12  = 2°  -  max = 5° 840 5.1 

16  = 1.4° max = 7° 625 3.8 

20  = 1.1° max = 9° 500 3.0 

 

 



 

𝐼(𝑥, 𝑦, 𝑧) = ∑|𝑠𝑂𝑃𝑊(𝑥, 𝑦, 𝑧, 𝑡)|2
𝑇

𝑡=1

 

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 = 10. 𝑙𝑜𝑔10 (
∑ 𝐼(𝑥, 𝑦, 𝑧)𝑥,𝑦,𝑧∈𝑅𝑂𝐼𝐼𝑁

∑ 𝐼𝑥,𝑦,𝑧∈𝑅𝑂𝐼𝑂𝑈𝑇
(𝑥, 𝑦, 𝑧)

)  



 

 

 

α

 



 





α



 

 



 

 



 

 



 



 

 



 

 

 



 

 

 



 

 

 



 

 



 



 

 

 



 





 

 



 

 

 

 



 

 

 

http://www.servier.fr/smart/banque-dimages-powerpoint/


 

 

 



 

 

 



 

 



 

 

 



 

 

 



 

 



 

 

 



 

 



 

 

 

 

 

 





 



 

 

 





 



 

 

|�⃗�1|~6

|�⃗�2|~12 |�⃗�3|~18

𝑣𝑧~

𝑣𝑧~

𝑣𝑧~

 

 



 

 

                                                           



 

 

𝑟1(𝑥, 𝑦, 𝑧) =
1

𝑇
∑(𝑠𝑂𝑃𝑊𝑠(𝑥, 𝑦, 𝑧, 𝑡𝑖). 𝑠

𝑂𝑃𝑊𝑠∗
(𝑥, 𝑦, 𝑧, 𝑡𝑖+1))

𝑇

𝑖=1

𝑟1(𝑥, 𝑦, 𝑧) =
1

𝑇
∑(𝑠𝑂𝑃𝑊1𝑠(𝑥, 𝑦, 𝑧, 𝑡𝑖). 𝑠

𝑂𝑃𝑊2𝑠∗
(𝑥, 𝑦, 𝑧, 𝑡𝑖))

𝑇

𝑖

𝑟0(𝑥, 𝑦, 𝑧) =
∑ [𝑠𝑂𝑃𝑊𝑠(𝑥, 𝑦, 𝑧, 𝑡𝑖). 𝑠

𝑂𝑃𝑊𝑠∗
(𝑥, 𝑦, 𝑧, 𝑡𝑖)]𝑖

𝑇

𝑟1 𝑟0

𝑟2(𝑥, 𝑦, 𝑧) =
|𝑟1(𝑥, 𝑦, 𝑧)|

𝑟0(𝑥, 𝑦, 𝑧)

𝑣𝑠

𝒗𝒛(𝒙, 𝒚, 𝒛) = −𝒂𝒓𝒈[𝒓𝟏(𝒙, 𝒚, 𝒛,𝒎)]
𝒄𝒇𝑷𝑹𝑭

𝟐𝝅𝒇𝟎𝑺



 

 

 



 



 

 



 

 

 

 



 

 

 

 



 

 



 

  



 

 

 



 

 

 

 

𝑓𝐷 =
2‖�⃗�‖𝑐𝑜𝑠𝜃

𝑐
𝑓0

�⃗�





𝑣𝑧 = ‖�⃗�‖𝑐𝑜𝑠𝜃



𝛼𝑖 𝛽𝑗

𝑓𝐷 =
‖�⃗�‖𝑐𝑜𝑠(𝛼𝑖 − 𝜃) + ‖�⃗�‖𝑐𝑜𝑠(𝛽𝑗 − 𝜃)

𝑐
𝑓0

‖�⃗�‖ 𝜃

𝛼𝑖 𝛽𝑗

cos(𝛼 − 𝜃) =

cos(𝛼) cos(𝜃) + sin(𝛼) sin(𝜃) 𝑣𝑧 = ‖�⃗�‖𝑐𝑜𝑠𝜃

𝑣𝑥 = ‖�⃗�‖𝑠𝑖𝑛𝜃



 

𝑓𝐷 =
𝑣𝑧[𝑐𝑜𝑠(𝛼𝑖) + 𝑐𝑜𝑠(𝛽𝑗)] + 𝑣𝑥[𝑠𝑖𝑛(𝛼𝑖) + 𝑠𝑖𝑛(𝛽𝑗)]

𝑐
𝑓0

𝑓𝐷 (𝑣𝑥, 𝑣𝑦)

[
 
 
 
 
𝑓𝐷1

𝑓𝐷2

⋮
𝑓𝐷𝐼𝐽]

 
 
 
 

=
𝑓0
𝑐

[
 
 
 
𝑐𝑜𝑠(𝛼1) + 𝑐𝑜𝑠(𝛽1) 𝑠𝑖𝑛(𝛼1) + 𝑠𝑖𝑛(𝛽1)

𝑐𝑜𝑠(𝛼2) + 𝑐𝑜𝑠(𝛽2) 𝑠𝑖𝑛(𝛼2) + 𝑠𝑖𝑛(𝛽2)
⋮

𝑐𝑜𝑠(𝛼𝐼) + 𝑐𝑜𝑠(𝛽𝐽)
⋮

𝑠𝑖𝑛(𝛼𝐼) + 𝑠𝑖𝑛(𝛽𝐽)]
 
 
 
[
𝑣𝑥

𝑣𝑧
]

𝒃 = 𝑲. 𝒗

𝒃 =

[
 
 
 
 
𝑓𝐷1

𝑓𝐷2

⋮
𝑓𝐷𝐼𝐽]

 
 
 
 
𝑐

𝑓0
𝑲 =

[
 
 
 
𝑐𝑜𝑠(𝛼1) + 𝑐𝑜𝑠(𝛽1) 𝑠𝑖𝑛(𝛼1) + 𝑠𝑖𝑛(𝛽1)

𝑐𝑜𝑠(𝛼2) + 𝑐𝑜𝑠(𝛽2) 𝑠𝑖𝑛(𝛼2) + 𝑠𝑖𝑛(𝛽2)
⋮

𝑐𝑜𝑠(𝛼𝐼) + 𝑐𝑜𝑠(𝛽𝐽)
⋮

𝑠𝑖𝑛(𝛼𝐼) + 𝑠𝑖𝑛(𝛽𝐽)]
 
 
 

𝒗 = [
𝑣𝑥

𝑣𝑧
]

‖𝒓‖2 = ‖𝒃 − 𝑲𝒗‖2

(𝑲𝑻𝑲)−𝟏𝑲𝑻 𝑲 𝒃

𝒗 =  (𝑲𝑻𝑲)−𝟏𝑲𝑻. 𝒃

𝑲𝑻 𝑲

𝒃

                                                           

4 

  



 

�⃗⃗�

�⃗⃗�𝑡,𝑖

�⃗⃗�𝑟,𝑗

�⃗⃗�𝑡,𝑖, �⃗⃗�𝑟,𝑗

𝒃(𝑖, 𝑗, 𝑥, 𝑦, 𝑧, 𝑡) = −𝑎𝑟𝑔[𝐼𝑄(𝑖, 𝑗, 𝑥, 𝑦, 𝑧, 𝑡). 𝐼𝑄∗(𝑖𝑗, 𝑥, 𝑦, 𝑧, 𝑡 − 𝑡𝑃𝑅𝐹]

𝒃(𝑖, 𝑗, 𝑥, 𝑦, 𝑧, 𝑡)

𝑲𝒕𝒓

𝑲𝒕𝒓 =

[
 
 
 
𝑘𝑡,1𝑥 + 𝑘𝑟,1𝑥 𝑘𝑡,1𝑦 + 𝑘𝑟,1𝑦

𝑘𝑡,2𝑥 + 𝑘𝑟,2𝑥 𝑘𝑡,2𝑦 + 𝑘𝑟,2𝑦

⋮
𝑘𝑡,𝐼𝑥 + 𝑘𝑟,𝐽𝑥


⋮

𝑘𝑡,𝐼𝑦 + 𝑘𝑟,𝐽𝑦

𝑘𝑡,1𝑧 + 𝑘𝑟,1𝑧

𝑘𝑡,2𝑧 + 𝑘𝑟,2𝑧

⋮
𝑘𝑡,𝐼𝑧 + 𝑘𝑟,𝐽𝑧 ]

 
 
 

�⃗⃗�𝑡,𝑖𝑒𝑡�⃗⃗�𝑟,𝑗 

(�⃗�, �⃗�, 𝑧)

�⃗� = (𝑣𝑥, 𝑣𝑦, 𝑣𝑧)
𝑇

𝒃(𝑖, 𝑗, 𝑥, 𝑦, 𝑧, 𝑡)

(𝑲𝒕𝒓
𝑻𝑲𝒕𝒓)

−𝟏
. 𝑲𝒕𝒓

𝑻

�⃗⃗⃗�(𝒙, 𝒚, 𝒛) = [

𝑽𝒙

𝑽𝒚

𝑽𝒛

] =  (𝑲𝑻𝑲)−𝟏𝑲𝑻. 𝒃



 

 

�⃗⃗�𝑡,𝑖et�⃗⃗�𝑟,𝑗 

�⃗⃗�𝑡,𝑖

�⃗⃗�𝑟,𝑗 

�⃗⃗�𝑡,𝑖, �⃗⃗�𝑟,𝑗

(𝑥, 𝑧)

ℎ(𝑥, 𝑧) 𝐺

𝑃 (𝑋



 

ℎ(𝑥, 𝑧) = 𝐺(𝑋, 𝑍). 𝑃(𝑍, 𝜙) =
1

2𝜋𝜎𝑥𝜎𝑧
𝑒𝑥𝑝 [−

1

2
((

𝑋

𝜎𝑥
)
2

+ (
𝑍

𝜎𝑧
)
2

)] . 𝑒𝑥𝑝 [𝑗
2𝜋

𝜆
𝑍 + 𝜙]

𝛽

𝑋 = 𝑥 cos(𝛽) − 𝑧 sin(𝛽)

𝑍 = 𝑧 cos(𝛽) + 𝑥sin(𝛽)

𝜎𝑥 𝜎𝑧 𝐺 𝜆

𝜙

𝜎𝑥/𝑧 =
𝐹𝑊𝐻𝑀

2√2ln(2)

𝐼𝑄(𝑥, 𝑦, 𝑧)



𝜆 2⁄

(𝑥, 𝑧) (𝑘𝑥, 𝑘𝑧)

𝑘𝑥

𝑘𝑧

𝐼𝑄(𝑥, 𝑦, 𝑧)



 

2𝜋

𝜆

𝛽

𝛽 = −40°

𝜎𝑥 𝜎𝑥

𝜎𝑥 = 𝜎𝑧 = 1.7 

𝐼𝑄𝑠(𝑥, 𝑦, 𝑧)

𝐼�̌�𝑠(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)

 

𝜆

2

  𝛽 = −40°

 



 

FWHM = 8λ

𝛽 = +20°

𝑀

𝐼𝑄𝑠(𝑥, 𝑦, 𝑧, 𝑡,𝑀) 𝑀

𝐼𝑄(𝑥, 𝑦, 𝑧, 𝑡) 𝑲𝒔

𝑀

 

𝜆

2

 𝜎𝑥/𝑧 = 8𝜆 𝛽 =+40°

 



 

 

 

      

    





�̌�

𝑲𝒔

𝑲𝒔(𝑴, 𝟑) =

[
 
 
 
𝑘𝑥1 𝑘𝑦1 𝑘𝑧1

𝑘𝑥2 𝑘𝑦2 𝑘𝑧2

⋮
𝑘𝑥𝑀

⋮
𝑘𝑦𝑀

⋮
𝑘𝑧𝑀]

 
 
  

𝑟1(𝑥, 𝑦, 𝑧,𝑚) =
1

𝑇
∑(𝑠𝑂𝑃𝑊𝑠(𝑥, 𝑦, 𝑧, 𝑡𝑖, 𝑚). 𝑠𝑂𝑃𝑊𝑠∗

(𝑥, 𝑦, 𝑧, 𝑡𝑖+1, 𝑚))

𝑇

𝑖=1

𝑘𝑥𝑚 =
∑|�̌�𝑂𝑃𝑊𝑠|. 𝑘𝑥

∑|�̌�𝑂𝑃𝑊𝑠|
 

𝑘𝑦𝑚 =
∑|�̌�𝑂𝑃𝑊𝑠|. 𝑘𝑦

∑|�̌�𝑂𝑃𝑊𝑠|

𝑘𝑧𝑚 =
∑|�̌�𝑂𝑃𝑊𝑠|. 𝑘𝑧

∑|�̌�𝑂𝑃𝑊𝑠|



 

𝑟1(𝑥, 𝑦, 𝑧,𝑚) =
1

𝑇
∑(𝑠𝑂𝑃𝑊1𝑠(𝑥, 𝑦, 𝑧, 𝑡𝑖, 𝑚). 𝑠𝑂𝑃𝑊2𝑠∗

(𝑥, 𝑦, 𝑧, 𝑡𝑖, 𝑚))

𝑇

𝑖

 

𝑣𝑠

𝑣𝑠(𝑥, 𝑦, 𝑧,𝑚) = −𝑎𝑟𝑔[𝑟1(𝑥, 𝑦, 𝑧,𝑚)]
𝑐𝑓𝑃𝑅𝐹

2𝜋𝑓0𝐹

 

 

𝑲𝒔

�⃗⃗⃗�𝑶𝑷𝑾

�⃗⃗⃗�𝑶𝑷𝑾(𝒙, 𝒚, 𝒛) = [

𝑽𝒙

𝑽𝒚

𝑽𝒛

] =  (𝑲𝒔
𝑻𝑲𝒔)

−𝟏𝑲𝒔
𝑻. 𝒗𝒔 

 



 

 

 



 

 

 

𝑣𝑧~ − 3.2

 

  

 

 

 



 

 

 

 

 



 

 

 

 

 

                                                           

       

   





 



 

 

 



 

 

 



 

 

 

 



 

 

 

 

 



 

 



 







 



 



 

 

 



 



 



 

 



 

 

 



 

 

 

 



 

 

 



 



 

 





 





 

 

 



 

 



 

 

 

 

 

 



 

 



 =
𝜆

2𝐿𝑥/𝑦

𝜆 𝐿𝑥/𝑦

Δ𝛼 = 0.5°



 

 

𝜟𝜶 = 𝟎. 𝟓°

𝜶𝒎𝒂𝒙





 



 

 

 





 



 

𝑆𝑖 = 𝑈𝑖Δ𝑖𝑉𝑖
𝑇



 

 

𝐷𝑑𝐵 = 10. 𝑙𝑜𝑔10 (
𝐼𝑟𝑒𝑓

𝐼𝑛𝑜𝑖𝑠𝑒
)



 

 

 

 

 



 





 

 

 



 

 

 

 



 

 

 



 

 

 

 

 



 



 

𝑟(𝑥, 𝑦, 𝑧) = 
∑ (𝑠𝐼(𝑡𝑖) − 𝑠�̅�)(휀(𝑡𝑖) − 휀�̅�)

𝑇
𝑖

√∑ (𝑠𝐼(𝑡𝑖) − 𝑠�̅�)2𝑇
𝑖 √∑ (휀(𝑡𝑖) − 휀�̅�)2𝑇

𝑖

. ̅

 

 



 



 

 

 



 

 

 



 

 



 



 

 



 

 

 



 



 

 



 



 



 

 





 

 



 

 

 



 

 

 

𝐻𝐻𝑇 = 𝑛𝐼𝑛



 



  

 

 



 

 

 

 







 

 

 



 

 

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡𝑒 = 10. 𝑙𝑜𝑔10 (
∫|ℎ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧)|2𝑑𝑥𝑑𝑦𝑑𝑧

∫|ℎ𝑖𝑛(𝑥, 𝑦, 𝑧)|2𝑑𝑥𝑑𝑦𝑑𝑧
)

 

 



 

 

 

 



 

 

 



 

 

 

 



 

 

 



 

 

 

 



 



 



 



 

 

 

 



 

𝑠𝑜𝑏𝑠1 = 𝑠𝑡𝑖𝑠𝑠𝑢1 + 𝑠𝑓𝑙𝑢𝑥1 + 𝑠𝑛𝑜𝑖𝑠𝑒

𝑠𝑜𝑏𝑠2 = 𝑠𝑡𝑖𝑠𝑠𝑢2 + 𝑠𝑓𝑙𝑢𝑥2 + 𝑠𝑛𝑜𝑖𝑠𝑒

𝑠𝑓𝑙𝑢𝑥1 = 𝑠𝐼𝑁 + 𝑠𝑂𝑈𝑇1 + 𝑠𝑛𝑜𝑖𝑠𝑒

𝑠𝑓𝑙𝑢𝑥2 = 𝑠𝐼𝑁 + 𝑠𝑂𝑈𝑇2 + 𝑠𝑛𝑜𝑖𝑠𝑒

                                                           



 

𝑠𝑓𝑙𝑢𝑥1. 𝑠𝑓𝑙𝑢𝑥2
∗ = 𝐴1𝑒

−𝑗𝜙1 . (𝐴2𝑒
−𝑗𝜙2)

∗
= (𝑠𝐼𝑁 + 𝑠𝑂𝑈𝑇1)(𝑠𝐼𝑁 + 𝑠𝑂𝑈𝑇2)

∗

= |𝑠𝐼𝑁|2 +(𝑠𝐼𝑁
∗ . 𝑠𝑂𝑈𝑇1) + (𝑠𝐼𝑁

∗ . 𝑠𝑂𝑈𝑇2) + (𝑠𝑂𝑈𝑇2
∗ . 𝑠𝑂𝑈𝑇1)



 

 

 



 

 

     



 

   

 

 [
1

𝑁
∑(𝑠𝑜𝑢𝑡1. 𝑠𝑜𝑢𝑡2

∗ )

𝑁

1

]〈[𝑠𝑜𝑢𝑡1. 𝑠𝑜𝑢𝑡2
∗ ]〉 = 0

 [
1

𝑁
∑(𝑠𝑜𝑢𝑡1. 𝑠𝑜𝑢𝑡2

∗ )

𝑁

1

]〈[𝑠𝑜𝑢𝑡1. 𝑠𝑜𝑢𝑡2
∗ ]〉 = 0

       

𝐼𝐼𝑁 =  [
1

𝑁
∑(𝑠𝐼𝑁. 𝑠𝐼𝑁

∗ )

𝑁

1

]

〈[𝑠𝑓𝑙𝑢𝑥1. 𝑠𝑓𝑙𝑢𝑥2
∗ ]〉 =  𝐼𝐼𝑁

〈[𝑠𝑓𝑙𝑢𝑥1. 𝑠𝑓𝑙𝑢𝑥2
∗ ]〉 = 0

                                                           



 

 



 

 

 



                                                           



 

 

𝑠µ(𝑥, 𝑦, 𝑧) =  [
1

𝑁𝑒𝑛𝑠
∑(𝑠𝑅(𝑥, 𝑦, 𝑧, 𝑖). (𝑠𝐶(𝑥, 𝑦, 𝑧, 𝑖))

∗
)

𝑁𝑒𝑛𝑠

𝑖=1

]

 



 





 

 

 



 

 



 



 

 

 

|�⃗�1|~6 |�⃗�3|~18

𝑣𝑧~





 

 

𝑠µ̅
𝐼𝑁 = 0.1 ± 0.12

𝑠µ̅
𝑂𝑈𝑇2 = 0.0018 ± 0.0016

𝑠µ̅
𝑂𝑈𝑇1 = −0.001 ± 0.008



 

 

 



 

 

 

 

 



 

 

                                                           



 



 

 

 



 

 

 

                                                           



 







 

 

 

 



 

�̂�(𝑚) =
1

𝑁 − 𝑚
∑ ∑ 𝑠𝑖(𝑛)𝑠𝑖+𝑚(𝑛)

𝑛2

𝑛=𝑛1

𝑁−𝑚

𝑖=1

                                                           



 

�̂�(𝑥, 𝑧,𝑚) =
1

𝑁 − 𝑚
∑

∑ 𝑠(𝑥, 𝑧, 𝑖)𝑠(𝑥, 𝑧, 𝑖 + 𝑚)
𝑧2
𝑧=𝑧1

√∑ 𝑠(𝑥, 𝑧, 𝑖)2𝑧2
𝑧=𝑧1

∑ 𝑠(𝑥, 𝑧, 𝑖 + 𝑚)2𝑧2
𝑧=𝑧1

𝑁−𝑚

𝑖=1

�̂�𝑆𝐿𝑆𝐶(𝑥, 𝑧) = ∑ �̂�(𝑥, 𝑧,𝑚)

𝑀

𝑚=1



 

                                                           



 

𝑅𝑆𝐿𝐴𝐶(𝑥, 𝑦) = ∑
1

𝑁 − 𝑘

𝐾

𝑘=1

∑
𝑎𝑖(𝑥, 𝑦)𝑎𝑖+𝑘

∗ (𝑥, 𝑦)

√|𝑎𝑖(𝑥, 𝑦)|2|𝑎𝑖+𝑘(𝑥, 𝑦)|2

𝑁−𝑘

𝑖=1

 





 

 

                                                           



 

 



 

 

 

 



 



 



 



 



 



 

  



 

 



 



 



 





 

 

 


