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𝛼(𝑟, 𝜆)

𝛽(𝑟, 𝜆)
 

𝑁𝑚,𝑖 [m
−3]

𝐶𝑚,𝑖
𝑒𝑥𝑡 [m2] 𝐶𝑚,𝑖

𝑏𝑎𝑐𝑘 [m2 ⋅ sr−1]

𝑖

𝛼𝑚(𝜆) =∑𝑁𝑚,𝑖 ⋅ 𝐶𝑚,𝑖
𝑒𝑥𝑡(𝜆)

𝑁

𝑖=0

         ;          𝛽𝑚(𝜆) =∑𝑁𝑚,𝑖 ⋅ 𝐶𝑚,𝑖
𝑏𝑎𝑐𝑘(𝜆)

𝑁

𝑖=0

 

𝑇ℎ(ℎ) [K] 𝑃ℎ(ℎ) [hPa]

ℎ
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𝛼𝑚(𝜆, ℎ) = 𝛼𝑚𝑠(𝜆) ⋅  
𝑃ℎ(ℎ)

𝑃ℎ𝑠

𝑇ℎ𝑠
𝑇ℎ(ℎ)

         ;          𝛽𝑚(𝜆, ℎ) = 𝛼𝑚(𝜆) ⋅
𝑃𝑟𝑎𝑦(π, 𝜆)

4π
 

𝑃𝑟𝑎𝑦 𝑇ℎ𝑠 𝑃ℎ𝑠

𝑇ℎ𝑠 = 288,15 K 𝑃ℎ𝑠 = 1013,25 hPa 𝛼𝑚𝑠

𝑃𝑟𝑎𝑦(π, 𝜆) 𝛼𝑚𝑠(𝜆)

𝛼𝑝,𝑖 𝛽𝑝,𝑖

𝑁𝑝,𝑖  [m
−3]

𝐶𝑝,𝑖
𝑒𝑥𝑡 [m2] 𝐶𝑝,𝑖

𝑏𝑎𝑐𝑘 [m2 ⋅ sr−1]

𝑅

𝑖

𝛼𝑝(𝜆) = ∑∫ 𝑁𝑝,𝑖(𝑅) ⋅ 𝐶𝑝,𝑖
𝑒𝑥𝑡(𝜆, 𝑅) ⋅ 𝑑𝑅

∞

0⏟                
𝛼𝑝,𝑖

𝑁

𝑖=0

         ;          𝛽𝑝(𝜆) =∑∫ 𝑁𝑝,𝑖(𝑅) ⋅ 𝐶𝑝,𝑖
𝑏𝑎𝑐𝑘  (𝜆, 𝑅) ⋅ 𝑑𝑅

∞

0⏟                  
𝛽𝑝,𝑖

𝑁

𝑖=0

 

𝛼𝑝,𝑖 𝛽𝑝,𝑖

• 

𝑘 = 2 π ⋅ 𝑚𝑝 𝜆⁄  [m
−1]

𝑚𝑝 [∅] 𝑅 [m]

𝑚

𝑋 [∅]

𝑋 = 𝑘 ⋅ 𝑅 
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• 

𝜆

|𝑚|𝑘𝑑𝑑  <  1 𝑘 =  2π/𝜆 𝑚

𝛼𝑏 𝛽𝑏

𝜐 [km

550 nm

𝜐(550 nm) =
3.9

𝛼𝑏(550 nm)
 

 𝛼𝑏 [km
−1]

𝛼𝑏
𝛽𝑏
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400 − 5000 nm

𝛽𝑎 𝛼𝑎
𝛽𝑎 𝛼𝑎

 

< 50 nm

𝑘𝑓 𝐷𝑓 𝑁 𝑅𝑚

𝑁 = 𝑘𝑓 (
𝑅𝑔

𝑅𝑚
)
𝐷𝑓

 

𝑅𝑔 𝑟𝑖 𝑖è𝑚𝑒

𝑅𝑔 = (
1

𝑁
∑𝑟𝑖

2

𝑁

𝑖=0

)

1
2

 

1,8 2,39

20 nm
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𝑫𝒇 1,8 2,39 

𝑵 90 4275 

𝑹𝒎 20 nm 20 nm 

𝑚(𝜆)  =  𝑛(𝜆)  +  𝑖𝜅(𝜆)

𝑚(𝜆)

𝑚(𝜆)
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𝐶𝑒𝑥𝑡 [nm
2]

𝐶𝑏𝑎𝑐𝑘 [nm
2 ⋅ sr−1]

400 − 5000 nm

500

𝐶𝑒𝑥𝑡
47,5

𝐶𝑏𝑎𝑐𝑘 47,52

𝑁

𝑁²

(b) 

 

(a) 
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𝑅𝑣 𝑅𝑠 𝑅𝑔 ,

𝑅𝑣 = (𝑁)
1
3⁄ 𝑅𝑚 

𝑅𝑠 = (𝑁)
1
2⁄ 𝑅𝑚 

𝑅𝑔 = (
𝑁

𝑘𝑓
)

1
𝐷𝑓⁄

𝑅𝑚 

𝑅𝑣 90 nm 325 nm
𝑅𝑠 190 nm 1308 nm
𝑅𝑔 211 nm 591nm
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𝑅𝑣 𝑅𝑠
𝑅𝑔

𝑅𝑠 𝑅𝑔

𝐶𝑒𝑥𝑡 𝜆 =  800 nm

𝑅𝑠 𝑅𝑔

𝑅𝑣

𝑅𝑠
𝑅𝑔 𝜆 400 − 5000 nm

𝑅𝑔

𝜆 <  800 nm 𝑅𝑣 𝑅𝑔

𝜆 >  800 nm

𝑅𝑣

𝑅𝑣

(a) (b) 
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𝑅𝑠 𝑅𝑔

 

𝑅𝑣 𝑅𝑠
𝑅𝑔

400 − 2000 nm

𝑅s 𝑅𝑔

𝑅s 𝑅𝑔

𝜆 <  1000 nm

𝑅s 𝑅𝑔

𝜆 >  1000 nm 𝑅𝑣

400 −

5000 nm

𝑅s 𝑅𝑔

3000 5000 nm 𝑅𝑣

(a) (b) 
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𝜆 < 3000 nm

𝑅𝑣
𝜆 >  4000 nm 𝐶𝑏𝑎𝑐𝑘

𝐶𝑒𝑥𝑡 𝐶𝑏𝑎𝑐𝑘
180° 𝐶𝑒𝑥𝑡

 

𝑅𝑣

𝑅s
𝑅𝑔
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𝑋
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250 nm 10 µm

10 µJ 1 J 10 Hz

10 kHz 1 ns 1 µs

GW ⋅ cm−2
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1 W

• 𝛼𝐿 [dB ⋅ m
−1]

𝑃𝑖𝑛𝑡 [W] 𝑃𝑜𝑢𝑡 [W] 𝐿 [m]

𝛼𝐿 = −
10

𝐿
log (

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛𝑡

) 

2 µm
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• 𝐷𝑐  [ps ⋅ nm
−1 ⋅ km−1]

𝑙 [m]

𝜑(𝜔, 𝑡) [rad] 𝜔 [rad ⋅ s−1]

𝛽(𝜔) [rad] c [m ⋅ s−1]

𝜑(𝜔, 𝑡) = 𝛽(𝜔) ⋅ 𝑙 − 𝜔 ⋅ 𝑡 

𝑎𝑣𝑒𝑐 𝛽(𝜔) =
2π

𝜆
⋅ 𝑛(𝜔) =

𝜔

c
⋅ 𝑛(𝜔) 

 𝑓0= 𝜔0 2π⁄  𝜔0 𝛽(𝜔)

 𝜔0
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𝛽(𝜔) = 𝛽0 + 𝛽1(𝜔 − 𝜔0) +  
1

2
𝛽2(𝜔 − 𝜔0)

2 +
1

6
𝛽3(𝜔 − 𝜔0)

3 + 𝑜(𝜔 − 𝜔0)
𝑛 

𝛽𝑖 = 
𝑑𝑖𝛽

𝑑𝜔𝑖
|
𝜔=𝜔0

𝑎𝑣𝑒𝑐 𝑚 =  {0,1,2,3, … , 𝑖} 

𝛽1 𝑣𝑔

𝑣𝑔 =
𝑑𝜔

𝑑𝛽

𝛽2
𝛽1 𝑒𝑡 𝛽2

𝛽1 =
1

𝑣𝑔
=
1

c
(𝑛 + 𝜔

𝑑𝑛

𝑑𝜔
)

⏞        

𝑛𝑔𝑟𝑜𝑢𝑝𝑒

 

𝛽2 =
1

c
(2
𝑑𝑛

𝑑𝜔
+ 𝜔

𝑑2𝑛

𝑑𝜔2
) 

𝐷𝑐
𝜆 𝐷𝑐

𝛽2

𝐷𝑐 = −
2πc

𝜆2
𝛽2

c = 299792 458 m ⋅ s−1

𝛽2

 𝐷𝑐 < 0 𝛽2 > 0

 𝐷𝑐 > 0 𝛽2 < 0

𝜆0
𝐷𝑐 = 0 ps ⋅ nm

−1 ⋅ km−1
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�⃗� 

𝑃𝐿⃗⃗⃗⃗ 

𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗  

�⃗� �⃗� 

�⃗� = 𝑃𝐿⃗⃗  ⃗ + 𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗   

�⃗� =  ε0 ( 𝜒(1). �⃗� ⏟  
𝑝𝑎𝑟𝑡𝑖𝑒 𝑙𝑖𝑛é𝑎𝑖𝑟𝑒

+ 𝜒(2). 𝐸2⃗⃗ ⃗⃗  +  𝜒(3). 𝐸3⃗⃗ ⃗⃗  + 𝑜(𝜒)𝑛⏟                  
𝑃𝑎𝑟𝑡𝑖𝑒 𝑛𝑜𝑛 𝑙𝑖𝑛é𝑎𝑖𝑟𝑒

) 

ε0 𝜒(𝑖) 𝑖

𝑃𝐿
𝜒(1)

𝑛(𝜔) = 1 +
1

2
Re[𝜒(1)(𝜔)] 
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10−15 s

𝐼

𝑛(𝜔, 𝑡) = 𝑛𝐿(𝜔)⏟  
𝐿𝑖𝑛é𝑎𝑖𝑟𝑒

+ 𝑛2(𝜔). 𝐼(𝑡)⏟      
𝑁𝑜𝑛 𝑙𝑖𝑛é𝑎𝑖𝑟𝑒

 

𝑂ù 𝑛2(𝜔) =
3

8𝑛𝐿
Re(𝜒(3)(𝜔)) 

𝑛𝐿 𝑛2
𝑛2 2,6 ⋅ 10−16 cm ⋅ W−1

2,1 ⋅ 10−16 cm ⋅ W−1

1,55 µm

𝜔0
𝑘0

𝜑(𝜔0, 𝑡) = [𝑛(𝜔0) + 𝑛2 ⋅ 𝐼(𝑡)] ⋅ 𝑘0𝑙 − 𝜔0. 𝑡 

𝛥𝜙𝑁𝐿 =
2π𝑛2
𝜆
⋅ 𝐼(𝑡)𝑙 =  𝑘0 ⋅ 𝑛2 ⋅ 𝐼(𝑡) ⋅ 𝑙 
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𝜔(𝑡) = −
𝑑𝜑(𝑡)

𝑑𝑡
= 𝜔0 −

2π𝑛2𝑙

𝜆0
⋅
𝑑𝐼(𝑡)

𝑑𝑡
 

𝐷𝑐 > 0

𝜔1 𝜔2 𝜔3
𝜔4

𝜔1 +𝜔2 = 𝜔3 +𝜔4
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100 fs

𝜔𝑝

𝜔𝑑 
𝜔𝑑 < 𝜔𝑝

𝜔𝑑

THz 13,2 THz 17,7 THz

𝐷𝑐 > 0

𝐷𝑐 < 0

𝐷𝑆𝑃 W ⋅ nm−1] 𝑆𝑃𝐷

𝐷𝑆𝑃

𝜔1 

𝜔2 

𝜔4 

𝜔3 
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450 nm

2400 nm

700 nm 4,1 µm

𝐷𝑆𝑃

1,55 µm

450 nm

4,1 µm

360 nm 4,8 µm

(a) fibre PCF (b) fibre ZBLAN 

Supercontinuum Mid-IR Supercontinuum VIS-IR 
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𝑟
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• 

𝑟𝑚𝑖𝑛

• 

𝑑

𝑟𝑚𝑖𝑛

• 

𝜃𝑡𝑖𝑙𝑡

𝜃𝑡𝑖𝑙𝑡 𝑑

𝜃𝐿 𝜃𝑇

𝜃𝑡𝑖𝑙𝑡 = 𝜃𝐿 + 𝜃𝑇 

500 m
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𝑁𝐸𝑃

20 % 70 %

≤ 1 mm

5 mm 40 mm

~200 nm ~950 nm
~20% ~70%

5 mm 40 mm  mm  mm

~MHz ~3 GHz

~106 ~102 ~103

𝑵𝑬𝑷

~10−15 W ⋅ Hz−1/2 ~10−13 ~10−14 W ⋅ Hz−1/2

𝑓𝑒

2𝑁

𝛿𝑣

3 GHz 10 MHz
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5 cm 15 m

𝜉(𝑟)

𝑓é𝑞𝑢𝑖𝑣
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𝜉(𝑟) = 0 𝜉(𝑟) = 1

 𝑟 < 𝑟𝑚𝑖𝑛

 𝑟 ∈ [𝑟𝑚𝑖𝑛, 𝑟0]

 𝑟 ∈ [ 𝑟0, 𝑟𝑓1]

 𝑟 ∈ [𝑟𝑓1, 𝑟𝑓2]

 𝑟 > 𝑟𝑓2

𝑟𝑚𝑖𝑛 𝑟0 𝑟𝑓1 𝑟𝑓2

𝑟𝑓1
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𝜃𝑙𝑖𝑚

𝑟𝑓1

𝜃𝑙𝑖𝑚 =
𝜑𝑇 − 𝜑𝐿
2

 

𝜑𝑇 [rad] 𝜑𝐿 [rad]

𝜃𝑡𝑖𝑙𝑡 𝜃𝑙𝑖𝑚
𝑟𝑓1 

𝜑𝑇  [rad]

𝐷0 [m] 𝑓𝑇  [m]

𝜑𝑇 =
𝐷0
𝑓𝑇

 

𝑟𝑚𝑖𝑛, 𝑟0 𝑟𝑓1 𝑟𝑓2
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𝑒(𝑟) 𝑣(𝑟)

𝑟 𝑒(𝑟) 𝑠

𝑑𝑑 = 𝑓é𝑞𝑢𝑖𝑣

𝑑𝑑 = 𝑏(𝑟)

𝑟

𝑏(𝑟)

𝑑𝑑 > 𝑓é𝑞𝑢𝑖𝑣

• 

𝑓é𝑞𝑢𝑖𝑣
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𝜉(𝑟) = 

{
 
 
 
 

 
 
 
 0, 𝜈(𝑟) ≥

[𝑠 + 𝑒(𝑟)]
2
⁄

{𝜓1(𝑟) − sin[𝜓1(𝑟)]} ⋅ 𝑠
2 + {𝜓2(𝑟) − sin[𝜓2(𝑟)]} ⋅ 𝑒(𝑟)

2)

2π ⋅ 𝑒(𝑟)2
,

|𝑠 − 𝑒(𝑟)|

2
< 𝜈(𝑟) <

[𝑠 + 𝑒(𝑟)]
2
⁄

𝑠2

𝑒(𝑟)2
, 𝜈(𝑟) <

𝑒(𝑟) − 𝑠

2
, 𝑒(𝑟) > 𝑠

1,  𝜈(𝑟) <
𝑠 − 𝑒(𝑟)

2
, 𝑒(𝑟) ≤ 𝑠

 

𝑒(𝑟) 𝜈(𝑟) 𝜓1(𝑟) 𝜓2(𝑟)

• 

100 m

𝑏(𝑟)

𝑏(𝑟)

𝑓é𝑞𝑢𝑖𝑣 𝑏(𝑟) 𝜈 𝑦𝐶𝑏

𝑒(𝑟) 𝐵(𝑟) 𝜓1(𝑟) 𝜓2(𝑟)

𝜉(𝑟) = 

{
 
 
 
 

 
 
 
 0, 𝑦𝐶𝑏(𝑟) ≥

[𝑠 + 𝐵(𝑟)]
2
⁄

{𝜓1(𝑟) − sin[𝜓1(𝑟)]} ⋅ 𝑠
2 + {𝜓2(𝑟) − sin[𝜓2(𝑟)]} ⋅ 𝐵(𝑟)

2

2π ⋅ 𝐵(𝑟)2
,

|𝑠 − 𝐵(𝑟)|

2
< 𝑦𝐶𝑏(𝑅) <

[𝑠 + 𝐵(𝑟)]
2
⁄

𝑠2

𝐵(𝑟)2
, 𝑦𝐶𝑏(𝑟) <

𝐵(𝑟) − 𝑠

2
, 𝐵(𝑟) > 𝑠

1, 𝑦𝐶𝑏(𝑟) <
𝑠 − 𝐵(𝑟)

2
, 𝐵(𝑟) ≤ 𝑠

 

𝑟
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𝑑𝑑

• 

𝑑𝑑 > 𝑓𝑒𝑞𝑢𝑖𝑣 𝑒(𝑟)

𝑑𝑑
𝜈(𝑟)

{
𝑒(𝑟) =

𝐵(𝑟) − 𝐷𝑇
𝑏

 𝑑𝑑 + 𝐷𝑇                           , 𝑏(𝑟) > 𝑑𝑑

𝑒(𝑟) =
𝐵(𝑟) − 𝐷𝑇

𝑏
⋅ [2𝑏(𝑟) − 𝑑𝑑] + 𝐷𝑇        , 𝑏(𝑟) < 𝑑𝑑

 

𝑑𝑑 > 𝑓𝑒𝑞𝑢𝑖𝑣

𝑣(𝑟) =
𝑑 − tan(𝜃𝑡𝑖𝑙𝑡) ⋅ 𝑟

𝑟
 ⋅ 𝑑𝑑  

𝑑𝑑 > 𝑓𝑒𝑞

𝑒(𝑟) 𝑣(𝑟)
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𝑃𝑟(𝜆, 𝑟) [W]

 𝜆 𝑟 [m]

𝑃𝑟(𝜆, 𝑟) = 𝑃𝑝(𝜆) [
c𝜏𝑙(𝜆)

2
] 𝜂(𝜆)𝜉(𝑟)

𝐴𝑒𝑓

𝑟2

⏞                  
𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑑𝑒 𝑙′𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 𝑙𝑖𝑑𝑎𝑟

⋅  𝛽(𝜆, 𝑟)exp [−2∫𝛼(𝜆, 𝑥) 𝑑𝑥

𝑟

0

]

⏞                  
𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑑𝑢 𝑚𝑖𝑙𝑙𝑖𝑒𝑢

 

𝑃𝑝(𝜆) [W]

𝑡 = 𝑡0 c [m ⋅ s
−1] 𝜏𝑙(𝜆) [s]

𝐸(𝜆) 𝜏𝑙(𝜆)

𝑃𝑝(𝜆) =
𝐸(𝜆)

𝜏𝑙(𝜆)
 

𝑃𝑚(𝜆) [W] 𝑓 [Hz]

𝐸(𝜆) =
𝑃𝑚(𝜆)

𝑓
 

𝜆
𝐴𝑒𝑓

𝑟2
 [sr]

𝑟 𝜂(𝜆) [∅]
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𝐴𝑒𝑓 [m
2]

𝐴𝑒𝑓 = 𝐴𝑀1 − 𝐴𝑀2 = (1 −
𝜏𝑜𝑐𝑐𝑢𝑙
100

) ⋅ 𝐴𝑀2 

𝜏𝑜𝑐𝑐𝑢𝑙  [%] 𝐴𝑀2 [m
2]

𝐴𝑀1 [m
2]

𝜏𝑜𝑐𝑐𝑢𝑙 =
𝐴𝑀2
𝐴𝑀1

⋅ 100

𝜉(𝜆, 𝑟) [∅]

𝜆

𝜃𝐿(𝜆) [rad]

𝛼(𝜆, 𝑟) [m−1] 𝛽(𝜆, 𝑟) [m−1 ⋅ sr−1]

𝑟 𝜆 𝛼(𝜆, 𝑟)

𝛽(𝜆, 𝑟)

Δ𝑍 = 𝑍1 − 𝑍2 𝑍1 𝑍2

𝑡

𝑟2 = c(𝑡 + 𝜏𝑙/2) 2⁄ 𝑟1 = c(𝑡 − 𝜏𝑙/2) 2⁄

𝛥𝑟 = 𝑟1 − 𝑟2 = c𝜏𝑙 2⁄

𝑟
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𝑟

 𝑡 𝑟

𝛼 𝛽
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• 

𝜌(𝜆) π⁄ [sr−1]

𝑟𝑠

𝑃𝑟(𝜆, 𝑟𝑠) = 𝑃𝑝(𝜆)
𝐴𝑒𝑓

𝑟𝑠
2
 exp [−2∫ 𝛼(𝜆, 𝑥)𝑑𝑥

𝑟𝑠

0

] 𝜉(𝜆, 𝑟)𝜂(𝜆) ⋅ [
𝜌(𝜆, 𝑟𝑠)

π
]  

[sr−1]

𝑓𝑟(𝑖 , 𝑜 , �⃗� , 𝜆)

𝑑𝐿(𝑖 , 𝑜 , �⃗� ) [W ⋅ m−2 ⋅ sr−1] 𝑜 

𝑑𝐸(𝑖 , �⃗� , λ) [W ⋅ m−2] 𝑖 𝜆

𝑓𝑟(𝑖 , 𝑜 , �⃗� , 𝜆) =
𝑑𝐿(𝑖 , 𝑜 , �⃗� , 𝜆)

𝑑𝐸(𝑖 , �⃗� , 𝜆)
 

𝑑𝑠
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𝑖 

𝜃𝑜 = 𝜃𝑖

𝜃𝑖

𝑓𝑟(𝑖 , 𝑜 , �⃗� , λ)

𝜌(𝜆) [sr−1] 

𝜃𝑖  [rad] 

𝑓𝑟(𝜃𝑖, 𝜆) =
𝜌(𝜆)

π
 cos(𝜃𝑖) 

𝜌(𝜆)

𝜃𝑖

π

cos(𝜃𝑖)

𝜃𝑖

𝜃𝑖 𝜑𝑖
𝜃𝑜 𝜑𝑜

𝑓𝑟(𝑖 , 𝑜 = 𝑖 , �⃗� , 𝜆)

𝑓𝑟(𝜃𝑖 , 𝜆)
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𝑟𝑠

𝑃𝑟(𝜆, 𝑟, 𝜃𝑖) = 𝑃𝑝(𝜆)
c𝜏𝑙(𝜆)

2

𝐴𝑒𝑓

𝑟2
{𝛽(𝜆, 𝑟) + 𝑓𝑟(𝜃𝑖, 𝜆, 𝑟𝑠)

2

c𝜏𝑙(𝜆)
 𝐹𝑐𝑜𝑟} 𝑇²(𝜆, 𝑟) 𝜉(𝜆, 𝑟) 𝜂(𝜆) 

𝑓𝑟(𝜃𝑖 , λ, 𝑟𝑠) 𝑟 = 𝑟𝑠 𝑇²(𝜆, 𝑟)

𝑇²(𝜆, 𝑟) = exp [−2∫𝛼(𝜆, 𝑥) ⋅ 𝑑𝑥

𝑟

0

] 

𝑃𝑝

𝐸𝑝 [J]

𝜏𝑙 [s]

𝑃𝑝

𝐹𝑐𝑜𝑟 [∅]

𝑃𝑝,𝑟é𝑒𝑙

𝑃𝑝,𝑟é𝑒𝑙𝑙𝑒 = 𝑃𝑝 ⋅ 𝐹𝑐𝑜𝑟  

𝐹𝑐𝑜𝑟 = 2[ln(2) π⁄ ]
1/2

𝜏𝑙

• 
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𝑃𝑟(𝜆, 𝑟, 𝜃𝑖) = ∫ 𝑃𝐿(𝜆, 𝑟) ⋅  
𝐴𝑒𝑓𝑓
𝑟2

∫  𝑇2(𝜆, 𝑟) 𝜉(𝜆, 𝑟) 𝜂(𝜆) [𝛽(𝜆, 𝑟) + 𝑓𝑟(𝜃𝑖, 𝜆) 𝛿(𝑟 − 𝑟𝑠)] ⋅ 𝑑𝜆

𝜆+𝛥𝜆/2

𝜆−𝛥𝜆/2

𝑟+c𝜏𝑙(𝜆)

𝑟−c𝜏𝑙(𝜆)

⋅ 𝑑𝑟

𝛿(𝑟 − 𝑟𝑠) [m
−1] 𝛥𝜆

𝜆

𝑡

𝑟 = c𝑡 2⁄

𝜏𝑙

𝜏

−2𝜏𝑙 < 𝑡 < 2𝜏𝑙 𝐸

𝑟 − c𝜏𝑙 𝑟 + c𝜏𝑙
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𝑃𝐿(𝑥, 𝜆)

𝜏𝑙 ,

𝑃𝐿(𝑥, 𝜆) = 𝑃𝑝,𝑔(𝜆) exp [−4 ln(2) (
2𝑥 − 2𝑟

c𝜏𝑙(𝜆)
)
2

] 

𝑟 𝜏

𝑃𝐿,𝑝

𝑃𝑝,𝑔(𝜆) =
𝐸(𝜆)

𝜏𝑙(𝜆)
⋅ 2 [
ln(2)

π
]

1/2

 

1

𝜏𝑙(𝜆)
⋅ 2 [

ln(2)

π
]
1/2

𝐹𝑐𝑜𝑟
𝐸(𝜆)

𝜏𝑙(𝜆)
𝑃𝑝(𝜆)

𝐷𝑆𝑃(𝜆) 𝑓 [Hz]

𝐸(𝜆) =
1

𝑓
⋅ ∫ 𝐷𝑆𝑃(𝜆) ⋅ 𝑑𝜆

𝜆+𝛥𝜆/2

𝜆−𝛥𝜆/2

 

𝜆

Δ𝜆

𝜏𝑙(𝜆)

𝜆
𝐸(𝜆)

𝜏𝑙(𝜆)

 
𝐸(𝜆)

𝜏𝑙(𝜆)

∫
𝐷𝑆𝑃(𝜆)

𝑓𝜏𝑙(𝜆)
⋅ 𝑑𝜆

𝜆+𝛥𝜆/2

𝜆−𝛥𝜆/2

 

𝐸(𝜆)

𝜏𝑙(𝜆)
𝜏𝑙(𝜆)
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 𝐿𝑏(𝜆) [W ⋅ m
−2⋅nm−1 ⋅ sr−1] 

𝜆 Δ𝜆′

𝑃𝑏 [W]

𝑃𝑏(𝜆) = 𝐴𝑒𝑓  𝛺𝑟 ∫  𝐿𝑏(𝜆)𝜂(𝜆) ⋅ 𝑑𝜆

𝜆+𝛥𝜆′/2

𝜆−𝛥𝜆′/2

 

Δ𝜆 Δ𝜆′

𝐴𝑒𝑓

𝐿𝑏(𝜆)

𝛺𝑟

𝛺𝑟 = π ⋅ sin (
𝜑𝑇
2
)
2
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𝑉(𝜆, 𝑅, 𝜃𝑖) [V

𝑃𝑠(𝜆, 𝑟)

𝑉(𝜆, 𝑟, 𝜃𝑖) = 𝑅𝑣(𝜆) ⋅ 𝑃𝑠
∗(𝜆, 𝑟, 𝜃𝑖) 

𝑃𝑠(𝜆, 𝑟, 𝜃𝑖) = 𝑃𝑟(𝜆, 𝑟, 𝜃𝑖) + 𝑃𝑏(𝜆) 

𝑃𝑟 [𝑊] 𝑃𝑏 [W]

𝑅𝑣(𝜆) [V ⋅ W
−1]

𝑅𝑣(𝜆) = 𝑅𝑖𝑜(𝜆) ⋅  𝑀 ⋅ 𝐺𝑇 

𝑅𝑖𝑜(𝜆) [A ⋅ W
−1]

𝑀 [∅] 𝐺𝑇 V ⋅ A
−1]

∗

𝑅𝛿  [V]

𝑅𝛿(𝑡) = 𝐴𝛿 ⋅ exp {−4 ln(2) ⋅ (
𝑡 − 𝑡0
𝑡𝑤

)
2

} 

𝑡𝑤 = {
𝑡𝑤1, 𝑡 < 𝑡0
𝑡𝑤2, 𝑡 > 𝑡0

  

𝐴𝛿  [V] 𝑡0 [s] 𝑡𝑤1 [s]

𝑡𝑤2 [s] 𝑡 𝑡0 𝑡𝑤1
𝑡𝑤2 𝑡𝑟𝑖𝑠𝑒 𝑡𝑓𝑎𝑙𝑙)
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𝑡𝑤1 =
𝑡𝑟𝑖𝑠𝑒

[
1

4 ⋅ ln(2)
]
1/2

⋅ {[−ln(0,1)]1/2 − [−ln(0,9)]1/2}

 

𝑡𝑤2 =
𝑡𝑓𝑎𝑙𝑙

[
1

4 ⋅ ln(2)
]
1/2

⋅ {[−ln(0,1)]1/2 − [−ln(0,9)]1/2}

 

𝑉𝑡ℎ 𝑉𝑠ℎ 𝑉𝑓 𝑉𝑡ℎ

𝑉𝑠ℎ

1
𝑓𝑟é𝑞𝑢𝑒𝑛𝑐𝑒⁄

𝑉𝑛𝑜𝑖𝑠𝑒
𝜎[V ⋅ Hz−1/2]

𝑉𝑛𝑜𝑖𝑠𝑒(𝑟) = {[𝜎𝑡ℎ
2 +  𝜎𝑠ℎ,𝑑

2 + 𝜎𝑠ℎ,𝑠
2 (𝑟)] ⋅ 𝐵𝑁}

1/2

𝜎𝑡ℎ
2 𝜎𝑠ℎ,𝑑

2 𝜎𝑠ℎ,𝑠
2 [V2  ⋅ Hz−1]

𝜎𝑡ℎ
2 = 4kB𝑇𝐺𝑇 

𝜎𝑠ℎ,𝑠
2 (𝑟) = 2q𝐺𝑇

2𝐹𝑀2𝑅𝑖𝑜𝑃𝑠
∗(𝑟) 

𝜎𝑠ℎ,𝑑
2 = 2q𝐺𝑇

2(𝐼𝑑𝑠 + 𝐹𝑀
2𝐼𝑑𝑏) 



50 

kB [J ⋅ K
−1] 𝑇 [K] q [C]

𝐹 [∅]

𝐹 = 1 𝐵𝑁 Hz

𝐵 [Hz]

𝑁 [∅]

𝐼𝑑𝑠 [𝐴] 𝐼𝑑𝑏  [𝐴]

𝐼𝑑𝑠 + 𝐹𝑀
2𝐼𝑑𝑏 𝐼𝑑𝑡

𝑁𝐸𝑃𝑚 [W ⋅ Hz
−1/2]

𝑁𝐸𝑃𝑚 =
[𝜎𝑠ℎ,𝑑
2 + 𝜎𝑡ℎ

2 ]
1/2

𝑅𝑖𝑜𝑀𝐺𝑇
 

𝑆𝑁𝑅 [∅]

𝑉𝑟
𝑉𝑛𝑜𝑖𝑠𝑒

𝑆𝑁𝑅(𝑟) =
𝑃𝑟
∗(𝑟)

{[𝑁𝐸𝑃𝑚
2 +
2q𝐹
𝑅𝑖𝑜

𝑃𝑠
∗(𝑟)] 𝐵𝑁}

1/2
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400 5000 nm

𝛼𝑎 𝛽𝑎

< 100 m
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𝑆𝑁𝑅

 

𝑃𝑐(𝜆) 𝐸(𝜆)

𝑃𝑝,𝑔(𝜆)

𝜆𝑠𝑡𝑎𝑟𝑡[nm] 𝜆𝑠𝑡𝑜𝑝[nm] 𝜆𝑠𝑡𝑒𝑝[nm]

𝜏𝑙 [𝑠]

𝜑𝐿 rad 𝐷𝐿 [m]
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𝑃𝑚  4,9 mW 𝐸(𝜆)  4,9 μJ

𝑓  1 kHz 𝑃𝑝(𝜆)  2,9 kW

𝜏𝑙  1,7 ns 𝑃𝑝,𝑔(𝜆)  2,7 kW

𝐷𝐿  2,9 mm  

𝜑𝐿  0,25 mrad  

𝜆  532 nm

𝐷𝑆𝑃(𝜆)  𝐸(𝜆)  1,7 nJ

∆𝜆  15 nm 𝑃𝑝(𝜆)  1,4 W

𝜆𝑠𝑡𝑎𝑟𝑡  420 nm 𝑃𝑝,𝑔(𝜆)  1,3 W

𝜆𝑠𝑡𝑜𝑝  880 nm 𝜆 = 605 nm 𝜏 = 1,2 ns

𝜆𝑠𝑡𝑒𝑝  1 nm

 

𝐴𝑀1 [m²] 𝐴𝑀2 [m²]

𝑓1 [m] 𝑓2 [m] 𝐷𝑂 [m]

𝑓𝑇  [m] 𝜑𝑇 [rad] 𝐴𝑒𝑓 [m²]

𝜏𝑜𝑐𝑐𝑢𝑙  [%]

𝐴𝑀1 126 cm² 𝜏𝑜𝑐𝑐𝑢𝑙 76,9 %

𝐴𝑀2 96,6 cm² 𝐴𝑒𝑓 290 cm²

𝐷𝑇   
232 mm

𝜑𝑇   8 mrad

𝑓1 1,4 m

𝑓2 0,7 m

𝑓𝑇 0,92 m

𝐷𝑂  7,4 mm
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𝑑 [m]

𝜃𝐿 [rad] 𝜃𝑇 [rad]

𝜃𝑡𝑖𝑙𝑡 [rad]

𝑒(𝑟) 𝜈(𝑟)

𝑟

𝑑𝑑 𝑑𝑑 > 𝑓𝑒𝑞𝑢𝑖𝑣

𝑒(𝑟) 𝜈(𝑟)

𝑓𝑒𝑞𝑢𝑖𝑣 = 𝑓𝑇

𝜃𝐿 4 mrad 𝜃𝑡𝑖𝑙𝑡 4 mrad

𝜃𝑇 0 mrad 𝜉(𝑟)

𝑑 24 cm

𝑓𝑒𝑞𝑢𝑖𝑣 0,92 m

𝜉 1

𝑑𝑑 2,9 mm  
 

𝜑𝐿  0,25 mrad

𝜑𝑇   6,6 mrad

𝐷𝐿  2,9 mm

𝐷𝑇   23,2 cm

𝑠 8 mm [193] 
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15 m

44 m 28 m 31 m

29 mm

30 m

27 m 31 m 31 m

93 m 93 m 0,43

43 %

𝒓𝒎𝒊𝒏 𝒓𝟎 𝒓𝒇𝟏 𝒓𝒇𝟐

15 m 44 m ∞ ∞

28 m 31 m ∞ ∞

27 m 31 m 93 m ∞

𝑑𝑑 29 mm 

1 m 27 m

28 m 𝜈
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𝑒 27 m

4,7 mm 4,6 mm 𝑣 0,58 mm

1,4 mm 𝑒

𝑟

30 m

14 m

29 mm

31 m

8,00 4,00 2,67

1,6 mrad

0 200 m 1

5 km

 (b)            (a)  



60 

𝑟0 𝑟𝑓1

𝜽𝑳 𝒓𝟎 𝒓𝒇𝟏 𝒍𝒊𝒎
𝒓→∞
 𝝃(𝒓)

8,00 mrad 22 m 45 m 0,01

4,00 mrad 31 m 93 m 0,43

2,67 mrad 44 m 143 m 0,63

1,6 mrad 70 m 253 m 0,78

𝜃𝐿



50 m 10 m

93 mm

10 m

 0 mm 𝛿1 = 17 mm 𝛿2 = 93 mm
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𝑀 [∅]

𝑅𝑖𝑜(𝜆) [A ⋅ W
−1] 𝐹 [∅]

𝐼𝑑𝑠 [A] 𝐼𝑑𝑏 [𝐴]

𝐺𝑇  [V ⋅ A
−1] 𝑇 [K]

𝐵 [Hz] 𝑁 [∅]

𝑅𝛿(𝑡) [V] 𝑓𝑒  [Hz]

𝑁𝐸𝑃𝑚
𝐼𝑑𝑠 𝐼𝑑𝑏  𝑇

𝑆𝑁𝑅

𝑁𝐸𝑃𝑚

𝑉(𝑟, 𝜆)  

𝑀  7,27 k 0,5 𝑆𝑁𝑅(𝑟, 𝜆)  

𝑅𝑖𝑜(𝜆)  

𝐺𝑇   3,15 kΩ

𝑅𝛿(𝑡)  

𝑃𝑠(𝑟)   

𝑃𝑏𝑎𝑐𝑘(𝑟)   

𝑓𝑒  3 Ghz   

𝐵 1,5 GHz

𝑁 4

𝐹  1

𝑇 293,15

𝐼𝑑𝑠   50 nA

𝐼𝑑𝑏  0 A

𝑁𝐸𝑃𝑚  0,4 pW ⋅  Hz−1/2
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𝑅𝛿  

𝑡𝑟𝑖𝑠𝑒  [𝑠]

𝑡𝑓𝑎𝑙𝑙  [s] 𝑡0 [𝑠]

𝑅𝛿
𝑅𝛿 8 ns

𝑅𝑣(𝜆)
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𝑟𝑖𝑛𝑓 [m] 𝑟𝑠𝑢𝑝 [m]

5 30 km 23 km 5 km

5 km
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5 km

𝛽𝑏
𝛼𝑏 𝐿𝑅𝑏

𝛽𝑏 10−6 m−1 ⋅ sr−1

𝛼𝑏 10−2 m−1 𝐿𝑅𝑏 100

𝛼𝑏 𝛽𝑏 𝐿𝑅𝑏
5 km



65 

400 1500 nm

𝛼𝑏 1000 nm 1250 nm

5 m 20 m

5 km 

20 % 50 m

𝑁𝑐𝑜𝑢𝑐ℎ𝑒 𝛼(𝑟)

𝑟𝑖𝑛𝑓 𝛽(𝑟)

𝑟𝑠𝑢𝑝

𝑇

𝑃

𝜆

𝑓𝑟(𝜃𝑖, 𝜆)

 𝐿𝑏(𝜆)

𝐴𝑏

𝑁𝑑𝑖𝑝𝑜𝑙𝑒 503  

𝑚 1,73 +  𝑖0,6

𝑅𝑣

𝑁𝑝 1 ⋅ 1014 part ⋅ m−3

𝑅

𝑚 1,33

𝑁𝑝 2,4 ⋅ 106 part ⋅ m−3 0,1 g ⋅ m−3
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𝒓𝒊𝒏𝒇

𝒓𝒔𝒖𝒑

𝑻

𝑷

532 nm 

𝛼(𝑟) 𝛽(𝑟)
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100 m

6 15 ns

3 ns 1,5 m

0,75 m

35 m 20 cm 40 m 5 m

20 % 50 m

5 km
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𝜆 532 nm  

4,9 mW  

1,7 ns 

1 kHz  

2,9 mm  

23,2 cm

𝜆 532 nm

Δ𝜆 5 nm 

230 nm  920 nm

3,15 103 V ⋅ A−1

3 GHz

𝑑 24 cm 

 𝜃𝐿 4 mrad 

𝑑𝑑 29 mm 

𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒

𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙

35 m

25 m 32 m 28 m

30 m

1/𝑟2

1,9 mV 28 m

35 m

0,20 m 2 V

34,5 m

35,5 m 0,4 V

5 m 40 45 m

0 % 𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙

39,5 45,5 m
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𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒 𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙

250 mV

1,5 V

−140 +100 mV −20 40 mV

50 m

50 m
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< <

< <

𝑐 ⋅ 𝜏𝑙 1,5 V

𝛼𝑎 𝛽𝑏

(a) (b) 
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1,7 ns

290 K 1040 hPa

30 cm

35 m 20 % 40 m

1,7 ns

𝑅𝛿
0,77 0,6 V 7 cm

𝑅𝛿

39 m

41 m

0,63 ns

2,33 ns 1,7 +  0,63

1,7 ns
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𝑅𝛿 7 cm

7,15 ns

0,18 ns

𝝉

𝑅𝛿 𝑅𝛿
𝜏𝑙 = 1,7 ns  1,7 ns (𝑅2 = 1) 2,33 ns (𝑅2 = 0,998) 

𝜏𝑙 = 7,15 ns  7,15 ns (𝑅2 = 1) 7,33 ns (𝑅2 = 1) 

 

470 nm 2230 nm. 

0,5 V
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𝜆 470 2330 nm

4,16 mW  

1,2 ns

1 kHz

4 mm

23,2 cm

300 1000 nm  

Δ𝜆 21,5 nm

230 nm 920 nm

3,15 103 V ⋅ A−1

3 GHz

𝑑 24 cm 

 𝜃𝐿 4 mrad 

𝑑𝑑 29 mm 

30 m

5 m

𝛼𝑎 = 2 ⋅ 10
−1 m−1 𝛽𝑎 = 2 ⋅ 10

−3 m−1 ⋅ sr−1

50 m 20 %

1013 hPa 294 K

5 km

𝑆𝑁𝑅λ
𝑆𝑁𝑅λ
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2 455 nm 868 nm

𝑆𝑁𝑅λ 2 514 nm 896 nm

32,5 m

695 nm

250 mV

𝑆𝑁𝑅λ

0,5 V 5 m

30 m 20 % 50 m

𝑆𝑁𝑅𝜆 𝑉λ

460 nm 900 nm

695 nm

 

(a) (b) 
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30 − 34 km 36 − 39 km

𝑆𝑁𝑅
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𝑆𝑁𝑅

𝐿𝑅

±10 % 4 %

𝐿𝑅 20 100 sr 532 nm

𝐿𝑅

𝑆𝑁𝑅
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(𝑟𝑚𝑎𝑥 ≈ 100 m)

 

8 km

𝑓𝑟,𝜆 sr
−1

𝑓𝑟(𝜃𝑖 , 𝜆)
𝜌(𝜆)

π⁄  cos(𝜃𝑖)

𝜌(𝜆) 𝜃𝑖  [rad]
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𝑓𝑟,𝜆

𝑃𝜆(𝑟,  𝜃𝑖) = 𝑃𝑝,𝜆  
c𝜏𝑙,𝜆
2
 
𝐴𝑒𝑓

𝑟2
 {𝛽𝜆(𝑟) +

2

c𝜏𝑙,𝜆
 𝑓𝑟,𝜆(𝑟𝑠,  𝜃𝑖)𝐹𝑐𝑜𝑟} 𝑇𝜆

2(𝑟) 𝜉𝜆(𝑟) 𝜂𝜆 

𝑇𝜆(𝑟) = exp[−∫ 𝛼𝜆(𝑥)
𝑟

0
 d𝑥] 𝛼𝜆 [m

−1] 𝜆

𝑟 𝛼𝜆 = 𝛼𝑏,𝜆 + 𝛼𝑎,𝜆 𝑏 𝑎

𝛽𝜆 m
−1 ⋅ sr−1 𝛽𝜆 = 𝛽𝑏,𝜆 + 𝛽𝑎,𝜆

𝐿𝑅 𝐿𝑅𝑏,𝜆(𝑟) = 𝛼𝑏,𝜆/𝛽𝑏,𝜆
𝐿𝑅𝑎,𝜆(𝑟) = 𝛼𝑎,𝜆/𝛽𝑎,𝜆

𝑉𝜆 [Volts]

𝑉𝜆(𝑟) = 𝑅𝑣,𝜆   ⋅ 𝑃𝜆(𝑟) 𝑅𝑣,𝜆 [V ⋅ W−1]

𝐶𝑖𝑛𝑠 = 𝑅𝑣,𝜆 ⋅ 𝐾𝑠 [V ⋅ m
3] 𝐾𝑠 = 𝑃𝑝,𝜆 ⋅  c𝜏𝑙,𝜆/2 ⋅ 𝐴𝑒𝑓 ⋅ 𝜂𝜆 𝐶𝑖𝑛𝑠

𝑃𝜆

𝜆 𝜃𝑖 𝑉𝜆(𝑟)

𝜉𝜆(𝑟)

𝑉𝜆(𝑟) ⋅ 𝑟
2

𝑆(𝑟) = 𝐶𝑖𝑛𝑠   ⋅ (𝛽𝑎(𝑟) + 𝛽𝑏(𝑟) + 𝑓𝑟
2

c𝜏𝑙
 𝐹𝑐𝑜𝑟) ⋅ exp {−2∫ [𝛼𝑎(𝑥) + 𝛼𝑏(𝑥)]

𝑟

0

 𝑑𝑥} 

𝛼 𝛼𝑎 𝛼𝑏 𝐿𝑅𝑎
𝐿𝑅𝑏

𝐿𝑅𝑎(𝑟) ⋅ exp {−2∫ 𝛽𝑏(𝑥)[𝐿𝑅𝑎(𝑥) − 𝐿𝑅𝑏(𝑥)]
𝑟

0

 𝑑𝑥} 
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𝑆(𝑟) 𝐿𝑅𝑎(𝑟)  exp {−2∫ 𝛽𝑏(𝑥)[𝐿𝑅𝑎(𝑥) − 𝐿𝑅𝑏(𝑥)]
𝑟

0

 𝑑𝑥} = 𝐶𝑖𝑛𝑠 [𝑌(𝑟) + 𝐿𝑅𝑎(𝑟)
2𝑓𝑟
c𝜏𝑙
 𝐹𝑐𝑜𝑟] exp [−2∫ 𝑌(𝑥)

𝑟

0

 𝑑𝑥] 

𝑌(𝑟) = 𝐿𝑅𝑎(𝑟)[𝛽𝑏(𝑟) + 𝛽𝑎(𝑟)]

𝐷(0, 𝑟)

𝐷(0, 𝑟) = exp {−2∫ 𝛽𝑏(𝑥) [𝐿𝑅𝑎(𝑥) − 𝐿𝑅𝑏(𝑥)] 𝑑𝑥
𝑟

0

}  

𝑊(𝑟) = 𝑆(𝑟)𝐿𝑅𝑎(𝑟)𝐷(𝑟)

𝑊(𝑟) = 𝐶𝑖𝑛𝑠   ⋅ [𝑌(𝑟) + 𝐿𝑅𝑎(𝑟)
2𝑓𝑟
c𝜏𝑙
 𝐹𝑐𝑜𝑟]  ⋅ exp [−2∫ 𝑌(𝑥)

𝑟

0

𝑑𝑥] 

𝐶𝑖𝑛𝑠 

𝐿𝑅𝑎 𝐶𝑖𝑛𝑠 

𝑟𝑠

𝐶𝑖𝑛𝑠 =
c𝜏𝑙

2𝑓𝑟  𝐹𝑐𝑜𝑟
  ⋅ 𝑊(𝑟𝑠)  

1

𝐿𝑅𝑎(𝑟𝑠)
  ⋅ exp [2∫ 𝑌(𝑥)

𝑟𝑠

0

𝑑𝑥] 

𝐿𝑅𝑎(𝑟𝑠) 𝑌(𝑟𝑠) = 0

𝑟 < 𝑟𝑠 𝑓𝑟 = 0

𝑊(𝑟) =
c𝜏𝑙

2𝑓𝑟  𝐹𝑐𝑜𝑟
⋅  
𝑊(𝑟𝑠)

𝐿𝑅𝑎(𝑟𝑠)
 𝑌(𝑟) ⋅  exp [2∫ 𝑌(𝑥) 

𝑟𝑠

𝑟

𝑑𝑥] 

𝐶𝑖𝑛𝑠

𝑟

𝑟𝑠
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exp [2∫ 𝑌(𝑥)
𝑟𝑠

𝑟

 𝑑𝑥] = 1 +
4𝑓𝑟  𝐹𝑐𝑜𝑟  𝐿𝑅𝑎(𝑟𝑠)

c𝜏𝑙  𝑊(𝑟𝑠)
 ∫ 𝑊(𝑥)
𝑟𝑠

𝑟

 𝑑𝑥 

𝑌(𝑟) = 𝑊(𝑟)  [
c𝜏𝑙  𝑊(𝑟𝑠)

2𝑓𝑟  𝐹𝑐𝑜𝑟  𝐿𝑅𝑎(𝑟𝑠)
+ 2∫ 𝑊(𝑥)

𝑟𝑠

𝑟

 𝑑𝑥]

−1

 

𝑌(𝑟) 𝑊(𝑟)

𝑌(𝑟) 𝑊(𝑟) 𝛽𝑎(𝑟)

𝛽𝑎(𝑟) = 𝑆(𝑟) ⋅ 𝐷(0, 𝑟)  [
c𝜏𝑙  𝑆(𝑟𝑠) ⋅ 𝐷(0, 𝑟𝑠)

2𝑓𝑟  𝐹𝑐𝑜𝑟
+ 2∫ 𝑆(𝑥)𝐿𝑅𝑎(𝑥) ⋅ 𝐷(0, 𝑥)

𝑟𝑠

𝑟

 𝑑𝑥]

−1

− 𝛽𝑏(𝑟) 

𝐷(𝑟𝑠, 0)

𝛽𝑎(𝑟) = 𝑆(𝑟) ⋅ 𝐷(𝑟𝑠 , 𝑟)  [
c𝜏𝑙  𝑆(𝑟𝑠)

2𝑓𝑟  𝐹𝑐𝑜𝑟
+ 2∫ 𝑆(𝑥)𝐿𝑅𝑎(𝑥) ⋅ 𝐷(𝑟𝑠, 𝑥)

𝑟𝑠

𝑟

 𝑑𝑥]

−1

− 𝛽𝑏(𝑟) 

𝐿𝑅 𝛼𝑎(𝑟) = 𝐿𝑅𝑎(𝑟) ⋅ β𝑎(𝑟)

𝛽𝑏

𝐿𝑅𝑎(𝑟) 𝐿𝑅𝑎
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𝛽𝑎(𝑟) 𝐿𝑅𝑎 𝛼𝑎(𝑟)

𝑉𝑠 

𝑉𝑠𝑣

𝑆𝑠 𝑆𝑠𝑣

𝛼𝑡𝑜𝑡 = ln[𝑆𝑠(𝑟𝑠)/𝑆𝑠𝑣(𝑟𝑠)] /2 𝑆𝑠 𝐶𝑖𝑛𝑠

𝐶𝑖𝑛𝑠 =
c𝜏𝑙

2𝑓𝑟  𝐹𝑐𝑜𝑟
 𝑆𝑠(𝑟𝑠) exp [2∫ 𝛼𝑏(𝑥)

𝑟𝑠

0

 𝑑𝑥] 

𝑆𝑠

𝛼𝑎 = 0

𝜀 𝐶𝑖𝑛𝑠 𝛼𝑡𝑜𝑡
𝐿𝑅𝑎 𝑟

𝜀1 = |∫ 𝛼𝑎(𝑥)
𝑟𝑠

𝑟0

⋅ 𝑑𝑥 − 𝛼𝑡𝑜𝑡| 

𝛼𝑎 𝐿𝑅𝑎
(𝑟 > 𝑟0)

𝛼𝑡𝑜𝑡
𝑆𝑠𝑣 𝑆𝑠𝑖𝑚 𝛽𝑎 𝛼𝑎 𝐶𝑖𝑛𝑠 
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𝜀2 = |∫ [𝑆𝑠𝑣(𝑥) − 𝑆𝑠𝑖𝑚(𝑥)]
𝑟𝑠

𝑟0

⋅ 𝑑𝑥| 

𝑆𝑠𝑣
𝑆𝑠𝑖𝑚

𝜐 [km]

𝛽𝑎(𝑟)

𝐿𝑅𝑎

𝑉𝑠 𝑉𝑠𝑣

 

𝑉𝑠(𝑟𝑠) 𝑉𝑠𝑣(𝑟𝑠)

𝛼𝑡𝑜𝑡 𝐶𝑖𝑛𝑠
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 𝐿𝑅𝑎 = 50 sr

𝐿𝑅𝑎
𝑆𝑠𝑣

𝑆(𝑟𝑠) 𝛽𝑎(𝑟)

 𝛽𝑎(𝑟) 𝐿𝑅𝑎 𝛼𝑎(𝑟) 𝑟

𝛼𝑡𝑜𝑡
𝐿𝑅𝑎 𝜀1 𝛽𝑎(𝑟) 𝐿𝑅𝑎 𝛼𝑎(𝑟)

𝑆𝑠𝑖𝑚 𝑆𝑠𝑣

ε1 + ε2 ≤ 10
−6

𝐿𝑅𝑎 19

𝛽𝑎(𝑟) 𝛼𝑎(𝑟)

𝐿𝑅𝑎

 

𝑓𝑟 = 0,20/π 𝑟𝑠 = 100 m

(1040 hPa 290 K)

𝜐 =  47 km

𝛽𝑏  =  1,05 10
−5 m−1 ⋅ sr−1 𝐿𝑅𝑎  =  70 sr

𝒇𝒓 = 𝟎,𝟐𝟎/𝛑 𝐬𝐫
−𝟏

𝑟 [m] 0 − 20  20 − 30  3 − 100  100 

𝛼𝑏  [m
−1]  ⋅ 10−3

𝛽𝑏𝑎𝑐𝑘 [m−1 ⋅ sr−1] 9,97 ⋅ 10−6

𝐿𝑅𝑏  [sr] 118,56
𝛼𝑎 [m−1] 

∅
5, 0 ⋅ 10−3

∅𝛽𝑎 [m
−1 ⋅ sr−1] 7,14 ⋅ 10−5

𝐿𝑅𝑎 [sr] 70

𝑆𝑁𝑅

1,5 ⋅ 10−5 u. a.
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𝑉𝑠𝑣 𝑉𝑠
20 50 100 200 𝑉𝑠

𝑉𝑠𝑣

𝑉𝑠
𝑉𝑠𝑣

532 nm
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• 

𝐿𝑅𝑎

𝛽𝑏 20 %

𝛽𝑏 20 %

𝛽𝑏
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𝛽𝑎(𝑟)

𝛽𝑎̅̅ ̅

𝐿𝑅𝑎

𝜷𝒃  +20%

𝜷𝒃  −20%

𝛽𝑎̅̅ ̅

7,11 ⋅ 10−5 7,22 ⋅ 10−5 m−1 ⋅ sr−1

1 %

±0,4 %

20 % 𝛽𝑏

0,5 %

𝛽𝑎̅̅ ̅

0,12 %

0,04 %

𝐿𝑅𝑎 66 74 sr 5 %

𝐿𝑅𝑎 𝛽𝑎̅̅ ̅

2,1 %

± 3 %

𝛽𝑎̅̅ ̅ 5 %

𝐿𝑅𝑎
0,6 %

𝐿𝑅𝑎
2,1 %

𝐿𝑅𝑎 𝐿𝑅𝑎
0,13 % 0,05 %

± 20 % 𝛽𝑏 𝐿𝑅𝑎 ± 3 %

𝐿𝑅𝑎
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𝛽𝑎̅̅ ̅ 𝐿𝑅𝑎
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• 

0.1 s

𝛽𝑎
𝛽𝑎̅̅ ̅ 𝐿𝑅𝑎

0,7 % 𝐿𝑅𝑎 0,1 % 𝛽𝑎̅̅ ̅

2,2 % 𝛽𝑎 𝑟 = 28,8 m 𝐿𝑅𝑎

𝛽𝑎(𝑟)

𝛽𝑎(𝑟)

𝑳𝑹𝒂 𝜷𝒂̅̅̅̅

70,05 sr 7,14 ⋅ 10−5

0,07 % 0,01 %
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460 nm 900 nm 695 nm

𝛽𝑎 𝐿𝑅𝑎
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𝐿𝑅𝑎

𝛽𝑎
𝐿𝑅𝑎 5 %

 𝐿𝑅𝑎
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100 m
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Hz kHz

• 

• 

0,13 m3
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95 %
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𝑃 𝑆

𝑋 𝑌 ± 8 °

1 µrad

90 °

𝑑

5 mm
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𝑨𝒆𝒇 𝒇𝑻
315,2 cm2  920 mm  232 mm  115 mm  80,28 mm  

50 m

𝑓𝑇

10 m 50 m



50 m

10 m, 17 90 mm

100 mm

10 m 5 kg
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𝑓𝑇 50 m 10 m

𝒓     

 0 mm  𝛿1 = 17 mm  𝛿2 = 93 mm  

 0 mm 𝛿1 = 16,9 mm 𝛿2 = 84,6 mm

 

50 m 10 m
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50 m

13 cm 25,4 mm

10 mrad
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400 1100 nm

50 m

𝑂𝑁 [∅]

𝑂𝑁 = sin [tan−1 (
1

2𝜃𝑚
)] 

𝜃𝑚 [rad]

0,127



100 

𝑓𝐿1 =
1

tan[sin−1(𝑂𝑁)]

𝜙

2
= 𝜃𝑚 ⋅ 𝜙 

𝜙 𝑂𝑁

𝜙 = 25,4 mm

𝑓𝐿1 ≈  99,1 mm 100 mm

𝜆

𝜆(𝜃,𝑚) =  
2 cos(𝛺 2⁄ ) sin(𝜃)

𝑚𝐺
 

𝛺

𝜃 [rad] 𝑚 [∅]

𝐺 [mm−1] 𝑚

𝑚 = 1

 𝛥𝜆
𝑑𝜆

𝑑𝑥
𝑙𝑚𝑎𝑥 [m]

𝑑𝜆

𝑑𝑥

[nm ⋅ mm−1]

𝑑𝜆

𝑑𝑥
=
cos(𝛽)

𝑚𝐺𝑓
⋅ 106 

𝑓 [mm] 𝛽 [rad]

𝛽(𝜆) = sin−1 [𝑚𝐺
𝜆

2
cos (

𝛺

2
)] −

𝛺

2
 

𝛥𝜆

𝜆
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𝛥𝜆(𝜆) =
𝑑𝜆

𝑑𝑥
⋅ 𝑙𝑚𝑎𝑥   

𝛥𝜆

0,125 mm 2,4 mm 𝛥𝜆 

1,1 21,6 nm 𝜆 = 600 nm 1 nm

0,125 mm

𝛥𝜆 𝜆

17 s

480 nm 940 nm 20 nm

0,1 s
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1,92 ⋅ 106

1 V 8 mm

0,57 ns 0,2 ns

230 nm 920 nm

230 − 920 nm

8 mm

630 nm

𝑅𝑖𝑜(𝜆) 630 nm 78 mA ⋅ W−1

630 nm 1,5 105 A ⋅ W−1

𝑀 1,92 106

0,57 ns

10 100 nA

+ 0,2 1,1 V
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1,5 GHz 36 dB

−3 dB 50 ⋅ 103 1,5 ⋅ 109 Hz

𝑡𝑟 0,23 ns

36 dB

𝐺𝑡 3,15 mV/µA

3 GHz 12 bits

0,33 ns

5 cm

 

1 km
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20 Hz 1 kHz 1 ns 10 ns 532 nm

0 ns

Hz

1 ns kHz

532 nm 1 kHz

1,7 ns 4,9 μJ

532 nm 2 nm

± 2 ° 90 %

20 % 𝑟𝑠 = 52 m
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20 % 

2 s 2000 𝑉𝑠𝑣  

𝑉𝑠
37,5 m 41 m 52 m

5 cm

1,7 ns

38 m 39 m

𝑉𝑠𝑣
𝑉𝑠

0 10 m

± 400 mV

± 15 mV
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𝑉𝑠𝑣 𝑉𝑠 39 m

470 nm 2230 nm 0,3 μW ⋅ nm−1

1064 nm

200 μW ⋅ nm−1 1086 nm

470 nm 920 nm
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470 nm 2230 nm

2,2 mm

~630 nm ~800 nm

~800 nm ~630 nm ~800 nm

30 μrad 10 μrad

3,8 m

~630 nm ~800 nm

1 kHz

1,2 ns 4,16 mW

605 nm 15 nm

± 5 ° 90 %
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20 % 38 m

605 nm

2,5 s 𝑉𝑠𝑣 𝑉𝑠
36,5 m 40 m 52 m

0,5 V 0,23 V

150 mV 1 V

141

605 nm 𝑟

52 m

𝑉𝑠𝑣 𝑉𝑠 38 m

5 cm
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1 ns

10 %

25000

25000
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1 kHz

2,6 2,9 μJ

7 kHz 

23 23,7 μJ 25,6 μJ

1 kHz

 

480 940 nm 99 %

20 % 20 nm 0,1 s
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480 nm 940 nm

43,5 m 99 % 20 %

(1b) 

(1a) (2a) 

(2b) 
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660 nm 680 nm

630 nm

900 nm

0,5 V 0,2 V

99 % 20 %

4,95

660 nm 946 mV

21 mV 21

19

480 nm 880 nm

~4 mV

20 %

17𝑠

760 nm

800 nm

880 nm 2 m
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6 ns

1,80 m

89 cm

5

20 MHz 7,5 m

3 GHz

5 cm

1 ns 36 cm 

18 cm

𝝉 ∆𝒁 ∆𝒓

6 ns

15 ns

1,8 m

4,5 m  

89 cm

2,3 m

7,5 m

30 m

1,7 ns 51 cm 26 cm 5,0 cm  

1,2 ns 36 cm 18 cm 5,0 cm
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(a) (b) 

(c) 
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~1 ns

> 1 GHz

 10 m

 

480

900 nm

400 nm 19

20 nm 17 s

5 cm

~1 ns

200 0,1 s
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>  10 m

5 cm

18 cm
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𝐿𝑅𝑎 𝛽𝑎(𝑟)

532 nm

𝑉𝑠
𝑉𝑠𝑣 𝑉𝑠𝑣  

𝑉𝑠
1016 hPa 288 K

30 km

𝑉𝑠 𝑉𝑠𝑣

2,1 ⋅ m−1 ⋅ sr−1

3,6 ⋅ 10−1 𝐿𝑅𝑎 98 sr

532 nm

80 100 sr

à 532 nm 𝐿𝑅𝑎 = 98 sr
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532 nm

𝐿𝑅𝑎 [sr] 98

𝛽𝑎,𝑚𝑎𝑥 [m
−1 ⋅ sr−1] 2.1 ⋅ 10−3

𝛼𝑎,𝑚𝑎𝑥 [m
−1] 2.1 ⋅ 10−1

𝛼𝑎,𝑡𝑜𝑡𝑎𝑙 [∅] 3.6 ⋅ 10−1
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𝑟𝑠

• 𝑉𝑠(rs) [V]

• 𝜏𝑠𝑦𝑠 [s]

• 𝑟𝑠 [s]

𝜏𝑠𝑦𝑠

𝜏𝑡ℎ 𝜏𝑙
𝑅𝛿

1,7 ns 7,15 ns

1,2 ns 𝑅2

0,96 1

0,77 ns 0,07 ns

𝜏sys [s]
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𝜏th ± 0,1 ns

± 0,5 ns 𝜏𝑡ℎ
𝜏𝑠𝑦𝑠

𝜏𝑡ℎ  [s]

𝜏sys 𝜏𝑡ℎ 𝜏sys

± 0,5 ns

𝜏sys

500 nm 860 nm 2,0 ± 0,1 ns

𝜏𝑡ℎ

𝜏𝑙 𝜏𝑃𝑀𝑇 𝑅𝛿 𝜏𝑡ℎ 𝜏𝑠𝑦𝑠

𝜆 = 532 nm

1,7 ns 1,55 ns 2,33 ns 3,1 ± 0,1 ns

𝜆 = 532 nm

7,15 ns 1,55 ns 7,33 ns 7,4 ± 0,5 ns  

𝜆 ∈ [500 ;  860] nm  

1,2 ns 1,55 ns 1,99 ns 2,0 ± 0,1 ns

𝜏sys

𝜏sys

𝜏sys

𝐶𝑖𝑛𝑠𝑡
𝑉𝑠 𝐶1 𝐶2 [V ⋅ m

3]

𝐶2 =
1

𝑓𝑟  
exp [2∫ 𝛼𝑏(𝑥)

𝑟𝑠

0

 𝑑𝑥]∫ 𝑉𝑠(𝑟) 𝑑𝑟
𝑟𝑠+𝑐𝜏𝑠𝑦𝑠

𝑟𝑠−𝑐𝜏𝑠𝑦𝑠

 

>  30 km

52 m 𝛼𝑏 < 1,13 ⋅ 10
−3 m−1
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~1.

𝐶1 𝐶2

51

• 

0,23 V 0,5 V

𝐶1 𝐶2
𝐹𝑐1[∅] 𝐹𝑐2[∅]

𝐶𝑡ℎ 𝐶1 𝐶2

𝑪𝒕𝒉  

[𝐕 ⋅ 𝐦𝟑
𝑪𝟏  

[𝐕 ⋅ 𝐦𝟑
𝑪𝟐  

[𝐕 ⋅ 𝐦𝟑
𝑭𝒄𝟏
[∅

𝑭𝒄𝟐
[∅

532 0,23

𝑀 =  344,12

1,9389
⋅ 106

2,1247
⋅ 104

2,2271
⋅ 104

91,257 87,077  

605 0,5

𝑀 = 7268,7

2,2828
⋅ 105

2,3612
⋅ 103

2,4521
⋅ 103

96,678 93,231 

𝐶1 𝐶2
𝐹𝑐1 𝐹𝑐2 4 % 𝐶1 𝐹𝑐1

~103 V ⋅ m3

~104 V ⋅ m3
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𝜆  

4,9 mW 4,16 mW
1,7 μW @ 605 nm

1,7 ns 1,2 ns

1 kHz 1 kHz

2,9 mm 4 mm

23,2 cm 23,2 cm

𝜆 532 nm 605 nm

Δ𝜆 5 nm 15 nm

76 mA ⋅ W−1 @ 532 nm 77 mA ⋅ W−1 @ 605 nm

3,15 103 V ⋅ A−1 3,15 103 V ⋅ A−1

3 GHz 3 GHz

𝑑 24 cm 24 cm

 𝜃𝐿 4 mrad 4 mrad

𝑑𝑑 29 mm 29 mm

𝑓𝑟 0,20/π 0,20/π

𝑟𝑠 52 m 52 m

𝛼𝑏 1,13 ⋅ 10−3 m−1  1,13 ⋅ 10−3 m−1

𝐹𝑐1

𝐹𝑐1̅̅ ̅̅ = 90

𝐹𝑐1

𝐹𝑐1
𝐹𝑐1

• 

0,365 V

99 %

20 % 𝐶1 𝐶2
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3,0 ⋅ 101 2,0 ⋅ 103 V ⋅ m3

 680 nm

680 nm 𝐶𝑖𝑛𝑠𝑡
𝐶1 𝐶2 98

|𝐶1 − 𝐶2|

𝐶1 + 𝐶2
⋅ 100 

500 nm 880 nm

580 nm 800 nm

𝐶1(𝜆)

𝐶𝑡ℎ(𝜆)

𝐹𝑐1(𝜆) 99 %

(a) (b) 
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20 % 𝐹𝑐1

580 nm 800 nm 66 880 nm

𝐶1 20 %

𝐶1
𝐹𝑐1(𝜆) 4,7

66

𝐹𝑐1(𝜆)

𝐹𝑐1(𝜆)

20 % 

99 %
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18 km

𝑃

𝑆 1064 nm 𝑆𝑃 532 nm 𝑆𝑃 355 nm 𝑆𝑃

387 nm 408 nm 530 nm

3𝛽 +  2𝛼

𝛽 1064 nm 532 nm 355 nm

 𝛼 387 nm 530 nm 408 nm

0,06 J 10 ns

20 Hz
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7,5 m

𝜆 532 nm 

0,06 J

10 ns

20 Hz

40 cm 

𝜆 532 nm

𝑅𝑖𝑜 60 mA/W

50 Ω

20 MHz

532 nm.

16h40 
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500 m 10 km

144,65

4,478 ⋅ 109 V ⋅ m3 105 106

104 106

6 8 km

𝐶𝑖𝑛𝑠𝑡
4 %
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𝐶𝑖𝑛𝑠𝑡

 

𝐶𝑖𝑛𝑠𝑡 

𝐕 ⋅ 𝐦𝟑

𝟓𝟑𝟐 𝐧𝐦 4,478 ⋅ 109

532 nm 2,125 ⋅ 104 1,514 ⋅ 104 2,810 ⋅ 108

605 nm 2,361 ⋅ 103 7,96 ⋅ 101 1,478 ⋅ 106

680 nm 1,991 ⋅ 103 3,087 ⋅ 102 5,729 ⋅ 106

𝐶𝑖𝑛𝑠𝑡 1,5 ⋅ 104 2,8 ⋅ 108 V ⋅ m3

532 nm 9,0 ⋅ 101 1,5 ⋅ 106 V ⋅ m3 605 nm

605 nm 532 nm

0%

2%

4%

6%

8%

10%

18h00 18h30 19h00 19h30 20h00 20h30 21h30

fl
u
c
tu

a
ti
o
n
 r

e
la

ti
f 

d
e
 C

in
s
t

Heure locale (UTC)

Cas 3
Cas 4

Cas 5

Cas 6

Cas 7

Cas 2Cas 1
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4,16 4,9 mW

𝐷𝑆𝑃

 𝐶𝑖𝑛𝑠𝑡 3,1 ⋅ 104 5,7 ⋅ 108 V ⋅ m3 680 nm

605 nm

605 nm

680 nm

680 nm 

𝐶𝑖𝑛𝑠𝑡

𝐶𝑖𝑛𝑠𝑡
𝑟𝑚𝑎𝑥 𝑟𝑚𝑎𝑥 20 km

5 km 715 m

532 nm 680 nm

 

𝐹𝑐1(𝜆)
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𝑆𝑚𝑒𝑠𝑢𝑟𝑒 532 nm

𝑆𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒 𝑆𝐼𝑛𝑡é𝑔𝑟𝑎𝑙

0,25 % 0,39 %

500 m 4 km

𝑉𝑀𝑒𝑠𝑢𝑟𝑒
𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒 𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙

52 m

𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙 𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒

𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙
𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒 37 41 m 𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒  

𝑉𝑀𝑒𝑠𝑢𝑟𝑒 0,04 %

𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙 𝑉𝑀𝑒𝑠𝑢𝑟𝑒 27 %
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𝑆𝑀𝑒𝑠𝑢𝑟𝑒
𝑆𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒

𝑆𝐼𝑛𝑡é𝑔𝑟𝑎𝑙

𝑉𝑀𝑒𝑠𝑢𝑟𝑒
𝑉𝐶𝑙𝑎𝑠𝑠𝑖𝑞𝑢𝑒

𝑉𝐼𝑛𝑡é𝑔𝑟𝑎𝑙
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3 %

− 20 %  20 %

𝑉′𝑀𝑒𝑠𝑢𝑟𝑒
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7,5 m

3 m

0,05 m

26 cm

 

𝑆𝑁𝑅𝜆

𝐼𝑑𝑡
1V 0,2 1,1 V

0,2 1,1 V

𝑀

𝑆𝑁𝑅𝜆
0,3 0,6 V 𝑆𝑁𝑅𝜆

0,4

0,6 mV 0,3 mV
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880 nm 4 mV

3,2 mV 880 nm

 

20 %

𝑃 = 1 013 hPa 𝑇 = 294,2 K

0,6 V

23 km

1

𝑟

𝑆𝑁𝑅𝜆 = 1

𝑆𝑁𝑅𝜆)

𝑟 20 %

𝑁 = 1

𝑆𝑁𝑅𝜆 ≤ 1 𝑆𝑁𝑅𝜆
600 nm 800 nm

𝑆𝑁𝑅𝜆 1

500 nm 880 nm 55 m

𝑆𝑁𝑅𝜆
200 m 560 nm 880 m 300 m

600 nm 760 nm 400 m

670 nm

55 m 500 nm

𝑆𝑁𝑅 ≤ 1 510 nm

880 nm 𝑆𝑁𝑅𝜆
100 m 560 860 nm

200 m 720 nm

720 nm
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670 nm

720 nm

𝑆𝑁𝑅𝜆)

20 % 𝑟

𝑆𝑁𝑅𝜆 ≤ 1.

23 km

nm 500  550  600  650  670  720  750  800  900  

W ⋅m−2 ⋅ nm−1 ⋅ sr−1
2,0 ⋅
10−1  

1,7 ⋅
10−1  

1,4 ⋅
10−1  

1,0 ⋅
10−1  

1,1 ⋅
10−1  

5,5 ⋅
10−2  

7,3 ⋅
10−2  

5,5 ⋅
10−2  

2,9 ⋅
10−2  

𝑆𝑁𝑅𝜆 𝑆𝑁𝑅𝜆 > 1

𝑆𝑁𝑅𝜆

𝑆𝑁𝑅𝜆

𝑆𝑁𝑅𝜆
𝑆𝑁𝑅𝜆

(b) De jour (a) De nuit 
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𝑆𝑁𝑅𝜆
540 nm 840 nm

690 nm

20%

540 690 840 nm

540 nm 690 nm

𝑆𝑁𝑅𝜆

𝜎𝑠ℎ,𝑠
2 > 𝜎𝑠ℎ,𝑑

2 + 𝜎𝑡ℎ
2 670 nm 10−12 > 10−19 + 10−17

𝑆𝑁𝑅𝜆(𝑟) = 𝐴𝜆 ⋅ 𝑟
−1 

𝐴𝜆 𝑆𝑁𝑅𝜆 1 m
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𝑆𝑁𝑅𝜆 55 m 𝐴𝜆
𝑆𝑁𝑅𝜆(𝑟)

𝐴𝜆
𝑆𝑁𝑅𝜆 100 m

𝐴𝜆 𝑆𝑁𝑅𝜆 100 m

𝜆 [nm] 500 540 550 600 650 690 700 750 800 840 880 

𝐴λ [∅] 104 163 184 309 389 400 394 323 258 205 66 

𝑆𝑁𝑅𝜆(100 m) [∅]  1,0 1,6 1,8 3,1 3,9 4,0 3,9 3,2 2,6 2,0 0,7 

𝑆𝑁𝑅𝜆 55 m

𝐷𝑆𝑃 

𝑆𝑁𝑅𝜆 𝐷𝑆𝑃

𝑆𝑁𝑅𝜆 √2 √4

𝑆𝑁𝑅

80 % 

20 %

𝑆𝑁𝑅𝜆

𝐶inst,𝜆 𝑆𝑁𝑅𝜆

𝐶𝑖𝑛𝑠𝑡,𝜆
𝑆𝑁𝑅𝜆(𝑟)

2⁄ = 𝑘(𝑟) 

𝑘 𝑟 𝜆

𝑟 = 55 m 𝑘 = 37,26

𝑆𝑁𝑅𝜆(𝑟)

20 %

𝑁 [∅] 𝐷𝑆𝑃 𝑄 [∅]
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𝑆𝑁𝑅𝜆

20% 55 m

𝑅𝑚𝑎𝑥
𝑁 𝑄

𝐷𝑆𝑃
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𝐴𝜆 ⋅ 𝑅𝑚𝑎𝑥
−1 = 1

𝑁 𝑄

 

𝛽𝑎(𝜆)  = 4 ⋅ 10
−2 m ⋅ sr−1 𝐿𝑅𝑎(𝜆) = 50 sr 𝐿𝑅𝑎

0,6 V

23 km

𝑟

1 𝑆𝑁𝑅𝜆 =

1 𝑆𝑁𝑅𝜆
30 cm

500 nm

710 nm 680 nm

𝑅𝑚𝑎𝑥 ≈ 100 m 𝑅𝑚𝑎𝑥 ≈ 50 m

550 nm 850 nm

23 m 43 m 𝑁

√𝑁

1 kHz

10

√𝑄 𝑄

𝐷𝑆𝑃

√𝑖 𝛽𝑖 = 𝑖 ⋅ 𝛽𝑎 𝐿𝑅𝑖 = 𝑖
−1 ⋅ 𝐿𝑅𝑎 𝑖

𝛽𝑖
𝐿𝑅𝑖
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 𝛽𝑎 𝐿𝑅𝑎

20 % 𝛽𝑎(𝜆)  = 4 ⋅ 10
−2 m ⋅ sr−1

𝐿𝑅𝑎(𝜆) = 50 sr

𝑅𝑚𝑎𝑥
𝛽𝑎(𝜆)  = 4 ⋅ 10

−2 m ⋅ sr−1 𝐿𝑅𝑎(𝜆) = 50 sr

𝑁 𝑄
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532 nm

𝛽𝑎 𝐿𝑅𝑎
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7,5 m 3 m

400 m 100 m 700 nm 20 %

𝛽𝑎(𝜆)  = 4 ⋅ 10
−2 m ⋅ sr−1 𝐿𝑅𝑎(𝜆) = 50 sr

700 nm

580 nm 800 nm

kHz

𝑆𝑁𝑅𝜆
1 kHz

𝑆𝑁𝑅𝜆
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▪ 
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< 100 m
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50 m

695 nm

> 10 m

480 900 nm

5 %
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20 %

500 860 nm

100 m

▪ 

▪ 
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2 km−1

▪ 
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▪ 

▪ 
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𝜉(𝑟)

𝑓é𝑞𝑢𝑖𝑣

𝐷𝐿

𝐷𝑇

𝐷𝑂

𝐷𝑠

𝜑𝐿

𝜑𝑇

𝜃𝐿

𝜃𝑇

𝜃𝑡𝑖𝑙𝑡

𝑓é𝑞𝑢𝑖𝑣
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▪ 

 

𝑓é𝑞𝑢𝑖𝑣

𝜉(𝑟) = 0 𝜉(𝑟) = 1

𝑟𝑚𝑖𝑛

tan (
𝜑𝑇
2
) 𝑟𝑚𝑖𝑛 +

𝐷𝑇
2
= 𝑑 −

𝐷𝐿
2
⋅ cos(𝜃𝐿) − tan (+ −

𝜑𝐿
2
) 𝑟𝑚𝑖𝑛 
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𝑟𝑚𝑖𝑛

𝑟𝑚𝑖𝑛 =
2𝑑 − 𝐷𝐿 ⋅ cos(𝜃𝐿) − 𝐷𝑇

2 tan (𝜃𝑡𝑖𝑙𝑡 +
𝜑𝐿
2
) + 2 tan (

𝜑𝑇
2
)

 

𝑟𝑚𝑖𝑛

𝑟0

tan (
𝜑𝑇
2
) ⋅ 𝑟0 −

𝐷𝑇
2
= 𝑑 +

𝐷𝐿
2
⋅ cos(𝜃𝐿) − tan (𝜃𝑡𝑖𝑙𝑡 −

𝜑𝐿
2
) 𝑟0 

𝑟0 =
2𝑑 + 𝐷𝐿 ⋅ cos(𝜃𝐿) + 𝐷𝑇

2 tan (𝜃𝑡𝑖𝑙𝑡 −
𝜑𝐿
2
) + 2 tan (

𝜑𝑇
2
)

 

𝑟0

[𝑟𝑚𝑖𝑛, 𝑟0]

 𝑟 < 𝑟𝑚𝑖𝑛

 𝑟 ∈ [𝑟𝑚𝑖𝑛, 𝑟0]

 𝑟 > 𝑟0

𝑟𝑓1 𝑟𝑓2 𝑟𝑓1



156 

−tan (
𝜑𝐿
2
) ⋅ 𝑟𝑓1 +

𝐷𝑇
2
= 𝑑 −

𝐷𝐿
2
⋅ cos(𝜃𝐿) − tan (𝜃𝑡𝑖𝑙𝑡 −

𝜑𝐿
2
) ⋅ 𝑟𝑓1 

𝑟𝑓1 =
2𝑑 − 𝐷𝐿 ⋅ cos(𝜃𝐿) − 𝐷𝑇

2 ⋅ tan (𝜃𝑡𝑖𝑙𝑡 +
𝜑𝐿
2
) − 2 ⋅ tan (

𝜑𝑇
2
)

 

𝑟𝑓1

𝑟𝑓2

−tan (
𝜑𝑇
2
) ⋅ 𝑟𝑓2 −

𝐷𝑇
2
 = 𝑑 +

𝐷𝐿
2
⋅ cos(𝜃𝐿) − tan (𝜃𝑡𝑖𝑙𝑡 −

𝜑𝐿
2
) ⋅ 𝑟𝑓2 

𝑟𝑓2 =
2𝑑 + 𝐷𝐿 ⋅ cos(𝜃𝐿) + 𝐷𝑇

2 ⋅ tan (𝜃𝑡𝑖𝑙𝑡 −
𝜑𝐿
2
) − 2 ⋅ tan (

𝜑𝑇
2
)

 

𝑟𝑓2

[𝑟𝑓1, 𝑟𝑓2]

 𝑟 ∈ [𝑟𝑓1, 𝑟𝑓2]

 𝑟 > 𝑟𝑓2

𝑟𝑓1

𝜃𝑙𝑖𝑚
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𝜃𝑙𝑖𝑚 =
𝜑𝑇 − 𝜑𝐿
2

 

𝜃𝑡𝑖𝑙𝑡 𝜃𝑙𝑖𝑚
𝑟𝑓1 

𝑟𝑚𝑖𝑛, 𝑟0 𝑟𝑓1 𝑟𝑓2

▪ 

𝐺

𝐸

𝑉

𝑏

𝐵

𝐴𝑓 𝑦𝐴𝑓

𝐵𝑓 𝑦𝐵𝑓

𝐴𝑏 𝑦𝐴𝑏

𝐵𝑏 𝑦𝐵𝑏

𝐶𝑏 𝑦𝐶𝑏

𝐶𝑓 𝑦𝐶𝑓
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▪ 

𝑓é𝑞𝑢𝑖𝑣

𝑒

𝑣

𝐺 𝑟

𝐵 𝑏
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𝐵 =
𝐺 ⋅ 𝑏

𝑟
 

𝐵 𝑏

𝐺 r

𝑏 =
𝑓é𝑞𝑢𝑖𝑣 ⋅ 𝑟

𝑟 − 𝑓é𝑞𝑢𝑖𝑣
 

𝑟

𝐺 = 𝐷𝐿 + 𝜑𝐿 ⋅ 𝑟 

𝑟

𝐴 𝐵 𝐶

𝑒 = 𝑦𝐵𝑓 − 𝑦𝐴𝑓  

𝑦𝐴𝑓 =
𝑦𝐴𝑏 +

𝐷𝑇
2

𝑏
⋅ 𝑓é𝑞𝑢𝑖𝑣 −

𝐷𝑇
2

 

𝑦𝐴𝑓

𝑦𝐵𝑓 =
𝑦𝐵𝑏 −

𝐷𝑇
2

𝑏
⋅ 𝑓é𝑞𝑢𝑖𝑣 +

𝐷𝑇
2

 

𝑦𝐵𝑓
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𝑒 = 𝐷𝑇 + 𝑓é𝑞𝑢𝑖𝑣 ⋅
𝐵 − 𝐷𝑇
𝑏

 

𝑒.

𝑣

𝑂 𝐶𝑓 𝐶𝑏 Cb

𝑦𝐶𝑏 =
𝑑 − tan(𝜃𝑡𝑖𝑙𝑡) ⋅ 𝑟

𝑟 − 𝑓é𝑞𝑢𝑖𝑣
⋅ 𝑓é𝑞𝑢𝑖𝑣 

Cf

𝑣 = 𝑦𝐶𝑓 =
𝑦𝐶𝑏 − 𝑦𝑂
𝑏 − 𝑥𝑂

⋅ 𝑓é𝑞𝑢𝑖𝑣 =
𝑑 − tan(𝜃𝑡𝑖𝑙𝑡) ⋅ 𝑟

𝑟
⋅ 𝑓é𝑞𝑢𝑖𝑣  

 𝐺 𝐵 𝑒 𝑣

𝑟

𝑟

𝜈(𝑟) ≥
[𝑠 + 𝑒(𝑟)]

2
⁄

𝑟
|𝑠−𝑒(𝑟)|

2
< 𝜈(𝑟) <

[𝑠 + 𝑒(𝑟)]
2
⁄

𝑟

1 𝑣(𝑟) < [𝑒(𝑟) − 𝑠]/2, 𝑒(𝑟) ≤ 𝑠 

𝑟

𝜈(𝑟) < [𝑒(𝑟) − 𝑠]/2, 𝑒(𝑟) > 𝑠

 𝑂(𝑟)
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𝜉(𝑟) =
𝑂(𝑟)

π ⋅ [
𝑒(𝑟)
2
]
2 

𝑂(𝑟)

𝐴1 

𝐴1 = (
𝑠

2
)
2

⋅  2 ⋅ arccos (
𝑥∗
𝑠
2

) − 𝑥∗ ⋅  𝑦∗ 

𝐴1

𝐴2

𝐴2 = (
𝑒

2
)
2

⋅ 2 ⋅ arccos(

𝑠
2
− 𝑥∗
𝑒
2

) − (𝜈 − 𝑥∗) ⋅ 𝑦∗ 

𝐴2
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x∗ y∗

𝑥∗ =
𝜈2 + (

𝑠
2
)
2

− (
𝑒
2
)
2

2 ⋅ 𝑣
 

𝑦∗ = √(
𝑠

2
)
2

− (
𝜈2 + (

𝑠
2
)
2

− (
𝑒
2
)
2

2 ⋅ 𝑣
)

2

 

x∗ y∗

𝑎 − sin(arcos(𝑎)) = 𝑎 − √1 − 𝑎2

𝐴1 𝐴2

𝑂(𝑟) =
[𝜓1 − sin(𝜓1)] ⋅ 𝐷0² + [𝜓2 − sin(𝜓2)] ⋅ 𝑒(𝑟)²

8
 

𝜓1 = 2 ⋅ arccos [
𝑠2 + 4 ⋅ 𝑣2(𝑟) − 𝑒2(𝑟)

4 ⋅ 𝑣(𝑟) ⋅ 𝑠
] 

𝜓2 = 2 ⋅ arccos [
𝑒2(𝑟) + 4 ⋅ 𝑣2(𝑟) − 𝑠2

4 ⋅ 𝑣(𝑟) ⋅ 𝑒(𝑟)
] 

𝜓1 𝜓2

𝜉(𝑟) =
{(𝜓1(𝑟) − sin[𝜓1(𝑟)]} ⋅ 𝑠 + {𝜓2(𝑟) − sin[𝜓2(𝑟)]} ⋅ 𝑒(𝑟)

2)

2π ⋅ 𝑒(𝑟)2
 

𝜉(𝑟) =
𝑠2

𝑒(𝑟)2

𝑣(𝑟) < 𝑒(𝑟) − 𝑠/2, 𝑒(𝑟) > 𝑠
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𝜉(𝑟) = 

{
 
 
 
 

 
 
 
 0, 𝜈(𝑟) ≥

[𝑠 + 𝑒(𝑟)]
2
⁄

{𝜓1(𝑟) − sin[𝜓1(𝑟)]} ⋅ 𝑠
2 + {𝜓2(𝑟) − sin[𝜓2(𝑟)]} ⋅ 𝑒(𝑟)

2)

2π ⋅ 𝑒(𝑟)2
,

|𝑠 − 𝑒(𝑟)|

2
< 𝜈(𝑟) <

[𝑠 + 𝑒(𝑟)]
2
⁄

𝑠2

𝑒(𝑟)2
, 𝜈(𝑟) <

𝑒(𝑟) − 𝑠

2
, 𝑒(𝑟) > 𝑠

1,  𝜈(𝑟) <
𝑠 − 𝑒(𝑟)

2
, 𝑒(𝑟) ≤ 𝑠

 

 

▪ 

𝑏

𝑦𝐶𝑏

𝑓é𝑞𝑢𝑖𝑣 𝑏 𝜈 𝑦𝐶𝑏 𝑒 𝐵

𝜉(𝑟) = 

{
 
 
 
 

 
 
 
 0, 𝑦𝐶𝑏(𝑅) ≥

[𝑠 + 𝐵(𝑟)]
2
⁄

{𝜓1(𝑟) − sin[𝜓1(𝑟)]} ⋅ 𝑠
2 + {𝜓2(𝑟) − sin[𝜓2(𝑟)]} ⋅ 𝐵(𝑟)

2

2π ⋅ 𝐵(𝑟)2
,

|𝑠 − 𝐵(𝑟)|

2
< 𝑦𝐶𝑏(𝑅) <

[𝑠 + 𝐵(𝑟)]
2
⁄

𝑠2

𝐵(𝑟)2
, 𝑦𝐶𝑏(𝑟) <

𝐵(𝑟) − 𝑠

2
, 𝐵(𝑟) > 𝑠

1, 𝑦𝐶𝑏(𝑟) <
𝑠 − 𝐵(𝑟)

2
, 𝐵(𝑟) ≤ 𝑠

 

𝜓1 𝜓2

𝜓1 = 2 ⋅ arccos [
𝑠2 + 4𝑦𝐶𝑏

2(𝑟) − 𝐵2(𝑟)

4𝑦𝐶𝑏(𝑟) ⋅ 𝑠
] 

𝜓2 = 2 ⋅ arccos [
𝐵2(𝑟) + 4𝑦𝐶𝑏

2(𝑟) − 𝑠2

4𝑦𝐶𝑏(𝑟) ⋅ 𝐵(𝑟)
] 

𝜓1 𝜓2 
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▪ 

𝑑𝑑 𝑑𝑑 > 𝑓𝑒𝑞𝑢𝑖𝑣

𝑒(𝑟) 𝑑𝑑
𝜈(𝑟)

{
𝑒(𝑟) =

𝐵(𝑟) − 𝐷𝑇
𝑏

 𝑑𝑑 + 𝐷𝑇                           , 𝑏(𝑟) > 𝑑𝑑

𝑒(𝑟) =
𝐵(𝑟) − 𝐷𝑇

𝑏
 (2𝑏(𝑟) − 𝑑𝑑) +  𝐷𝑇        , 𝑏(𝑟) < 𝑑𝑑

 

𝑑𝑑 > 𝑓𝑒𝑞

𝜈(𝑟)

𝑣(𝑟) =
𝑑 − tan(𝜃𝑡𝑖𝑙𝑡)  ⋅ 𝑟

𝑟
 ⋅ 𝑑𝑑  

𝑑𝑑 > 𝑓𝑒𝑞

𝑒(𝑟) 𝑣(𝑟)
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𝑟 𝑟𝑠

∫ 𝑊(𝑥)
𝑟𝑠

𝑟

 d𝑥 =
cτ

2𝑓𝑟  𝐹𝑐𝑜𝑟
 
𝑊(𝑟𝑠)

𝐿𝑅𝑎(𝑟𝑠)
∫ {𝑌(𝑥) exp [2∫ 𝑌(𝑟)

𝑟𝑠

𝑥

 d𝑟]}
𝑟𝑠

𝑟

d𝑥 

d

d𝑥
{exp [2∫ 𝑌(𝑟)

𝑟𝑠

𝑥

 d𝑟]} = 2  exp [2∫ 𝑌(𝑟)
𝑟𝑠

𝑥

 d𝑟]  
d

d𝑥
[∫ 𝑌(𝑟)

𝑟𝑠

𝑥

 d𝑟] 

= 2  exp [2∫ 𝑌(𝑟)
𝑟𝑠

𝑥

 d𝑟]  
d

d𝑥
[𝐹(𝑟𝑠) − 𝐹(𝑥)] 

= −2 𝑌(𝑥) ex p [2∫ 𝑌(𝑟)
𝑟𝑠

𝑥

 d𝑟] 

𝐹 𝑌

∫ 𝑌(𝑥)
𝑟𝑠

𝑟

 exp [2∫ 𝑌(𝑟)
𝑟𝑠

𝑥

 d𝑟]  d𝑥 = −
1

2
 {exp [2∫ 𝑌(𝑟)

𝑟𝑠

𝑥

 d𝑟]}
𝑟

𝑟𝑠

 

=
1

2
 {exp [2∫ 𝑌(𝑟)

𝑟𝑠

𝑟

 d𝑟] − 1} 

∫ 𝑊(𝑥)
𝑟𝑠

𝑟

 d𝑥 =
cτ

4𝑓𝑟  𝐹𝑐𝑜𝑟
 
𝑊(𝑟𝑠)

𝐿𝑅𝑎(𝑟𝑠)
 {exp [2∫ 𝑌(𝑟)

𝑟𝑠

𝑟

d𝑟] − 1} 

exp [2∫ 𝑌(𝑟)
𝑟𝑠

𝑟

d𝑟] = 1 +
4𝑓𝑟  𝐹𝑐𝑜𝑟
cτ

 
𝐿𝑅𝑎(𝑟𝑠)

𝑊(𝑟𝑠)
 [∫ 𝑊(𝑟)

𝑟𝑠

𝑟

 d𝑟] 
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