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Question 1 
 
1.1 
 𝑁 = 𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑁𝑢𝑚𝑏𝑒𝑟 
 𝐼 = 𝑏𝑖𝑎𝑠𝑒𝑑 𝑙𝑎𝑠𝑒𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡, 
 𝐴 = 𝑔𝑎𝑖𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  
 𝑁0 =  𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑐𝑦  
 𝑃 = 𝑃ℎ𝑜𝑡𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 
 𝑇𝑒 = 𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
 𝑇𝑝 = 𝑃ℎ𝑜𝑡𝑜𝑛 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒  

 𝛽 = 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 
 
 
 
 
1.2  

Conditions for threshold current 
  dN/dt = 0 and dP/dt = 0, GP>> 𝛽𝑁/𝑇𝑒 
 

The spontaneous emission component (𝛽
𝑁

𝑇𝑒
 ) is neglected  

So:   𝑁 = 𝑁0 + 
1

𝐴𝑇𝑝
 

   𝑃 =
𝑇𝑝

𝑒
(𝐼 − 𝐼𝑠) 

𝐼𝑠 is the threshold current: 

𝐼𝑠 = 
𝑒

𝑇𝑒
 (𝑁0 + 

1

𝐴𝑇𝑝
) 

 

𝐼𝑠 = 
1.6 ×  10−19

2.2 ×  10−9
 (1.2 ×  108 + 

1

8 ×  103 ×  1.6 ×  10−12
) 

 
𝐼𝑠 = 0.0144 𝐴 

 
 
 
1.3 

Above threshold: Carrier Number (N) corresponds to the number of 
carriers when the gain is equal to the losses, P increases with the current 
but there is no change in N 

      𝑁 =  𝑁0 + 
1

𝐴𝑇𝑝
 

 
Below threshold: Gain is zero, so: 𝐴(𝑁 − 𝑁0)𝑃 = 0, when this is applied 
to the carrier number equation 

    𝑁 =
𝑇𝑒

𝑒
𝐼 
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Question 2 
 
 

2.1 The spontaneous emission component (𝛽
𝑁

𝑇𝑒
 ) is neglected 

 
𝑑𝑃

𝑑𝑡
= 𝐴(𝑁 − 𝑁0)𝑃 − 

𝑃

𝑇𝑝
 

 
𝑑𝑁

𝑑𝑡
=

𝐼

𝑒
 −  𝐴(𝑁 − 𝑁0)𝑃 − 

𝑁

𝑇𝑒
 

 
Applying perturbation condition:  𝐼 =  𝐼 ̅ +  𝛿𝐼,    𝑃 = 𝑃̅ +  𝛿𝑃,    𝑁 = 𝑁̅ +  𝛿𝑁 
So: 

𝑑(𝑃̅̅ ̅ +  𝛿𝑃)

𝑑𝑡
= 𝐴(𝑁̅ +  𝛿𝑁 − 𝑁0)(𝑃̅ +  𝛿𝑃)  − 

𝑃̅ +  𝛿𝑃

𝑇𝑝
 

 
𝑑(𝑁̅̅̅̅ + 𝛿𝑁)

𝑑𝑡
=
𝐼+̅ 𝛿𝐼

𝑒
 −  𝐴(𝑁̅ +  𝛿𝑁 − 𝑁0)(𝑃̅ +  𝛿𝑃)  − 

𝑁̅+ 𝛿𝑁

𝑇𝑒
 

So: 
 
𝑑𝑃̅

𝑑𝑡
+
𝑑𝛿𝑃

𝑑𝑡
= 𝐴(𝑁̅ − 𝑁0)𝑃̅   −  

𝑃̅

𝑇𝑝
+  𝐴(𝑁̅ − 𝑁0)𝛿𝑃 + 𝐴𝑃̅𝛿𝑁 + 𝐴𝛿𝑁𝛿𝑃 − 

𝛿𝑃

𝑇𝑝
 

𝑑𝑁̅

𝑑𝑡
+
𝑑𝛿𝑁

𝑑𝑡
=
𝐼̅

𝑒
−  𝐴(𝑁 − 𝑁0)𝑃̅ − 

𝑁̅

𝑇𝑒
+ 

𝛿𝐼

𝑒
 −  𝐴(𝑁̅ − 𝑁0)𝛿𝑃 −  𝐴𝑃̅𝛿𝑁 −  𝐴𝛿𝑁𝛿𝑃 − 

 𝛿𝑁

𝑇𝑒
   

All 2nd order terms are ignored, and 𝐴(𝑁̅ − 𝑁0) =  
1

𝑇𝑝
 

So: 

𝑑𝛿𝑃

𝑑𝑡
=
𝑃̅ 

𝑇𝑝
 −  

𝑃̅

𝑇𝑝
+ 
𝛿𝑃

𝑇𝑝
+ 𝐴𝑃̅𝛿𝑁 − 

𝛿𝑃

𝑇𝑝
 

𝑑𝛿𝑁

𝑑𝑡
=
𝐼̅

𝑒
− 

𝑃̅ 

𝑇𝑝
− 

𝑁̅

𝑇𝑒
+ 

𝛿𝐼

𝑒
 −  

𝛿𝑃

𝑇𝑝
−  𝐴𝑃̅𝛿𝑁 − 

 𝛿𝑁

𝑇𝑒
   

So: 
𝑑𝛿𝑃

𝑑𝑡
= 𝐴𝑃̅𝛿𝑁 

𝑑𝛿𝑁

𝑑𝑡
=
𝛿𝐼

𝑒
 − 
𝛿𝑃

𝑇𝑝
− ( 𝐴𝑃̅ + 

 1

𝑇𝑒
)𝛿𝑁 

 
So: 

(

𝑑𝛿𝑁

𝑑𝑡
𝑑𝛿𝑃

𝑑𝑡

) = (
−( 𝐴𝑃̅ +  

 1

𝑇𝑒
) −

1

𝑇𝑝

𝐴𝑃̅ 0

) (
𝛿𝑁

𝛿𝑃
) + (

𝛿𝑖/𝑒

0
) 
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2.2 Elements of the matrix   𝑀 = (
−( 𝐴𝑃̅ + 

 1

𝑇𝑒
) −

1

𝑇𝑝

𝐴𝑃̅ 0
) 

 𝐴 = 𝐺𝑎𝑖𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡   𝑃̅ =   𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛 

 𝑇𝑝 = 𝑃ℎ𝑜𝑡𝑜𝑛 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒       𝑇𝑒 = 𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 

 

 

 

2.3 The signal can be rewritten as 

𝑑

𝑑𝑡
(
𝛿𝑁
𝛿𝑃
) = (

−( 𝐴𝑃̅ +  
 1

𝑇𝑒
) −

1

𝑇𝑝

𝐴𝑃̅ 0

) (
𝛿𝑁
𝛿𝑃
) + (

𝛿𝑖/𝑒
0
) 

Converting to Fourier domain 

(
𝑗Ω𝛿𝑁̃

𝑗Ω𝛿𝑃̃
) = (

−( 𝐴𝑃̅ +  
 1

𝑇𝑒
) −

1

𝑇𝑝

𝐴𝑃̅ 0

) (𝛿𝑁̃
𝛿𝑃̃
) + (𝛿𝑖/𝑒̃

0
) 

(
𝑗Ω + ( 𝐴𝑃̅ +  

 1

𝑇𝑒
)

1

𝑇𝑝

−𝐴𝑃̅ 𝑗Ω

) (𝛿𝑁̃
𝛿𝑃̃
) = (𝛿𝑖/𝑒̃

0
) 

 

Assuming, M =(
𝑗Ω + ( 𝐴𝑃̅ + 

 1

𝑇𝑒
)

1

𝑇𝑝

−𝐴𝑃̅ 𝑗Ω
), V = (𝛿𝑁̃

𝛿𝑃̃
) and B = (𝛿𝑖/𝑒̃

0
) 

𝑉 =  𝑀−1𝐵 
 

𝑀−1 = 
1

((𝑗Ω + ( 𝐴𝑃̅ +  
 1

𝑇𝑒
)) ∗ 𝐽Ω) − (

1

𝑇𝑝
∗  −𝐴𝑃̅) 

(

 
𝑗Ω −

1

𝑇𝑝

𝐴𝑃̅ 𝑗Ω + ( 𝐴𝑃̅ +  
 1

𝑇𝑒
)
)

  

 

N:B:  
𝐴𝑃̅

𝑇𝑝
= 𝜔𝑟

2  ,    (𝐴𝑃̅ + 
 1

𝑇𝑒
 ) =

2

𝑇𝑟
,      

𝑀−1 = 
1

−Ω2 + 𝐽Ω
2

𝑇𝑟
− 𝜔𝑟

2

(

 
𝑗Ω −

1

𝑇𝑝

𝜔𝑟
2𝑇𝑝 𝑗Ω +

2

𝑇𝑟)

  

Since: (𝛿𝑁̃
𝛿𝑃̃
) =𝑀−1

(𝛿𝑖/𝑒̃
0
)  

 

Then: 

𝛿𝑁̃ =
𝑗Ω

−Ω2 + 𝐽Ω
2

𝑇𝑟
− 𝜔𝑟

2

𝛿𝑖̃

𝑒
              𝑎𝑛𝑑          𝛿𝑃̃ =  

𝜔𝑟
2𝑇𝑝

−Ω2 + 𝐽Ω
2

𝑇𝑟
− 𝜔𝑟

2

𝛿𝑖̃

𝑒
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Question 3 
 
3.1 
 

𝑣 =
𝑐

𝛾
=  

3 ×  108

1550 ×  10−9
= 1.94 × 1014,   𝑃𝑠 = 501 × 10

−6 𝑊 

 

𝑆

𝑁
:  

(
0.85 × 1.6 ×  10−19

6.62 × 10
−34
 ×  1.94 × 10

14
 
)2 ∗ (501 × 10

−6
)2

(((2 ×  1.6 ×  10−19) ∗ (
0.85 × 1.6 ×  10−19

6.62 × 10
−34
 ×  1.94 × 10

14
 
) ∗  501 × 10−6) + 

4 × 1.38 × 10−23  × 300
50

) ∗ 20 × 109 

 

𝑆

𝑁
=  44.5 𝑑𝐵𝑚 

 
 
 
3.2 If temperature is at 0oc = 273k 
 

𝑆

𝑁
:  

(
0.85 × 1.6 ×  10−19

1.3 × 10
−19

 
)2 ∗ (1.737 × 10

−4
)2

(((2 ×  1.6 ×  10−19) ∗ (
0.85 × 1.6 ×  10−19

1.3 ×  10−19 
) ∗  1.737 × 10−4)  + 

4 × 1.38 × 10−23  × 273
50

) ∗ 20 × 109 

 

𝑆

𝑁
=  45 𝑑𝐵𝑚 

 
 
 
 
 
 
3.3 
Temperature increase would result in decrease in the value of the signal-noise-
ratio.  
The temperature increases produces more noise which results in a lower signal-
noise-ratio. 
 
 
 
 
 
 
3.4 
Bandwidth increase would result in decrease in the value of the signal-noise-
ratio. 
As the noise spreads out over all frequencies, the wider the bandwidth of the 
device, the greater the noise level. And an increase in noise level results in a 
lower signal-noise-ratio. 
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Question 4 
 
Internal Quantum Efficiency: 𝑛𝑖𝑛𝑡 
 

Carrier lifetime: 𝜏 =  
𝜏𝑟𝜏𝑛𝑟

𝜏𝑟+ 𝜏𝑛𝑟
  =   

50 × 75

50+75
  =   30𝑛𝑠 

 

 𝑛𝑖𝑛𝑡 = 
𝜏

𝜏𝑟
= 

30

50
= 0.6 

 
 
Extraction efficiency: 𝑛𝑒  

𝑛𝑒 = [
1

(𝑛 + 1)2
]  ×  

1

𝑛
  

    𝑛𝑒 = [
1

(3.6+1)2
]  ×  

1

3.6
 

 
    𝑛𝑒 = 0.013   
 
 
External Quantum Efficiency: 𝑛𝑒𝑥𝑡  
 
     𝑛𝑒𝑥𝑡 = 𝑛𝑒  ×  𝑛𝑖𝑛𝑡  
     𝑛𝑒𝑥𝑡 =  0.013 ×  0.6 
 

𝑛𝑒𝑥𝑡 =  0.0079 
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