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5. OPTICAL RECEIVERS – PHOTODIODES

PHOTODIODES
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5. OPTICAL RECEIVERS – PHOTODIODES
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5. OPTICAL RECEIVERS – PHOTODIODES

Desirable Characteristics

 RIGTH FREQUENCY WINDOW
 HIGH CONVERSION EFFICIENCY
 LINEAR O/E TRANSFER FUNCTION
 LARGE O/E BANDWIDTH
 REDUCED NOISE LEVEL
 TEMPERATURE STABILITY
 FIBER SIZE COMPATIBILITY
 LOW CONSUMPTION
 REDUCED COST
 LONG LIFETIME
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5. OPTICAL RECEIVERS – PHOTODIODES

Working Principle (STIMULATED) ABSORPTION
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“The incident photon is absorbed by an electron 
which increments its energy level”
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5. OPTICAL RECEIVERS – PHOTODIODES
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5. OPTICAL RECEIVERS – PHOTODIODES
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5. OPTICAL RECEIVERS – PHOTODIODES

Quantum Efficiency

o

o
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“Measure of the photon-electron conversion efficiency”

Responsivity

“Average delivered photocurrent over average incident optical 
power ratio (transfer function)”
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5. OPTICAL RECEIVERS – PHOTODIODES

Responsivity for different photodetector materials
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5. OPTICAL RECEIVERS – PHOTODIODES

PIN Photodiode
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5. OPTICAL RECEIVERS – PHOTODIODES

PD PH Di i i= +

current = photocurrent + dark current
I –V Characteristic

B: receiver bandwidth
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5. OPTICAL RECEIVERS – PHOTODIODES

APD Photodiode AVALANCHE PHOTODIODE
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5. OPTICAL RECEIVERS – PHOTODIODES
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Avalanche Effect

M: Multiplicative Gain

Depends on:
• materials used
• physical structure
• bias voltage
• temperature
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5. OPTICAL RECEIVERS – PHOTODIODES

I –V Characteristic

VB: breakdown bias

I

V

CCV−

PINI

WORKING REGIME

BV−

APDI

1M =

1M >

Ty
pe

s o
f P

ho
to

di
od

es

( )
1

1 n
cc B

M
V V

=
−

Gain Parameter



FIBER-OPTIC COMMUNICATIONS

8 JANUARY 2021 slide 18

telecom
BCN

5. OPTICAL RECEIVERS – PHOTODIODES

Equivalent Statistical Model of an APD

iPH: photocurrent
iMPH: amplified photocurrent

M: gain F: noise factor
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5. OPTICAL RECEIVERS – PHOTODIODES

( )F(M) kM (1 k) 2 1 M 0 k 1= + − − < <

Noise Factor (F )

Responsivity – Bandwidth trade-off

1. AR propagation

2. Temporal constant RL·cd

3. Avalanche Effect

PIN BW=ct

APD M·BW=ct

Empirical expression
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k
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5. OPTICAL RECEIVERS – PHOTODIODES

Equivalent Circuit
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5. OPTICAL RECEIVERS – PHOTODIODES

APD vs PIN

• Better Sensitivity (5-15 dB)

• Reduction of PIN fluctuations

• Lower Bandwidth

• Noise Enhancement

• Temperature Control

• Higher Cost

• Higher Consumption
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

PHOTODETECTION 
NOISE
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

Definition
“Random perturbation of the transmitted signal which can mask the
information contained in it to the point of making the detection
impossible”

“Random fluctuations of the electrical current delivered by the
photodetector circuit”

PH
O

TO
DE

TE
CT

IO
N

 
N

O
IS

E

T

i(t)
I



FIBER-OPTIC COMMUNICATIONS

8 JANUARY 2021 slide 25

telecom
BCN

5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

Deterministic Concepts

Random Concepts

P(t)Power 

Bit Energy 

Photon Energy 

o bitEN fot bit
hf

≡

m: random variable

bitE P(t)dt= ∫
hf

m=


( )
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m m m= + −
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time
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

SNR CONCEPT

LEDLASER
incoherent light 
Bose-Einstein statistics

coherent light 
Poisson statistics

2
m mσ = ( )2

m m m 1σ = +

( )

2 2
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m

m m
SNR
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σ−
Light 
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2m
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m m 1
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

Photon arrival statistics  Poisson (coherent light)

0

∆t

ni ti

1. The number of photons arrived in a given temporal window is  inde-
pendent of the number of photons arrived in any other non-overlapping
and disjoint temporal window.

∆ti

i n
i

i

1 p (i t) t
n

0 1 p
= λ ⋅ ∆ ∆

 −
Average number of 
photons per unit timen

P(t)(t)
hf

λ =

t

T

P(t)
P

2. Number of received photons in the ith interval:
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

3. Average number of photons arrived in a given temporal window:

5. The variance of the number of received photons equals its mean value:

( ) ( )2
n,T Tt n tσ =

( ) ( )T

k
n tT

T

n t
p (k,t) e

k!
−≡

Average number of photons 
received in (t,t+T)( )

t T

T n
t

n t ( )
+

= λ τ ∂τ∫
t T

t

PHOTONS IN (t ,t T)

P( )
hf

+

+

τ
= ∂τ∫


Probability of receiving k photons 
during the interval (t,t+T)
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s 
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nd
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4. Probability of receiving k photons during a given temporal window:
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

ideal photon 
counter (T)

T

P(t)
P

( ) ( )
t T

T
t

1n t P
hf

τ τ
+
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( ) ( )2

n,T Tt n tσ =

Ideal photon counter

Poisson
Random 
Variable
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Tn t

mean variance
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

( ) ( ) ( )
+

= = ∂∫
t T

T T
t

m t n t P
hf
η

η τ τ ( ) ( )2
m,T Tt m tσ =

variance

Poisson
Random 
Variable

ideal electron 
counter (T)
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mean
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

Shot Noise

h(t)
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

( ) ( ) ( )
PH
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hf
η
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

Variance
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

( ) ( )
MPH PHi t M i t= ⋅ ( ) ( )2 2 2
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mean variance
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

( ) ( ){ }= +MPD PH Di t M i t I ( ) ( ){ }= ⋅ + ⋅2 2 2
MPD PH Dt F M t 2qB Iσ σ

variance

≡ ⋅

= ⋅ ⋅
MD D

2 2
MD D

i M I

M F 2qB Iσ

Dark Current
Constant electrical current delivered by
the photodetector in the abscence of 
input optical power.
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

( ) ( )=APD MPDi t i t ( ) ( ) ( )= +2 2 2
APD MPD THt t tσ σ σ

Gaussian 
Process

η
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K = 1.38·10−23 J/K
Kelvin Constant
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

IDEAL PULSES AND FILTERS
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE

PRIMARY PHOTOCURRENT

MEAN

VARIANCE
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EYE DIAGRAM
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5. OPTICAL RECEIVERS – PHOTODETECTION NOISE
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BIT ERROR RATE
(BER)
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Ideal Receiver (quantum limit)

• Perfectly Coherent Light
• Ideal Intensity Modulation
• Equiprobable Symbols
• 100% Quantum Efficiency
• Ideal Noise Factor (F=1)
• No Dark Current
• No Thermal Noise ( ) 0
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Realistic Receiver
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Error Function
x

2

0

2erf (x) exp t t ≡ − ∂ π ∫
2

x

2erfc(x) exp t t
∞

 ≡ − ∂ π ∫
erf (x) erfc(x) 1+ =

( )
2

0

00

s1 1p E 0 exp s
22

∞   − µ
 = − ∂ σπσ    

∫


0s 2 t∂ = σ ∂

T

21 exp t t
∞

 = − ∂ π ∫


OPT 0
T

02
−µ

=
σ





0

0

st
2
−µ

≡
σ

1 0 0 1
0

1 0

02

σ µ + σ µ
−µ

σ + σ
=

σ ( )
1 0 0 1 0 1 0 0

1 0 02
σ µ + σ µ −µ σ −µ σ

=
σ + σ σ

( )
0 1 0 0

1 0 02
σ µ −µ σ

=
σ + σ σ

1 0

1 0

1
2
µ −µ

=
σ + σ

T
1 erfc( )
2

= 

Q

( ) ( )p E 1 p E 0= ( ) ( ) ( )T
1 1 Qp E p E 0 erfc erfc
2 2 2

 = = =  
 



Re
al

is
tic

 R
ec

ei
ve

r



FIBER-OPTIC COMMUNICATIONS

8 JANUARY 2021 slide 61

telecom
BCN

5. OPTICAL RECEIVERS – BER

100

10-3

10-6

10-9

10-12

10-15

Q factor
0 2 4 6 8

E
rr

or
 P

ro
ba

bi
lit

y

Quality Parameter (Q)

1 0

1 0

Q µ −µ
≡
σ + σ

1 QBER erfc
2 2

 ≡  
 

9BER 10−≈

Q 6=Re
al

is
tic

 R
ec

ei
ve

r

22( ) exp
x

erfc x t t
π

∞

 ≡ − ∂ ∫

t0 x

2te−2
π

( )erfc x

1Q 0 BER
2

= → =

Q BER 0= ∞→ =

Complementary 
Error Function



FIBER-OPTIC COMMUNICATIONS

8 JANUARY 2021 slide 62

telecom
BCN

5. OPTICAL RECEIVERS – BER

TH

2 2
TH TH

L

i 0
KTi 4 B
R

σ

=

= =

Complete Receiver Model

Shot Noise vs. Thermal Noise
• Both depend on receiver’s bandwidth
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• Thermal noise is independent of optical power while shot noise is
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Receiver Sensitivity – PIN
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Receiver Sensitivity – APD
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Gain Optimization Summary
Optimum Gain depends on the criterion: Sensitivity or BER

APD gives better performance than PIN as long as  Mopt > 1
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