
Chapter 11: 
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 Photodiode (光电二极管)
 Performance Evaluation
 Receivers (接收器)
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Receivers in fiber optic networks
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Classification of detectors



4

Desirable properties of photodetectors
 High sensitivity or detectability at operating wavelength
 Fast response or high bandwidth
 Low noise
 High reliability and long operating life
 Reasonable cost
 Compatible physical dimensions
 Insensitive to temperature variations
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Semiconductor detectors
 Typical photodetector structures:

 p-n junction photodiode
 Positive intrinsic negative (p-i-n, PIN) photodiode
 Avalanche photodiode (APD)
 Metal-semiconductor-metal (MSM) photodetector

 The common properties of semiconductor photodetectors:
 High reliability and low cost
 High performance (for 1.3 and 1.55 μm wavelength, InGaAs PIN 

photodetectors; for wavelength < 1 μm, Si photodetectors generally)
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Principle of Photodiodes

 Photon energy absorbed by an electron to overcome energy gap and 
become a free electron.

 External photons (light) strikes the semiconductor and separates the 
electrons and holes. The flow of these free charge carriers produces current. 
External voltage (reverse bias) enhances this effect.
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Photovoltaic and photoconductive modes

 Output voltage is nonlinear function of incident light power
 e-h pairs are pulled to respective contacts under internal field
 Speed of response depends on diode thickness (generally slow)
 Absence of a leakage current provides low noise
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Photovoltaic and photoconductive modes
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p-n junction photodiodes

Ip
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 Short and long cutoff wavelengths:
 Long wavelength: the photodiode can only 

detect 
 Short wavelength: strike electrons at the 

valence band far from the energy-gap edge

Input-output characteristic
 Definition of responsivity:

 Responsivity vs. wavelength:
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/p eI N e t= /p pP N E t= /e pN Nη =
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The longer the wavelength, the grater the 
amount of current produced from the same 
amount of light power.

/c ghc Eλ λ< =
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Input-output characteristic

 Quantum efficiency

[1 exp( )]abs in absP P wα= − −

/ 1 exp( )abs in absP P wη α= = − −

For a given absorption coefficient, a 
wider (thicker) depletion region 
results in a higher quantum efficiency.

The width of the depletion region is determined by the reverse voltage (w ~ V1/2)
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Bandwidth
 Bandwidth determined by transmit time and time constant:

1/[2 ( )] 1/[2 ( )]PD tr RC L
sat

w ABW R
v w

επ τ τ π= + = +

/tr satw vτ =

( )RC s L in L inR R C R Cτ = + ≈

/inC A wε=

Transit time:                        (~100ps)

Time constant induced by a capacitor:                                                 (50-100ps)

opt sat Lw v R Aε=

How to increase bandwidth:
 Tuning the reversal-bias voltage?
 Reducing the load resistance?
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Trade-off relationship
 Trade-off between power and bandwidth :

 The power efficiency is proportional to the thickness of the depletion 
region.

 The bandwidth is at its maximum when the thickness of the depletion 
region is optimal.

 Active area: (several μm ~ several hundred 
μm )
 From the power standpoint, the area 

should be large.
 From the bandwidth standpoint, the area 

should be small.
 The bandwidth is limited by the diffusion 

photocurrent since the p and n regions are 
much wider than the depletion region

How to increase the width of a depletion 
region without manipulating unnecessarily 
the value of the reverse-bias voltage?
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Positive intrinsic negative (p-i-n) photodiode

Front-illuminated and rear-illuminated PDs
1/ 2PD trBW πτ=
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p-i-n photodiode
 Properties and advantages

 Both the power and bandwidth efficiencies are high
 Reducing the dark current
 The diffusion current is very small
 The reverse-bias voltage is very small (generally 5V)
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Avalanche photodiodes (APDs)

A special PIN PD with very high sensitivity
 High reverse bias ~20V
 Electrons or holes are accelerated to 

gain energy
 e or h strike neutral atoms producing 

secondary e or h (impact ionization)
 avalanche effect

 One photon 10-100 e-h pairs
 Quantum efficiency > 1
 Multiplication: (M= 10 ~ 500)

 Gain-bandwidth product:

1/ 2 eM BW πτ× = e A trkτ τ=

APD p i nR MR − −=

Si: 500GHz (500x1 GHz), InGaAs: 120GHz (40x3 GHz)
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Characteristics of common APDs

Reduced
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Comparison of PIN and APD

Increasing noise and parasitic capacitance
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Metal-semiconductor-metal (MSM) detectors
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Noise in photodiodes
 Shot noise:

 Deviation of actual number of electrons from the average

 Thermal noise:
 The deviations of an instantaneous number of electrons from their 

average value because of temperature change

 Dark current noise
 Dark current is the current flows in a photodiode devoid of input light

 1/f noise
 Noise is not f independent (white noise), α=2, β=1-1.5 , f=modulation 

freq. (Operation freq.)             

*2s P PDi eI BW= *( / Hz) / 2sN s PD Pi A i BW eI= =

(4 / )t B L PDi k T R BW= ( / ) / 4 /tN t PD B Li A Hz i BW k T R= =

*2d d PDi eI BW= *( / Hz) / 2dN d PD di A i BW eI= =

1/ 1/ 1/( / Hz) / ( ) /fN f PD fi A i BW K I fα β= =

2 2 2 2
1/noise s t d fi i i i i= + + +RMS of total noise current:
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Performance evaluation

 Noise measurements:
 Signal-to-noise ratio (SNR)
 Noise-equivalent power (NEP)
 Detectivity
 Bit-error rate (BER)

Main noise distribution
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Signal-to-noise ratio (SNR)

2 2 /(4 )p i n L B PDS NR R P R k TBW− − =
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Noise-equivalent power (NEP)

( / Hz)norm
PD

NEPNEP W
BW

=( ) ,noiseiNEP W
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=
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Bit-error rate (BER)
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Bit-error rate (BER)
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Minimum received power

Quantum limit and sensitivity
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Eye diagrams
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Performance evaluation
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Signal path through an optical link
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Receiver unit
 Two main functions of the receiver:

 Optical to electrical conversion
 Transmitted data recovery 

 Main parts:
 Optical front end: convert light into electric voltage of the required amplitude
 Quantizer: a noise filter, a power amplifier/limiter, and a decision circuit
 Buffers: transfer a logical signal from the input to the output unchanged
 Clock recovery: extract timing information from the data stream
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Receiver module

p-i-n diode, Si lens, and pre-amplifier
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Homework

 11.5, 11.23, 11.48, 11.52
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