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= One of the main working parts of any optical receiver is the photodetector (which converts optical
power to an electric current). Either a PIN or APD (avalanche photodiode) photodetector can be used
depending on the system performance objectives.

= The bit error rate (BER) is the primary metric used to specify the reliability of a communication
transmission system and is normally linked to a Receiver sensitivity value which defines the
minimum average optical power that must reach the photodetector to achieve a desired BER
performance. Alternatively the Q of the channel can be calculated from sampled signal statistics and
used to estimate the system BER (OptiSystem supports both calculation methods).

=  The photodetector plays an important role in defining the ultimate sensitivity of a basic communication
system as it contributes statistical perturbations in the form of shot (quantum-based) and thermal
noise. It also introduces a dark current (which can be viewed as DC noise) and has a defined
Responsivity (a measure of how much electrical output is obtained per unit of input power) which
depends on the wavelength of the incident light and the sensor’s material properties and physical
design. In addition to these effects, photodetectors also exhibit a frequency-dependent transfer
function due to the presence of a junction capacitance and the need to connect to a load resistor to
measure the received signal (for this analysis the transfer function is assumed to be ideal)

= The following four examples demonstrate how to setup and measure (using OptiSystem) the receiver
sensitivities of PIN and APD intensity-modulated direct-detection (IM-DD) systems, specifically:

=  Quantum-limited ideal PIN photodetector

=  Thermal-noise limited PIN photodetector

= Thermal and shot-noise APD performance

=  PIN photodetector with optical pre-amplification

= The reference file for this application note is: PIN and APD Receiver Sensitivity Analysis Version 1_0
24 Jan 17.0sd.
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Ideal photodetector (PlN) Photodetector sensitivity modelling

=  The test configuration is as follows : Bit rate: 10 Gb/s; Wavelength = 1550 nm; PIN responsivity: 1 A/W; Dark current = 0
nA; Sequence length = 1048576.

. As the receiver is ideal its only noise source is the PIN shot (quantum) noise - the thermal noise contribution has been
disabled. The receiver makes an error when an expected Logic 1 (ON signal) sees no photons (Poisson statistics). The
absolute threshold of the Data Recovery component is set to 1E-12 to verify this condition.

. The minimum number of photons/bit required to achieve a given BER can be calculated as follows: BER = 1/2 * exp (-
2*N) where N is the average number of photons per bit. For the example below the attenuator was set to 58.1 dB
(average photons per bit = 6). The resulting expected quantum limit performance is LOG(BER) = -5.51.

. For the simulation run below, the BER Test Set shows that three bit errors were detected (LOG(BER) = -5.54)

REF: L. Kazovsky, S. Benedetto, A. Willner, Optical Fiber Communication Systems, Artech House (1996), pp. 199-200

1 Layout: Ideal optical receiver (PIN) — 7o model quantum-limited performance
Nz =! . g* o the Shot Noise Distribution has been
Iﬂ'::;‘{n:m:m set to the Poisson statistical noise mode/
Atterustion = 55,1 48 PIN Photodiods
! Shot noise distribution = Poisson
Aver ent | 968125815006
¥ —AM : v ;
o g
CW La=ss Amplitede Moduls RS P
Frequancy = 1550.003915054464 nn 4}_3 - T
g c Data Recove
A Component script has been set up to calculate E Fark 1:2 cef;:_.f_ m?}a_?;agnr: 0 ops
the average photons arriving per bit interval - - Dear fafines thrasho = YES
(=Sampled Signal Power (Photons)/Bandwidth) ] T pischute hresfold = TE012 (=)
S NIIEN (==
) MAQ A Electrical Ré;;:ala
—En el Ly 01 ;
Rzcale FAM Pulze Generator BER Test 5=t
Bits per symbol = 1 bits
The BER Test Set is the best tool to model g Gee
quantum-limited performance as we need to count

Crusl Port Cscilloscope Visusizer

(over a very long sequence) the number of times
that no photons are received over a specified bit

interval (but expecting a Logic 1 ON state)

@Optiwave ea s

—_
(6}

e o



Thermal noise Iimited PlN (1) Photodetector sensitivity modelling

. In this example the receiver sensitivity of a PIN photodiode (for Q=7, BER=1E-12) is determined based on the following
configuration: Bit rate: 100 Mb/s; Wavelength = 1550 nm; Load resistance: 100 ohm; Temp = 300K; PIN responsivity: 0.95
A/W

. In this case the primary noise source is the PIN thermal noise (Thermal noise current = 91 nA). The required receiver
sensitivity is approximately -31.7 dBm.

. NOTE: In the reference the load resistance is set to 200 ohm. As an additional amplifier noise figure of 3 dB is included in
the REF (to model an electrical post-amplifier), we have reduced the load resistance to 100 to account for this factor of 2
increase in noise.

REF: Keiser, Gerd; “Optical Fiber Communications”, 4th Ed., Tata McGraw Hill, 2008 (pp 261-262)

The PIN Photodiode includes theoretical calculations for The Eye Diagram Analyzer can be used to
thermal and shot noise. You can verify the standard deviation validate the signal statistics and expected error
(RMS) levels of these noise sources under Component Results performance (Q factor)

Layout: Thermal noise limited (PIN) e

: B A
e “*/“:. lage=: E* =
' Optical Attenust
NRZ FG DML Measurd ittt el FIN Fhotodiods

Responsivity = 0.5 AW

ency = 1550 nm
uration = Analog
cyment =0 mA
cency =1 Wik

Maginsem = 0.001 a.u
Minimum =0 a.u

M=t

Uzer Definad Bit S=quence Genarator
Bit ratz = Bit rate bit's

The average received optical power is approx. -31.7 dBm
thus confirming the OptiSystem noise model’s alignment to
the theoretical calculation for receiver sensitivity
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Thermal noise limited PIN (2)

Photodetector sensitivity modelling

Iaverage = ThisComponent.GetResultValue| "Average photocurrent (ma)"™ )

ThermalStdDev = ThisComponent.GetResultValue( "Thermal noise current (nA)"™ )
Shot5tdDev = ThisComponent.GetResultValue( "Shot noise current (nd)" )
Resp = ThisComponent.GetParameterValue (| "Responsivitcy"™ )

Access Parameters and Calculation

tl results from PIN Component

Function Logl0 (X)
Logl0 = Log(X) / Log (10}
End Function

=  The Component script feature can be used to perform custom calculations and results. If needed, parameters or
results from any component on the design canvas can be accessed and used as inputs for calculations.
=  The VBScript below is associated with the PIN Component . The received signal Q is first calculated and then the
29 Recei itivity is calculated based target Q (th dQ Iso be used
- eceiver sensitivity is calculated based on a target Q (the measured Q can also be used).
. =  To access the Component script, right-click on the component and select Component Script from the pull-down menu
Din ThisComponent Eance]
Set T;"liSCOIT:pO;JE;‘lt = GetThisComponent ()
Et§MQ?

Calculate Q factor from average received signal
photocurrent and RMS levels for Logic 1 (thermal +

Q = I1/ (sigmal+sigmal) = 2*Iavg/ (sigmal+sigmal) where "1" represents CN and "0" represents CFF (CCE) Shot) and LOgICO (Shot noise)
' REF: EKeiser, Gerd; “Optical Fiber Communications”, 4th Ed., Tata McGraw Hill, 2008 (pp 260-261) o . .
If (ThermalStdDev > O OR ShotStdDev > 0) Then Q = 2*lavg/(Sigmal + Sigma0)
Q = (2*Iaverage*le-3)/((sgr((ThermalStdDev*1le-9) "2+ (Shot5tdDev*1le-9)"2))+ (ThermalStdDev*le-9)) I
Else
Q=20 g g 4
End If Calculate Receiver sensitivity:
RxSen = Q*(Sigma1+Sigma0)/(2*R)
Target} = 7 ' (BER = 1le-12)
' Pzsen = Q*I1/(2R) = Q% (=sigmal+sigmal)/ (2R)
CpticalSensitivity = Targetd * ((=sgr((ThermalS5tdDev*le-9) "2+ (ShotStdDev*le-28)"2))+ (ThermalStdDev*1le-3)) / (Resp*2)
If CpticalSensitivity = 0 Then
OpticalSensitivitydSm = -100 Labet |F'IN Phatadiode
Else
CpticalSensitivitydBm = 10*Logl0( OpticalSensitivity * 1e3 )
End If Resulis l
ThisComponent.S5etResultValue "Target Q" , Cdbl{ Target ) WED —= s
ThisComponent.SetResultValue "I{ea.;::ed Qm , Cdel{ Q ) é Average ph9tocurrentth] - LLGU06 07557 G T.E 55 1696
ThisComponent.SetResultValue "Receiver sensitivity (Target Q) - dBm" , Cdbkl( CpticalSensitivitydBm ) — Thermal noise spectral density (A"2/Hz) BB B2
l~| |Thermal noise current (nA) 91.01588368847299
: Shot noise spectral density (A*2/Hz) 0.205315120290952e-024
< Z Shot noise current (nA) 3.204021845886108
: Noise equivalent power (Wisqri{Hz)) 13.5574345100169e-012
et Export results to the Results tab (performed [] [Modulation bandwidth (GHz) 0
at the end of each simulation run) | | entme by 2
| [TargetQ 7
Lt |[~] |MeasuredQ 7.037666425968212
Z z Receiver sensitivity (Target Q) - dBm -31.733738687557311

Note: These custom results need to be

manually added to the Component Results!
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Thermal/shot noise APD Photodetector sensitivity modelling

. In this example the receiver sensitivity of an APD photodiode (for Q=7, BER=1e-12) is determined based on the following
configuration: Bit rate: 100 Mb/s; Wavelength = 1550 nm; Load resistance: 100 ohm; Temp = 300K; PIN responsivity: 0.95
A/W; Gain(M) = 10; F(M) = 5.

. In this case the primary noise source remains the APD thermal noise (Thermal noise current = 100 nA) but the shot noise
increases due to the APD gain and excess noise factor (Shot noise current = 21 nA). However, as the signal also
undergoes gain the overall performance is improved in comparison to the PIN model (the required receiver sensitivity is
approximately -42 dBm).

. NOTE: In the reference the load resistance is set to 200 ohm. As an additional amplifier noise figure of 3 dB is included in
the REF (to model an electrical post-amplifier), we have reduced the load resistance to 100 to account for this factor of 2
increase in noise.

REF: Keiser, Gerd; “Optical Fiber Communications”, 4th Ed., Tata McGraw Hill, 2008 (pp 261-262)

| Layout: Thermal and Shot Noise (APD)

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— - ==
-------------------------------------------------------------------------------------------------- 5
: L LT L] -]
! = . Eye Disgram Anabyzer
1 P‘*%_' Qj'_| E* =g o mede = Relative
L a— | I '—l ' = .:
Optical Attarl.ator
MRZ PG DL h‘“"‘ﬂ'a At‘:=r|.¢t|nr 41.2-3 dB AFD
Maximum = 0.001 a.u. Freg uency 5 1 550 nm Gain = 10
Minimum = 0 a.u. C r ! Responsivity = 0.85 AW

lonization ratic = 0.4 |
Na|==- calculation type = Mumerical - Convert noise bins
ive noise bandwidth = Bit rate Hz

Agd thermal noize = YES
Thermal noize calculation = Defined
Absoluts temperaturs = 300 K

(SRR

010, =

P Load resistance = 100 Ohm

Pseudo-Random Bit Sequence Generator
Add =I'ot noize = YES
Sh

it ratz = Bit rate bit's

The Eye Diagram Analyzer can be used to
validate the signal statistics and expected error
-41.202081 performance (Q-factor)

The average received optical power is approx. -41.2 dBm
thus confirming the OptiSystem noise model’s alignment to
the theoretical calculation for receiver sensitivity -
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PIN with Optical Pre-Amp (1) Photodetector sensitivity modelling

. In this example the receiver sensitivity of an PIN photodiode with an optical pre-amplifier (for Q=7, BER=1e-12) is
modelled based on the following configuration: Bit rate: 100 Mb/s; Wavelength = 1550 nm (193.4145 THz) ; OA Gain=30
dB; OA_NF=4 dB; Optical Filter BW =Bitrate*2; PIN responsivity: 0.95 A/W; Receiver BW = Bit rate

. In this case the primary noise source is assumed to be the signal-ASE beat noise (as we are applying a channel filter
after the OA, the ASE-ASE beat noise can be neglected).

. The thermal noise has also been neglected for this analysis but will generally add a degradation especially when the
optical power at the receiver is low (less than 1 mW)

. The receiver sensitivity is calculated as follows: RcvrSenPwr = NFLinear*h*Freqg*RxBW*(Q”*2 + Q(rf-0.5)*0.5

REF: Optical Communication Systems (OPT428), slides 280-282, Govind P. Agrawal, Institute of Optics, University of Rochester,
Rochester, NY 14627 (http.//www.optics.rochester.edu/users/gpa/opt428c.pdf - Accessed 9 Jan 2017)

| Layout: Optical pre-amplifier (PIN) The electrical receiver bandwidth is set by the
ForTeeessesiirmooonmmooooooooooomoooooroooememoooo| parameter Bandwidth(Shot) = Bit rate. e
= A e
5 E‘* = <
' [E]
== M [l e = PIN Photodiode 1
I Optical Attenustor 5 5 F{?sporswltyj LA
NRZ PG DML Mezsured _ ftenustipn = 57.3-3 g8 Optieal Amplifier Optical PreF _ | Dark cument =0 nd
Maximum = 0.001 auw Fraguency = 152 414485022288 TI-f; 4 Gain = 30 dB Frequency = 133.4144830322573 THz
Minimum =0 a.u. Con figurati o 1 MNoize figure = 4 4B Bandwidth = 200e+006 Hz

010..

Pseudo-Random Bit Sequence Ganarator
Bit rate = Bit rate bit's

The Eye Diagram Analyzer can be used to
validate the signal statistics and expected error
performance (Q-factor)

The average received optical power is approx. -57.3 dBm The Optical PreFilter is an ideal rectangular
thus confirming the OptiSystem noise model’s alignment to filter with bandwidth = 2*Bit rate (centered at
the theoretical calculation for receiver sensitivity 193.414 THz)
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Photodetector sensitivity modelling

PIN with Optical Pre-Amp (2)

is calculated three ways: Photons per bit, Power (W), Power (dBm)

The Bandwidth ratio (rf) defines the ratio of the optical filter bandwidth
(keeping this ratio low helps to improve the receiver sensitivity).

The VBScript below is associated with the PIN Component (Layout: Optical pre-amplifier (PIN)). The optical sensitivity

to that of the electrical receiver bandwidth

Enable Script (®) Fun after each sweep iteration () Fun at the end of the calculation

Cancel

Din ThisComponent
Set ThisComponent = GetThisComponent |

ITaverage = ThisComponent.GetResultValue (| "Average photocurrent (mA)"™ )

File Edit Insett Tools

Access Parameters and C.
results from PIN compone

alculation
nt

Resp = Thi=zComponent.GetParameterValue ( "Responsivitcy"

rf = OpticalBW/ReceiverEBN
n = 6.6260704E-34 'mZ*kg /
Freg = 193.4145el2 'Hz

=]

gF;;’: 4 Define local variables for calculations. These values o

=~ o Fle...
NFLinear = 10~ (NFdB/10) can also be accessed from global parameters.

ReceiverBW = 100e& 'Hz

OpticalBW = 200e& 'Hz Toad fram File...

Function Logl0 (X)
Logl0 = Log(X) / Log({l0)
End Function

Calculations for receiver sensitivity
(Photons/bit, Power (W), Power (dBm)

OpticalSensitivityPhotons = (NFLinear) *( (G*Q) + (Q*{{(rf-0.5)"0.5)) ) 7

OpticalSensitcivityPwr NFLinear*h*Freg*ReceiverBW* ( (Q*Q) + (Q*{((rf-0.5)"0.5)))
OpticalSensitivitydEm 10*Logl0( OpticalSensitivityPwr * 1le3l )

ThisComponent.SetResultValue "QSetting™ , Cdbl( Q )
ThisComponent.SetResultValue "NoiseFigureLinear™ , Cdbl( NFLinear )
ThisComponent.SetResultValue "rf" , Cdbl( rf
ThisComponent.SetResultValue "RcvrSensitivityPhotons™ , Cdbl( OpticalSensitivityPhotons )
ThisComponent.SetResultValue "RevrSensitivitydBm™ , Cdbl(| OpticalSensitivitydEm )
L4 >
Output

Export results to the Component Results tab
(performed at the end of each simulation run)
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