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PHOTODIODES
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Introduction
PHOTODETECTOR
OPTICAL ELECTRICAL
SIGNAL SIGNAL

I I

P I

QUADRATIC CONVERSION

IlocP
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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

General Aspects
AN N N N N N N N NN
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Working Principle (STIMULATED) ABSORPTION

Excited State

4‘3 N, ° e © ¢ ° e ©°|E
0 A . .
8 ! “The incident photon is absorbed by an electron
o photon AN\ | E..  Which increments its energy level”
E=hf |
n i L
< N, .00, 0o00°0 % 00 00 E,
TU Ground State - @
S ]
q) h I detection spectrum
= hf2E, 53 <=} ‘ '
) E,
w 124 (um] cut-off
¢ E, [eV] wavelength

A [;lm]
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" Energy

P-N Junction
2kgT " Energy

Electrons

electron pumping Electrons

hole generation

Holes f

5

General Aspects

L Holes
Concentration 2K, T
AR Concentration
CONDUCTION BAND _|_
p-type E=hf CONDUCTION BAND ‘
photons AN\ » e
(v fermilevel
‘ VALENCE BAND n-type
_— VALENCE BAND
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Circuital Model

-V CHARACTERISTIC
o ﬁpo I

afd - ‘ <ll +

u o

Q REVERSE G

Q BIAS I

7, V PD R, WORKING

< cc 1 REGIME

(S . ;
qh) \%
- Vv,

T I, =I,(e"™ -1)

O

Reverse Saturation Current IR = ID + RPO

|,: dark current
Thermal Voltage Vp = kT/q °
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General Aspects

8 JANUARY 2021

Quantum Efficiency

“Measure of the photon-electron conversion efficiency”

o Depends on:
n= <N - h/seg> = L /q <1 e materials
<N0f0t/ seg> Py /bf e structure
Responsivity

“Average delivered photocurrent over average incident optical
power ratio (transfer function)”

|
ERE Ld =']"li ='rlq }\' [A/W] /’LT_)ERT
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Responsivity for different photodetector materials

10 ———— | /
m "’, ”»¢
ofd - quantum 901/3/ . A\\
8 = 08 |- efficiency ,;/ n’/a, S
%) E: 0% \
S N N e > ol B R
< B 06 ) L
> 50‘%—*% TN \
— 2 LA YN 27 Ge \
5 G e\ |
c 2 30%.1—7""| \
- 2
U $ 02 - .
O - A 10% |
0.0

0.7 09 11 13 14 15
wavelength (um)
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PIN Photodiode

light antireflection

electrical -
coatin . e . .
contact (GND) N $y s intrinsic semiconductor
r_ material
Si0,

p-Si
i-Si ©°°
n-Si

Types of Photodiodes
I

electrical contact (+) Field Intensity
~ — t P
1 gt 140700 NP N
T 7> 90% \
I ABSORPTION
0 [ T N S R R S A
trade-off dT{" = Ve |y
t T i E—
t,: response time
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| =V Characteristic

g current = photocurrent + dark current
ye Ipy Ipp h(t): impulse response
e Y @ (k)
S L ¥
4= =
-g 1y, =1py +1,

( )
. Ly = <1PH> =R-Py
-
O Gf’H =2qB-1,, g
ot - J v
< tp = (1)
IZ o}=2B-1,

B: receiver bandwidth
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APD Photodiode avaiancke pHotopione

Fctrical light antireflection
electrica .
coating
contact (+) \ $y
Sio, nH Sil SiO,
p-Si W\

e 6 6
absorption avalanche

nt-Si region region

 —

electrical contact (GND) \L_
__ VCC

trade-off ]
SRAPD — M'SRP]N

R,y ~20—80 A/W |

t

UNIVERSITAT POLITECNICA
’7) telecom DE CATALUNYA
BCN BARCELONATECH

Field Intensity

N+

P+

r

APD | PIN
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Avalanche Effect

(V)
v W "
5e.
09 ® ’@ > ?
S _ | .
O — | g +
e @ :
@ | @
£ FNONU"
Gla M: Multiplicative Gain © %

Depends on: /
m -
A e materials used @@ Me
Q e physical structure .
> | N+
- e bias voltage .

e temperature
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| =V Characteristic

WORKING REGIME

Gain Parameter
1

1_(Vcc/VB)n

Vg: breakdown bias

M =

Types of Photodiodes
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Equivalent Statistical Model of an APD

g Ipp: Primary current
.o ivpr T ivD fMPD: secondary current
o ] . \ v ’ iny: photocurrent
omm IpH lpp : ImpPD ivpn: amplified photocurrent
e, M /\A/\;@ W : W @ ip: dark current
O ‘ ‘ ‘ L F ivp: amplified dark current
45 n % : APD M: gain F: noise factor
- ‘ D h(t): impulse response
(o : :
S i <1MPH> =lypn =M-1y ; <1MD> =1,,=M-1,
o ] 62 % MPF(M)- 0%, " ol = MFOD)- o}
7, 2qB-1,y 2qB1I,,
U ¢ A
& IMPD=M.(IPH+ID2 =M(5R.PIN+1D)
I,,.=R-P Ipp
F PH IN

% pp ® MPF(M)- (0%, + 62 ) = M?F(M)-2qB(R- P,  +1,)

|\ 7
v

2

_ Cpp )
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0 Noise Factor (F') .
Q Si 0.3
O Approx. expression —> F(M)~M" 0'2<x<1 InGaAs 0.7
O Ge 1
-g Empirical expression ep F(M)=kM + (1 - k)(Z _ I/M) 0<k<1
= k
O k=0->F=~2 (ideal) |
P K1 F =M Si 0.015-0.035
. =l= = InGaAs  0.3-0.5
— M=1 (PIN) »>F=1 Ge 06-1
: Responsivity — Bandwidth trade-off
g- 1. AR propagation t PIN 2 BW-=ct
Iz' —» 2. Temporal constant R, -c,
APD > M-BW-=ct
—> 3. Avalanche Effect v
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Equivalent Circuit y Pin

g N
ge

S 0=,

1 L

g “a fa Fo 0 t
b~ N |
_g ry>> R,

Q. Response Time
S

O 0.9

8 t,=Inl = |'Ric, 2'19-Rc,

& B, = 1 InGaAs — PIN - B, ; = 40-50 GHz

3dB
= 2 R.c, InGaAs — APD = By, < 1 GHz
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APD vs PIN
g e Better Sensitivity (5-15 dB)
<
S |e Reduction of P fluctuations
<

DRAWBACKS

Lower Bandwidth
Noise Enhancement
Temperature Control
Higher Cost

Higher Consumption
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PHOTODETECTION

NOISE
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Definition
>4 “Random perturbation of the transmitted signal which can mask the
™) information contained in it to the point of making the detection
- impossible”
L ) l
111
1_‘ . . .
111 “Random fluctuations of the electrical current delivered by the
™\ photodetector circuit”
©) i(t)
5 fi o
®) T
T
~
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Deterministic Concepts

Power = P(t)
Bit Energy = Ebit = j‘ P(t)dt

» Photon Energy 2 hf

P ()

S

time

Random Concepts

Light’s
Random Nature

N° fot/bit = ]illbii't =m =@+ gm—<m>)

INFO  FLUCTUATION

m: random variable
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SNR CONCEPT
O N°fot/bit = m = (m)+ (m—(m))
-3 FLUCTUATION
=) 2 2
sﬂ cZU SNR = <m> = <m2> <00 Il;igh;
= <(m—<m>) > o andomness
b0 &
= O LASER LED
-g coherent light 2> incoherent light 2>
G Poisson statistics Bose-Einstein statistics
oc o2 =(m) 6% =(m)((m)+1)
2

<m>(<m> + 1)
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Photon arrival statistics = Poisson (coherent light)

P(t)

-’

-

©
7y
\H Z | t>
I oo E
.b_‘o O 1. The number of photons arrived in a given temporal window is inde-
— C pendent of the number of photons arrived in any other non-overlapping

C and disjoint temporal window.

&U 2. Number of received photons in the it" interval:

n. 1 pi=2,3-ADAC P(t) Average number of
10 1-p, A, (t)= hf photons per unit time
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3. Average number of photons arrived in a given temporal window:

t+T t+T

P(7) Average number of photons
nT>(t)= _‘- A, (1) Ot = I hf ot received in (t,t+T)
t

t

. v

-~
PHOTONS IN (t,t+T)

4. Probability of receiving k photons during a given temporal window:

Probability of receiving k photons
during the interval (t,t+T)

_ () (O o
pT(kat)= k!

Light’s
Random Nature

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

o, (t)=(n,)(t)
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ldeal photon counter

P(t)

[idealphoton] s n (1) Poisson
T

counter (T) Random
Variable

mean variance

£<nT><t>=$TP<T> a«:} ot 0=(n)0
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|deal electron counter

i(t)

MN ideal electron Poisson
Nl‘ > t
* ' ¥ [ counter (T) ] » m, (1) Random
n

Variable

mean variance

+T

{(mT>(t)=n<nT>(t)=% [ P(0) 61:} [Gm,T (t) = {m )(t) J

t

Photodetection Noise

8 JANUARY 2021 5. OPTICAL RECEIVERS — PHOTODETECTION NOISE slide 30




FIBER-OPTIC COMMUNICATIONS \f?)te.mm @ UNIVERSITAT POLITECNICA

BCN BARCELONATECH

(o)) Shot Noise

%)

'6 photons NN XX
2 photocarriers % % *—x % >
S N N N
.9 current X
-ld impulses

(),

o

),

©

% Opn’
i -

o
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PIN photodetector

i(t)

D .
_[ h(t)or=q
NV\> N‘/\> @ B i Instantaneous
! | PH
photocurrent
n equivalent
transfer
function .
mean variance

Photodetection Noise

{(iPH>(t)=1TP(t)h(t—r) @T} {GiH(t)leP(t)hz(t—t) 61:}
hf « hf «

Proof = Appendix
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Mean slow signal approximation
h(t) << P(t)
%IP(T)h(t—’t)@tzn (t)jh(t 1)dt = EP(t)— {iRP(t) (PH)(t)]

q
Constant Power

Photodetection Noise

i I,, =RP
Variance P r
h* (6) << P(t) % = 2481
fn e (- oen P(t)j W (t-)oc = 2qBn L P(0) = [ZqBSRP(t) o (t)]
*  hf hf [
2qB ’ ER
H(f)
1 % H(f) ‘H(O)
=—— | h(t b
ZqZ_J; (Hot H(0)
1/2 -
equivalent noise bandwidth
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APD photodetector

i(t)

Ay Py e @

mean variance

[<iMPH>(t) =M <iPH>(t) } [GIZVIPH (t)=F-M’ .Gf’H (t) ]

Photodetection Noise
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Photodetection Noise

8 JANUARY 2021

BARCELONATECH

Dark Current

Constant electrical current delivered by <i > =M-I
. MD/ = D
the photodetector in the abscence of
input optical power. \ 612\/[1) — M?F - 2qB -1,

mean variance

[<iMPD>(t) =M {<iPH>(t) +1, }J [G;[PD (t)=F-M* {O'f,H (t)+ 2qB-ID}]

5. OPTICAL RECEIVERS — PHOTODETECTION NOISE slide 35



FIBER-OPTIC COMMUNICATIONS \_’f@)telecom @ UNIVERSITAT POLITEGNICA

BCN BARCELONATECH

Thermal Noise p N
Gaussian  [(ip,)(€)=0
Process
KT
\_ R Y,
~ K=1.38-10"23J/K
APD ? Kelvin Constant

*M‘W‘@& Cliad RO
n % . A : iMPD + iTH

mean variance

[<iAPD>(t) = <iMPD>(t)J [GZAPD (t) = oppp () + 07, (t)J

Photodetection Noise
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MODULATED SIGNAL

Photodetection Noise
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IDEAL PULSES AND FILTERS

Q
72
'6 Avg. number of photons per bit
— P p(®) 1* p
___________________________________ _l)___ <nT >:_J‘p(‘c) aT:_Tb
- ? : " bty ht
= — T w
= B = > R (i) (0 =—p(O%R(0)+> 0 (KT, )
2T, =
B Gpy (1) =%p(t)*h2 (t)+> o(t—KT,)
w k=0
G q/Ty, h(t) oo
o R O T e jh(t) ot=q
o i i o
-g RN T, SRR Equivalent noise bandwidth
> h ~ > 1%, 1
(o 2T, B=o ! W2t =5
qz/Tb
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PRIMARY PHOTOCURRENT  Particles — Current Relationship
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L
.2 MEAN I,, =RP :Ti“<“n,> ‘ SAMPLING
0 " b
> (i) (0) = Tp (%R (D)5 3 0(t kT, ) ;
k=0 !
n !
: —p(t)*h(t) i
o <1PH>(Tb):q%P:inthb ht i
= R / | s \
(@ - e > T
L T, T,
ofd ,
(o)) VARIANCE o2, zqung:(ij n(n,) : SAMPLING
© b ;
,8 o2, (t)=—Lp(t)*h? (t)*ia(t—ka) |
hf k=0 lp(t)*hz (t) | ." :
s ey 9 N (a). P L ;
o o) ot / =
?‘l'; i (n,) ; ______________ > :; ______________ ;: _________________
T, T,
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EYE DIAGRAM

sampling

threshold

Photodetection Noise

https://en.wikipedia.org/wiki/Eye pattern
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RESULTING CURRENT

_ mean variance
shot noise
T :%M'"<“T»> SAMPLING ol =M2F[ Tib ]z n, SAMPLING

L sy,

Photodetection Noise

Tb Tb
dark current
oy =2¢B-1, . __——SAMPLING
L . ————SAMPLING : TV . ! i
; ; EEEE
_________ =L (L, /) A
- S > ‘ " >
b , _4KTB b
. "R, . SAMPLING
thermal noise , ; ;
1 2 1 1
: T ! !
: °§=(—"J Oty | :
I, =0 L SAMPLING | q ! i
T, Ty,
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BIT ERROR RATE

(BER)
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-~ S. € {SI,SZ,...,SM} M =2} b: # bits/symbol
E, L,a,D

T TX |2 @ ) | RX
DL: PIN POUT

S Decision Error Probability . Gray coding

Y N E

T p(E)=2 p(E/S)p(S)) BERzp(b )

L i=1

Binary Case (b=1)
S,<{0,1 W p(E)=p(E/0)p(0)+p(E/1)p(1)=BER
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Ideal Receiver (quantum limit)

e Perfectly Coherent Light
e |deal Intensity Modulation

Equiprobable Symbols /\A/\V /VV\V

e 100% Quantum Efficiency

imi

- e |deal Noise Factor (F=1) n= 1

E e No Dark Current

> e No Thermal Noise . <n>k ) k=0 —(n)
-E Poisson ® p(n=k)= e
m J—

8 decision criterion E(n) - <n>

Eiﬁ S :) p(E)=p(E 0)+p(E/1)p(1) = %e—<n> — %e—2<na>

<n_ >: average number of photons per bit @ RX
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- p(E)
% e
£ n"’/SENSIT“"TY P(E)= ¢ =%e_2<na>
_El 10°° _
S (n)
ofd
=
(n(0))
p(E) M
(n(0))
p(E),
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Non-ldeal Quantum Efficiency

imi

o

=

: <n>min ~ 20/7] .

i <na>minz10/ﬂ p(E)=Ee =Ee 2n(n, )

=
of A N

' ' \ SENSITIVITY
“ 2 <n> photons
! bit
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Realistic Receiver
Threshold-based Decision

—
Q
2
Q
u 6619
g lg\_le_l__l___ _ EEEEEEEEEEEEEEEEEREEEEEEENEN "I’l
.k_) decision p(E/ 0) threshold
7 threshold ~"[~7TTTTTC —)
-4 additive noise  P(E/1)
r— “"“M\ﬂm --------- H
8 level ¢0”
oc
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Gaussian Statistics (Normal Distribution) ,

— 1 1(s-p, )
G>) fo(s)— 21o, exp_ 2( c, ] |
[ 1 C1(s-p Y| e ,
U f = e l“l'l ( °°
&) ) Jano, exp_ 2( G, J_ p(E/O)EIfo(S)aS
b 4
1 1 0
E p(E)=p(E/0)p(0)+p(E/1)p(1)=—p(E/0)+5p(E/N) |;(E/1)= [ 1,(s)as
= p(E/0)p(0)=p(EN)p(1) | -
(0] ‘l’ p(0)=p(1) Loy = O,ly + O, B0 Lopr = Ky < Hy
&J p(E/0)= p(E/) c, +0, 1+cr1/cr0 2
c, > c,— 'eOPT ~ U, +U1% (Dominant shot)

o, 70, —» £ opr z(uo +1, )/2 (Dominant thermal)
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Error Function

X

erf(x) = ij‘ exp[—tz] ot

p S
Q) Ty erf(x)+erfc(x)=1
2 (e 0]
.2 erfc(x) = —Iexp[—tz] ot (=37 55— \/Eooat
8 T V20,
2 o0

Q 1 % 1(s—p, 1 ) 1

E/0)= exp| —— Os =—— | exp| —t° |Ot =—erfc(L.)
m p( / ) \/ﬂco ‘! p ) S, \/EE[ pl: :I D) T
S
'; Ol TOH; m
.ﬂ 0. = £orr —Hy __ 6, %9, ’ _ OiHy TOyH; — 1O, — 1Oy
S e T e (0, +0,) 2
&) Oyl “HeGy  _ Ly — 1y

) (cs'1 +0'0)\/50'0 B J2(0, +0, Q

p(E/l) = P(E/O) E> P(E) =p(E/0) =%erfc(£T) =%erfc(%)
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Quality Parameter (Q)

10° -
S
4 )
g Q = u’l _u’() 10_3 _
.d_) c, +0, *;}
& 1 E 6 _
() BER = Eerfc (%) 2 10
oc . 2 y E
02 'y 10—9 -
2 £
72 1 »
= — Q=0—>BER=— =
(¢ 2 1012 -
Q Q=w0—>BER=0
m t
10°15
J‘exp[—tzj o Complemel.wtary 0 2 4 6 3
g Error Function Q factor
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Complete Receiver Model

\iMPH + iMDl /<i > iy D\
e e . . TH/ —
lpH lpp ImpD IaPD : : KT
Wy /W\b@/\/\/\b /\/\A}@/\/\A} O'TH=<1TH>=4R—B
n 1 F & L J
% iD APD % iTH B: equivalent noise bandwidth

Thermal Noise
(Additive White Gaussian Noise AWGN)

Shot Noise vs. Thermal Noise

* Both depend on receiver’s bandwidth

Realistic Receiver

* Both show a uniform spectrum in the whole frequency band

* Thermal noise is independent of optical power while shot noise is
proportional to it

8 JANUARY 2021 5. OPTICAL RECEIVERS - BER slide 62




FIBER-OPTIC COMMUNICATIONS \f@telecom @ UNIVERSITAT POLITEGNICA

BARCELONATECH

mean =M (RP+1p) « | o, T o,
. variance o’ =F-M*(2gBRP+1,)+o0, — ZTT"b — —%—
Q . A
2
m IO :M.]D
S "Oo" ~ Gauss
() ocl=F-M*], +0o>
m 0 D th
— wyn) 17 M(RE+1,) ~ Gauss
7 o, =F-M*2qB(RE +1,)+0,
© 3
Q , | .,
oc o=l _ M -RP (m) =2,
0, +0, \JF-M*(2¢BRR+1,)+02 +0, L1
\ ) o
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Receiver Sensitivity — PIN

I, =0
[,=RE o :\/ZQBERPI +o,
I,=0 Oy =0y,
I -1 RP 2
Opy = — 1 >0 » A Z_Q(qBQ‘|'O_zh)

O T 0, \/ZfoRPl +o. +0,

R
Average p _4L+5 A » {Pa ZQ(CIBQﬁL%)}
Power 2 2 R

(n)=pl p=L -, 4  Photons » <nl>2£[g+%§j
H 21, hf per bit 2

Realistic Receiver

BER =10"" =0
» (nl>22(3+%£j MR (n,}=36
7 q n=1
Wrong model
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Receiver Sensitivity — APD

I,=0
P+P, P
e I, =M -RE :\/MZF'MBiRPﬁGi F, = 12 o 21
v [, =0 Oy = Oy, A
> f verage Power
(<) I -1 M -RP,
O = T i 2Rl o, L » PazQ(F-quﬁj
Q 1 70 -2gBRP +0, +0, R M
oo
O o . o 0
ofd nV\=pib B—_—_ m:ni otons ) ath
e ) hf 21, hf per bit » ) n Ry g
(¢°)
GJ Gain Optimization
oc 0, "
Gth a—M_ opt,S
) B P > M)-qBO + > o
FeM" M APD,min
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Gain Optimization Summary

Optimum Gain depends on the criterion: Sensitivity or BER

T J

m P S Q F B Gth / SR})I
.2 ) gBO+ M Quirp = >
8 QAPD,max I \/F | 2qBERR " Ehz " j}h
&) O 4rp
=

o
T /APD

8 SAPD,min /s |

ac I My M

M opt,S

APD gives better performance than PIN as long as M,, > 1
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