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Limitations Due to Noise Power (1)

Noise in optical detection:

The noise causes fluctuations in the measurement, thus placing a
lower limit on the smallest amount of power that can be measured.

— Thermal noise:
Generated by thermally agitated charge carriers

— Thermodynamic treatment & statistical analysis

— Shot noise:
Generation-recombination noise in photoconductive detectors
— Uncertainty principle in quantum mechanics
Measurement of optical power:

Optical signal field: Vg (t) =V, cos wt

Noise field: Vy (t) =V ¢ () cosat +V  (t) sin wt

Total field at the detector: V(t) =V, (t) + Vv (t)
= Re{[V, +Vyc (1) ~iVys ()]}
= Re[V (t)e'"]



Limitations Due to Noise Power (2)

Probability function (Gaussian) :
PV )dVyc =

Ensemble average:

%\ch = ijvrjc PV )dVye =0 _)V—I\?S =0’

Ve =0 V=0
Field “power”:

P(t) =[V (e IV (t)e "1 =V{ + VeV +Vie +Viis

— P=P(t) =VZ2+VZ +V& =VZ+20°
Uncertainty in power measurement:— Root mean square power deviation

AP ={[P(t) - PP} = (AVIV)is + 2V — Vs Viic )2

= 20_(\/32 T 0'2)1/2 < Vr\?c = foovm?c PVic)dVyc = 30*

=20(P, + 02)1/2
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Limitations Due to Noise Power (3)

Minimum signal power measurable in the presence of noise:
AP =20(P, +o°)"?

P(r)

2AP

!

1/2

= 20'(P|imit +O'2)

= 20;2\(1+ J2) =P, (1++/2)

— R

limit

Noise power



Noise — Basic Definitions and Theorems

A real function and its Fourier transform:
V(@) == [ Ve dt - vt)= [V (w)e"do
27T 4 .
Incase: v(t)=0 for t<-T/2 & t>T/2

1 (112 i .
V, (a))zﬂ _ v(hedt — V(o) =V (o)

Average power: _
+T12 5 1 ¢+7/2 +00 i ot
viydt == [ v(t) j V. (w)e da)}dt

JT112 T J-1/2

i
T
Ti -+T/2|:J‘_J:OVT (a)r)eia)’tda)r I:.._J:OVT (a))e'a’tda)Jdt

J-T/2

. 1 ~+T/2 . , . ,
«— TIILrJOE._T/ZeXp[I(a)+a))t]dt—5(604—60)

27T (e 2 A7 oo 2
:?ﬂj_w’\/T(w)‘ da):?ﬂ_‘; V: (@) do

Spectral density function: 4 ?
S, (@) =lim ﬂ’\/rr(a))‘ 5

T >0




Wiener-Khintchine Theorem

Autocorrelation function:
C.(c) =V(OV(t+ )= = = vt o

mzj .[ V, (0)V; (@)e' "' (t)dwdo'dt

-T/2

bV (@)
:_Lo NTCU\

e dw

Spectral density function

Wiener-Khintchine theorem:

S C(r)=2 j_”’sv () dw
2 } Fourier transform pair

S S ()=~ [ C,(r)e ' dr
72' —00



Spectral Density Function of Random Events (1)

Time-dependent random variable:

iT(t)z_Nsz(t—ti) 0<t<T

N IT(w):iFi(a)) « Fi(a)):i (7 f(t-t)e ™ dt

. —iCl)ti © ]
Ensemble average: _ _ 62 J‘ f(t)e “dt
2 2 L L —iw i 4 72- -
—> “T(CO)‘ :‘F(a))‘ ;;e =) :e—la)tiF(a))

:F(@)){NT + Mfe“’\“i)} = N7 |F (o) :N\T\F(a))f

izl j=1
Average rate
Recall: Spectral density function

47[’\/T (a))‘2
T

S, (@) = — S(w) =4zN|F (o)’



Spectral Density Function of Random Events (2)
Carson’s theorem:
S(w) = 4zN|F ()|
— S(v)=82°N[F2zv)| <« S()dv=S(w)dw

For subclass events: f_(t—t.)

— S,(v)da =87z"N(a)|F,(27v) da « [ N(a)da=N
Probability distribution function:

> [“pla)de = % [“N(a)da =1

Overall “spectral density function”:
5 S(v) = f‘”sa (V)da = f‘”s;zzﬁ(a)\Fa 27v)| da

- 872N ija (27v)’ p(a)da

=87°N|F, (27v)



Shot Noise

Random electron flow between two electrodes: Instantaneous velocity

N = |_/C| < Average rate of electron emisV
Current pulse due to a “single” electron: . 0 qu(t) S S
(1) =—=
e 3

Fourier transform of a single current pulse: =
Arrival time

ot, . |1
F (a)) - % .O V(t)e_la)tdt e a)t a << 1 AAYariv,Opt‘icalEluctmn’ics,!;”'edASaunders,1gg1A
*la dX
=4 g =
27d Y0 dt 27

Spectral density function: ,
S(v) = 8772N‘F (27zv)‘2 = 8722N(2ij =24l
T

(Small transit time)

“Shot noise” power by an equivalent noise generator:

iZ (v) =S(v)Av — Proportional to the “magnitude of

an individual charge” even for the same |

— Caused by quantum fluctuations in the current °



Thermal Noise (1)

Johnson-Nyquist noise:
Fluctuations in the voltage across a dissipative circuit element

Transmission line connected by two similar resistances at the same T:

- L— —

A

|

| .

| — Matched impedance

‘ having no reflection
(TYQ& Ry=2, ! (T) & Ry=2Z,

|

|

i

/ o A. Yariv, Optical Electronics, 4™ ed. Saunders, 1991.

Traveling voltage wave: v(t) = Acos(wt £ kz)
— V(t) = Acos[at £ k(z +L)] = Acos(awt £ kz)
— kL=2mz, m=12,3,:--

2
— AK = 2% Mode spacing
L

Number of modes between 0 to k:

— N, 10

LI RN
Ak 27 C



Thermal Noise (2)

Number of mode per unit frequency:

dN (v L
) =T =
Vv C
Power transmission: ener
power = — 9 (velocity of energy)
distance

— P= Ej(number of modes between v and v+ Av )(engery per mode)

= EJ(LAVJ( hy j: hvAv ~kTAv (KT >>hv)
e

L C hvikT _1 th/kT _1
Equivalent noise generator: )
4hRAV ‘
2 — ~
— Vy (V) = AT ] kT>_>hv4kTRAv § | .
() = AhvAv ~ _ 4KTAv |
> W)= R(e"™T —1) >hv R
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