


Modules of the 2024 Course EPFL

Topics covered No Lecture/Date
Introductory presentation; Basic of laser operation I: dispersion theory, atoms 1 11. 09. 2024
Basic of laser operation Il: dispersion theory, atoms 2 18. 09. 2024
Laser systems I: 3 and 4 level lasers, gas lasers, solid state lasers, applications 3 25. 09. 2024
Laser systems |l: semi-conductor lasers, external cavity lasers, applications 4 02. 10. 2024
Noise characteristics of lasers: linewidth, coherence, phase and amplitude noise, OSA (1) 5 09. 10. 2024
Noise characteristics of lasers: linewidth, coherence, phase and amplitude noise, OSA (2) 6 16. 10. 2024
Optical detection 7 30. 10. 2024
Optical fibers: light propagation in fibers, specialty fibers and dispersion (GVD) 8 06. 11. 2024
Ultrafast lasers |.: Passive mode locking and ultrafast lasers 9 13. 11. 2024
Ultrafast lasers II: mode locking, optical frequency combs / frequency metrology 10 20. 11. 2024
Ultrafast lasers Ill: pulse characterization, applications 11 27. 11. 2024
Nonlinear frequency conversion I: theory, frequency doubling, applications 12 04. 12. 2024
Nonlinear frequency conversion II: optical parametric amplification (OPA) 13 11. 12. 2024
Laboratory visits (lasers demo) 14 20. 12. 2024
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Amplitude Modulation
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Amplitude modulation:
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Phase Modulation
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Application note: Principle of phase
modulator
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Phase modulation

Upnm(t) = Up cos p = Uy cos [wot + § cos (wmt)]
w(t) = wo + wmdsin (wmt) = wo — Aw sin (Wmt)
Aw = wmd

Sideband picture

oo

Upum(t) = Uo Z R {ian((;)e[(iwoJrnum)t}}
exp [i(S cos (wmt)] = Jo(6) + 2iJ1(8) cos (wmt)
Ho) =3
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Phase Modulation -

Phase modulation
: : ; , Upm (t) = Ug cos p = Uy cos [wot + § cos (wmt)]
w(t) = wo + wmd sin (wmt) = wo — Aw sin (Wmt)
Aw = wmd
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Application note: Quadrature Amplitude neTee
Modulation (QAM) is a combination of two  exp [ié cos (wmt)] = Jo(6) + 2iJ1(5) cos (wmt)
modulation techniques: Amplitude
Modulation (AM) and Phase Modulation J1(8) 0
(PM). To explain QAM we will start with
a brief explanation of AM and PM.

NV
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Phase Modulator. Zoom in
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Amplification, noise figure and detectors
Learning outcomes Fiber amplifiers

© Understand the Gain of an Amplifier
@ Understand the Noise figure concept (NF)

© Understand where the Noise originates from

[d o HN . . @ Understand the fundamental limit of the no

comiorsmar asmsense LEArNING outcomes Detectors

@ Understand the different detector types

ise figure

@ How to detect a signal? Understand the noise (shot noise, thermal)
High Power EDFA Series

Model Number | Awp-sT-18 | AMPST-22 | AMP-ST30 | AMP-ST-37

Output Power (dBm)* 18 22 30 37

Input Power Range (dBm) -25~+10 -25~+10 0~3 0~3

Wavelength (nm)* 1530~ 1565 | 1530~1565 | 1540~1565 | 1540 ~ 1565
[ Typical Noise Figure (dB) v 55 ] 55 | 6.0 T 6.0

Operating Temp (°C) 0~50

Operating Voltage (VAC) 85 ~ 264

Dimension (cm) 34(w) x 42(d) x 9(h) [ 48(w) x 44(d) x 14(h)

* Other output powers are available
* L-band is available.

Lasers: theory and modern applications
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Detectors

@ Photomultiplier

© Photoconductive detector
© Photodiode (Avalanche

Photodiode) e
©Q The Eye

pr ottt

rfr!rr"’”

'
.rf""r’

speeted?

Figure 11-14 A p-i-n photodiode. (After Reference [13].)
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Photoelectric effect

Review: photoelectric effect

Historically, the photoelectric effect is associated with Albert Einstein, who
relied upon the phenomenon to establish the fundamental principle
of quantum mechanics, in 1905,[3] an accomplishment for which Einstein

received the 1921 Nobel Prize.

First observed by Heinrich Hertz in 1887,[2

the phenomenon is also known as the "Hertz
effect”, 31041, although the latter term has fallen out
of general use.

In the free electron model, non-interacting electrons
bounce around inside a potential well of depth U.

The Fermi Level is the highest energy level that is
occupied by electrons. Here E is defined relative

to the bottom of the potential well, and the work
function W is the energy required to eject the electron
in the Fermi Level.

Lasers: theory and modern applications October 29, 2024
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https://en.wikipedia.org/wiki/Albert_Einstein
https://en.wikipedia.org/wiki/Quantum_mechanics
https://en.wikipedia.org/wiki/Photomultiplier
https://en.wikipedia.org/wiki/Nobel_Prize
https://en.wikipedia.org/wiki/Heinrich_Hertz
https://en.wikipedia.org/wiki/Photoelectric_effect
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https://en.wikipedia.org/wiki/Photoelectric_effect

Detectors: Phototube

GLASS ENVELOPE

LOOP OF WIRE
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CONTACT .PINS.

Simplest possible detector is a phototube
that utilizes the photoelectric effect.

F
[
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Photomultiplier tube (PMT) =PrL

Photomultiplier tubes (photomultipliers or PMTs for short), members of the class of vacuum tubes, and
more specifically phototubes, are extremely sensitive detectors of light in the ultraviolet, visible, and
near-infrared ranges of the electromagnetic spectrum. These detectors multiply the current produced
by incident light by as much as 100 million times (i.e., 160 dB), in multiple dynode stages, enabling
(for example) individual photons to be detected when the incident flux of light is very low.

Photocathode
Electrons
Incident / | \
photon

’\/\ Scintillator

,ﬁT_;—;%\

Electrical
connectors

Light \ . ‘
Focusing Dynode
phaton electrode 4

Photomultiplier tube (PMT)
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http://en.wikipedia.org/wiki/Vacuum_tube
https://en.wikipedia.org/wiki/Phototube
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Visible_light
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http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Decibel
http://en.wikipedia.org/wiki/Dynode
http://en.wikipedia.org/wiki/Photons
http://en.wikipedia.org/wiki/Flux

cpre
=

Photomultiplier tube

Photocathode Type Bialkali Mutialkali (S20)
Photocathode Geometry Head-On
Dynode Chain Orientation Circular
Photocathode Active Diameter 22 mm
Wavelength Range 280- 630 nm 280 - 850 nm
Gain (Max) 7.1x10° 31%10°
Peak Responsivity (Max) 86 mA/W. 67 mAIW
Quantum Efficiency at Peak (Typ.) 28% at 400 nm 219 at 420 nm
Transimpediance Gain HiZ: 1x 10°VIA

50 Q: 5x 10°V/A
Dark Current (@ 20°C) 0.3-3nA 055nA
Dark Count Rate (@ 20°C) 100s* 3000 s
Bandwidth (6 dB)* 0-20kHz
Amplifier Noise (Typ.) 2mVRMS
Output Rise and Fall Times 15ps
output Impedance 500
output Signal* 0-10 V (unterminated)

05 V (terminated into 50 Q)
Power Input +12V (+12 t0 +15): 40 mA
-12V (1210 -15): 10mA
Anode Current (Max) 100 pA
Tube Voltage (Anode to Cathode)' 010-1500 v 0101800V
Tube Voltage Control* 01015V 0018V
HV Control Sensitivity -1000 VIV
HV Control Volts (Max) 18V
Warm Up Time <10s
Output Connector SMA
General
Module Dimensions 3.66" x 1.6" X 2.46"
(92.9 mm x 40.6 mm x 62.5 mm)

Operating Temperature 51055°C
Storage Temperature -40 to 55°C
Mounting Holes 8-32 (M4 on -EC version)
Weight (Power Supply) 1.1kg (2.42 Ibs)
Weight (PMT) 0.2kg (0.5 Ibs)

Window Characteristics

Material Borosilicate
Type Plano-Concave
Refractive Index

Potassium (K) 300 ppm
Thorium (Th) 250 ppm
Uranium (U) 100 ppm

October 29, 2024 12/1



Photoconductive detectors

Element eV
Ag:  4.52-4.74

Ba: 2.522.7
cd: 4.08

Cu:  4.53-5.10
Hf: 3.9
La: 4

Mo: | 4.36-4.95

Os:  5.93

Re: | 4.72

Se: | 5.9

Ta: 4.00-4.80
T ~3.84

Yb: | 2,601

Element eV
Al:  4.06-4.26

Be: 4.98
Ce: | 29

Eu: 25

Hg: 4475

Li: 293

Pb: 425
Rh: 4.98
Si: | 4.60-4.85
Tb: 3.00
U: 3.63-3.90

Zn: 3.63-4.9

Element

eV

As: | 3.75

434

8B

: 4.67-4.81

4.09

~3.3

: 3.95-4.87

: | 5.22-5.6

4.71

2.7

Te: 495

As evident from the chart most materials have

Lasers: theory and modern applications

43

1 4.05

Element

[=TeY z

g

eV

5.1-5.47

5]

1 45

;432

5.00-5.67

3.66
392

5.12-5.93

4.55-4.7

sn: | 4.42

Th: 3.4

4.32-5.22

Element eV

Cs: | 2.14

Gd: | 2.90

K: 229
Mn: | 4.1

Ni: | 5.04-5.35
Rb: | 2.261
Sc: | 3.5
Sr: | ~2.59

Ti: | 4.33

&3

3.1

a work function that is so high, that it requires
light of visible or UV to achieve photoelectron emission.
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Photoconductive detector EPFL

In a photoconductive detector, an optical photon increases the conductivity of a doped
semiconductor, leading to a drop in resistance.
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Figure 11-7 Typical biasing circuit of a photoconductive detector. A

10 15 20253 4 5678910 15 20 2530 40
Wavelength, micrometers

Figure 11-9 Relative sensitivity of a number of commercial photoconductors. (Courtesy Santa
Barbara Research Corp.)
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Photodiode =P-L

Detectors converts a photon (i.e. a quanta of electromagnetic energy into one or more
electrons). Common detectors are:

Modulated . 2
light e

Anode |D‘J| Cathade

3
e
Empty orbitals (‘B““md“‘s

200

Figure 11-14 A p-i-n photodiode. (After Reference [13].) E

IS

Band gap at 300K [eV]

N
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Photodiodes

Detector converts a photon (i.e. a quanta
electrons). Common detectors are:

S

]
]

Metal ————|-4—————— Covalent solid
i

1
(from Harrison)
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cpr-
=PrL
of electromagnetic energy into one or more

Energy band structure
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conpucTion conpucTion
SAND ‘BanD
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(from Schockley)
Typical band gaps (valence — conduction band)

GaAs 14eV
Diamond 5.5eV

Ge
Si

0.7 eV
11eV
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Photodiode and Avalanche Photodiode (APD) =PrL

n
~—Refion-+/=- DEPLETION REGION-+}= REBION+
(Np-N)
<
® @ ® OV \_ e sonor
@000 ‘\ DENSITY
‘ D@ RN (a) 2
g:g /cmme DENSITY DUE
TO UNNEUTRALIZED !
NETACCEPTOR 100G IMPURITY IONS pside nside Electron
nmsnrv-\ ooo . B c energy
4 %
3
S X V4 )
Epy oo oo Position
(b)
AREA = DIFFUSION
POTENTIAL
g E
¢ < —l.‘
vfl (c)
o X | Load (S a free electron
= ||* AN ®a free hole
Ec _ -+ dc bias Figure 11-22 Energy-position diagram showing the carrier multiplication following a photon
. absorption in a reverse-biased avalanche photodiode.
N @ Figure 11-13 The three types of electron-hole P P
B £ 0 T _‘jE pair creation by absorbed photons that con-
N’n " tribute to current flow in a p-n photodiode.

(from Sze, Physics of Semiconductor Devices)
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Human eye
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Cones: 560 nm peaks sensitivity
Rods: 510 nm peak sensitivitity

The experiment by Pirenne revealed that a rod
can detect a single photon (!).
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Review: Poisson distribution EPFL

Variance of the Poisson distribution:

n,—n
tn = fimy p(n) =

n!
In probability theory and statistics, the Poisson distribution (or 0.40
Poisson law of small numbers) is a discrete probability distribution o W -
that expresses the probability of a given number of events occurring o | ° A=10
in a fixed interval of time and/or space if these events occur with %gj: "3/"\
a known average rate and independently of the time since the last event. 3, ‘/ “‘.\ |
(The Poisson distribution can also be used for the number of events 005y /- A L e
in other specified intervals such as distance, area or volume.) M0 o152

The Poisson distribution approaches a Gaussian Distribution for large mean values.
1 _(@—w)?

f(l‘) = e 202
oV 2w
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http://en.wikipedia.org/wiki/Probability_theory
http://en.wikipedia.org/wiki/Statistics
http://en.wikipedia.org/wiki/Discrete_probability_distribution
http://en.wikipedia.org/wiki/Statistical_independence

The Poisson distribution (Background) =PrL

Proof of the Poisson distribution

g i At >
PR st o A
: 5 > ¢
Let P,(t) be the probability of counting n photons Arrival Time
during a time t(o S t S T) Figure A.4 Random arrival time of photogenerated electrons.

P, _1(t)p(t)At = (probability of n — 1 photons in time t) X (probability of 1 photon in At)

P (t)[1 — p(t)At] = (probability of n photons in time ) x (probability of no photon in At)

_@)"
Py (t+ At) = Poo1(t)p(t) At + P (t)[1 — p(t)At] =
Pt + AAti — Pu(t) = [Pn—l(t) - Pn(t)] p(t) p(n) = <n>”'e_n
== al(t) [Pr1(t) = Pa(t)] <An(T)2> =n

Lasers: theory and modern applications October 29, 2024
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Brief review shot noise in optical detection =PrL

Shot noise can be viewed in three (equivalent) ways.

T | “' @ As a consequence of the particle nature of light
laser ' |
R ; m : @ As a consequence of the fact that current is composed of individual
N0 - i £ photadetection
2 | electrons
MOD
© As a consequence of the interference of the signal beam with the

vacuum fields of other electromagnetic modes
A quick and simple derivation of shot noise:

Psignal N\ 2
SNR= 8% = (-) = <\/N) Number of detected photons:
PNoise \/N N = P/Q-th
PSignaI = R(BN/T)2
9 9 Bandwidth: B = 1/2T

Phoise = R<A12> =R (% <AN2>> =R %N

Noise figure (NF)

Psignal P
SNR= g = P SNRous
Prose ~ ZhwDB NF[dB] = 10logy ( SJ%?JL)
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Johnson or Nyquist Noise

THERMAL AGITATION OF El “TRICITY IN CONDUCTORS

By J. B. Jonxsox

Avstract

Statistical fluctuation of electric charge exists in all conductors, producing random
variation of potential between the ends of the conductor. The effect of these fluctua-
tions has been measured by a vacuum tube amplifier and thermocouple, and can be
expressed by the formula 2= (2kT/x)/;" R(w)| ¥(w)|*dw. Iis the observed current
in the thermocouple,  is Boltzmann's gas constant, T is the absolute temperature
of the conductor, R(w) is the real component of impedance of the conductor, ¥(w)
is the transfer impedance of the amplifier, and /2w =f represents frequency. The
walue of Boltsmann’s constant obtained from the measurements lie near the accepted
value of this constant. The technical aspects of the disturbance are discussed. In an
amplifier having a range of 5000 cycles and the input resistance R the power equiva-
lent of the effect is 72/R =0.8 X 107 watt, with corresponding power for other ranges
of frequency. ‘The least contribution of ube noise is equivalent to that of a resi

X105/, where i, is the space current in milliamperes and i is the effective

ation of the tube,

cPrL
Resistor r D.C. Voltmeter

D.C. Amplifier

Mobile
Electrons

Figure 3.1 Fluctuating voltage produced by random
movements of mobile electrons.

In 1927, J. B. Johnson observed random fluctuations in the voltages across electrical resistors. A year
later H. Nyquist published a theoretical analysis of this noise which is thermal in origin. Hence this type
of noise is variously called Johnson noise, Nyquist noise, or thermal noise.

S idvie—

p(v)

0 T
—
VDC V-
Figure 3.2 Histogram of some noise voltage measurements.

—_9V2
p(V)dV « Exp -2V
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Johnson or Nyquist Noise

v2 = 4kgTR

The voltage fluctuations

on a resistor are directly linked to
the thermal Brownian motion

of the electrons.

= kBT/m

THERMAL AGITATION OF ELECTRICITY IN CONDUCTORS

By J. B. Jounson
Asstract
Statistical fiuctuation of electric charge exists in all conductors, producing random
variation of potential hetween the ends of the conductor. The effect of these fluctua-
tions has been measured by 2 vacuum tube amplifier and thermocouple, and can be
expmsud by the formula I*= (2kT/n) ;" R(w)| Y(w)|*dw. Iis the observed current
n the thermocouple, & s Boltzmann's gas constant, T is the absolute temperature
o the conductor, R(s) is the eal companent of impedance of the condetor, ¥(c)
is the transfer impedance of the amplifier, and w/27 = represents frequency. The
walue of Boltsmann's constant obtained from the measurements lie near the accepted
value of this constant. The technical aspects of the disturbance are discussed. In an
amplifir having a range of S000 cycles and the input resistance & the power equiva-
lent of the effect is 8107 watt, with corresponding power for other ranges
of frequency. The east contrbution of e o i cqmnlcnt tothat of a resistance
Re=1.5X10%,/, where i, is the space current in milliamperes and 4 is the effective
amphﬂmllon of the tube,

Table A.1 Thermally generated current noise
for various resistance values.

R

n (pA/Hz)

500
100 Q2
1KQ
10KQ
100 KQ
1MQ
10 M0

18
13
39
13
0.39
0.13
0.04

= GA T Nez

October 29, 2024
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Electronic shot noise / quantum noise

Spectral density of current
fluctuations

isn = \/2qlg.Af [A]

ANyms = \/N isn = _QAJAVtrms

lge = qA_t isn = At

Random intensity noise (RIN)

RIN = <A—i2> [Hz—l]

12

At

Pl Lt it

Aival Time.

Figure A4 Random arrival time of photogenerated electrons.

Introducing the band-with:
Af = 55 [HZ]

Application note: electronic shot

noise

Table A.2 Representative shot-noise values.
o Iy (PAXHz) RIN,, (dB/Hz)

100 nA 0.18 -115

1A 0.57 -125

10 pA 18 -135

100 pA 57 —145

1mA 18 —-155

Lasers: theory and modern applications

cPrL

first introduced in 1918 by

tubes.[1]

3. Uber spontane Stromschwankungen
in verschiedenen Elektrisitatsloitern;

von W. s»»mkv

Dureh Hi
ist es in den lotsten Jahren ‘plulgen Weehselstrome von
&uBerst geringer Amplitude -wahrchmbar und meBbar zu
machen. Vigle technische Probleme haben dadurch eine ruck-
weise Forderung erfabren, aber auch dem Forscher scheint
sich ¢in neues Gebiet zu erschlieBen; die Verstirkerschaltungen
haben fiir cloktrische Untersuchungen sicher diesclbe Be-
deutung wie in der Optik das Mikeoskop. Da sich bisher
noch keine deutliche Grenze fur die erreichbaro Verstirkung
gezeigt hat, konnte mon hoffen, durch geniigenden Schuta
storungsfreic Aufstellung usw. hier sogusagen bis zam un-
endlich Kleinen vorzudringen; der Traum vom ,,Gras wachsen
horen® stellte sich wieder cinmal recht greifbar der Mensch-
heit dar.

Absicht der folgenden Zeilen ist, gewisce uniberschreitbare
Gimaen . o Vetltoeg it Qthstiodis i Gaai

Hin-
dernis st merkwirdigerweise don 3y Grobe e Ehementan-
quantums der Elektriitat gegoben. Die Warmebewegung der

October 29, 2024

The concept of shot noise was

Walter Schottky who studied
fluctuations of current in vacuum
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Electronic shot noise EPFL

14

i(t) —=

I|+

. : Electronic shot noise and the definition of
Spectral density of current fluctuations .
the spectral density

T p— = [
iy (v) = S(v)Av = 2elAv ZN( ) = S(v)Av = 2eIAv
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Detector noise EPFL

. 4ETAf
ltotal = \/ R +2q1q.Af + I?lc RINAf [A]
(thermal)  (shot) (intensity)
100/ T T T T T T V4
g | -
s \ /" ,/’
,_} 2r- '9‘“.“‘1* "’I,’ -’ -
- A
§ R UKD /%" RIN =-155 dB/Mz
g or = ,,”%‘*smmols- )
; Total Noise—, . < ,,’ ‘Thunn-l Noise
g 32 L ‘,,../.’_v_ln___,‘_l_......‘.......-I -------
“rpA 10 pA 100 pA ImA 10mA

DC Photocurrent I,
Figure A.7 Total rms photocurrent noise normalized to a 1 Hz band-

width, caused by the combined effects of thermal, shot, and intensity
noise.

Lasers: theory and modern applications October 29, 2024 26/1



Noise equivalent power =PrL

Photodetector Specifications

Noise-equivalent power (NEP) is a measure of the sensitivity

ot | DAl DMl of a photodetector or detector system. It is defined as the signal
N v T power that gives a signal-to-noise ratio of one in a one hertz
output bandwidth
Mininum NEP* 33 o1/ 2 25 Wil Rz | .
EE e I : The units of NEP are watts per square root hertz.

Detector Material Type.

Detector Diameter 08mm

For example, a detector with an NEP of 1 pW can detect

Pawer Requiements 115V DC250 mA

oo a signal power of one picowatt with a signal-to-noise ratio (SNR)
il N of one after one half second of averaging

-—3.00(76.2) —

e ocr Pmin = NEP(A) : \/E

207
w2 i °=—0J
"

1.00

25.4)
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http://en.wikipedia.org/wiki/Photodetector

Detecting weak signals: Heterodyne detection =P-L

Heterodyne detection (also called coherent detection) is
a detection method which was originally developed

E;?':::er in the field of radio waves and microwaves. There, a weak
signal input signal is mixed with some strong “local oscillator.
_' The frequency of the mixing product is the sum
ph::n.n.:rdiode or the difference of the frequencies of the signal and
the local oscillator.
Iucgl. <12> nee) 2
oscillator 5 signal _hm (H) 2P;P, _ %ps

N B <12>noise 26%PZOB B

A remaining problem of heterodyne detection is that excess noise of the local oscillator wave
directly affects the signal. This is avoided with a balanced heterodyne setup.

Lasers: theory and modern applications October 29, 2024
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Detecting the phase: balanced homodyne detection

cPrL

In a balanced homodyne detector, the beam splitter must have a reflectivity of precisely 50%. With a simple

electronic circuit, one can obtain the difference of the two photocurrents. A key advantage is that difference is
to first order not influenced by noise of the local oscillator.

P
f i

signal Beamsplitter
beam 4 Eow1 = (Ero + Es) /V?2
i
T Eowz = (ELo — Bs) /V2
oscillator

Difference photocurrent

|Bout2|? = |Bout1|* = (Ero + Es)? /2 — (Ero — Es) /2 = 2E0Es

Transmission matrix

Energy conservation
N :

50:50 beamsplitter
‘ t —r 2 2 A:L( L )
A A= ( . ) 2+ =1 VARER!
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Homodyne measurement (1/2) i

Detected photocurrent

ES — Eseithr(;e(t)
AI(t) o |E1|> + |Bo|?> = L (6Es +iELo) (Es + Ero) — 5 (iEs —iELo) (Bs — ELo) = EXEpo + EsEj g

Homodyne detector

ELO
s

&

1
El = ﬁ(Ev +EL())

E

1
E, = ﬁ(_E.\ +E,)

()

Photocurrent for 90 degree shift between LO and signal

Ero = Eroe'®

AI(t) < |Epo| (Ese—w - E;e+i¢)
Photocurrent for 90 degree shift between LO and signal

AI(t) o< |Epol (Es — E3)
AI(t) o 56
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Homodyne measurement (2/2) =PrL

Application Note: Homodyne receivers are used in mobile phones and deep
space missions

Figure 1. Homodyne (Zero-IF) Recaiver

Transmission matrix
50:50 beamsplitter
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The signal to noise ratio for the input field =PrL

amplifier
- What is the signal to noise of the input
o S— ot of the amplifier?
2
-70
m Modulation

T T T T T T T
ESA display _|

-80 Amplified signal modulation

Signal to Noise: SHOT NOISE and
AMPILFIER ADDED NOISE

______ T_, amplified output

frl/ 17T 17T S
A
H

=

Output power (dB, arb. off.)

I
0
o

phatocurrent spectrum, dBm

Input signal modulation

-100 Signal to noise SHOT NOISE

Amplifier noise figure

-110 :
i - 0
NF = logyg ( SN Rin ) 5 5

SN Royt f-f (kHz)
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ASE Noise in a Fiber Amplifier

_________ amplifier
'
i i
laser . '
' '
'

—* G, Asl
il

The ASE gives rise to:

photodetection

@ Electronic shot noise
@ Signal spontaneous beat noise (SSE)
@ Spontaneous-Spontaneous Noise (SSN)

signal-spontaneous
beat noise spontaneous-spontaneous
amplified beat noise
h signal
g £
$ & i \
% #
A1
< B,
s A T
CEEIED wavelength
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The Noise in an Fiber Amplifier originates from

the amplified spontaneous emission noise (ASE)

Pasg = 2nsphv(G — 1) By
oeNo

Ns —_—
2 ogeNg — 04 N1

Photocurrent noise of versus the power
of an amplified signal:

photocurrent noise, dBm/Hz

170 -____’_/‘(
-180 1 1
20 -10 [ 10 20

amplified signal power, dBm

total shotl
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Amplified spontaneous emission noise
Where does the ASE Noise originate from?

dP = vPdz

Optical gain

2
cg(v)
= (Ng —Nj) —=5—-+"—
'Y(U) ( 2 1) 87T7l2v2tspont

Spontaneous emission noise
_ NohvAdz

Py =
tspont

Total noise in the volume
and in interval V...V + AV

- Input
beam
®

The spontaneous emission noise yields
the expression

(dP) = % . %W%dz (Rewrite Noyyho
. . spon . / 2
expression with optical gain) (dP) = WA’U -dz
2 A2
(dQ)min = (dQ)b = 7'["[9b = nZA
ekaher 30,3034

Detector
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Spontaneous emission noise (1/2)

dP = yPdz 7(v)

Inversion factor

N _
M_N2_N1_ sp
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= (N2 — Ny)

*g(v)
Sﬂnzvztspont

Bandwith

2By = Av

Novhv

ap) = ="

Avdz

Gain



Spontaneous emission noise (2/2) =PrL

Both signal and noise are being amplified

CC%’ =P+ N;XQNI ~vyhvAv,
P(z) = Pye?* + phvAv (e7* — 1) = gt Detector
= ampl. sign. + ampl. noise ©
@ The pre-factor has an important ey

consequence: minimum noise is expected

if all ions are inverted! Never run Signal to noise at the output of the amplifier

an amplifier with low pump current. S PR G
@ Also: never run an amplifier without input output pwhv2B G — 1
signal.
ESA Noise of the Amplifier NF — (%) / <%> _ %/ hPUZB% _ 2#%
in out & (Ho -

Proise = n2hvB(G — 1)
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Spontaneous emission noise

A more accurate calculation yields
(valid also for low gain)

NFZQM@-I-é

Consequently, it is very important that
the amplifier is operated in a mode,

@ where all ions are invert (and thus
the amplifier gain is high),

@ where the amplified input signal is
large compared to the ASE.

Lasers: theory and modern applications

LI N N I |
input loss
poor inversion

L 1 1 UL 1
4
3 e e e - e
2
8 1
ol <
g 1
2 = shot noise
3 not included
4
r- 1 1 L1

1

Figure 13.21 Noise figure dependence on optical amplifier gain with
and without the shot-noise contribution.

L1
o1 2 3 4 5 6
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Supplementary Info: spontaneous emission noise

The total spontaneous emission in a bandwidth B is given by
Pasg = 2nsphv(G — 1) By.

Consequently, there is a beatnote between spontaneous emission and the
signal (si-sp noise):

Sivyop(£) = AR GPepase [A%/Hz].

A second contribution of noise on a photodetector is that of the shot noise
of the signal:

Sp(H)| e = % —2ho(P)  [W?/Hz|.

The total noise (SNR in versus out) figure is thus:

2pasE | 1 (G-1) 1
NF = L. NF=2 L
Ghv T @ " a T
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optical spectrum

signal-spontaneous
b ‘
eat noise ampitfied
VW
ASE

By——

A

8
wavelength
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Supplementary: Fundamental limit on

Position momentum uncertainty

Ap-Ax > h/2
“If one wants to be clear about what is meant by ‘position
of an object,’ for example of an electron. . ., then one has

to specify definite experiments by which the ‘position
of an electron’ can be measured; otherwise this term has no
meaning at all.” — Heisenberg, in uncertainty paper, 1927

Let the cone of light rays leaving the microscope lens

and focusing on the electron make an angle

with the electron. Then, according to the laws of classical
optics

amplifiers (1/2) =PrL

Photon-number phase
uncertainty

Ap-An>1/2

[ S
X—g =|alsin0

(eXa) X
=|ajcosd
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Supplementary: Fundamental limit on amplifiers (2/2) =P-L

When a photon strikes an electron, the latter has a Compton recoil with momentum proportional to

h . (e
Ap, =~ Xsm <§>

AzAp, ~ L . %sin (£> =h
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Supplementary info: Number-phase uncertainty =PrL

1604 PROCEEDINGS OF THE IRE July
The Fundamental Noise Limit of Linear Amplifiers*

H. HEFFNERf, FELLOW, TRE

X P
Input noise Photon-number phase

(minimum uncertainty state) g
g p uncertainty
1 Pl o A ) Ad-An>1/2
AniAD; = = =|a|sin /; ¢ =1/
2 [arf
Amplification process (Gain G) i
o) n R A 'iL‘ ln:n. ::rz:;o.
1 L3 Nz =Gny, An, " n, -
(n2 £ Ang) = G (n1 £ Any) : #7440, 08704 o
X X
(@1 £ A7) = (O3 + AD) i‘lllllc‘gzo e
| ] PeeEcT mmnnHm:um'
Uncertainty in the output fluctuations: L El—ﬂ:_
This violates the photon \EW MEASLRING. INSTRUMENT
AnaA®s = (GAny) ADy number uncertainty relation! INFERS. INPUT Ay Ay =(1/G)}
1 IMPOSSIBLE

An1AP; =

Fig. 1—Thought experiment to show the nonexistence

a2 Any linear amplifier must o perfect amplifer.
therefore add noise.
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