Optical preamplification

N
: y VAN
GP

Optical power gains G. At output,added to amplied signal G°, adc
power dudgo amplified spontaneous emission suhd

ASEout = sp(G'l) h"AVO
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OA noise equivalent cirait

ASE  + A 2(F-1)hv R B
+2hvASE;B

Noiseinput: ASE shotnoiseplus
excess nois@actorF)

P =GP,+ GASE
0%y, = 2F &G hv P,B + 2 hv G*°ASE, B
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AQO performance
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Performancaes typical for EDFAS 1480-1540m
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Requirements for OA preamplification

SIGNAL LEVELS: ASE limits minimumsignal ampitudes
P=1+1QuW (or -30+-20dBm).
Onsebf saturabnis ataboutl-10 mwW
WAVELENGTHS: afewavailable in correspondence t
lasdmes(e.g.,1500, 1300,1060, 850nm)
SIGNAL MODE: a singlespatialmodeis required or thelow
couplmg¢p DFAfiber wouldfrustateany
ampi#tion
LargePIXEL #: extensiortheoretally feasible but not yet
demonstrgbeablem is thatin AO with N

modeSE increased times becoming very
hifgin images withN =1.. 10 pixels
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Injection detection

SIGNAL™— OSCILLATOR E,v a e
0 o A ph
Es, Vg R
(@)
attenuation
a
7 - L
': 0 — OSCILLATOR E,v_ 7~ — lo
e — '
(b)

Signal is sentdirectly intothelocal oscillator wth the conditionsof
phase spatialandpolarization matchingf coherentletection
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unperturbed
oscillator

signal

perturbed
oscillator

Injection gain

E Vat
0
)’cav
=V
Voo
- |
, -y
v
s
Il‘l || -
Vo

gain;

G = K(v) 2V (PP
where k(v) = 1 inside
Ve, andu 2V(Py/P)) is
thenormal coherengain
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Calculation of injection gain

signal field E_ (outsideinput mirror of the laser)and the laser
cavity field E, arerepresenteas rotating vectors

E.=E expp, and E,=E,expi,
wth: ¢.= Qt+i=2mvd+P, and ¢y = Qt+W=2mv+u,

Lamb equationsmodified to take account ofthe extenal injected
signal read

(d/dt)Ey = [(a—BEy)- '] By + (c/2L) TEcoS bt d)
(dbt)dy=Qq + C (a—BEy?) +(c/2L)T(EJE) sin s+ W)

where a =Ac(n,-n,)/8mt,Av,, is gain rate = gainsaturaon, =v,/2Q cauty
lossrate, L= cavity length and c/2L=modespacing T = V(1-R) field trans
mission of the input mirror, W = field coupling phaseshift { =(v,-v4)/Av, IS
frequencyoffsetrespectd gain line centey,, Av,= (atomig gainlinewidth
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Calculation (2)

In semiconduadr lasers we shall add anotherequabn relating
carrier concetrationn to photondensity (or E2), as

(d/df)n=Jled - nt, - (ny)(1- ZE9)[1-(B/a)Eg?]a*Ey?

where J =pump currendensity, T, is thechargecarrier lifetime,
Ny, IS the carrier concenttion at threshold = is the mode€onfinement factor

a* = 2a/(n,n,).
This set of equationsis the Lang and Kobayashidescription
However, with no loss of generality we will proceed withLamb

equations
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Calculation (3)

Letting (d/dt)E,=0 andsolving for E;and (ddt)¢, give the steady-
statevaluesof field andfrequencyor, the valuesk,, andv, of

the unperturbedegime.Using a WKB method tosolveLamb eq,
that is a trial solution lke:

Eo= Bt & (vth g<<E,y
we get (dAY(dg- ¢ )= A[1+ Ksin(¢y- o+ )]

this i1s Adler equation describing the frequency lockng or
synchronizationof an oscillator For K=1 solution is ¢,¢ =0

(locking in phase to signglandfor K<1 it canbe solved with
do(t) — &= -W - arcsin{[K- sind(t)]/[1-Ksind(t)]}

where ®(t)= (1-K2)VAQ,-Qyyt + arcsinK is thephaseof a
quasisinusodal oscillation at theunperturbed freciff. Q.-Q.
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Calculation (4)

K hasthe meaningf coupling factorandis given by
K= [Te/2L)/(v5 Vool ESEgg

With this resultfield ampltude is solved as

5= Eogter= Ego t [TC/2L(a-T)] Es cosfpe(t)— ¢4
Thus outside locking rangék<1), injection produces af-M of
the lasefield with a modulation index proportionab thesignal
fleld E;. F-M is also ound becaus@(t)=(d/dt)$(t) is not const
anddepend®sn K andE,. This explainsthe qualitative tred of
the beating v@veforns (nextslide).

Thus we have by injection heteodyning a series of lateral
sidebandsmpressedon the frequency pectrumof the laser;the
carrier also haa minorfrequency pulling to signdtequency

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 10
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Calculation (5)

Detectingthesignal E,, current is given ky
|0 =(0/2Z) TE+e, PO= | o5t 2V (10l ) [TC/2L(a-T)] cos@Q,—Qt

On adc terml,,, signal isatcarrieratfrequency,,—Q.andhas
an amplitude larger thantw direct detetmon I by afactorG:

G :Gcoh [TC/ZL(G_F)]: Gcth(V)
G.,=2V(l,f1 ) beingtheusual coherergain. The quantity
K(V)=Tc/2L(a-T")

IS usually <1 but isnot <<1, sosystemperformanceis pracically
coincidentto that of coherentdetetion. Bandwdth is however
limited to abouthe lasercavity linewidth Noise factor is= 3 dB.
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Calculation (6)

In homodyneinjedion, signal emittedby the laserre-entersthe
cavity afterpropagation t@ taiget atdistances. Powe attenufion
Is A=a? . Injected tem is nowE=aTE, andhasa phasap = 2ks
(d/dY)E, = [(a—BE?)- '] E, + (c/2L) aT?E,cos (p+2ks)
(ddY)d,=Qy + ¢ (a—PEy?) + (c/2L) aT?sin +2Kks)

With thesame perturbative method outlined ahove find that

- In placeof locking we havenodefrequeng-hop, that for

K=aT?c/2L(a-T)>1 laseroscillateson theexternal cavity
- atweaak injection levelgK<<1), thecavity field is perturbe to:

E= E, {1+ [aT?c/2L(a-T")] cos 2ks}
Vg =Vgot(aT?c/2L) sin 2ks

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 13



Calculation (7)

Herg therole of relativesignalamplitude EE,, is replaced byhe
attenusaion a of thefield propagated estnal tothesource
Proportional taa, A-M and F-M modulationsof the lasefield are
found with acoherengainfor theamplitudea

[1 coherent eho detetors (usingthe A-M signal)

A-M signal is easily deteted at the photodetetor as a photo-
current variabn given by

l,=(0/2Z,)) OUEste [P0 = oo{1+ 2[aT?c/2L(a-T")] cos 2ks}
F-M signal 5. v, =Vv,,+(aT4c/2L) sin 2ks

and carbe recovered by beating wisecond osdition in duak
mode Zeeman lasers

[1 feedbacknterferonetes, in which A-M and F-M provide the
two quadratureignalscos2ks and sin 2ks

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 14



Injection interferometer

s(t) =0.1-10 m
i two-frequency He-Ne + N > N
< PD i Zeeman laser i > )
(4;) ('30) corner-cube
_ sl 20 _ 6-decade display
L | amplitude and fre- counting | with A /8=0.1um
quency demodulator - circuit per count
cos 2ks
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Quantum-Non-Demolitive detection

 OND s to detect photonsithvout “demolishing’ them
(@absorbing their energyat thePD - photoncan passinaltered
 Tomeasure photonsitvout absorbingweneedaparametric
Interactionwith the detetion systemgiving avariationin a
physical quantity measurable withooeryy exchange
« A parametrianediummay beonewith an optical nonlinearity
n, of therefraction indexin whicha weak signal beams
superposed ta strongoump beam
 |Interaction ofthetwo beams with nonlinearity generat
an optical pathlength van@an, proportional to signabowe.
Thisvariation is read ith aconventional interometey
conveniently usinghepump beam itseldsthe readout

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 16



QND basicscheme

ES Es
l /‘ balanced
50/50 nonlinear detector
BS \\ crystal //T ) I
AN N > A
O 50/50
| F E +E | F BS YZ
D S
M E M
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QND signal

In thecrystalof lengthL, thephase delagp=nkL is:

® = nkL = KL [ng+(n,/2Z,) OCE, exp b +E exp L]
= KL [g+(ny/2Zy) E7] + (KLn,/Zp)E E[cosfh-¢ )]
= PO+ AP
first term is an unessentiaked phasep,,
second term contes the signal field ampltude E,
A® p = (kLn,/Zy) E,EH,
proportionalto the coherenceactor p=tcos@-¢¢)containing
the frequencydifferene ¢,-¢~(w,-w)t. As In hetherodyne
detedbn, it hasarms valuel~2.
Readoubf A® Is performeddividing the pump beamin the two
Interferometer legsendingin thebalancedletetor.
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QND signal (2)

Then PDs currentsre:
I oh1p = (0A/2Z,){(1/2) Ep2+ (1/2) Ep2 12(1/2)-EpEScosn KL-L )}
= |,x |,cos{®y+(LNV2)AD-D, .}

where |=(0A/2Z)E ?is thephotocurrentueto pumppower
and®,,=nkL . is thephase delagpf thereferene leg
Adjusting theinterferometerthe balancedleteadr signalis:

S = lyo-lon= 21,Sin (IN2)AD =V2 I, AD  (for Ad<<)

So, the dc componentl ; is canceledand a linear dependence
from A® is obtainedS canbe witten, in termsof I

S=v2 (2KLn,l JaA) V(1 o) =K G I
G=V(l/l) being the coherentgain and k=2vV2kLn,l /oA the extra QND
factor QND detections not much diferent from cohererttetectionf k= 1.
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QND signal (Example

Carrying out the QND experiment in a GaAs crystal
Aatlum whee we have:

- n,=1.51012cn?/W,

- with a L=2cm guide okection A=2x3(1m)*=6103cnv,

to attan k=1 weneed a pump pawv (in each arm):

| Jo = KA/2V2KLn, = 610%/2.826.2810%2-1.51012

=110 mW a high but reasonable value
QND detetion is difficult to implement for competing
nonlineareffects (Ramanand Brill ouin scatteng, modulation
Instability, parametricgain). Theseeffects preventperformng
the experiment in a km-long opticaber wherdghe pump power
could be decrasad because of the longteration path.
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QND signal (Commen)

Also, from an engineering standpoiritis objet¢ionable to use a
powerful laserasthe pumpin a detetion system,respect to
using the sameactive chip as an optical amplifier boostinga
small fracton of powe tapped fom the ggnal, or, alternatively,
to detetand re-trasmit the signal.

Thus, if developednto a pracical architectureit is likely that
QND will fill application niches rather than being a gdrieci.
An envisagedapplicationfor QND could be in very large bcal
areanetworks, where the signal could travel through a huge
numberof usersandbe detectd with no loss at each bcation.
Also, QND is Interestingas the sole exampleof a parametric
deteabn technique — eventually to be re-invented with a
dif ferent varking principle in a sinpler, more vable scheme.
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QND noise

Noisein QND: ead signall ,,, , has fiotnoise2el B, A® hasa
varianceo?,, andlast we add Johnsenoiseof theloadR:

0% = 2e(2l)) B + 21 70%\, + 4KTB/R
With simple erroipropagation calculationsvefind that

0% = (KLN/aA)2[(141)) o%,+(1 /19 044

= (kLyhoA) = 2e(L+1,)B
therefore thevariance is
0°s = 2e(21)B + 2k=2e(,+ B + 4kTB/R

As F=K4l |4, usingN“=a045, weget for the QND S/N ratio:

(SINy = k2l /2eB[2+2k*(1+1d1) + I /1 )]
= (Is/4eB)K?/(1+k?) (for 1>>141 )
For largex, QND performancereachsthe quatumlimit of I
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A final remark on QND

Are photons leavinghe QND detdmon really unaltered
For Heisenberguncertaintyprinciple (HP), conjuga¢ variables
like photon number N (N=PT/hv) and phase ®, have an
uncertainty produmot less than AN A® = 1/4.
Observing(or measuriny) N, amountsin quantummechanicgo
having reducedhe photon uncertaintyaAN. Then it is necessary
that phaseuncertaintyA® after the QND mesuremenbecomes
largerthan thabefore observation
Sourcefor this is actuallyfoundin QND schemeshot noise of
the pumppowermodulatesn by the nonlineareffect andsignal
optical pathlengthis affecte&l by a random phasemodulation
IncreasingA®. By an analysisof the problem it may be found
thattheexcess phaseoiseexactly satisesHP.
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Beyondthe Quantum Limit ?

Canwe go beyondthe quantumiimit (QL) in anyspecial case ?
No, with theusual sources having

« aPoisson w&tisticsof counts(energy v or chargee quanta)
e ashot(or quantumhoise with Wwite spectratlensity 2kP
or 2el andrariance2hvPB or 2elB

These stateentsareconsequenceaed each otheandestablisithe S/N QLwe
arefamiliar with, expressed equivalently:as

* mean photon numbeer bitN, giving (S/N)=VN
* noisein photocurreni,%=2el, B
» deteatd power N.>=2ehvPB.

Note quantumimit is tracedbackto Poisson photorstatistics
IS not caused bihe detctor.
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SqueezedStates photons

Poisson distributed g?2={n
A T I
- — — 1 = —
sub-poissonian g2< < n>
N S O ) A
periodic sequence g’ =0

(N Y N N N N N E—

To haveavariance belov@QL, we should be able to build an unconventional
radiation source witasub-Poissorstatisics of photonsi.e., a time
distributionof emitted photormore regulathanthePoissonian

02 <(h0 (or F<1)
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SqueezedStates fields

poissonian coherent state squeezed state, phase-quadrature

Ad
E :\\ AN a

E(t)

/A N/A .
\ VARV

squeezed state, number

squeezed vacuum
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SSsources

bias
)
laser diode \ /. // Q:C?tt]cgl a2 Snlljg]ebz?r';
SN q g
1=
(a) 77 K cryostat
dichroic
mirror mirror
phase-quadrature
Nd YAG SHG LiNbO; | P squeezing
laser crystal out
crystal
1060 530 1060
nm nm nm
(b) <--- OPO--_~
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semiclassical view of vacuum fluctuations

power associated to BAE is P=(A2Z,) [IIE+AE[C?. By developng
the square &/get:
P=(A2Z,)[(E[F+2Re(EAE*)+TAE-]]
first term isthe aerage poer P=(A/2Z)E[P, last term can be
neglected bmuse smalland the second hasexa mean value and
a variance given by:
0°=LAP=(A/2Z ,)?AUEPUAE?TF 4P(A2Z) DAEAT]
If we want this expression coincides to shotsso’-=2hvPB, we
need 2(A/2Z)AE2[=hvB, and, as the spectrum is white, we ge
&E2A/2Z)/dv =Y, hv
In addition, letting Z=V(uy/€,) and B=1/2T where T=L/c is the
time of observation and L=V/Ayve readily get AE[= hv /2¢,V.
Again, & =[(1/2)e,V] (E/hv) 2 can be interpted as the mean
number ofphotons, andiA&?llits fluctuation, because (18YE?
IS the energy contsed in the observation voluenV.
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semiclassical view of vacuum fluctuations 2

Thus, shot noise iexplained as the biag of the mean fiall E and
of the field fluctuationAE, with apowe spectral density equal to

half photon (lv/2) per Hertz ofoandwdth.

Also, from /,g,V UAE?[Vhv =1/, fluctuation in the number of
observed photons is 1/2 photon and this coma® the (w/2)
uncertainty of energy (1/8VE?in the observation volume V.
Note that fluctuatiod\E is always theame amptude, independent
of the mean feld E (or photon number N).his istrue o for E=0
or n=0,thatis, for thezero-fieldor vacuum statehe fluctuationAE
Is frequently referred to as the cohdrstate oriie vacuum-state

fluctuation.
The phaselfictuation is expressed as the ratiad\&f to mean value

E, l.e., Ag= AE/E. By squamg and ave@ng we gé
CA@PCEOAE?VEP=(1/2)hvB/P=hv/4TP=1/4N,
whereN=LIn[=PT/hv Is the mean number photons.
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SS Incoherentdetection

Detectinga SSradiation bydirect-degction, onehas
(S/IN)=[nPlo2=N/F
But, if SSis attenuatkbye, squeezingdctor is degradea:t
F' = 1k-(1-F)

In homodynedetetion andwith a balancedletector, S/Natio
of the photocurrent is

(SINR. .= I2CAICR = 442 | o/ [2e(F o+ JF+1,)B+4KTB/R]

hom,ss™
whereF and F, are thesqueezing actorsof signal | andlocal
oscillatorl,: squeezingadctors intenechangan product For
|>>1+1,+1 5 the classicalhomodyneS/N is improved by the
signalsqueezing &cbr

(S/ I\@om,ss:(S/ |\I)Zhom,cll F

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 30



<n>, F

<n>, F

<n>, F

IDEAL
DETECTOR

n=1

REAL
DETECTOR

with n=¢

REAL
DETECTOR

n

Lability of SSradiation to attenuation

1.0

0.5

output squeezing factor Ft

0 \ \ \ \
0 0.5 1.0

total efficiency - €n
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SS inphase neasurements

In phasemeasurementsattenuion can be made negligible
andwe fully exploitthe squeezindgactor inprovementn the
variancelJA®?[]of the phased undermeasurement

In a MachZehnder readby a coherent radiatiof? enteringat
the inputport output at thdalancedleteabr andphaseare:

V= RoPcodl =-RID, [AP[], =eB2I
whereW=nk(l,-1,)=112+® is the optical pathlength dierence

adjustedn quadrature sas to read.

Adding a sourceof squeezed radiatioat thenormaly unused
Input port, thephase variance is calculated as

OAD2[ = F, CAD2[, = F, eR2l

(=0 P, K, =squeezingdcto). Accuracy Is improved bf,.
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SS ininterferometry

coherent 50/50 balanced
source coupler detector
coupler
squeezed
state
source
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New model of photodetector noise

At optical frequenciesfirst quantizationis no moresufficient
Weneed taaccountor HP embodyingsecond quantizatiomm a
semiclassicaimodel (SCM) . Postulatesf SMC are:

¢ any electric feld E of radiation has Gaussan distributed
fluctuationAE,,, with meamandvariance given hy

(N\E. [0, [AE.[= (2Z/A)Y, hv B
¢ In any unused porivith no applied signalthevacuum feld still

exists with its luctuations andthere we shalltake acount of
[AE, (= DAE, [ enteringin theexperiment

¢ thevacuum fuctuation isnot directly observablen itself, and
thusin the basigphotodetemn relationwe subtractiAE,, 21!

I,= (0A/2Z ) { DCECPC OOAE, [P0}
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Application of photodetector noisemodel

Model gives correct miltsandexplains

» Detecton of a coherent(Poissoniah signal by an ideal detector:classical
result isfoundandis newly interpreg¢d asthe beating(or heterodyningof the
field fluctuationAE, ,with signal oscilation

*Detection oh coherent ginal witha real detectoras above

» Detection of asqueezedtatesignal withF£1 by a real detector compostion
rule for the squeezing factdf'=1n(1-F)is found

» Coherentdetectiorwith signalandpumpsqueezed bl and F, : two features
escapingfirst-quantization are explained (crossmultipli cation of squeezing
factorswith signals andthatno shot noise accompanid®e beating)

» Detection ofa wide spectral bandwidtrsignal beatingof the fl uctuationsof
thevarious spectral componenssound

 Detection of asignalon awide-spectral bandwdth backgroundbeatingof the
fluctuations ofspectral componeatsdits heterodyning with signal explained
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OA model

E+AE. ., VG =
S son | — .~ Eout [photo- |
— ‘ . L detector
| Y iV(G-1) Iph
\/nsp,:
AByac

OA is modeled by aamplifying beamsplitteopeninga porton vacuumfi eld
fluctuations Amplif ied vacuum feld is just he ASE, andall thenoise terms
areobtained withno further assumption#\dding asecond beamsplittegn

accounts fothe incompletenversionof the medium.
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New Model: Example 1

» Detection o& coheren(Poissoran) signal by andeal deteatr
A signal carryinga power Phas an average fi@lE= V[(2Z/A)P] e(«+e)
and afl uctuationAE=AE .. By insering thefield at the PDasE, =E+AE
anddevelopng themodulus we get
Iph:(GA/ 220) { DESES*+ AEcohAEcoh*'l_ZR eEsAEcoh* - DAEva:AEvac*

In which o=ehv for anideal detector. Thdirsttermis the usualmeancurrent
| ,=0P=0AES V227, the secondcancelsout with the last, and thethird hasa
zeromeanand aspectraldensity:

S 4E2 (2Z/A)Y, hv
whencethe varianceof the photogenerat current is
0% = (0A/2Z,)*S = (0AI2Z,)4EZ0" ,hvB =21, (ehv)hvB =2 el B

Thus we havee-obtainedtheclassical resuland camewly interpreit asthe
beating(or heterodyninyof thefield fluctuationAE_, with signal oscilation
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New Model: Example 2

Eph :
—— | ideal (n=1)

Es+AEcon — Vn
' photodetector |

(L)

|

A Evac

» Detection o& coherent ginal witha real detector

A realdetectomwith n<1is equivalent to anideal detectompreceded by BS
with transmissiom, thus we modelit as showrandadd in the unused port
thevacuumfi eld fluctuationAE, .. Consideringhe BS, théield at PDis:

Eph: \/r] Es+\/r] AEcoh+ I\/(l'r]) AEvac
wherefield transmissions v and factor i=V-1 is due to the beamsplitter
phaseshift By insertingin above equatigrwe getheclassical result

1, =n (ehv) P, 0%,=2e l, B

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 38



New Model: Examples 3,4

» Detection of squeezedtatesignalwith F£1 by a real detector
In this casewe hawe again last equatiobut with AE, substituted by/FAE,, and
thevariance &

o4=2enl;B+2e(ln)Fl,B
From this result the compositionrule for the squeezingfactor F'=11(1-F)
follows. We may also remarkthat this result comesfrom the beatingof the

signalwith the vacuumfluctuation of which we canfind only a trace or F£1
[otherwse weretun to classical resylt

» Coherendetectionwith sgnal andpump squeezed by and F,

Repeatinghe calculationsfor the schemef SS, quotedresultsare obtained

Thus two features escapirigst-quantization modelareexplained

» that squesng factorandsignalaremultiplied by each otheaindinterchanged
In thenoise

» thatnoshot noise need bdrdiuted tothebeating term signdbcal oscillator

E.E, in coherentetection
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Example 5

» Detection o& wide-spectal bandwidth gnal

In this casethe signal is the superpositionof many independentfrequency
oscillationsandshotnoise variancao longer applies

Let g(f-f,) be the spectralpower distribution which we assumewith a unity
peakvalueg(0)=1 at ¥ f, sothat its integralonf, [, .., 9(f) df=B,,, represents
the source Inewidth The spectal power in f...f+Af is AP:(PS/BOpSlg(f) Af and
the corresponding meaneid is:  E(f) = V[(2Z,/A) AP].

As usua) we shall add tehe mean feld the contributionAE .. By repeahg the
calculationsmeanandspectraldensity ofphotogenetad currenarefound as

O,0=0P,  dOAlL20/df = 2el,+2(1,2/B,y) 9(f)g(f)

where* indicatesthe convolution operationand g(f) is the emissionspectal
distributiontransated in basebandThe secondterm is from the beatingof the
fluctuationsn thespectral componenggf-f) of thesource Forameasurement
onan electrical bandwidtB<< B, we get fromtheresult assumingy(0)=1:

c)-Iphz = [2 elph+ 2(' phZ/BOpt)] B
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New Model: Example 6

» Detection of signalon awide-spectral bandwith background

Herg the signal is a narrowband coherentstateand is addedto a wide
spectrumbackground(suchas dark current ASE, etc). Let |5 indicate the
signaland |, ¢ the backgroundwith a distribution g,<:(f) asin Example5.
Fromthe calculationsonehas

Ol = 0(PstPase)= Ist | ase
dUAl 20 /df = 2ekt2el\get2(1 xsgBop) 9(F)-9(F)+ 41l asgBog) 9(f)

Thefour termscanbe interpeted assignalshot noise ASE shot noiseASE-
ASE beatingandsignatASE beating Letting agairB<<B,, we get

Oppn” = [2€l5t2€l, et 2(I A se/Bo) t 4(ldl ase/B )] B

If we now considerthe ASE of an OA, |,se=0 Pyse=(ehv)(G-1)hvB,,, and
thatthe signalout is Is= Glg;,, aboveeq canbe broughtto coincide with
already considered expsems

from:”Photodetetors”, by S.Donati, Rrentice Hal 2000 41



