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tThis do
ument formulates quantities to be measured by the Advan
ed Virgo (AdV) read outsystem in order to design a suitable ele
tri
 s
heme. We �rst de�ne the signal, with simulatedamount of RF 
omponents, to obtain a realisti
 estimation of the power to be read out at ea
hport of the interferometer. Then, several plots are given for several s
enarii. Finally, we 
on
ludethat 2 di�erent ele
troni
 designs for the whole interferometer might be the best solution to meetrequirements. Furthermore, the s
enario using a f2 ∼ 50MHz modulation frequen
y appears a lotmore feasible than the one using a f2 ∼ 80MHz one.
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1 De�nition of the signalAs the AdV opti
al layout is still subje
t to modi�
ations, following 
onsiderations may su�er a
tualiza-tion. Nevertheless, it seems that most of the relevant aspe
ts should remain stable from the dete
tionpoint of view.1.1 Opti
al �eldThe opti
al beam should be phase modulated by 3 di�erent frequen
ies, namely f1, f2 and f3, leading toa �eld expression of the form:
Eopt = A × ejωpt × ejδ1 sin ω1t × ejδ2 sin ω2t × ejδ3 sin ω3t (1)with ωp the 
arrier pulsation at λ = 1.064 µm, ω1, ω2 and ω3, the modulation pulsations and δ1, δ2and δ3, the 
orresponding modulation indexes.The phase modulation term 
an be expressed using Bessel fun
tions as follow:

ejδ sin ωt =
+∞
∑

k=−∞

jk.Jk(δ).ejkωt (2)where Jk(δ) is given by:
Jk(δ) =

(

δ

2

)k

.
∞
∑

p=0

(

(−1)
p

22pp! (k + p)!
.δ2p

) (3)Considering foreseen values of modulation indexes δi, of the order of 0.1, the above development 
anfairly be limited to the �rst order of p. Using the identity Jk(δ) = (−1)k×J−k(δ), one �nally approximatesthe phase modulation term as:
ejδ sin ωt = J0(δ) + j.J1(δ).e

jωt − j.J1(δ).e
−jωt (4)Inserting this expression in eq. 1 gives:

Eopt = K.ejωpt...

+j.A.J0(δ3).J0(δ2).J1(δ1)e
j(ωp+ω1)t − j.A.J0(δ3).J0(δ2).J1(δ1).e

j(ωp−ω1)t...

+j.A.J0(δ3).J0(δ1).J1(δ2).e
j(ωp+ω2)t − j.A.J0(δ2).J0(δ1).J1(δ2).e

j(ωp−ω2)t...
+j.A.J0(δ2).J0(δ1).J1(δ3).e

j(ωp+ω3)t − j.A.J0(δ2).J0(δ1).J1(δ3).e
j(ωp−ω3)t

(5)with K = A.J0(δ1).J0(δ2).J0(δ3) and the terms in J1(δx).J1(δy) or so beeing negli
ted.One re
ognizes in eq. 5 the expression of the phase modulated beam with the so-
alled upper andlower sideband 
omponents (respe
tively ωp + ωi and ωp − ωi) asso
iated to ea
h modulation frequen
y.1.2 Entering numbersTo estimate the beam measurable on ea
h port of the interferometer, the 
onvenient transfert fun
tionshould be applied to eq. 5 using opti
al simulations. Those 
onsiderations are well beyond the s
ope ofthis note. Instead, we refer to the do
ument [1℄ in whi
h simulations based on possible s
enarii of theopti
al layout for the AdV interferometer are detailled.The �rst set of parameters is the modulation frequen
ies to be used. Those are summarized in table 1.From the dete
tion point of view, only 
rude estimation of the modulation frequen
ies are needed.The next parameter to be 
onsidered is the opti
al power in ea
h sideband at ea
h port of theinterferometer. Again, the relevant numbers were extra
ted from [1℄ and summarized in table 2. Itshould be noted that the power 
omponents given in Watts in [1℄ are 
onverted in √
W in this note. Soit 
an be used dire
tly with eq. 5. Futhermore, the author of [1℄ s
aled the opti
al beam so that the totalin
ident power impinging on ea
h photodiodes does not ex
eed 100 mW. The latter number beeing arough estimation of the maximum amount of power a photodiode 
an handle without permanent damage.The s
aling is performed by applying the fa
tor given in the last 
olumn of table 2 on the opti
al power.2



Option 1 Option 2
f1 6 MHz 6 MHz
f2 82 MHz 88 MHz
f3 8 MHz 8 MHzTable 1: Extra
ted from [1℄, possible set of modulation frequen
ies

Port Carrier LSB1 USB1 LSB2 USB2 LSB3 USB3 Coe�ASYp 0.3046 0.0037 0.0036 0.3987 0.3975 0.0002 0.0002 1%SYM 1.2845 0.5450 0.5450 0.3755 0.3808 0.5559 0.5559 3%POBS 0.3479 0.0313 0.0313 0.0297 0.0134 0.0010 0.0010 75%POX 0.3564 0.0313 0.0313 0.0297 0.0134 0.0010 0.0010 70%POY 0.3564 0.0313 0.0313 0.0144 0.0284 0.0010 0.0010 70%XP 1.8815 0.0003 0.0003 0.0003 0.0001 0.1e-4 0.1e-4 2%YP 1.8762 0.0003 0.0003 0.0001 0.0003 0.1e-4 0.1e-4 2%Port Carrier LSB1 USB1 LSB2 USB2 LSB3 USB3 Coe�ASYp 0.3046 0.0040 0.0040 0.0111 0.0105 0.0002 0.0002 1%SYM 1.2845 0.5450 0.5450 0.5550 0.5550 0.5559 0.5559 3%POBS 0.3479 0.0313 0.0313 0.0007 0.0003 0.0010 0.0010 75%POX 0.3564 0.0313 0.0313 0.0007 0.0003 0.0010 0.0010 70%POY 0.3564 0.0313 0.0313 0.0003 0.0007 0.0010 0.0010 70%XP 1.8815 0.0003 0.0003 0.0001 0.2e-4 0.1e-4 0.1e-4 2%YP 1.8762 0.0003 0.0003 0.2e-4 0.0001 0.1e-4 0.1e-4 2%Table 2: Extra
ted from [1℄, RF 
omponents at ea
h port in √
W for option 1 (upper table) and option 2(lower table) s
enario. LSBi and USBi standing for lower and upper sideband, respe
tively, of modulationfrequen
y i (ωp ± ωi).The last 
olumn gives the per
entage of the opti
al power that is e�e
tively pi
kedup by photodiodes.
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Depending on the parti
ular photodiode to be used in the dete
tion system, the maximum allowablepower on photodiode, 100 mW, is subje
t to variation and 
ould rea
h values greater than 200 mW. Thisparameter will remain un
hanged in this note but it should be kept in mind that a greater amount ofpower 
ould be possible when entering SNR 
onsiderations.The amount of power a�ordable on the ASYp is set by the OMC thus it does not o�er any tuningpossibility like others. This makes this port a signal of a spe
ial interest as it is the weakest one. On theother side, the SYM port re
eives the strongest RF 
omponents whi
h makes it of prime importan
e forthe ele
troni
 design.1.3 Opti
al powerThe numbers from table 2 are transposed in the opti
al �eld expression from eq. 5 whi
h 
an be refor-mulated as follow:
Eopt = K.ejωpt + j.A1.e

j(ωp+ω1)t − j.B1.e
j(ωp−ω1)t...

+j.A2.e
j(ωp+ω2)t − j.B2.e

j(ωp−ω2)t...

+j.A3.e
j(ωp+ω3)t − j.B3.e

j(ωp−ω3)t

(6)with K the 
arrier, Ai and Bi, the USB and LSB 
oe�
ient, respe
tively, of the ith modulationfrequen
y from table 2.The photodiode is sensitive to the opti
al power de�ned as:
Popt(t) = Eopt × E∗

opt (7)By developping and using the ad'ho
 identities, one obtains the expression for Popt:
Popt = K2 + A2

1 + A2
2 + B2

1 + B2
2 + C2

1 + C2
2 + ...

−2.K.(A1 + B1). sin(ω1t) − 2.K.(A2 + B2). sin(ω2t) − 2.K.(A3 + B3). sin(ω3t)...
−2.A1.B1. sin(2ω1t) − 2.A2.B2. sin(2ω2t) − 2.A3.B3. sin(2ω3t)...

+2.(A1A2 + B1B2). cos ((ω2 − ω1)t) − 2.(A1B2 + B1A2). cos ((ω2 + ω1)t) ...
+2.(A1A3 + B1B3). cos ((ω3 − ω1)t) − 2.(A1B3 + B1A3). cos ((ω3 + ω1)t) ...
+2.(A2A3 + B2B3). cos ((ω2 − ω3)t) − 2.(A2B3 + B2A3). cos ((ω2 + ω3)t)

(8)The in
ident opti
al power is made up of a DC 
omponent and opti
al beatings at ωi, 2ωi, the sum andthe di�eren
e of the 3 modulation frequen
ies. The most demanding requirement, in term of bandwidthof the system, is given by the 2.f2 
omponent that stands at 176 MHz in the option 2 s
enario. As anillustration of the di�
ulty, the 
ommon bandwidth limit with large area photodete
tors like those to beused on AdV stands below 10 MHz.1.4 Final photo
urrent and asso
iated shot noiseFrom an ele
tri
 point of view, the photodiode re
eiving a beam of power Popt will generate a 
urrent Iphde�ned as follow:
Iph = η ×

q

hν
× Popt (9)Or, more 
ommonly:

Iph = η ×
λ[µm]

1.2375
× Popt (10)where η is the quantum e�
ien
y of the photodiode. The expe
ted value of η = 90 % will be used forthe quantum e�
ien
y.From the expression of photo
urrent in eq. 10, one estimates the sensitivity �oor settle by the shotnoise whi
h is de�ned as:

σSN =
√

2.q. < Iph > .B (11)
q beeing the ele
tri
 
harge and B the system bandwidth.This σSN has to remain the main noise 
ontribution of the system.4



2 Some plots of the expe
ted signals2.1 Spe
tral 
aresPrior to any plot, we would like to remind the reader some 
onsiderations when dealing with dis
ret signals.The following rules plus additionnal usefull highlights 
on
erning signal windowing and equivalent noisebandwidth are summarized in 
omprehensive and easily available note[2℄. Although those are basi
 stu�,frequent errors and misunderstandings 
an be avoid if those quantities are handled with 
are.1. Signals are simulated using Matlab software, 
ode listings are joined in the annex of this note. Atime ve
tor is generated with the signal ve
tor itself. The pit
h δt of the time ve
tor sets the valueof the sampling frequen
y Fe = 1
δt

whereas its length T = N × δt de�nes the frequen
y resolutionof the Fourier transform, or width of the frequen
y bin, ∆f = 1
T

= Fe

N
.2. In order to avoid Gibbs phenomena (leakage artefa
t) when 
omputing the Fourier transform, themodulation frequen
ies have to be rounded so that they are an exa
t multiple of the frequen
yresolution ∆f .3. The last 
onsideration deals with the representation to be used. Indeed the simulated waveforms
ontain the 
ontribution of 2 pro
ess of a di�erent nature:

• the signal itself, made up of a linear 
ombination of pure sinewaves, is a stationnary pro
ess.It should be plotted using power spe
trum (PS) expressed either in V2, A2, W2 or using thesquareroot of those units. On a PS, the value of a spe
tral line is relyable as it does not dependon the value of ∆f , whereas the �oor value does. (This means that the �oor value will varywith the ve
tor length!)
• the additive noise, in our 
ase the shot noise, is a se
ond order stationnary pro
ess. A powerspe
tral density (PSD) has to be used to represent su
h a quantity. It is expressed either in

V2/Hz, A2/Hz, W2/Hz or, again, using the squareroot of those units (i.e. Wattever/
√

Hz).In this frame, only the �oor value should be 
onsidered as the spe
tral line value depends on
∆f . (Here, it is the spe
tral line that will vary with the length of the simulated signal!)Given the fa
t that 
onsideration #2 above is ful�lled, one 
an fairly avoid the windowing step (Hanning,Hamming, Wel
h, et
. ...). Thus, one passes from one representation to the other in a straightforwardway:

PS = ∆f × PSD (12)or
PS =

√

∆f × PSD (13)depending on the ordinate axis unit.As we are 
onsidering the stationnary aspe
t of the signal, only the PS representation is used inthis note. Noise densities are listed as numbers in table 3. Nevertheless, as the shot noise was in
ludedwhen simulating signals, its value 
an be retrieve from the plot using ∆f = 1 KHz (N = 1 × 106 and
Fe = 1 GHz).Cal
ulations 
an be summarized as follow:

• the opti
al power is 
omputed as a fun
tion of time at the 
onsidered port using eq. 8,
• then, the opti
al power is 
onverted in a photo
urrent using eq. 10,
• the shot noise 
urrent is 
al
ulated using eq. 11 and added to the photo
urrent in the time domain,
• �nally, the PS of the photo
urrent is 
omputed in A and the shoit noise value 
an be extra
tedusing the relation given in eq. 13 in A/

√
Hz.2.2 Power spe
trums at ea
h port in linear frequen
y s
ale2.2.1 Option 1 s
enario 5
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Figure 1: Power Spe
tra at ASYp
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Figure 2: Power Spe
tra at SYM
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Figure 3: Power Spe
tra at POBS
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Figure 4: Power Spe
tra at POX
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Figure 5: Power Spe
tra at POY
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Figure 6: Power Spe
tra at XP
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Figure 7: Power Spe
tra at YP
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2.2.2 Option 2 s
enario
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Figure 8: Power Spe
tra at ASYp
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Figure 9: Power Spe
tra at SYM
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Figure 10: Power Spe
tra at POBS
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Figure 11: Power Spe
tra at POX
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Figure 12: Power Spe
tra at POY
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Figure 13: Power Spe
tra at XP
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Figure 14: Power Spe
tra at YP
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2.2.3 Modi�ed modulation frequen
y on Option 1 s
enarioDis
ussions 
on
erning the modulation frequen
ies are beeing 
ondu
ted at the time of writing. It seemsthat a lower value of f2 ∼ 50 MHz would be prefered. Obviously, this kind of modi�
ation stronglyimpa
ts the read out ele
troni
 design (making it easier to realize!). Here are the 
orresponding plotsusing Option 1 power values.
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Figure 15: Power Spe
tra at ASYp
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Figure 16: Power Spe
tra at SYM
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Figure 17: Power Spe
tra at POBS
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Figure 18: Power Spe
tra at POX
17



0 50 100 150 200
10

−12

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

Power Spectra at port POY

Frequency [MHz]

P
ow

er
 S

pe
ct

ra
 C

oe
ff.

 [A
]

Figure 19: Power Spe
tra at POY

0 50 100 150 200
10

−12

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

Power Spectra at port XP

Frequency [MHz]

P
ow

er
 S

pe
ct

ra
 C

oe
ff.

 [A
]

Figure 20: Power Spe
tra at XP
18



0 50 100 150 200
10

−12

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

Power Spectra at port YP

Frequency [MHz]

P
ow

er
 S

pe
ct

ra
 C

oe
ff.

 [A
]

Figure 21: Power Spe
tra at YP
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2.3 Power spe
trums at ea
h port in log frequen
y s
ale2.3.1 Option 1 s
enario
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Figure 22: Power Spe
tra at ASYp
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Figure 23: Power Spe
tra at SYM
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Figure 24: Power Spe
tra at POBS
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Figure 25: Power Spe
tra at POX
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Figure 26: Power Spe
tra at POY
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Figure 27: Power Spe
tra at XP
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Figure 28: Power Spe
tra at YP
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2.3.2 Option 2 s
enario
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Figure 29: Power Spe
tra at ASYp
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Figure 30: Power Spe
tra at SYM
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Figure 31: Power Spe
tra at POBS
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Figure 32: Power Spe
tra at POX
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Figure 33: Power Spe
tra at POY
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Figure 34: Power Spe
tra at XP
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Figure 35: Power Spe
tra at YP
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2.3.3 Modi�ed modulation frequen
y on Option 1 s
enario
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Figure 36: Power Spe
tra at ASYp
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Figure 37: Power Spe
tra at SYM
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Figure 38: Power Spe
tra at POBS
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Figure 39: Power Spe
tra at POX
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Figure 40: Power Spe
tra at POY
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Figure 41: Power Spe
tra at XP
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Figure 42: Power Spe
tra at YP
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σSN [pA/
√

Hz] ASYp SYM POBS POX POY XP YPOption 1 31.9 152.9 151.9 150.2 149.8 132.4 132.0Option 2 15.2 160.7 151.2 149.6 149.2 132.4 132.0Table 3: Expe
ted level of shot noise 
urrent in pA/
√

Hz at ea
h port of the interferometer for options
enario 1 & 22.4 Expe
ted shot noise at ea
h portThe shot noise 
urrent is easily 
al
ulated on
e the photo
urrent has been generated. Values are sum-marized in table 3 for both s
enarii.3 Final remarksGiven all those quantities, a 
ouple of remarks should be adressed. First, noti
eable di�eren
es existbetween the amount of power expe
ted on the ASYp port and others. The ASYp should re
eive a powerof about 1 mW while other ports 
ould expe
t 100 mW or more. Thus, it is not 
lear yet if a uniqueampli�
ation solution 
ould �t su
h di�erent situations. A dedi
ated design might be needed in orderto meet noise and SNR spe
i�
ations. Then, the frequen
y bandwidth needed remains the main issue.The solution of a modulation frequen
y f2 ∼ 50 MHz does release a lot the 
onstraint on the ele
troni
design.
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A Matlab fun
tionA.1 Calling fun
tion% This s 
 r i p t 
 a l l s the fun
 t i on s imSigna l wi th the ad ' ho
 parameters%% l a s t modi f i ed : 06/07/2010%% Author : A. B e l l e t o i l e%%% Values s imula ted e x t r a 
 t e d from VIR−068A−08% from top to bottom in 
 o e f f :ASY SYM POBS POX POY XP YP%%% Amplitude 
 o e f f i 
 i e n t to keep i n 
 i d en t power on phd below 100mWampl = [ 0 . 0 10 0 .030 0 .751 0 .701 0 .697 0 .020 0 . 0 2 0 ℄ ;%%% Sampling Frequen
yFe =1e9 ;opt ionSet = 1 ;swit
h opt ionSet
ase 1 % Option 1 s
enar iof 1 = 6e6 ;f 2 = 81e6 ;f 3 = 8e6 ;
 o e f f ( 1 , : ) =[ 9 .28 e−2 1 .37 e−5 1 .32 e−5 1 .59 e−1 1 .58 e−1 2 .50 e−8 2 .80 e−8℄ ;
 o e f f ( 2 , : ) =[ 1 .65 e−0 2 .97 e−1 2 .97 e−1 1 .41 e−1 1 .45 e−1 3 .09 e−1 3 .09 e−1℄ ;
 o e f f ( 3 , : ) =[ 1 .21 e−1 9 .77 e−4 9 .78 e−4 8 .80 e−4 1 .79 e−4 9 .59 e−7 9 .60 e−7℄ ;
 o e f f ( 4 , : ) =[ 1 .27 e−1 9 .77 e−4 9 .78 e−4 8 .80 e−4 1 .79 e−4 9 .60 e−7 9 .61 e−7℄ ;
 o e f f ( 5 , : ) =[ 1 .27 e−1 9 .79 e−4 9 .78 e−4 2 .08 e−4 8 .08 e−4 9 .56 e−7 9 .55 e−7℄ ;
 o e f f ( 6 , : ) =[ 3 .54 e−0 8 .58 e−8 8 .59 e−8 7 .74 e−8 1 .57 e−8 1 .13 e−10 1 .13 e
−10℄ ;
 o e f f ( 7 , : ) =[ 3 .52 e−0 8 .60 e−8 8 .59 e−8 1 .83 e−8 7 .10 e−8 1 .12 e−10 1 .12 e
−10℄ ;
ase 2 % Option 2 s
enar iof 1 = 6e6 ;f 2 = 87e6 ;f 3 = 8e6 ;
 o e f f ( 1 , : ) =[ 9 .28 e−2 1 .59 e−5 1 .59 e−5 1 .24 e−4 1 .10 e−4 3 .38 e−8 4 .01 e−8℄ ;
 o e f f ( 2 , : ) =[ 1 .65 e−0 2 .97 e−1 2 .97 e−1 3 .08 e−1 3 .08 e−1 3 .09 e−1 3 .09 e−1℄ ;
 o e f f ( 3 , : ) =[ 1 .21 e−1 9 .78 e−4 9 .78 e−4 5 .01 e−7 8 .79 e−8 9 .60 e−7 9 .62 e−7℄ ;
 o e f f ( 4 , : ) =[ 1 .27 e−1 9 .78 e−4 9 .79 e−4 5 .01 e−7 8 .79 e−8 9 .61 e−7 9 .62 e−7℄ ;
 o e f f ( 5 , : ) =[ 1 .27 e−1 9 .79 e−4 9 .78 e−4 8 .35 e−8 4 .84 e−7 9 .54 e−7 9 .53 e−7℄ ;
 o e f f ( 6 , : ) =[ 3 .54 e−0 8 .59 e−8 8 .59 e−8 2 .60 e−9 4 .57 e−10 1 .13 e−10 1 .13 e
−10℄ ;
 o e f f ( 7 , : ) =[ 3 .52 e−0 8 .59 e−8 8 .59 e−8 4 .34 e−10 2 .51 e−9 1 .12 e−10 1 .12 e
−10℄ ;
ase 3 % Modif ied va lue o f F2 wi th opt ion 1 s
enar iof 1 = 6e6 ;f 2 = 50e6 ; 36



f 3 = 8e6 ;
 o e f f ( 1 , : ) =[ 9 .28 e−2 1 .37 e−5 1 .32 e−5 1 .59 e−1 1 .58 e−1 2 .50 e−8 2 .80 e−8℄ ;
 o e f f ( 2 , : ) =[ 1 .65 e−0 2 .97 e−1 2 .97 e−1 1 .41 e−1 1 .45 e−1 3 .09 e−1 3 .09 e−1℄ ;
 o e f f ( 3 , : ) =[ 1 .21 e−1 9 .77 e−4 9 .78 e−4 8 .80 e−4 1 .79 e−4 9 .59 e−7 9 .60 e−7℄ ;
 o e f f ( 4 , : ) =[ 1 .27 e−1 9 .77 e−4 9 .78 e−4 8 .80 e−4 1 .79 e−4 9 .60 e−7 9 .61 e−7℄ ;
 o e f f ( 5 , : ) =[ 1 .27 e−1 9 .79 e−4 9 .78 e−4 2 .08 e−4 8 .08 e−4 9 .56 e−7 9 .55 e−7℄ ;
 o e f f ( 6 , : ) =[ 3 .54 e−0 8 .58 e−8 8 .59 e−8 7 .74 e−8 1 .57 e−8 1 .13 e−10 1 .13 e
−10℄ ;
 o e f f ( 7 , : ) =[ 3 .52 e−0 8 .60 e−8 8 .59 e−8 1 .83 e−8 7 .10 e−8 1 .12 e−10 1 .12 e
−10℄ ;endfor i =1:7[ Iop , DSPIop , f Iop , sigmaSN ℄ = s imSigna l ( f1 , f2 , f3 , sqrt ( 
 o e f f ( i , : ) ) ,ampl ( i ) , i , Fe ) ;end
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A.2 Computing fun
tionfun
tion [ Iph , DSPIph , f Iph , sigmaSN ℄ = s imSigna l ( f1 , f2 , f3 , 
 o e f f , ampl ,name , Fe )%SIMSIGNAL.M%% This fun
 t i on 
ompute the t r i p l e phase modulated s i g n a l r e 
 e i v e d by a% photod iode g iven the RF 
omponent ampl i tude in 
oe f f , the modulat ion% f r e qu en
 i e s f1 , f2 , f3 , an ampl i tude f a 
 t o r ampl , the name o f the% 
ons idered por t name and the sampl ing f requen
y Fe .%% l a s t modi f i ed : 06/07/2010%% Author : A. B e l l e t o i l eswit
h name
ase 1namefig = 'ASYp ' ;
ase 2namefig = 'SYM' ;
ase 3namefig = 'POBS ' ;
ase 4namefig = 'POX' ;
ase 5namefig = 'POY' ;
ase 6namefig = 'XP ' ;
ase 7namefig = 'YP ' ;end%%% RF 
omponents
a r r = 
 o e f f ( 1 ) ;l sb1 = 
 o e f f ( 2 ) ;usb1 = 
 o e f f ( 3 ) ;l sb2 = 
 o e f f ( 4 ) ;usb2 = 
 o e f f ( 5 ) ;l sb3 = 
 o e f f ( 6 ) ;usb3 = 
 o e f f ( 7 ) ;%%% time ve
 to rN = 1e6 ; % T = N / Fet = ( 1 :N) / Fe ;%%% frequen
y s e tw1 = 2∗pi∗ f 1 ;w2 = 2∗pi∗ f 2 ;w3 = 2∗pi∗ f 3 ;%%% Compute o p t i 
 a l power PoptK = 
ar r^2 +usb1^2 + l sb1 ^2 + usb2^2 + l sb2^2 + usb3^2 + l sb3 ^2;Popt = K −2 ∗ 
a r r ∗ ( usb1 + l sb1 ) ∗ sin (w1.∗ t ) − 2 ∗ 
a r r ∗ ( usb2 + l sb2 )
∗ sin (w2.∗ t ) − 2 ∗ 
a r r ∗ ( usb3 + l sb3 ) ∗ sin (w3 .∗ t ) . . .38



− 2 ∗ usb1 ∗ l sb1 ∗
os (2∗w1.∗ t ) − 2 ∗ usb2 ∗ l sb2 ∗
os (2∗w2.∗ t ) − 2 ∗l sb3 ∗ usb3 ∗
os (w3 .∗ t ) . . .+ 2 ∗ ( usb1 ∗ usb2 + l sb1 ∗ l sb2 ) ∗ 
os ( (w2−w1) .∗ t ) − 2 ∗ ( usb1 ∗ l sb2+l sb1 ∗usb2 ) ∗ 
os ( (w1+w2) .∗ t ) . . .+ 2 ∗ ( usb1 ∗ usb3 + l sb1 ∗ l sb3 ) ∗ 
os ( (w3−w1) .∗ t ) − 2 ∗ ( usb1 ∗ l sb3+l sb1 ∗usb3 ) ∗ 
os ( (w1+w3) .∗ t ) . . .+ 2 ∗ ( usb3 ∗ usb2 + l sb3 ∗ l sb2 ) ∗ 
os ( (w2−w3) .∗ t ) − 2 ∗ ( usb3 ∗ l sb2+l sb3 ∗usb2 ) ∗ 
os ( (w3+w2) .∗ t ) ;%%% Redu
e o p t i 
 a l power so l e s s than 100mW inp ing on photod iode s%%% given in VIR−068A−08Popt = ampl ∗ Popt ;%%% Convert o p t i 
 a l power in to 
urrent (W−−>A)eta = 0 . 9 ;lambda = 1 . 064 ;Iph = eta ∗ lambda ∗ Popt / 1 . 2 375 ;%%% Add sho t no iseB = 0.5 ∗ Fe ;sigmaSN = sqrt (2∗1 .6 e−19∗mean( Iph ) ∗B) ;no i s e = sigmaSN ∗ randn (1 ,N) ;Iph = Iph + no i s e ;[ DSPIph , f Iph ℄=periodogram ( Iph , [ ℄ , 1 0 0 0 , Fe ) ; %DSP in [ IphUnit^2/Hz ℄PSIph = DSPIph ∗ Fe / N;%%% Plotfiguresemilogy ( f Iph /1e6 , sqrt (PSIph ) , ' LineWidth ' , 1 )set (g
a , ' FontSize ' , 16 , ' FontWeight ' , ' bold ' )t i t l e ( [ 'Power Spe
tra at  port  ' namefig ℄ )xlabel ( ' Frequen
y [MHz℄ ' )ylabel ( 'Power Spe
tra Coe f f .  [A℄ ' )axis ([−1 200 1e−12 1 ℄ )grid%%% Un
omment to save f i g u r e%eva l ( [ ' p r i n t −deps
2 − t i f f PS_' namefig '_newFreq . eps ' ℄ ) ;% eva l ( [ ' p r i n t −dpng PS_' namefig ' . png ' ℄ ) ;
lose% f i g u r e% semi logy ( f I ph /1e6 , s q r t (DSPIph ) , ' LineWidth ' , 1 )% se t ( g
a , ' FontSize ' , 16 , ' FontWeight ' , ' bo ld ' )% t i t l e ( [ ' Power Spe 
 t r a l Density a t por t ' namefig ℄ )% x l a b e l ( ' Frequen
y (MHz) ' )% y l a b e l ( ' Power Spe 
 t r a l Density [A/ s q r t (Hz) ℄ ' )% ax i s ([−1 200 1e−15 1e−2℄)% g r i d% % eva l ( [ ' p r i n t −deps
2 − t i f f PSD_' namefig ' . eps ' ℄ ) ;% % eva l ( [ ' p r i n t −dpng PSD_' namefig ' . png ' ℄ ) ;% 
 l o s e 39
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