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CHAPTER 1

INTRODUCTION

The objective of this thesis is to stabilize an optical

interferometer used in an optical homodyne system. A

5 Mach-Zehnder interferometer optical homodyne system is shown

in Fig. 1.1. This system was used to verify the laser excess

noise reduction capability with dual detection [1]. In this

configuration, a single dye laser beam is split into a signal

beam, Es, and a local oscillator (LO) beam, EL. The signal

beam is field modulated by an electro-optic modulator (EOM)

driven by a radio frequency (RF) source. When the signal

beam is recombined with the LO beam at the output beam

splitter (BS), the resultant intensity at detector 1 is given

Iby (the details are presented in Chapter 6)

EOM
BS Mirror

Laser Beam \E S  LS

E LD

L LSSMirror LL •S

" 3ZD2

Fig. 1.1 Mach-Zehnder interferometer configured as a
dual detection optical homodyne receiver.
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2 2 2

P 1 = Y,[ ES sin Wmt+ EL +2 ESELCoS[k(LL-LS)]sinmt] (1.1)

where w = modulation frequency = 2Trf
m m

LS = signal arm path length

LL = LO arm path length

Y. = free space admittance

and ES and EL are assumed real.

The detector current is proportional to P1  whose

spectrum, monitored at the spectrum analyzer (SA), shows two

peaks, one at frequency wi/7 contributed by the first term in

Eq. (1.1) and the second at frequency wm/2Tr contributed by

the last term. It was observed that the amplitude of the

w /iT peak remained stable whereas the w /2Tr peak fluctuated

randomly [1]. The reason for this behavior is due to the

cos[k(LL-LS)] factor in the last term of Eq. (1.1)as explained

below.

A noisy environment causes the path length of each

interferometer arm to fluctuate as the mirror positions

fluctuate. Optical interferometers are, in general,

susceptible to mechanical and acoustic vibrations because the

phase of the field propagating in each arm is path length

dependent. This is evident in the last term of Eq. (1.1).

Thus, path length variations due to these vibrations manifest

themselves as intensity fluctuations on the interferometer

rutput. The purpose of this thesis is to repeat the above

experiment with a stabilized Mach-Zehnder interferometer
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where the effect of these vibrations is actively compensated.

Fluctuations on the interferometer output also arise

from the laser source. Laser frequency drift, excess noise

and polarization noise must be eliminated if their

contribution is significant. These effects are analyzed in

Section 2 of Chapter 2.

The goal of the stabilization scheme is to achieve the

quantum limit of photodetection. For this purpose a low

noise, wideband transimpedance amplifier is designed and

constructed. Photodetection noises are discussed in Chapter

3. Noise analysis and experimental performance of the

transimpedance amplifier are presented in Chapter 4.

The interferometer stabilization is achieved by a servo

feedback loop that correlates the path lengths in the two

arms of the interferometer. An error signal is derived from

the output fluctuations and applied to a piezo electric

transducer (PZT) which drives a mirror in one of the arms of

the interferometer, cancelling the path length variation. An

alternative method of compensating for the path length

variation is to phase modulate one of the arms of the

inter'erometer with the EOM driven by the error signal. The

effect is to cancel the phase jitter due to the noise by

equalizing the phase in the two arms. The details of these

optical feedback stabilization schemes are discussed in

Chapter 5.

Finally, the experimental results of a homodyne
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experiment are presented in Chapter 6. The data for the

"1noisy" interferoneter is compared with that of the

stabilized interferometer. It is demonstrated that the

modulation signal fluctuations are reduced to the quantum

limit when the interferometer is stabilized.
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CHAPTER 2

SOURCES OF INTERFEROMETER OUTPUT FLUCTUATIONS

2.1 Interferometer Phase Sensitivity

The output of an optical interferometer, such as a

Mach-Zehnder interferometer, will fluctuate due to random

fluctuations in the lengths of the two arms of the

interferometer. This is because the interferometer output is

sensitive to the phase of the fields in each arm. Similar

phase sensitivity also occurs for other types of

interferometers such as the Michelson or the Fabry-Perot.

The analysis to follow is for a Mach-Zehnder homodyne

interferometer. Figure 2.1 shows a Mach-Zehnder

interferometer where the subscripts "S" and "L" denote the

signal and local oscillator fields.

The fields at the output of the input beam splitter are

ES = E sexp[j(cs +WSt)]

and EL = Ehexp[J( h+Wht)] (2.1)

where w, = wL for a homodyne system.

Input BS ENirro

LL

LS

E L E

1

Mirror LL + Al Output BS
E 2

Fig. 2.1 Mach-Zehnder interferometer
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Let L be the signal arm path length and L L+ l be the
S L

LO arm path length. As will be seen later, it is the

difference in the path lengths of the two arms that is of

significance. Thus, we lump the fluctuations of both arms

into a single term , Al.

The fluctuation, Al, can be modelled as a random process

with a mean value which is added to the difference in the

path lengths of the two arms and a variance which describes

the extent of the mirror vibrations and other perturbations.

The noise spectrum extends to several tens of KHz but is

dominant at frequencies in the range from tens to hundreds of

Hz. Assuming that the perturbation arises from a number of

independent sources, Al(t) can be modelled as a Gaussian

process.

The scattering matrix of a beam splitter is [2]

r jt

S =(2.2)

jt r

where r is the reflection coefficient and t is the

transmission coefficient. For a 50/50 beam splitter, the

coefficients are r = t = 1//Y.

The interferometer output fields, E and E are obtained1 2

b; the transformation

E [r jt Esexp(-jkL )

= (2.3)

E2 jt r E exp[-jk(L+ 1)

r -LL
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the amplifier is an ideal noiseless device.

The voltage noise, VA, is primarily due to thermal noise

associated with the channel resistance of a FET. It behaves

as [6] (per unit bandwidth)

2
<V A> = 64kT/g m  (4.5)

where gm= forward transconductance

5 = .7 for Silicon, 1.1 for GaAs.

Noise in bipolar devices 4s due primarily to shot noise

arising from the base and collector currents, I and Ic,
b

respectively. These appear as [6] (per unit bandwidth)

2
<I A  > = 2el b  (4.6)

2 2 2
and <V A > 2(kT) /eIc = 2(kT) b/eb 0 (4.7)

where =current gain.

VA

A A

0 -0

Fig. 4.2: Amplifier Noise Model.
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The transfer function is found as follows:

Kirchoff's Current Law at the input node gives

Vo - Vi V (j27fRC + 1)
I + _ _ _ _ _ i

Rf R

Since V. = -A V inthen

I + V,(I/Rf + I/ARf) = - Vo(j2TrfRC+l)/AR

-I Rf

or Vo = (
(1 + I/A + R /AR + j2nfR C/A) (4.1)

Notice that when A>> (1 + R f/R)

-IsR f

I + j27TfRf C/A (4.2)

There is a single pole at

f = A/2rR fC (4.3)

which corresponds to the bandwidth of the transimpedance

amplifier for a large open loop gain A. For A >> 27TfRf C, the

expression for Vo reduces to

V = -IRf . (4.4)

The amplifier functions as a current to voltage

converter with a gain equal to the transimpedance Rf

4.2 Noise Analysis

Amplifier Noise Sources

Amplifier noise manifests itself as thermal noise

current due to the amplifier input resistance and as a

voltage noise source. This is depicted in Fig. 4.2, where
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CHAPTER 4

THE TRANSIMPEDANCE AMPLIFIER

A low noise amplifier is required to achieve the quantum

limit of photodetection in the optical homodyne experiment.

Since shot noise is proportional to the laser power,

amplifier thermal noise must be minimized when the source is

a low power laser. The amplifier thermal noise must be less

than the detector shot noise to achieve the quantum limit.

The transimpedance amplifier yields both low noise and a

large dynamic range without the need for equalization

[3,4,5]. In this chapter, the transimpedance amplifier is

analyzed for its noise performance. A prototype is built and

experimental results verify the theoretical performance.

4.1 Op Amp as a Transimpedance Amplifier

An op amp configured as a transimpedance amplifier is

shown in Fig. 4.1.

s

.0

Fig. 4.1 Transimpedance Amplifier
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R S

is IT I ID D D

I =Pern/hv R D = junction resistance

2

<I L > = 2eI R S= series resistance
2

<IT > = 4TR CD= junction capacitance

2
< I D> = ed

Fig. 3.1 Photodiode Model
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Thermal Noise

The junction resistance of a photodiode gives rise to

thermal noise. Thermal noise is due to thermally excited

random motion of free electrons in a conducting medium, such

as a resistor.

The thermal noise mean square current spectral density

(per unit bandwidth) is [2]

2
<I T > = 4kT/R (3.2)

where k = Boltzman's constant, T = temperature of the

resistor in degrees Kelvin and R = resistance.

Dark Current

Photodiode dark current is the current that is present

when no light is incident on the detector. The dark current

mean square current spectral density (per unit bandwidth) is

[2]

2

<I D  > = 2eI d, (3.3)

where I = dark current.d

A photodiode can thus be modeled as shown in Fig. 3.1.

The model will be used in the noise analysis of the detector/

transimpedance amplifier discussed in Chapter 4.
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CHAPTER 3

PHOTODETECTION NOISES

The goal of the stabilization scheme is to achieve the

quantum limit of photodetection in the optical homodyne

experiment. The objective of this section is to introduce

the basic theory of photodetection and the noise associated

with it. These noise sources will impose a limit on the

"quietness" of the detector/amplifier to be discussed in

Chapter 4. The origin and extent of shot noise, thermal

noise and dark current noise is discussed below.

Shot Noise

Free electron-hole pairs are generated in a photodiode

when light impinges upon the detector. By placing a reverse

bias voltage across the photodiode, the charge carriers

separate, producing a photocurrent.

The electron-hole generation process is statistical in

nature and gives rise to a phenomenon known as shot noise.

Shot noise results from the fluctuation of current around a

mean value due to the discrete charge created during the

photoabsorption process.

Shot noise sets an upper limit on a receiver's

sensitivity. The shot noise mean square current spectral

density (per unit bandwidth) is [2]

2
<I L  > = 2els, (3.1)

where I = Pen/hv as defined in Eq. (2.24).
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i

slope which changes the transfer gain.

In summary, the sources of fluctuations are path length

variations, refractive index variations, laser frequency

drift, laser excess noise and laser polarization noise. The

path length and refractive index variations are stabilized by

applying negative feedback to the system. Laser frequency

drift is not a problem when the detector response is less

than the mode separation. Excess noise is minimized by dual

detection subtraction. Finally, polarization noise is

minimized by detecting a component that is polarized 45

degrees to both modes.

Next, we discuss photodetection noise sources which will

constrain the minimum system noise.
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expression of Eq. (2.7). The mean photocurrent generated in

each detector is found from

I = Pen/hv (2.24)

where P incident intensity, e = electron charge, h =

Planck's constant and v = laser frequency. For detector

quantum efficiencies qi = = , and for a 50/50 beam
1 2

splitter, the mean photocurrents generated at each detector

are
2 2

= (Yoen/2hv)[El(t) + E2 (t)f][ + cos[k(L L+Al)]] (2.25)

and

2 2

I2 = (Yoeri/2hv)[El(t) + E2 (t) HI - cos[k(LL-hs+Al)]].(2.26)

Subtracting one from the other gives

2 2
I I  - 12 = (Yoen/hv) [El(t) +E 2 (t) ][cos[k(nn-LS+Al)]. (2.27)

Therefore the DC terms are eliminated by subtraction.

When using a He-Ne laser to stabilize the interferometer

with the dual detection subtraction signal, the polarizer

placed at the output of the laser plays an important role.

As the modes drift under the Doppler broadencd gain curve,

* the individual mode intensities change but the intensity

after the polarizer, which is proportional to

2 2
[El(t) + E2 (t)], remains approximately constant. This

ensures that the amplitude of the cosine factor in Eq. (2.27)

remains constant, allowing the feedback stabilization to

work. It will be shown in chapter 5 that the interferometer

transfer gain is proportional to the slope of the cosine

factor. Thus a fluctuation in amplitude will affect the

page 13



mode frequency. The difference in the arguments due to the

different mode frequencies is negligible since the mode

separation is much smaller (approximately 1 GHz) than the

14laser frequency (104). Thus, k I  k2  = k. Making this

approximation, Eq. (2.20) becomes
2 2 2 2

P1  = 2El(t) + 2E 2 (t) +2[El(t) + E2 (t) ]cos(kAl)

2 2

= 2[El(t) + E2 (t) ][I + cos(kAl)] , (2.21)

To see how this case is stabilized, one can repeat the

analysis for L L e L S , so that the difference term LL-LS is

introduced. This gives

2 2

P 1 = 2[E 1 (t) + E 2 (t) ][1 + cos[k(LL-LS +Al)]. (2.22)

A similar derivation for P2 gives
2 2P2  = 22E(t) + E 2 (t) ][I - cos[k(LL LS +Al)]. (2.23)

As in the single mode analysis, the interferometer output is

stabilized by feedback controlling LL-LS so that the

fluctuation is cancelled.

Laser Excess or Intensity Noise

Laser intensity fluctuations will also degrade the

interferometer output signal. For the He-Ne laser intensity
2 2

fluctuation, the [EW(t) + E 2 (t) ] factor of Eqs. (2.22) and

(2.23) will change causing an erroneous feedback signal to be

applied. A dual detector configuration can alleviate this

problem as shown below.

The interferometer output intensities are found from

substituting Eqs. (2.22) and (2.23) into the intensity
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yields

P = JE(t)[l+exp(-jk Al)] + E 2(t)exp[j(w 2-W )t+j(k -k 2)L

2
+ J(4) -4I )][1+exp(-jk A l )]j • (2.16)

21 2

Evaluating the modulus gives

2 2

P = E (t) [2+2cos(k Al)]+E (t) [2+2cos(k Al)] +
1:1 1 2 2

2E (t)E (t)Re[exp(j(w -W )t+j(k -k )L+j(2- I ))
1 2 21 12 21

(1+exp(-jk Al)(l+exp(jk Al)]. (2.17)
2 1

To simplify the expression, let the factor in brackets

of the rightmost term be

[ ] = exp[j(w 2 -W1I )t]A(t)exp[jD(t)]. (2.18)

Equations (2.17) and (2.18) then give
2 2

P1 = El(t) [2+2cos(klAl)]+E2 (t) [2+2cos(k2 Al)] +

2E, (t)E 2 (t)A(t)cos[(W 2 -W1 )t+(t)]. (2.19)

The quantities A(t), 0(t), E1 (t) and E2 (t) fluctuate at

acoustic frequencies. This is because the Fabry Perot

resonator, which forms the cavity for the He-Ne laser, is

susceptible to the same noises as the Mach Zehnder

interferometer that we are trying to stabilize. Therefore

the amplitude factor, E (t)E2 (t)A(t), is a slowly varying

envelope function for the second term in Eq. (2.19). Note

that if W2 -i is much greater than the frequency response of

the detectors, equation (2.19) reduces to

2 2 2 2

P1  = 2El (t) +2E 2 (t) +2[El(t) cos(klAl)+E 2 (t) cos(k 2 Al)](2.20)

Unlike Eq. (2.8), for the case of a two mode laser the

interferometer has a transfer function that is the sum of two

cosines whose arguments are proportional to the respective

page 1
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The following analysis shows that if the

detector/amplifier frequency response is less than the mode

separation, the effect of the frequency drift is not seen.

Let the laser output field be characterized by

E. = 2E 1 + 2E 2  (2.11)

where E and E 2 are complex time varying fields associated

with each polarization component.

It is appropropriate to mention here that an input

polarizer preceding the input beam splitter is used while

employing the He-Ne as the laser source. It is oriented so

that its axis is 45 degrees from the polarization direction

of each mode. Doing so ensures that light of a single

polarization enters the interferometer and that the intensity

stays relatively constant as the modes drift through the

Doppler profile. The role of the polarizer is discussed in

detail under excess noise.

We assume

E-1 = El(t)exp(j(l+ jWlt) E' exp (Jw t) (2.12)

E2 = E2 (t)exp(j4 2 + jw 2 t) E? exp (Jw t) (2.13)
2 2 -2 2 2 (.3

For the interferometer configuration of Fig. 2.1, the output

intensity is (assuming LL = L L)
L S

1, 2El exp[J(wlt-klL)] +  Elexp[J(wit-kl ( L + A I ) ) ]  +

KEepj~ - E'1e xp-j At)]
2

E exp[j(w t-k m)][l+exp(-Jk2 l) I . (2.15)

Collecting and factoring out the difference phase terms

page 10
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the laser frequency, laser frequency drift could also cause

interferometer output fluctuations. This is of significance

in the case of a He-Ne laser which was used for the initial

experiments. The major cause of frequency drift of an

internal mirror laser, such as a He-Ne laser, is the change

in length of the cavity due to thermal expansion and

contraction.

The He-Ne laser used in this experiment has two

longitudinal modes which are orthogonally polarized. The

modes traverse the Doppler broadened gain curve as the cavity

thermally expands and contracts (refer to Fig. 2.2). The

mode separation is

Av = c/2 L(T) (2.10)

where c is the speed of light and L(T) is the laser cavity

length as a function of temperature. Thus each frequency

component of the multi-frequency output of the He-Ne laser

drifts over the Doppler profile which is of the order of a

GHz.

Polarization 0

1 2

Fig. 2.2 Longitudinal mode distribution of a two mode He-Ne
laser. Adjacent modes are orthogonally polarized.
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several microns.

Stabilization of the interferometer output is achieved

by actively controlling the parameter LL-LS. This is

accomplished by sensing the fluctuation, Al, through the

interferometer -utput intensity fluctuation, and applying

negative feedback via a transducer that varies LL-LS

accordingly. The net effect is to cancel the fluctuation so

that the interferometer output is stable.

Refractive Index Variations

The propagation constant is k wn/c, where n is the

refractive index of the air in the interferometer path.

Equations (2.8) and (2.9) show that refractive index

variations will also cause the interferometer output to

fluctuate. The refractive index will vary in the presence of

air currents since the interferometer is in an open air

environment. The effect is observable in the frequency range

of approximately sub Hz to a few Hz by introducing an air

current disturbance.

2.2 Laser Source Stability

Since :he interferometer is stabilized by a laser

source, stability of the former is directly determined by the

properties of the latter. In this section we review some of

the laser related effects.

Because the propagation constant k is proportional to
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which gives

E= rESexp(-jkLs) + jtELexp[-jk(LL+Al)] (2.4)

E= jtEsexp(-jkL S ) + r Lexp[-jk(LL+Al)]. (2.5)

The interferometer output intensities are found from the

well known equation for the time average Poynting vector

P= KExH>/2 = Y 0 JEj/2 (2.6)

where Y. is the free space admittance. Multiplying the field

expression by its conjugate gives the square of the field

magnitude. Substituting r = t = i/2 and Eq. (2.4) into Eq.

(2.6) gives
2 2

P = Y[HE sI+IE J+ 2EE LCOS[k(L Ls+ I)+(S-) 7r/2]]/4 (2.7)
I 1 L 2E EckL L +Al

Neglecting the constant phase terms, Eq. (2.7) reduces to
2 2m = Yo[EIESI+JELJ+ 2EsELcoS[k(LL-Ls+A1)]/4. (2.8)

A similar derivation for P 2 yields
2 2

P = Y[JE sI+IE LI- 2ES E Lcos[k(L -Ls +Al)]/4. (2.9)

-.. 20 5 LS

Path Length Sensitivity

Notice in equations (2.8) and (2.9) that as L -L +Al
L S

varies from 0 to X/4 the cosine term goes from a maximum to a

null for a given wavelength. For a Helium-Neon (He-Ne)

laser, X/4 = 0.158 micron. Thus for a given (LL-L a path
L 5 pt

length jitter of only 0.158 micron in either of the arms will

cause the output intensity to fluctuate from a maximum to a

minimum. For interferometric work such as optical homodyne

detection, one must control Al to a very high precision,

which in a common laboratory environment can be as large as

page7
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The equivalent noise circuit of the

detector/transimpedance amplifier is shown in Fig. 4.3

2

<I >,~ f-

++

<I> <I <I RC v
Ln

T 0

R = Ramp + Rphotodiode' VA = amp input noise voltage

C = C + Cp, I = amp input noise curient
amp photodiode' A

2 2 2
<IL > = 2eI, <I R >= 4kT/R <I R> = 4kT/Rs R Rff

Fig. 4.3 Noise Model for the Transimpedance Amplifier.

The output noise spectral density, V is found by
n

superposition of the individual noise sources due to VA' I T

A'i T

0 f 2 2 2
<V n = I R (4.8)n f f '

%where If is the total noise current in the feedback path.

Superposition gives
2 2 2 2

I f 4k'I'(I/Rf + 1/R) + I +2el + V [(I/R + I/R )ffA s A f
2 2 2+ 47 f C ]. (4.9)

The noise spectral density is thus
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2 2 2 2
<V > = [4kT(1/R + I/R) + I + 2e1 + V [(I/R+I/R )

n f A s A f
+ 4 f C R (4.10)

The total RMS noise is
2

V = <V > df]: (4.11)Nn

so that the output SNR is

SNR = I R /V (4.12)

Is

2 2 2 2 2
f2[4kT(1/R f+I/R)+I A +2eI +VA ((I/R+I/R ) +( 4 /3)r C f )]2

The drawback of this configuration is the potential for

instability due to the feedback path around a high impedance,

40
high gain amplifier. High frequency oscillations could occur

due to positive feedback arising from parasitic capacitance.

• "This can be avoided by careful layout and by choosing an op

amp with an adequate phase margin.

High frequency stabilization can be acheived by shunting

the feedback resistor with a capacitor. This forms a lead

compensation network which introduces a positive phase shift,

thus incrPasing the phase margin. The capacitor value is

selected so that the lead network has a singularity near the

crossover frequency.

Let us now examine the amplifier characteristics with

the feedback capacitor, Cf present. The circuit schematic

and component values are given in Fig. 4.4.
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Voltage Noise

The noise voltage gain is

V0  A 1

V I+AB B(I - 1/AB) (4.13)
A

where A = A(f) is the open loop gain

B = B(f) is the feedback factor

AB = A(f)B(f) is the loop gain.

For AB>> 1 and using node equations, it can be shown that

V0  1 Rf(RCs + 1)
-_ = = I +

VA  B R (RfCfs + 1) (4.14)

where s = j2Trf. The transfer function has a zero at

f = (R + R)/[2nRfR(C + C)] (4.15)
1 (f R[2rfR(f

and a pole at

f = 1/2TRfCf (4.16)

The component values are

13
Rf 1OOK, R = amp input resistance 10

C = Cdiod e + C = 10 pFdiode amp

C = 2 pF.f

Substitution of these component values gives

f = 133 KHz f = 796 KHz.12

The transfer function also shows that in the limits

f-> 0 V /V = 1 + R /R-> 1, (4.17)
A f

and f -> Oo V/V A  = I + C/C f- > 6 (4.18)

To quantify the noise analysis, we need the performance

specifications of the operational amplifier. See the

Appendix. The Burr Brown OPA102 is a low noise precision

page 24
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Fig. 4.5 Burr Brown OPA102 low noise op amp voltage noise
and current noise spectral density.

JFET input op amp ideally suited for low noise applications.

The OPA 102 noise characteristics are shown in Fig. 4.5.

- A third corner frequency, f3 9 occurs when the closed

loop gain curve intersects the open loop gain curve (refer to

the specifications). For f > f,2, the voltage gain of 6 gives

V //VA (dB) = 20 log(6) 15.6 dB.

Refering to the spec sheet, an intersection occurs at f =

1MHz. The overall output voltage noise spectral density is

shown in Fig. 4.6.
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1

V. (nV/Hz 2 )

1000

100

10

1

1 2 MHz

f f f f
c i 2 3

Fig. 4.6 Theoretical output voltage noise spectral density

Current Noise

I is the total input noise current due to thermal
T

noise, shot noise and amplifier input current noise. The

output voltage noise due to the input current noise is

V0  = ITZf(s) = ITRf/(RfCfs +1). (4.19)

Tlhe single pole rolloff frequency for the component values

given previously is

f = 2/2TrRfCf = 796KHz. (4.20)

The out'put volt.ie noise due to input current noise is shown
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1

V, (nV/Hz 2 )

-7
10

10 -8 '

1 2 MHz
I I I "-

f 2

Fig. 4.7 Theoretical output voltage due to noise current.

Theoretical Performance

The total output voltage noise is the sum of the output

voltage noise due to the input voltage noise and input

current noise,

Vn = Zf [(VA/Zs) + IA +<IL > + <IR > + <R(4.21)

f
2 2 2 2

where Zf = Rf/(l + 4Tr f Cf Rf)

Z = R/(l + 4 Tr f C R )

V = amp input voltage noise = 8 nV/Hz 2

A

IA = amp input current noise = 1.4 fA/Hz
2

2 '23 1
<1 L >= = 1.08xi0 A/Hz2

2 99 29
<I R> = 4kT/R = 1.6xlO - A/Hz

2 -25
and <TR >= 4kT/Rf = 1.6x10 A/Hz 2

The shot noise term is measured experimentally. For a

Measured amplifier output voltage of 3.4 V, the incident

int isit1 is 1 .87xI0-5 W for Rf = lOOK (see Eqs. (2.24) and

p(g)).
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First, consider the case with no light impinging on the

detector, i.e., <I> = 0 (thermal noise dominates).
67

At f = 1 KHz, Zf = 10 and Z s = 1.6xlO

which gives V n 4.06xlO- 8V/Hz .n5

At f = 100 KHz, Z f =9.9x10 4 and Z s  =1.59xi0

-8 1which gives V 4.06xl V/Hz 2 .n

Now consider the case with light impinging on the i

detector, i.e., <1 L 2> 2eI 1.08xl 2 (shot noise

dominates). .

5
-7

At f = IKHz, V = 3.31x10 V/Hz 2

n
At f = 100 KHz, V 3.28x10 V/Hz 2n

Since the data will be recorded on a spectrum analyzer,

we must convert V to a power spectral density (in dBm) as

seen by the input termination of the spectrum analyzer (RsA).

The spectrum analyzer resolution, B, corresponds to the

bandwidth over which V is integrated.

V n B x 103 (dBm)

RSA (4.22)

This gives, for the above values with RSA 50 ohms,

Thermal Noise: f = 1 KHz, PSA =  -115dBm for B = 100 Hz

f = 100 KHz, PSA = -OOdBm for B = 3 KHz

Shot Noise: f = 1 KHz, P = -97 dBm for B = 100 HzSA .

f= 100 KHz, P = -82 dBm for B = 3 KHz
SA
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4.3 Experimental Performance

The transimpedance amplifier is built on a printed

circuit board using shielding and guarding techniques to

minimize noise. In addition, mounting the photodiode on the

same board in close proximity to the op amp minimizes stray

capacitance, thus improving the frequency response. The

printed circuit board is mounted in a metal case for further

shielding.

Figure 4.4 shows the circuit schematic. The printed

circuit board layout is shown in the inset. Notice the guard

Iring surrounding the inverting input terminal, pin 2. The

purpose of the guard ring is to minimize leakage currents.

The op amp case, pin 8, is also connected to the guard

potential. This minimizes the voltage across leakage paths,

thus minimizing the noise [6].

Power supply decoupling is effected with the 0.1 uF

capacitors. Resistors RI and R2 are output voltage offset

null dividers.

DI is a silicon photodiode, the EG&G FND 100. When

reverse biased, it has a junction resistance of 1 Gohm and a

junction capacitance of 8.5 pF. The quantum efficiency at

632 nm is experimentally found to be .75. The reverse bias

voltage is supplied by a 45 volt battery to avoid power

supply noise pickup.

Amplifier thermal noise is measured at the amplifier

output with the photodiode aperture blocked. Shot noise is
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the amplifier output noise with the laser impinging on the

detector. The theoretical shot noise is determined by

measuring the photodiode current, I . The current is found

by measuring the output voltage and dividing by the

transimpedance.
-5 2 -23

V = 3.4 V => I = 3.4x0 => <I > = 2eI = 1.08xlO
s L s

This is the value used in Eq. (4.20) to find the theoretical

shot noise level.

Experimental data is collected with a spectrum analyzer.

The laser source is a Metrologic He-Ne laser which operates

at 632 nm. Photos of the amplifier noise power spectral

densities for thermal noise and shot noise are presented in

Figs. 4.8(a)-(h). In all photos, the top center number is

the reference level at the top graticule. The lower right

number is the frequency span per horizontal division. The

right center number is the resolution, B.

Table I is a tabulation of the theoretical and

experimental data for the power spectrum at 1 KHz and 100

KHz. Table 2 compares the theoretical and experimental

corner frequencies as discussed in section 4.2.
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Fig. 4.8(a): Thermal noise spectrum for 0 < f < 2 MHz.

The spectrum rolls off at f 3= 1 MHz.

Fig 4.(~:Thermal nioise speorrum for 0 < f <500 KHz.

The spectrumn inc-reases at f 1 130 KHz.
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Fig. 4.8(c): Thermal noise spectrum for 0 < f < 1 MHz.

The spectrum levels off at f 2 =700 KHz.

Noise ~ 9 spcrm oef 2Mz. Tp

shtnU ...otm:tera nie
page"3



7 L. A.S(e): Noise spectrum for 0 < f 2 KHz. Top: shot

noise; Bottom: thermal noise. Notice the

i/f noise and laser excess noise.

-14. 4.9 5: Noise spectrum for 0 f 200 KHz. ToD: shot

notse; Bttom: thermal noise.
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TABLE 1: Theoretical vs. Experimental Noise Power

Noise Power (dBm)

Noise f B Theoretical Experimental

Thermal 1 KHz 100 Hz -115 -110

100 KHz 3 KHz -100 -98

Shot 1 KHz 100 Hz -97 -100

100 KHz 3 KHz -82 -84

TABLE 2: Noise Corner Frequencies

Corner Frequency Theoretical Experimental

f 100 Hz 1 KHzc

f 133 KHz 130 KHz

f2 796 KHz 700 Kliz

f3 1 MHz 1 MHz

The discrepancy at 1 KHz for the corner frequency fc can

be explained by the fact that the theoretical calculation did

not include laser excess noise and amplifier 1/f noise. This

is evident in Fio. 4 .8(e). The excess noise dominates the

rimp if voltage noise corner frequency, f , which is

<icc if ied as 100 fix (see Fig. 4.5). At higher frequencies,

op to 130 KI[z, the noise spectrum is flat. The theoretical

.nd ox xperi mental values agree wel at 100 KHz.

Ihe n)i se c)rner frequency f) is de)en(Ient on the

', ,(. k <,tpic iti nce (see Eq. 4.16). Theref ore any strav

P i t , 1,TI e w uId aI t r t e c a cu I a t ed c o r ne r f r (q111 Ce c . The
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Fig. 5.2(e)
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Fig. 5.2(c)
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Figs. 5.2(a)-(h): The top traces are the unlocked error

signal spectrum. The bottom traces are the locked error

signal spectrum. The average of the noise reductions in

Figs. 5.2(a)-(h) is used for experimental values.W

Fig. 5.2(a)

Fig. 5.2(b>

Da. e



f f)

Fig. 5.1: Feedback Error Model

5.4 Experimental Results

The values for G(f) and A(f) are measured experimentally

at f = 10 Hiz, 100 11z and 1 KHz. The high voltage amplifier

gain A(f), is set so that the system is locked with maximum

gain without being unstable.

The interferometer transfer gain, T AE/A V, is

experimentally found to be 1 .025. Since I must he

measured with the system unlocked, it is difficult tu measure

accurately. Another factor that leads to measurement

d1i ff i culites i s the random niat u re o f t he fIutc t ua tions . When

rFi(-,a suir ing the unlocked noise levels on the spectrum analyzer,

lihe no ise l e vel-, a t h igh f r e lt e( 1 ' eS i s (I e1)e 11(len t on1 t he low

v I-iulnc vnio is e l e vel. Severa I runs aire m eansur ed( a nd th e

i v r a e n ) is e redlii t i o il i r e r 4 11 t e d S ) pec t r u m i n a Ivz e, r

r cs ii i s a r e 11 h w n t o~ r e I t r i I i n a- h

pa o c 4 3



5.3 Feedback Model

The theoretical noise reduction can be determined from

*the overall loop gain of the feedback loop. A feedback model

of the system is shown in Fig. 5.2. A(f) and G(f) represent

the gain of the integrator and the high voltage amplifier,

respectively. I is the transfer gain of the interferometer

measured at the subtractor output with respect to the

correction voltage applied to the PZT. The loop gain, f'(f),

is the product of the gain of each element

f'(f) = A(f)G(f)I (5.13)

where A(f) = I/RCs

and G(f) = 1/[l +j(f /fh ) ; fh is the bandwidth.

The interferometer transfer gain, I, is measured

experimentally.

E'(f) is the input reference signal without feedback and

E*f) is the error signal with feedback. The feedback factor

;s found by solving the relationships among the system

v,3r i a I) es.

E(f) = E'(f) - f'(f)E(f)

E(f) = E'(f)/[1 + f'(f)] (5.14)

7 ftb ack fictor, in decibels, is

N = 10 log (l-f'(f))] (5.15)

heoretical and experimental noise reduction figures are

i n .ec t !o n
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A transverse EO phase modulator introduces a phase delay

according to [1]
3

= -w no r6 3 1 VD/
2cd (5.9)

where w = frequency

no = ordinary index of refraction

r6 3 = electrooptic tensor coefficient

c = free space velocity of light

V = error drive voltage
D

d = crystal width

1 = crystal length

For an incident field, y Eocos[(wt-z/c]) polarized along

a crystal principal axis, the EO output field is

E = Eocos[w(t - (z-l)/c) -q]
out

where = (wl/c)[n. + (n o  r V )/2d] (5.10)

Neolecting the constant phase terms

E = y E cos(w t - KV D ) (5.11)
out D

3
where K no r 63 1/ 2 cd

The detector error signal voltage in this case is

E = Yo(enlRP/hV)ESELcos(kAl + KVD) (5.12)

,nete thait the correction term is wavelength dependent. A

proposed stahi! ization scheme was to use a Ile-Ne laser for

stilbil i,,t ion an(I a ,tve laser for the signal carrier.

Iluwever, )ec;ius e of the wavelength dependence of the

correct ion term, the dye laser signal would not see the same

correction as the lie-Ne laser. For this reason, the PZT

sc heme w:Is chosen for stab iI i ;'t ion.
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cosine response curve. This gives an error signal equal to

zero when the system is locked.

5.2 Feedback Transducer

Piezo Electric Transducer

The PZT drives a mirror in one arm of the

interferometer. The PZT expands linearly with an applied

voltage according to

Al = d 31LV D/W (5.8)

where d = material constant = .171 nm/V
31

1, = PZT length = 900 mil

V D = applied voltage

W = PZT thickness = 121 mil

I'o move the mirror a quarter wavelength (632.8/4 nm for

Hie-Ne) requires V =125 V.

Electro-optic Modulator

An electro optic modulator configured as a phase

1B)duiator can be used instead of the PZT to compensate for

path lencth variations. The EO modulator is placed in the

~ ~n i arm and introduces a phase delay proportional to the

r rI- r n -a

page40
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the output offset voltage of the op amp.

Integrator

The function of the integrator is to integrate the error

signal so that a correction voltage is applied to the PZT

until the error signal is zero. This can be readily seen by

considering the following case. Suppose the error signal is

a constant voltage. The integrator output is a ramp so that

a correction voltage is applied to the transducer until the

error signal is zero.

The integrator output for an input error signal E is

V = -I/RC fE dt (5.6)

The frequency response of the integrator is found from the

transfer function

A(f) = 1/2 fPC. (5.7)

The closed loop gain at DC is limited by the open loop gain

of the op amp and rolls off at 20 dB per decade.

Hi gh Voltage Ampl ifier

A h igh voltage amplifier is necessary to drive the PZT

or electrooptic modulator. The amplifier used in the

e xperiments is a Burleioh RC-140 high voltage amplifier. The

Iverall loop gain is controlled at this stage by means of a

va r ia 1 e ga n. A variaible DC bias is us d to adjust the

(,perIt i ng point. The operatinq point is chosen so that the

feediack phase is n emiat ive and t t fhe zero crossing of the

I



Subtractor

The advantage of a dual detection scheme is discussed in

Chapter 2. First, it eliminates the need for a biasing

circuit which subtracts the DC voltage due to the first two

terms of EQ. (5.1) and (5.2). Second, it makes the feedback

error signal insensitive to laser intensity fluctuations.

The output of the subtractor is the desired error

signal. Since the fluctuations are at acoustic frequencies

the subtractor bandwidth does not need to be very large.

Subtraction is implemented with an op amp differential

amplifier. Refering to Fig. 5.1, the general transfer

0 function is

E [(RI+R3)/RI][R4/(R2+R4)]VI - (R3/RI)V2, (5.3)

where VI and V2 are the output voltages of the transimpedance

amplifiers. The resistors RI - R4 are chosen equal so that

* the subtractor is of unity gain. This gives

E = V 1- V2

= -4(YoenRf/4hv)ESELcoS[ k(L1LS+A]) (5.4)

This is the desired error signal. Notice that the error

sig nal is zero when the system is stabilized, i.e., when

I, - 1, + Al = mX /4, where m = integer. (5.5)

A DC offset is present at the subtractor output when the

int(,rfer nieter output intensities are unequal. This occurs

whon the output beam splitter is not a 50/50 beam splitter.

An offset ptentiometer is used to null the subtractor output

,hen this is the case. The offset potentiometer a so nulls

p a e 3 8
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CHAPTER 5

OPTICAL FEEDBACK STABILIZATION

5.1 Feedback Electronics

Stabilization of the interferometer is achieved by a

feedback loop that correlates the path lengths in the two

arms of the interferometer. This is accomplished by deriving

an error signal from the interferometer output fluctuations.

This error signal is amplified and fed to a stabilization

transducer (either an EOM or a PZT) which changes either the

phase or path length of one of the arms. The feedback loop

shown in Fig. 5.1 is comprised of the following elements:

De' C-tor/Amp] if ier

The transimpedance amplifier is discussed in detail in

Chapter 4. The detector converts the incident optical power

to a current proportional to the intensity. The current is

then converted to an output voltage by the transimpedance

amplifier. The output voltages are

VI = -T R
1f2 2

-( YoenRf/4hv) [I ES +fEL + 2 ESELcoS[ k(LL-LS+tI)](5.1)

V2 = -1,2 R
-f

2 2
- -(Yoen Rf/4hv)[ IESI +IEl I- 2ESEIcos[k(LL-Ls+A)](5"2)

As discussed in the following section, an error signal

r is derived from the output fluctuations on VI and V2. The

error s i glnz aI is proport ional to the cosine of the path length

variatio ns as shown in the equations above.

page 36



corner frequencies, EI and f3 correlate very well.

Based on the experimental data, the transimpedance

amplifier performed as designed. In Chapter 5, the

transimpedance amplifiers will be implemented in the feedback

stabilization loop.

p
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*iz. 5.3(c): Unlocked error signal .2 Vpp due to noise in

tte lab. (O.2V'vertical division and 2 mS/horizontal
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The measured loop gain and correspondi ng no.] se reduction

at f = 10 Hz - 100 11z and f = 900 Hz - I Klz are presented in

Table 3. The theoretical values are also isted or

c o II p a r ison

TABLE 3

EXPERI IENTAL VS. THEORETICAL NOISE REDUCTION

Freq. G(f) A(f) f'(f) Noise Reduction

Experimeittal Theoretical

10-100 iz 55 80 109 -21dB -20dB

900-1 KHz 3 80 6 -1OdB -8.5dB

R.IS Noise Reduction

The RMS noise reduction is measured for two cases.

F:irst, noise is induced so that the peak to peak unlocked

error signal spanned the full error range. Fig. 5.3(a) shows

this range to be 2.0 V. The system is then locked to a

level of 10 mV as shown in Fig. 5.3(b). The noise reduction

is

N = 10 log(.O1/2) = -23dB

The second case is for the ambient noise level in the

111) (ig . 3.',(c)). The peak to peak unlocked noise is 0.2 V.

I H , ('I I eve i s a a i n 10 mV. The reduction in this case

N = 10 lom(.O1/.2) = -13dB

Vne5



In summary, the stabilization loop reduces the RMS noise

level by 13 to 23 dB. As a function of frequency, the noise

reduction is 21 dB at 10 Hz - 100 Hz and 10 dB at 900 1z - 1

lKz. In Chapter 6, the stabilization scheme is applied to a

homodvne modulation experiment.

in
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CHAPTER 6

HOMODYNE DETECTION USING A STABILIZED INTERFEROMETER

The experiment to be stabilized is a dual detection

homodvne system as discussed in chapter 1. It is shown in

Fig. 6.1. The signal arm is field modulated with an

electro-optic modulator driven by a sinusoidal voltage

source. Without stabilization, the modulation signal has a

randomly fluctuating amplitude. As described in Chapter 1,

observation of the interferometer output on a spectrum

analyzer reveals a fluctuating peak at u /2v and a stable

peak at w /. The analysis to follow will explain the reason

for this behavior. It will be demonstrated that the optical

feedback stabilization scheme, as discussed in the previous

chapter, reduces these fluctuations to a level which allows

its detect ion at the quantum limit.

o . I Experimental Deta i s

hen c on t f ,ured .is a field modulator, the EOM driven by

I w surce somodulates the inc ident signa] field, ES =

F (xp[ -j k v + , t ) , o that

E = E E s inmt (6.1 )

ie i ',i t r i s arr ied throuizh to cancel a factor w h i c h

l',; re r .i , h n stihst it ut in. ! Eq. (fo. I ) int Eq. (2.6) and to

i ti co t 1_o I i t r s o r th r i n sm s S 1 n A nd re I r t i 1

11T -1)1 p i it t er.



4 A.C, P EOM P i
Lock-in !0 , o c....

1+

-0-
P ' X/2 plate

Fig. 6.1 Homodvne Modulation Experiment

To function as a field modulator, the EO modulator must

bhe oriented so that the incident polarization is 45 degrees

re .t i ye to the crystal's principal axes. This is

ic c mpl ished with the input polarizer as shown in Fig. 6. 2.

Fi e out p tr, o I irizer is oriented so that it is orthogonal t o

H te i p i t o a ri ze r.

The applied field, E , changes the index ellipsoid of
/

t h rvst l so that the indices n 'x and n' alon the new

pri ncipal i xes are given by [2]

x a- ' 3 E/ (6.2)

3
H = no - no r E (6.3)!n v r63 z

i ndx the extrao rtinarv index of refract ion remains unchanged,

l = n (6.4)

FI r in iii ri I I I I

I~ ~ ' , s ,5
. = .' ) Cx + - , .

I I [1

p a e 5 3
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the field components along x' and 2 experience phase

-j retardations so that the total field transmitted by the

orthogonal output polarizer is

Eou = Eo[exp(-jw(t-(y-l)/c)n' X) x'
-out x

- exp(-jw(t-(y-l)/c)n ) 2]// (6.6)

Defining b as

= (wl/2c)(n' x -n )

= (w/2c)[no-n - r6 3 no V(t)/2h] (6.7)

and 4 = (wl/2c)(n' +n )
x Z

= (wl/2c)(no+n e- r6 3 no 3 V(t)/2h), (6.8)

the field transmitted at the output polarizer is

Eout= Eosin(O /2)sin[w(t-(y-l)/c)- ]('-2)//2. (6.9)

Thus the signal field is modulated at frequency w for V(t) =m

Vsinw t. Notice also that the signal field is polarizedm

orthogonal to the LO field. A half wave plate is placed in

the LO arm to rotate the LO field 90 degrees, allowing the

signal and LO fields to interfere.

2Z

00.

Input Output

-

Polarizer . Poaie

Fig. 6.,2 Transverse EOM configured as an amplitude modulator.
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Following an analysis similar to that of Sec. 2.1, the

output intensity of the interferometer at detector DI is

1 2 +EL + 2EsELcos[k(LL-Ls+Al)]sinwmt](6.10)

Note that the first term contributes a DC term and a harmonic

at 2w9, while the cross term is at Wm

During the experiment, attempts to completely field

modulate the signal arm resulted in a weak signal intensity,

making it difficult to stabilize the interferometer. This

problem was circumvented by modulating at less than 100%,i.e.

an unmodulated component is summed with the modulated

component, so that the signal field is now

ES'= ES(I + cos(-)t). (6.11)

The interferometer output intensities for this case are

P Y3 [ ( -~) 2 + 2 cosw m t + cos 2 t) +E +m-LL

E U -:) E (EL(I + cosw t)cosk(L S+Al)] (6.12)

P [ F ( 2 + 2 Co sw t + Cos S * t) + (1- )[E - -
= m m

I-c) 'E 1 + cosw t )cosk( LL-LS +A )] (6.13)

Not i t, r hat now there are two terms which contribute to

he si,4n at trelt uencv o ne due to 2E-cosw t which
m m

remains sthlbIe and a fluctuatino component due to

I, E L ( m t) )s[ k ( 1,. - +AI )] The dua ! det e; t ion scheme with

h7 heam splitters and matched let, ()r; .in ,I th o 1 i 11

i terms ot Eqs. ( 6. 12 and h .1 ) . I :] 'fl o'., ,, ', r mn t,

hi o v r t I S d i c r ii I t I h I o o t

it , s t I I s rvi t r ' I 1 1' : t

St



detectors differed bv 2 dB at a frequency of 500 KHz For

these reasons, the signal at frequency has a nonzero mean

after subtraction since the ES term is not completely

cancetled. The fluctuations due to the last terms of Eqs.

(6.12 and ().13) are superimposed on this mean value. When

the system is stabilized, the peak at w remains stable.
m

6.2 Theoretical Noise Level

If the stabilization el iminates the fluctuations to the

level of the quantum limit of photodetection, the minimum

system noise level is the shot noise due to the laser. The

theoretical shot noise level is found as follows. The mean

square current spectral density for each detector is
) 2

[, B= 2e Pq h\. (6.14)

The transimpet;inc e, Rf, t ves an output voltage spectral

.I R t

= 2eP BR h' (6.15)

t1k Ii the i d n t i t i t i n ,

V = Pen R "h , (6.16)
tf

= B

= .C\KI) . (6.1



6.3 Experimentat Results

The measurement apparatus includes an oscilloscope, a

spectrum analyzer, a lock-in amplifier and a DEC MINC

(Modular iNstrument Computer) which has an analog to digital

converter (ADC) to process the lock-in amplifier output. The

I ck-in amplifier produces an output proportional to the

noise power density of the subtractor output. The noise

equivalent bandwidth of the lock-in amplifier is equal to

l,'4r, where T [s the user selectable time constant of the

output filter. Another variable parameter is the input

sensitivity of the lock-in amplifier and a lOx scale. These

settings will determine the measured noise voltage as shown

later. The computer runs a program which computes the mean

Ind .standard deviation (SD) of the lock-in amplifier output

at .i Predetermined sample rate for 1000 samples. The sample

rite is chosen to he much less than the modulation frequency

s,( t hat the samp1ed voltage is over many cyc les of the

modulI at ion freq uencv

The quantum shot noise level is estab] ished by

subst itut ing an incoherent white licht source for the laser.

Yho n, is e produced 1. the detectors in this manner is quantum

imi td I - The t rinsimpedance ampl ifier output v'oltaoes

r, ,,' ! to i. VI : 1 . V ,ani V2 = I . V when i 1 1 urm i nated

i iroir s reo. These values iro h sen so that

' I r t he -,Is ;, ,,u t he s stem is

it, r. I tis, 't' h, e- iser shot



noise equals that of the incoherent light, the stabilization

is achieving the quantum limit of photodetection.

Substituting V = V[+V2 .1 V into Eq. (6.17), the

theoretical RMS shot noise level for R = OOK and B = 250 Hz

is

V = [eVR B] = 2.9uV.

The experimental measurements are at f = 500 KHz. This

frequency is chosen since the transimpedance amplifier and

subtractor thermal noise is 5 dB below the shot noise level

for the above values of VI and V2. Measurements are also

taken at 100 KHz and 250 KHz, however, noise in excess of the

shot noise level is present on the interferometer output and

on the transimpedance amplifiers in the frequency range from

SOKHz to 300 KHz as shown in Fi. . 6.3(a). Experimental data

for the incoherent source and the He-Ne laser is collected

with the lock-in amplifier and processed with the MINC.

ResulLts are given in Table 4.

TABLE 4
Experimental Shot Noise Level

White Liqht He-Ne Laser
Mean SD Mean SD

-19.7 159.40 -307.75 159.97
19 .1  154. 30 -300 95 155 .'3
23 .4 159.33 -303. 75 158 .09
1i5 7 155.31 -306 .60 153 .66

- ).( 162.51 -301 .89 151 .17
-10.7 156.58 -02.7-4 1-7.98

-16.3 156.19 -3()()4 1521 I
20. 0 15' 523( -31 3*05 157 ()4

-13. 5 .00 -304. 37 1 .4()

-12. ) l .70 -3 12.66 i



The data in Table 4 is the MINC output for V = 1.1 V

and V2 = 1.0 V. The He-Ne laser measurements are for the

stabilized interferometer. The lock-in amplifier sensitivity

is 100 wV with a full scale range of 400. The data is for

the l()x scale and I ms time constant. The MINC sample rate

is [000 samples/sec. To reduce the data to the noise level,

multiply the average SD by the scale factors as shown below.

For the white light, the avera,,e SD iS I 37 .1. Ihe o se

level is

57.01 x 100 oV!( 400 x 11)1 = 3 ..

The He-Ne laser stabilized interterometer has in jverae SD

equal to 156.0 V. The noise level for this case is

t56.0() x 100 uV '(400 x 10) = 3.90 uV

These numbers, however, include the noise (fue to the

trinsimpedance amplifiers, subtractor and measurement

App lratis. The true measured shot noise level is found by

suhtracting the noise present when the detectors are blocked.

The average SD with the detectors blocked is 82.3, so the

adjusred shot noise levels are

157.01 - 82.32-x 100 uV/4000 = 3.34 IV

Iit [I 5 .0 - -02.3" x t00 uV/4000 = 3.31 uV.

! r tihe white light and He-Ne stabitized interferometer,

respect ivelv. Recall that the predicted value is 2.9 WIV.

lFahle 7 lists data for an unstabil ized and stabilized

n t oer er ometer . rhe modu 1at i on s itgnal i s at 500 KHz and t he

, k-in impl i ie r sen s it iv t v i s ) ' V on t he I) x Sca I e.

page 3
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The full scale deflection is 400. The time constant is

').01 s and the M[NC sample rate is 100 samples/sec.

TABLE 5
instabilized vs. Stabilized Interferometer Fluctuations

Unstabilized Stabilized

Mean SD Mean SD

-290.98 174.46 -378.62 46.59
-318.22 136.73 -380.02 46.22

-226.33 142.35 -377.22 45.61
-243.21 111.28 -381.23 46.48
-206.95 174.63 -381.61 46.77
-)27.85 244.03 -379.62 47.11
-267.58 156.77 -381.49 45.32
-306.16 106.28 -378.56 48.12
-291.42 103.01 -378.59 47.06
-263.30 128.16 -382.62 45.68
-148.25 231.03 -379.09 48.81
-304.45 110.00 -384.55 45.05
-301.31 101.64 -383.12 47.02
-194.43 180.99 -382.84 48.04
-346.98 100.78 -381.23 47.90
- 64.83 223.67 -380.93 48.41

-153.25 249.74 -380.81 45.65

The average SD with the svstem locked is 46.4. Again,

to c)mpute the true shot noise level, the noise due to the

transimpedance amplifiers, subtractor, lock-in amplifier and

4I[NC must be subtracted from the data. For this sensitivity

ind time constant, the average SD with both detectors blocked

s 25.tj. Thuis the measured shot noise is
,) ,) 1

V, = [(Ah.4) - (25.6)] 2  x 00 uV'4000 = 0.96 uV.

To confirm that this level is shot noise limited, the

, , tr < ire illuminated with a white light source with the

timo intensities on each detector, VI = 1.1 V and V2 = l.n) V.

H , veraip, 5D ror ihis case is 40.6 so that the measured

page 6



.j

s o t ro Ise Is 3
= [(4 .6) - (25.6)2] x 100 uV/4000 - 0.97 uV.

The theoretical shot noise level for VI = 1.1 V, V2 - 1.0 V,

R. - 10() K and B = 25 Hz ist

V = [eVR B] 2 = 0 Vf

Notice that the mean for the stabilized case in Table 5

remains relatively constant while the unstabilized mean

fluctuates randomly. Fig. 6.3(a) shows the spectrum analyzer

display tor the He-Ne stabilized interferometer with a 500

Kfi, moduLation signal. Fio. 6.3(b) is the spectrum analyzer

,tisplav Cor the white light with the same intensities as in

F12. 0. 3(i). Fits. 6.3(c) and o. (,) show the spectrum

I r vi 1 r di sp li s ior tw) I eve s o V modu 1 at ion at 50)0 KHz.

o e I s tor ai mo d i ,i t i si rn, I it 2 i) KHLt ;,it h the

irro . shoin tho% t i c t iat i ti ri ,n'T '& , ,t, t !i I , Yrter me te r

t i h i t P.z It .1 1 1 1 /"" ut t :)li TI '

.- . ,. -.
[II : lm r v t h n o e 0 )l 11 O e l ( l ' " : :]I i

i r e r t r o me t r s u a n t u m I imit e svt: .; ' . h

i nt teos ts T he iti f7 e re nc - bet ,. n , i. .. , r >1

tr e '. i e lo s h o t n ois e l ev o ts - cQ ul t H ,e ,]:p e r , ' , in ,

iii the t rinis m1)ed tince ampii i rs t' It r: r m He

t1 ti) en -0 n1

: t io r .

0. 0 '



Fig. 6.3(a)
7p: Subtractor output of locked interferometer with a
noulation signal at fm 500 KHz. The detector voltages are
D[, = I V and D2 = 1.0 V. Bottom: Subtractor output with
both ietectors blocked.
Fhe neak at L51) KHz is present when beating the signal and

. .e noise at 300 KHz is due to the transimpedance
ImDoirrer power supply.

Fig. 6.3 b
.A2: t e Jr test t*Lth Dl = I.. D n 32 T)D:
- otrictor )utput. Bottom: Bothe etecrers .

09 ' i



Fig. 6.3(c)

eef

F ig. 6 .3(d)
C ~tr es~ubr~~rOu tpu t -o w modulation levels itfl

t~~e Ln>r mre,-er stabflized.
3~~~ttmI 'L~: irCtr, ouput v~ith apertures bokd

;- ;> v H s lue to te trans-mpedalce rn er

pa"4ze 'v)



F Fig . 6 .3 (e)
Unstabilized interferometer subtractor output with a
modulation signal at fm= 230 KHz. The arrow indicates the
fluctuation range when the iqterferometer is not stabilize'

Fig. 6 .3( f
T%~: tabiized interferometer sbrco 'tu ~t

11 mj'uat n si gnra L at m =250 KHz.
3, r m r:S Sub trac 0 r o ut p ut with1 both de tect ~rs hce.

%3e >



CiIAPTER 7

CONCLUSIONS

The Feedback stabilization scheme stabilized the

interferometer output to a level which allowed the detection

of a signal at the quantum limit of photodetection. The RMS

noise reduction of 23 dB was sufficient to achieve the

quantum I imi t of detection in a noisy environment.

The effect of laser source fluctuations was minimized by

using two detectors in a balanced mixer configuration to

suppress the excess noise. Mode drifting was not a problem

when the detector bandwidth was much less than the mode

separation. Polarization noise was minimized by orienting

the input polarizer axis at 45 degrees to the t w, mode

polarizat ions. This ensured that the transmitted intensitv

remained constanit As the individ ua l mode intensit ies varied.

I . noie imp] i iOr was essential t, ensure that

Amp!ifier thermal noise id not dominate shot noise for a la,

power laser. A transimpedance amplifier was desioned and

huil t foar this purpose.

*'he bandwidth of the feedback loop was constrained by

the integrator, which has a rolloff of 20 dB per decade.

Since the noise spectrum was dominant at frequencies below 1

MKlz, the infe.ratar frequency response di d not compromise the

S t tb .1 1) , It I 11 .

/I PZT, insteaid o an EDM, was used As the feedback

translucer hitusv the correction fact or jrt ro uiod V the

;-:.:.: . .: - - .". : . -.-. .. .. . - . :. : _ . ., - .., . - . . .



EOM was wavelength dependent. A proposed scheme was to use a

He-Ne laser for stabi lizat ion of the interferometer and a dve

a laser for the signal carrier. Thus the interferometer would

be stable for the He-Ne beam but the signal beam would not be

equally compensated. An alternative method was to use a

single He-Ne laser beam by locking onto one polarization for

stabilization and modulating the orthogonal component for the

signal. Attempts to do this resulted in a weak signal beam

to lock onto causing a poor stabilization of the

interferometer. An experimental difficulty that was

encountered was the limited bandwidth of the PZT/mirror. The

6 system would oscillate at 600 Hz whenever feedback was

ipplied. The problem was traced to the mechanical resonance

)l the PZT'mirror. Reducing the mass of the mirror

e iminated the instability.

.\n)pl i ,at io)n o' the feedback stabilization scheme to the

" rnoyne m, l lati ion experiment eliminated the fluctuations

)hsetrvFd -n the si,nal of the unstabilized interferometer.

The no se trn the stab iT ized signal was veri f ied to be the

Ila.ntlmi shot noise by comparing it with the shot noise

o ra , t l t) an eqil4 intensi tv white I ight source. The

measureid noise t or the stab i Ii zed signaI and white 1 ioht

so urce was I . UV and 0.q7 "1V, respectively, for

t riisimpedin c, )mp1 i tier o utput voltages of VT = 1 . 1 V and V2

I * V. Th i ,)as meaisured at a tre(Iuen ot en 0f ) Ktz with a

,. - in m I t e r t ie on s tan t n f 1) ms. The p red I i t ed

a f.

0i~:::-, -- :-::.,: :, . i:: ::. - ';: " L -,: :: . :-- : -- . - , ::i - - ::.::_, .



shot noise level was V).92 \. ['he discrepancy could be due

to the component tIeran t Pf, the transimpedance ain. A

nominal va Iie (ot I M) K was used in Eq. ( 6.17) to calculate

the theoretical shot noise level. Another factor which could

contribute to the discrep,incv is the accuracv of the value

used for the noise equivalent bandw Ldth in Eq. (6. 17), wh i c h

was spec ified ias 1,/4 in the lock-in amplifier manual.

The feed hack sc-heme has been successfullv demonstrated

ri reducin the no ise on i rin g cavi tv used in the squeezed

st ate enerat i on o f ight. i The feedback stab i I ti t on scheme

wit 1) e applIed t tutiire experiments used in the enerat ion

,,u sq ueezed state 1 i ht

. .o. . .. . .. ,



APPENDIX

BURR -BROWN® OPA101
OPA102

Low Noise - Wideband
PRECISION JFET INPUT OPERATIONAL

AMPLI FIER
FEATURES APPLICATIONS

r* GUARANTEED NOISE SPECTRAL DENSITY- * LOW NOISE SIGNAL CONDITIONING
100% Teated LIHMESR NTK* LOW VOLTAGE NOISE -8nV/,,Rizmax it I kHzeLIH ESR NT

9RADIATION MEASUREMENTS
* LOW VOLTAGE DRIFT -5uV/0C max 1B gradml * PIN DIODE APPLJCATIONS
e LOW OFFSET VOLTAGE - 250.V max (8 gradel e DENSITOMETERS
* LOW BIAS CURRENTS - IlOpA max at

250CAmbint I Grael *PHOTODIOOE/PHOTOMULTIPLIER CIRCUITS

e HIGH SPEED - tOV/,0sec min (OPAlOI* O OIEDTAAQISTO

* GAIN BANDWIDTH PRODUCT -40MHz [OPAI1021

DESCRIPTION
I he OFW\10 UIand O)P *X12 ire the irst Fr In ai ddition. 'he amplifiers nave moderatel% hiitn

operational amphiliers asailaole %ith noise charac- rel I he OP \10)I .s :ompensated for uflitv gain
teritics i oilage spectrai densits guaranteed and stabiiit% and l'.as a iiew rate of 5V Asec., min Thc
l0C. tested OPA1 02 is compensated lor gains )I Pr, V and

rhe amrnwiiiers niase a compiementar\ se of ip - above and has a sle\, rate of 10V asec. min.

icat ions permitting tow errors in signal conditioning Each unit is laser-trimmed for low offset voitageand

a pricat ions.: ow noise. o% hias current, nigh open- ow offset voltage drift versus temperature. Bias

ioop gain, high common-mode reection. ow cilset currents are specified %itn the uinits luilsv warmed up
.itage. ow 11set %oitaae Litt !!c. at -251.. ambient temperature

____ ____ ___3 OUTPUT

* PA1OI ONLY Vcc

mirnmiofi Aircpoi nalmra Part 3 i4 i* o CI Airai 'e,~ 60,450 W -is 91095 I H-s ii :asig- 38PCOAP 'i. 65 S9
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TYPICAL PERFORMANCE CURVES
TA ..25-C. =VC, - ='SVOC unos otIr'@l', 5oo 0010 rornnCe Cum*$ Sooty to 001m1 OPAIO, and OPA102 unless elne-wi. noted

INPU.T NOISE VOLTAGE TOTAL INPUT NOISE VOLTAGE RMS INPUT NOISE VOLTAGE -

i00 VS FREQUENCY .VS FREOUENCY 100 VS SOURCE RESISTANCE

AM I o~ I2

5' 0

1 10 10 IN !k 00 I M 3.1 1 0 too IAk 1011 100k '03 104 to 106 10 0 0

PEAK.TO-PE.AI INPUT P4OISE VOLTAGE NPUT NOI1SE CURRENT COMASON-MOCQE REJECTION
VS SOURCE RESISTANCE VS FREQUENCY vS FREQUENCY

'00 '00

,fornOPA102

U 6

-OPA101

jaf3 105 10 101 Q4 l7 I 0Q 100 'N 'Ok '00k 'M '0 '00 Ik 1Ok 100k IM IOIA
Sorc -S0. e P.- tC I3 Fsauefcy .1, FmaueIcy mzi

21 O3PEN-L.OOP FREQUENCy RESPONSE -ARGE SIGNAL TRANStEN ;T RESPONSE SMALL SIGNAL -%ANS IT RESP ONSE

A,

so 3 -5 050

13 0>F G

20, .16.0 AC IV/V '00V

13010IN'N'~ 5 '0 '5 20 25 3 )1 32 )3 34 21
@O*o-cY -Z '-me .1ec '-l .20C

O PEN-LOOP FREQUENCY RESPONSE ARGE SIGNAL. 'ANSiENT RESPONSE SMAL.. SIGNAL -RANSIENT RESPONSE

OPA,02 OPAlO2 OPA '02

.00 -- I -

w to'3 5 -SO

-00

33 AAC,3V

0 30 'A 5 'ON U'U 'JON IM .5 2 3 )4 2
C'equtcyrn- * SCo 11.5m
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