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An experimental study was carried out on the performance of a

Ld feedback stabilization scheme for optical interferometers.
L Optical interferometers are susceptible to acoustic noise which
- translates into path length fluctuations in the interferometer

arms. These fluctuations induce phase noise, resulting in
amplitude fluctuations on the interferometer output.

The experiment was performed on a Mach-Zehnder homodyne
interferometer where a RMS noise reduction of 23 dB was
observed. The stabilization scheme has application to other
interferometer configurations. In the future, it will be
applied to stabilize <cavities wused in the squeezed state
generation of light,
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. CHAPTER 1
= * INTRODUCTION
. The objective of this thesis is to stabilize an optical
interferometer used 1in an optical homodyne system. A
i 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
I 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
l by (the details are presented in Chapter 6)
EOM
>~ Bi Mirror
u Laser Beam ES L
S
Y E
L D1
_ N
) Mirror -
: LL -
D2
)
. Fig. 1.1 Mach-Zehnder interferometer configured as a
; dual detection optical homodyne receiver.
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2 2 2
P1 = Yof ES sin w_t+ EL +2ESELcos[k(LL-LS)]sinwmt] (1.1)

where w_ = modulation frequency = 2ﬂfm
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 P, whose
spectrum, monitored at the spectrum analyzer (SA), shows two
peaks, one at frequency wm/ﬂ contributed by the first term in
Eq. (1.1) and the second at frequency wm/2n contributed by
the last term. It was observed that the amplitude of the
wm/n peak remained stable whereas the wm/ZN 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 1length 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 1is 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 1in
Section 2 of Chapter 2.

The goal of the stabilization scheme is to achieve the
quantum limit of photodetection. For this purpose a 1low
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
intererometer 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

"noisy" interferometer is compared with that of the

stabilized 1interferometer. 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

Eg = Egexpli(ogtwgt)]

and EL = ELexp[J(¢L+th)] (2.1)
where We = Wy for a homodyne system.
Input BS
P Eg Mirror
L,
S
Y
L
> El
Mirror LL + Al Output BS
Ez Y

Fig. 2.1 Mach-Zehnder interferometer
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Let LS be the signal arm path length and LL+ Al  be the
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, 81, 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 T
where r is the reflection <coefficient and t is the

transmission coefficient. For a 50/50 beam splitter, the
coefficients are r = t = 1//2,
The interferometer output fields, El and E2 are obtained
by the transformation
E (r  jt 'Esexp(—jkLS)
= (2.3)

E it E exp[-jk(L + 1
] r _Lew[ Jk( . )

T

T T Y T YT




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
% = .
< A> GAkT/gm (4.5)

where &, = forward transconductance

§ .7 for Silicon, 1.1 for GaAs.

Noise in bipolar devices is due primarily to shot noise

arising from the base and collector currents, 1 and I.,
b
respectively. These appear as [6] (per unit bandwidth)
2
2 2 2

and <VA > = 2(kT) /eIC = Z(RT)b/erB , (4.7)
where © R = current gain.,

v

A

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

Vy - V. Vo (j2TERC + 1)

R¢ R

Since Vo, -A V. ,then
in

IS + Vo(l/Rf + l/ARf) = - V_(j27mfRC+1)/AR
-I R
or Vo = s £
(1 + 1/A + Rf/AR + jZHfRfC/A) . (4.1)

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

-1_R¢

1 + jZWfRfC/A . (4.2)

There is a single pole at

f = A/2nR.C (4.3)
which corresponds to the bandwidth of the transimpedance
amplifier for a large open loop gain A. For A >> 2nfRfC, the
expression for V, reduces to

V, = —ISRf . (4.4)
The amplifier functions as a current to voltage

converter with a gain equal to the transimpedance R

4.2 Noise Analysis

Amplifier Noise Sources

Amplifier noise manifests itself as thermal noise
current due to the amplifier 1input 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 1is
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 dynamiec 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.

_/\/\/f
R
£
v_nJ} —O
L 1) R? c T JV’
—0

Fig. 4.1 Transimpedance Amplifier
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IS = Pen/hv RD = junction resistance
<IL2> = 2eIS RS = series resistance
<IT2> = hkT/RD CD = junction capacitance
<ID2> = 2eId

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

<Ip > = 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 1is present
when no light is incident on the detector. The dark current
mean square current spectral density (per unit bandwidth) is

[2]
2
<ID > = 2eId,

where Id = dark current.

(3.3)

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 1in 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 1limit 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]

10> = 2el, (3.1)

L
where Ig = Pen/hv as defined in Eq. (2.24).
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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 1is less
than the mode separation. Excess noise is minimized by dual
detection subtraction. Finally, polarization noise is
minimized by detecting a component that 1is polarized 45
degrees to both modes.

Next, we discuss photodetection noise sources which will

constrain the minimum system noise.

page 14




expression of Eq. (2.7). The mean photocurrent generated in

each detector is found from

I = Pen/hy (2.24)
where P = incident intensity, e = -electron charge, h =
Planck's constant and v = laser frequency. For detector
quantum efficiencies nl = nz =n, and for a 50/50 beam

splitter, the mean photocurrents generated at each detector

are

I1 = (Yoen/Zhv)[El(t)2+ Ez(t)z][l + cos[k(LL—LS+A1)]] (2.25)
and

2 2

I2 = (Yoen/2hv)[E1(t) + Ez(t) 11 - cos[k(LL—LS+A1)]].(2.26)

Subtracting one from the other gives
2
I1 - 12 = (Y, en/hv) [El(t) +E2(t)2][cos[k(LL—LS+A1)]. (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 broadened gain curve,
the individual mode intensities «change but the intensity
after the polarizer, which is proportional to
[El(t)2 + Ez(t)z], 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
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mode frequency. The difference in the arguments due to the
different mode frequencies 1is negligible since the mode

separation is much smaller (approximately 1 GHz) than the

laser frequency (1014). Thus, k1 = k2 = k. Making this

approximation, Eq. (2.20) becomes
2 2

P1 = 2E1(t)2+ 2E2(t):+2[E1(t) + Ez(t) Jcos(kAl)

2

2[El(t) + Ez(t) 1[1 + cos(kAl)] . (2.21)
To see how this case is stabilized, one can repeat the

analysis for LL z LS’ so that the difference term LL—LS is

introduced. This gives

2 2
P1 = 2[E1(t) + Ez(t) J[1 + cos[k(LL—LS+A1)]. (2.22)
A similar derivation for P2 gives
2 2
P2 = 2[E1(t) + Ez(t) 1[1 -~ cos[k(LL—LS+A1)]. (2.23)
As in the single mode analysis, the interferometer output is
stabilized by feedback —controlling LL—LS so that the
fluctuation is cancelled.
ii Laser Excess or Intensity Noise
;; Laser intensity fluctuations will also degrade the
3
Jl interferometer output signal. For the He-Ne laser intensity
2 2
i{: fluctuation, the [El(t) + E2(t) } factor of Egqs. (2.22) and
0
Ei. (2.23) will change causing an erroneous feedback signal to be
;' applied. A dual detector configuration <can alleviate this
b
- problem as shown below.
b
r{ The interferometer output intensities are found from
t’. substituting Egqs. (2.22) and (2.23) 1into the intensity
- -
i» page 12
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yields
{: P1 = IEl(t)[1+exp(—jk1A1)] + E2(t)e:p[j(w2-w1)t+j(k1—k2)L
+ 3(0,-0 )1 1+exp(-jk a1)]]. (2.16)
:{ Evaluating the modulus gives
o 2
f? P1 = El(t) [2+2cos(k1A1)]+E2(t)2[2+2cos(k2Al)] +
.;{ R . _ . _ . _
- 2E1(t)E2(t) e[eXP(J(w2 wl)t+J(k1 kz)L+J(¢2 ¢1))
?f (1+exp(—jk2Al)(1+exp(jk1A1)]. (2.17)

To simplify the expression, let the factor in brackets
of the rightmost term be
[ 1 = exp[jlw,~w;)t]A(t)exp[jo(t)]. (2.18)
® Equations (2.17) and (2.18) then give
Py = El(t)2[2+2cos(k1Al)]+E2(t)2[2+2cos(k2 ALY] +
2E1(t)EZ(t)A(t)cos[(wZ—wl)t+<l>(t)]. (2.19)
The quantities A(t), ®(t), El(t) and Ez(t) fluctuate at
- acoustic frequencies. This 1is 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, El(t)Ez(t)A(t), is a slowly varying
": envelope function for the second term in Eq. (2.19). Note
that if W, Wy is much greater than the frequency response of

the detectors, equation (2.19) reduces to

: 2 2 2 2

® =

o . P1 2E1(t) +2E2(t) +2[E1(t) cos(k1A1)+E2(t) cos(szl)](Z.ZO)
ifi Unlike Eq. (2.8), for the case of a two mode laser the
;ﬁ: interferometer has a transfer function that is the sum of two
‘?_ cosines whose arguments are proportional to the Trespective
iki page 11
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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, + 92E, (2.11)
where El and EZ 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 1light 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 1in

detail under excess noise,

We assume

= : ; . . t .
E, = Ej(B)exp(jo + jw,t) = E| exp (let) (2.12)
_ . . _ ] .
E, = E,(thexp(jo,+ Juw,t) = E) exp (Ju,t) (2.13)

For the interferometer configuration of Fig. 2.1, the output

intensity is (assuming LL = LS = L)
- . _ [} . _
P1 = Eiexp[J(wlt le)] + Elexp[J(wlt kl(L+Al))] +
2
1] 3 - ' 3 -
Ejexplj(w,t-k, L)) + Elexp[jluw,t k2(L+A1))]] (2.14)

]Eiexp[j(wlt—le)][1+exp(—jk1A1)] +

2
. (2.15)

Ejexp[j(w,t-k,L)J[1+exp(-jk,A1)]

Collecting and factoring out the difference phase terms
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the laser frequency, laser frequency drift could also cause

interferometer output fluctuations.

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

experiments. The major cause

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

in length of the cavity due
contraction,

The He-Ne 1laser used 1in

longitudinal modes which are orthogonally polarized. The

modes traverse the Doppler broadened gain curve as the cavity

of frequency drift of an

to thermal expansion and

this

thermally expands and contracts (refer

mode separation is

Av = ¢/2 L(T)

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

length as a function of temperature.

component of the multi-frequency output of the He-Ne 1laser

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

GHz.

This is of significance

Thus each

experiment has two

to Fig. 2.2). The

(2.10)

frequency

Polarization

>

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

laser.
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several microns.

Stabilization of the interferometer output 1is 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

. L. P s e et et ~ oAt e e o
D P I T U U AL U TP, T U T V. W U T N W L o S WU i SNy “R ~ yr S

The propagation constant is k = wn/c, where n 1is 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 1interferometer 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 +ithe 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

page8
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which gives

E

]

1 rgsexp(—jkLS) + thLexp[—jk(LL+A1)] (2.4)
E2 = jtﬁsexp(—jkLS) + rELexp[—jk(LL+A1)]. (2.5)
The interferometer output intensities are found from the

well known equation for the time average Poynting vector
P - <ExH™>/2 = Y.|E| /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 = 1/V/2 and Eq. (2.4) into Eq.

(2.6) gives

2 2
P, = YO[IES]+IEL|+ 2EE cos[k(L -L+81)+0 -6 ~ m/2]1/4 (2.7)
Neglecting the constant phase terms, Eq. (2.7) reduces to
2 2
P, = YO[IES|+IEL|+ 2EGE cos[k(L -Lg+A1)]/4. (2.8)
A similar derivation for P2 yields
2 2
P, = YO[IES|+|EL|— ZESELcos[k(LL—LS+A1)]/4. (2.9)

Path Length Sensitivity

— YT
1, e A .
e Tt e
t R
ot e

Notice in equations (2.8) and (2.9) that as LL—LS+A1
varies from O to A/4 the cosine term goes from a maximum to a
null for a given wavelength. For a Helium-Neon (He-Ne)
laser, A/4 = 0.158 micron. Thus for a given (LL—LS), a path
length jitter of only 0.158 micron in either of the arms will
cause the output 1intensity to fluctuate from a maximum to a
minimum. For interferometric work such as optical homodyne

detection, one must control A1 to a very high ©precision,

which in a common laboratory environment can be as large as
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The equivalent noise circuit of the

detector/transimpedance amplifier is shown in Fig. 4.3

2
<IRf>
&
+—.
N
- +
I <I> I R$ cT = v
n
_ L o
R = Ramp + Rphotodiode’ VA = amp input noise voltage
C =2Camp + Cphotodiode; IA = amp input noise curient
2
<Ip > = 2eIS ) <IR >= 4kT/R , <IRf> = ZtkT/Rf

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’ IT

and TRf’ 2 2 2
<Vn > = If Rf , (4.8)
where If is the total noise current in the feedback path.
Superposition gives
2 2 2 2
[( = AkT(l/Rf2+ 1/R) + IA +2eIS+ VA [(1/R + I/Rf)
+ AﬂszC ]. (4.9)

The noise spectral density is thus
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2 2 2 2
<V > = [4kT(1/R_ + 1/R) + 1 + 2el 4+ V. [(1/R+1/R.)
; n f A s A f

e 2 2 2 2
'u : + 4m £ C )]Rf . (4.10)
A

(. The total RMS noise is

W

L 2
- v, = [J <V > df]

so that the output SNR is

(4.11)

SNR = I_R_/V 4,
f f/ N (4.12)

Is

1
2

=f%[4kT(1/Rf+1/R)+1A2+zeIS+v 2((1/R+1/Rf) +(4/3)n CE)]

A

The drawback of this configuration is the potential for
instability due to the feedback path around a high impedance,
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 1lead
compensation network which introduces a positive phase shift,
thus increasing the phase margin. The capacitor value 1is
selected so that the lead network has a singularity near the
crossover frequency.

Let us now examine the amplifier characteristics with
the feedback capacitor, C_. present. The «circuit schematic

f

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

The noise voltage gain is

Vo A 1
v, T l4aB B(1 + 1/4B) (4.13)
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

vV, 1 Rf(RCs + 1)
— = _=1 4+
VA B R (Rfos + 1) (4.14)
where s = j2mf. The transfer function has a zero at
£, = (Rp + R)/[ZanR(Cf + C)] (4.15)
and a pole at
£, = 1/2nR.C, (4.16)

The component values are

Rf = 100K, R = amp input resistance = 1013

¢ = Cdiode * Camp = 10 pF

Cf = 2 pF.
Substitution of these component values gives

f1 = 133 KHz f2 = 796 KHz.
The transfer function also shows that in the limits

f->0 V/V =1+ Rf/Re> 1, (4.17)
and f > = VO/VA =1 + C/Cf—> 6 (4.18)

To quantify the noise analysis, we need the performance
specifications of the operational amplifier. See the

Appendix. The Burr Brown OPAl102 is a 1low noise precision
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Fig. 4.5 Burr Brown OPAlO2 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, occurs when the closed

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

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

{f VO/VJx (dB) = 20 log(6) = 15.6 dB.

}". - «

tﬁ. Refering to the spec sheet, an intersection occurs at £ =
4 . . .
K- 1MHz. The overall output voltage noise spectral density 1is
8

by shown in Fig. 4.6.
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Fig. 4.6 Theoretical output voltage noise spectral density

Current No
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T
noise, sho
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below.

the total input noise <current due to thermal
t noise and amplifier input <current noise. The
tage noise due to the input current noise is
Vo = ITZf(s) = ITRf/(Rfos +1). (4.19)
pole rolloff frequency for the component values
iously 1is
f2 = 1/2ﬂRfo = 796KHz. (4.20)

voltace noise due to input current noise is shown
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s € roT

2 2 2 2 2
o Vi, = Z¢ [(Vp/Z) + Iy #<Ip > + Iy > + <Iy > ] (4.21)
oo 2 2 2 2 £
- where Z¢ = Rf/(l + 4m £ Cg Ry )
- Z = R/(1 + bn £CRY)
) = + am
: ,
t-" VA = amp input voltage noise = 8 nV/Hz?
’ 1
. Iy = amp input current noise = 1.4 fA/Hz?
0 05e el = 1.08x10 7 224/Hz?
" < L >= Ze s = . X ¢ 2
e 2 -29 1
= <lp > = 4kT/R = 1.6x10° "7 A/Hz?
2 =25 3
and <1, > = 4kT/R,. = 1.6x10 A/Hz* .,
Rf f

® The shot noise term is measured experimentally. For a
' measured amplifier output voltage of 3.4 V, the incident

intensity is 1.87x10 "2 W for R, = 100K (see Eqs. (2.24) and
» (4.4)).
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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,
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First, consider the case with no light impinging on the

detector, i.e., <Ii> = 0 (thermal noise dominates).
7
At f = 1 KHz, Zf = IO6 and ZS = 1.6x10
1
which gives Vo= 4.06x107%V/H2",
At £ = 100 KHz, Zf = 9.9x104 and ZS = 1.59x105
1
which gives v, o= 4.06x1078v /022,

Now consider the <case with 1light 1impinging on the

detector, i.e., <IL2 > = 2eIs = 1.08x10—23 (shot noise
dominates).

At f = 1KHz, V. o= 3.31x10—7V/Hz%

At f = 100 KHz, Vo o= 3.28x10_7V/Hz%

n

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.
2 3

Vn B x 10 (dBm)
PSA = 10 log
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 = -100dBm for B = 3 KHz
Shot Noise: f = 1 KHz, PSA = -97 dBm for B = 100 Hz
f= 100 KHz, PSA = -82 dBm for B = 3 KHz
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4,3 Experimental Performance

The transimpedance amplifier is built on a printed a
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 j
capacitance, thus 1improving the frequency response. The 5
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
ring surrounding the inverting input terminal, pin 2. The
purpose of the guard ring is to minimize leakage currents.

The op amp case, pin 8, 1is 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 Rl and R2 are output voltage offset
null dividers.

Dl 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 1is
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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 1is found
by measuring the output voltage and dividing by the

transimpedance.

5 23

Vo= 3.4V => I_ = 3.4x107° => <I %> = 2eI_ = 1.08x10"
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). 1In 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 1 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 Q < f < 2 MHz.

The spectrum rolls off at f3 = 1 MHz.
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Fig, 4.3(b): Thermal noise spectrum for O < f < 300 KHz.

130 KHz.

The spectrum 1ncreases at fl
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Fig. 4.8(c): Thermal noise spectrum for O < £ < 1 MHz.

The spectrum levels off at f2 = 700 KHz,
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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
L 100 Hz 1 KHz
£y 133 KHz 130 KHz
f, 796 KHz 700 KHz
fq 1 MHz 1 MH=z

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 Fig. 4.8(e). The excess noise dominates the
amplifier wvoltage noise corner f{requency, fc, which is
specified as 100 Hz (see Fig. 4.5). At higher frequencies,
wp to 130 KHz, the noise spectrum is flat. The theoretical
and experimental values agree well at 100 KHz,

The noise corner frequency f, is dependent on the

foedhack capacitance (see LEg. 4.16). Therefore any stray

capacitance would alter the calcultated corner frequency.  The
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£'(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 Hz, 100 Hz and 1 KHz. The high voltage amplifier
vain A(f), is set so that the system is locked with maximum

gain without being unstable.

The interferometer transfer gain, I AE/AV, is
experimentally found to be I = ,025. Since I must be
measured with the system unlocked, it is difficult to¢ measure
accurately. Another factor that leads to measurement
difficulties is the random nature of the fluctuations., When
measuring the unlocked noise levels on the spectrum analyzer,
the noise level at high frequencies is dependent on the low
frequency noise level. Several runs are measurced and the

averave noise reduction is  pres=ented, Spectrum analyzer

results are shown tor cight trials in Figs., 3.2(a)-{(h).
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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 wvoltage 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) = A(£)G(E)I (5.13)
where A(f) = 1/RCs
and G(f) = 1/{1 +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
F(f) is the error signal with feedback. The feedback factor
is found by solving the relationships among the system

variables,

E(f) = E'(f) - £'(£)E(E)

EC(Ef) = ET(E)/[1 + £'()] (5.14)
The teodback tactor, in decibels, is

N o= 10 log[l/(1-£'(£))] (5.15)

Treoretical and experimental noise reduction figures are

Tisted In section .4,
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A transverse EO phase modulator introduces a phase delay

according to [1]

80 = ~wn, g4l V)/2cd (5.9)
where w = frequency

No = ordinary index of refraction

Tey = electrooptic tensor coefficient

c = free space velocity of light

VD = error drive voltage

d = crystal width

1 = crystal length

For an incident field, § E,cos[(wt-z/c]) polarized along

a crystal principal axis, the EO output field is

¥ Egcosl[w(t - (z-1)/c) - ]

out
where Y = (wl/c)[n, + (n, r63VD)/2d] (5.10)
Neglecting the constant phase terms

Eout = ¥ E,cos(wt - KVD) (5.11)
where K = n°3r631/2cd .

The detector error signal voltage in this case is

o= Yo(eﬂRP/hV)ESE cos(kAl + KVD) (5.12)

L
Note that the correction term is wavelength dependent. A
proposed stabilization scheme was to use a He-Ne laser for
stabilization and a Jdve laser for the signal carrier.
However, bhecause of the wavelength dependence of the
correction term, the dve laser signal would not see the same

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

scheme wis chaosen for stabilization.
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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 = dBILVD/w (5.8)
where d31= material constant = .171 nm/V
I. = PZT length = 900 mil
VD = applied voltage
W = PZT thickness = 121 mil

To move the mirror a quarter wavelength (632.8/4 nm for

He-Ne) requires V =125 V,

Electro-optic Modulator

An electro optic modulator configured as a phase
modulator can be used instead of the PZT to compensate for
path length variations., The EO modulator is placed in the
signal arm and introduces a phase delay proportional to the

error signal,

PHpp————
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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 = -1/RC JE dt (5.6)

The frequency response of the integrator is found from the
transfer function

A(F) = 1/2nfRC. (5.

~J
S

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.

High Voltage Amplitier

A high voltage amplifier is necessary to drive the FPZT
or electrooptic modulator. The amplifier wused in the
experiments is a Burleigh RC-140 high voltage amplifier. The
overall loop gain is controlled at this stage by means of a
variable gain. A variable DC bias is wus.d to adjust the
operating point. The operating point is chosen so that the

feedback phase is necative and at the zero crossing of the

page sy
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Subtractor

The advantage of a dual detection scheme is discussed in
Chapter 2. First, it eliminétes 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
function is

E = [(R1+R3)/RI1]J[R4/(R2+4R4)]V]1 - (R3/R1)V2, (5.3)
where V1 and V2 are the output voltages of the transimpedance
amplifiers. The resistors Rl - R4 are chosen equal so that

the subtractor is of unity gain. This gives

E =Vl - V2
= —A(Yoean/4hv)ESELcos[k(LL—LS+A1) (5.4)
This is the desired error signal. Notice that the error

signal is zero when the system is stabilized, i.e., when
LL - LS + Al = mX /4, where m = integer. (5.5)
A DC offset is present at the subtractor output when the
interferometer output intensities are unequal. This occurs
when the output beam splitter is not a 50/50 beam splitter,

An offset potentiometer is used to null the subtractor output

when this is the case. The offset potentiometer also nulls

page38
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CHAPTER 5

OPTICAL FEEDBACK STABILIZATION

5.1 Feedback Electronics

T T YT T e Ty
. '

Stabilization of the interferometer 1is achieved by a
feedback loop that correlates the path 1lengths 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 1loop

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

De' _ctor/Amplifier

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 1is
then converted to an output voltage by the transimpedance

amplitier. The output voltages are

7 = =
V] = TlRf 2
2
(Y a ; i -
= (\ocan/éhv)[[ES]+[EL|+ LESELcos[k(LL LS+A1)](5.1)
V2 = -I.R

]

2 2

- 4 ) - 2F -
(Yoean/4hv)[‘RS|+]hL| _ESELcos[k(LL LS+A1)](5.2)
As discussed in the following section, an error signal
is derived from the output fluctuations on V1 and V2, The
crror signal is proportional to the cosine of the path length

variations as shown in the equations above.
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Based on the experimental data, the transimpedance

.

amplifier performed as designed. In Chapter S, the
transimpedance amplifiers will be implemented in the feedback

stabilization loop.
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Flg. 5.3(c): Unlocked error signal = .2 Vpp due to noise in
’ Lat (0.,2V/vertical division and 2 mS/horizontal

division)
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The measured loop gain and corresponding noise reduction
at £ = 10 Hz - 100 Hz and f = 900 Hz - 1 KHz are presented in
Table 3. The theoretical values are also listed .or

comparison.

TABLE 3

EXPERIMENTAL VS. THEORETICAL NOISE REDUCTION

Freq. GUEf)Y LA(D) | £7(f) Noise Reduction

Experimertal | Theoretical
10-100 Hz 55 80 109 -21dB -20dB

900-1 KHz 3 80 6 -10dB -8.5dB

RMS Noise Reduction

The RMS noise reduction is measured for two cases.
First, 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
o N = 10 loa(.01/2) = -23dB .
-
" The sccond case is for the ambient noise level in the
r-.
?f_ babh (Fig. 5.3(c)). The peak to peak unlocked noise is 0.2 V.,
é- he Tocked lTevel is acain 10 mV., The reduction in this case
|
® b

N o= 10 loe(.01/.2) = -13dB .
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In summary, the
level by 13 to 23 dB
reduction is 21 dB a
Kz, In Chapter 6,

homodyne modulation

AP Y S 1 P

stabilization loop reduces the RMS noise
. As a function of frequency, the noise
t 10 Hz - 100 Hz and 10 dB at 900 Hz - 1
the stabilization scheme is applied to a

experiment.
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CHAPTER 6

HOMODYNE DETECTION USING A STABILIZED INTERFEROMETER

The experiment to be stabilized 1is a dual detection
homodvne syvstem as discussed in chapter 1. It is shown in
Fig. 6.1. The signal arm is field modulated with an
electro-optic modulator driven bv 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
analvzer reveals a fluctuating peak at wm/Qn and a stable
peak at wm/n. 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 ftluctuations to a level which allows

its detection at the quantum limit.

h.,!l Experimental Details

when contigured as a field modulator, the EOM driven bv

a sinwmt source modulates the incident signal tield, Eg

Esexpl=-jtkv+wsot)], so that
|

N T
Eg 2 Egsing t (6.1)
The tactor of 2 is carried through to cancel a tactor which

appears when substituting Eg. (bo1) into kg, (2.6) and to

cancel o the 1,2 tTavtors for rhe transmission and retlection

hetticrents oot o 0030 heam splittrer,
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Fig. 6.1 Homodvne Modulation Experiment

To function as a field modulator, the EO modulator must
he osriented so that the incident polarization is 45 degrees
relative to the «crvstal's principal axes. This is
iccomplished with the input polarizer as shown in Fig. 6.2,
The output polarizer is oriented so that it is orthogonal to
the input polarizer,

The applied tield, Ez’ changes the index ellipsoid of
the crvstal so that the indices n'x and n'.V along the new

principal axes are given by [2]

3
' . .
n = no - ng r, E /2 (6.2)
X ° 6372
n' = no - nogr E /2 (6.3)
v 63z
and the extraordinary index of refraction remains unchanged,
n =n_ . (6.4)
7 €
For an ioncident 1ol
= ! ‘<)\‘[‘A;IT - ! r\](/j;" +?’)(/"—_’, (6.3)
T
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and 2z experience phase

the field components along %
retardations so that the total field transmitted by the
orthogonal output polarizer is

Eour = Eo[exp(—jw(t-(y—l)/c)n'x) X!

- exp(~ju(t-(y-1)/e)n,) 2]/V2 (6.6)

Defining ¢ as

o = (wl/2c)(n' _-n )
= (wl/2¢)[no-n - r63n°3V(t)/2h] (6.7)

and Y = (wl/Zc)(n'x+nz)
= (wl/2c)(notn =r ,n, V(E)/2h), (6.8)

the field transmitted at the output polarizer is

our= Eosin(e /2)sinfw(t-(y-1)/c)-u 1(R'-2)//2. (6.9)
Thus the signal field is modulated at frequency W for V(t) =
Vsinwmt. Notice also that the signal field is polarized
orthogonal to the LO field. A half wave plate is placed 1in

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

signal and LO fields to interfere.

£z
~
p 4
t I
T T T T,
\ ~
~N /‘y \\ T \
/ ~
~ ; ~
" ) LAY l Ea
=1 R |
Input \\L.f N l Output;
Polarizer 2 RS Polarizer
fo- { J
e

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

;4; output intensity of the interferometer at detector DIl is
- 2, 2 .
. = 2 q -
n P = Yol |Egfsinw t +[E [+ 2EGE cos[k(L ~Lo+al)]sing t](6.10)
Eﬂf Note that the first term contributes a DC term and a harmonic

at me, while the cross term is at Wy *

D) During the experiment, attempts to completely field

modulate the signal arm resulted in a weak signal 1intensity,

making it difficult to stabilize the interferometer. This
Il 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

L) Eo'= Ec(1 + cosg_t 6.11
o S S( 2 W ) (6. )
The interferometer output intensities for this case are
le 12/, 7 2 2
P, = Yo[(l—x—.);ES| (2 + 2cosw t + cos”yw t) +5|EL| +
- ‘c(l-¢) ELE, (1 4+ cosw tlcosk(L -L.+al 6.12
: Vel <) gl ¢ we ) ( L Trgta )] ( )
b] i’ s = b b} 2 (2
}: = \a[5|h8; (2 + lcosy t o+ cos ”mt) + (1-g) EL' -
SISl =2) ELE (L + cosw thcosk(L, -L_+a1)] (6.13)
7L m L 7S
i! Notice that now there are two terms which contribute to
the sianal at frequency w , onne Jdue to 2E.cosw t which
: m S m
remains stable and a fluctuating component due to
L - : ,
. FokE costw t)ecos{ k(L -L.+A1)]. The dual detection scheme with
STL m L 7S
307 beam splitters and matched derecrors cancels the foooand
EI terms  of  Eqs. (6012 and b.130, [a the experiment,
. » - -
Nowever, it was Jditticualt to achieve T T <o
. stanal tield while marataining 4 S0 S0 wp e
g Tt was al=o observed that the treqgoens v o
9
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detectors differed by 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

cancelled. The fluctuations due to the last terms of Egs.
(612 and b.13) are superimposed on this mean value, When

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

6.2 Theoretical Noise level
[f the stabilization eliminates the fluctuations to the
level of the quantum limit of photodetection, the minimum
svstem 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
II““ = ZeIQB= 2e Pn/hvy. (6.14)

The transimpedance, R glves an output voltage spectral

density
Vo= I J'R 2
2 L. t
Y ) -
= Ie“WWBR;fhv . (6.15)
Makine the 1dentitication,
Vo= PenR{/hv , (6.16)

Fao ol rednces to

vV, T JOVRTB . (ho17)
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6.3 Experimental Results

The measurement apparatus includes an oscilloscope, a
spectrum analvzer, a lock-in amplifier and a DEC MINC
(Modular [Nstrument Computer) which has an analog to digital
converter (ADC) to process the lock-in amplifier output. The
lock=in amplifier produces an output proportional to the
noise power density of the subtractor output. The noise
equivalent bandwidth of the lock-in amplifier 1is equal to
1741, where T is the user selectable time constant of the
output filter. Another wvariable parameter is the input
sensitivity of the lock-in amplifier and a 10x 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
it a2 nredetermined sample rate tor 1000 samples. The sample
rite {3 chosen to be much less trhan the modulation frequency
so that the sampled voltage is over manv <cvcles of the
modulation frequency.

The quantum shot noise level 1s established by
substituting an incoherent white light source for the laser.

'he noise produced hv the detectors in this manner is quantum

Limited [ 7], The transimpedance amplitfier output voltages
vre st o ogqugal oty Vo= 1,10V oand V2 o= 1.0 V. when illuminated
Gy the gacoherent souareo, These values 1re  chasen  so that
Sy el R el poes 1 or the Case  when the svstem s
cod oW the Ho-Ne Daser., Thus, ¢ the He=Ne laser shot
Page -
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noise equals that ot the incoherent light, the stabilization

is achieving the quantum limit of photodetection,.
Substituting V = VI+V2 = 2,1 V into Eq. (6.17), the
theoretical RMS shot noise level for R = 100K and B = 250 Hz
1s
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 V1 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 frequencv range from
S30KHz to 300 KHz as shown in Fie. 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,

Resnlts are given in Table 4.

TABLE 4
Experimental Shot Noise Level

White Light He-Ne Laser
Mean SD Mean SD
-19.7 159,40 -307.75 159.97
-19.2 154,30 -309.95 155.2
-23.4 159.33 -303.75 158,09
-15.7 155.31 -306.60 153.66
-19.9 162,51 -301.89 151,17
-10.7 156,58 -302.74 157.30
-16.3 136,19 -300.,.45% 152,19
-29.0 152,30 -313.,05 157,94
-13.3 156.90 -304,37 155,40
-12.00 136,79 312,66 135056
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interferometer.
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is the MINC output tor V1 = 1.1 V

The He-Ne laser measurements are for the

The lock-in amplifier sensitivity

is 100 uV with a full scale range of 400, The data is for
the 10x scale and 1 ms time constant. The MINC sample rate
is 1000 samples/sec. To reduce the data to the noise level,
multiply the average SD by the scale factors as shown helow.
For the white light, the average SD 1s 137,01, 'he o oise
level is

157.01 x 100 wV/(400 x 10) = 3,92 v,
The He-Ne laser stabilized interterometer has an average SD
equal to 156.0 V., The noise level for this case is

156.00 x 100 uV/(400 x 10) = 3.90 uV |
These naumbers, however, include the noise due to the
transimpedance amplifiers, subtractor and measurement
apparatus. The true measured shot noise level is found by

subtracting the

noise present when the detectors are blocked.

The average SD with the detectors blocked is R82.73, so the
ad justed shot noise levels are
B 3 L
[157.017 = 82.37]%x 100 pyV/4000 = 3.34 Vv
. o oL . ]
ind (13,007 = 32.3%]2x 100 yv/4000 = 3.31 uVv.
for the white lieht and He-Ne stabhilized interferometer,
respectivelv, Recall that the predicted value is 2.9 uV,.
F'able 5 tists data for an unstabilized and stabilized
interterometer, The modulation signal is at 500 KHz and the
lock=-itn amplitier sensitivity is 100 UV  on the 10x scale.
page S0
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The full scale deflection is 400. The time constant is

0.0l s and the MINC sample rate is 100 samples/sec.

TABLE 5
Unstabilized vs. Stabilized Interferometer Fluctuations
Unstabilized Stabilized

Mean SD Mean SD
-289,98 174,46 -378.62 46.59
-318,22 136.73 -380.02 46,22
-226.33 142,35 -377.22 45.61
-243,21 [11.28 -381.23 46,48
-206.95 174,63 -381.61 46.77
-227.85 244,03 -379.62 47,11
-267.58 156.77 -381.49 45,32
-306.16 106,28 -378.56 48,172

201,42 103.01 -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 1830.99 -382.84 48.04
-346,98 100.78 -381.23 47.90
- 64,83 223.67 -380.93 48 .41
-155.25 249,74 -380.81 45.65

The average 5D with the svstem locked is 46.4. Again,
ro compute the true shot noise level, the noise due to the

transimpedance amplifiers, subtractor, lock-in amplifier and
MINC must he subtracted from the data. For this sensitivity
and time constant, the average SD with both detectors blocked
is 25.b., Thus the measured shot noise is
. 2 - 2 L . .
Vo= [(46.4)7 - (25.6)7]12% x 100 uV/4000 = 0.96 uV,
To confirm that this level is shot noise limited, the
detectors are illuminated with a white light source with the

same 1ntensities on each detector, VI = 1,1 V and V2 = 1.0 V.,
)

e verave =D tor this case 1s 46,6 S0 that the measured
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shot noise 1iIs

V., o= [(-’m.())z - (25.6)%] x 100 yV/4000 = 0.97 yVv,
The theoretical shot noise level for V1 = 1.1 V, V2 = 1.0 V,
Rf = 100 K and B = 25 Hz 1is
Vo, = [eVRfB]% = 0.92 uVv,.

Notice that the mean for the stabilized case in Table 5
remains relativelv constant while the  unstabilized mean
tluctuates randomly. Fig. 6.3(a) shows the spectrum analyzer
display tor the He-Ne stabilized interferometer with a 500
KHs modulation signal. Fig. 6.3(b) is the spectrum analvzer
displtav tfor the white light with the same intensities as in
Fioo o.30a),  Figs., 6.3(c) and b6H.3(d) show the spectrum

coer displavs fror two levels ot modulation at 300  KHz.

=
o)
-

File, podfer is for a modultation sigonal at 230 KH with the

arrow showing rthe tluctuation rance when the ‘aterterometer
'=s not o stabilized. The stabilized outopar 1= S iwn i n S
DLloth,

In summarv, the noise on the out oyt = e st b b red
rnrterterometer s quantum limited as ver:o e R T St e
Fiaoht tests., The ditftference hetwoeon R S A 100
oredictred shot noise levels could He dago o0 = v T orano o g

R in the transimpedance amplitiers and feviarions  ‘ram  the
<pecttred noise equivalent handwidty i Che cock-in

impirtter,
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Fig. 6.3(a)
fop:  Subtractor output of locked interferometer with a
modulation signal at £q = 500 KHz., The detector voltages are
00l = 1.1 ¥V and D2 = 1.0 V. Bottom: Subtractor output with
bunh detectors blocked.
fhe peak at 130 KHz is present when beating the signal and

L. The noise at 300 KHz is due to the transimpedance
mmplirier power supplyv.

Fig., A.3(H)
vaute light test with Dl = 1.0 % and D2 = (.o . Top:
TaDTTACTAr dubtout, 3ottom: Both detecrers hlacked
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Fig. 6.3(c)
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| 10d3/30KKZ 200kHZ

Fig. 0.3(d)
Typ traices: subtractor Output for two modulation levels with
rhe iatarter men=r stabilized.
Jarrom tracss: Sabrrictor output with apertures blocked.
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Fig. 6.3(e)
Unstabilized interferometer subtractor output with a
modulation signal at f£_ = 230 KHz. The arrow indicates the
rluctuation range when the interferometer is not stabilize'’
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Top: o>Stabilized interferometer subtractor outpun with 3
andularion signal at £ = 250 KHz,
3srtom: Subtractor output with both detecrirs bhlorcwxaed,
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CitAPTER 7
CONCLUSTIONS

The teedback stabilization scheme stabilized the
interferometer output to a level which allowed the detection
ot a signal at the quantum limit of photodetection., The RMS
noise reduction of 23 dB was sufficient to achieve the
quantum limit of detection in a noisy environment.

The etfect 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

o)

the input polarizer axis at 3 degrees to the two mode
polarizations. This ensured that the transmitted inteansitvy
remained constant as the individual mode intensities varied,

V' low noise amplitier was essential to  ensure that
amplitier thermal noise did not dominate shot noise for a low
nower laser. A transimpedance amplitfier was desianed and
built tor this purpose,

Fhe bandwidth of the feedback loop was constrained by
the intecerator, which has a rollotf of 20 dB  per decade.
Since the noise spectrum was dominant at trequencies below 1
KHzy the intecrator frequency response Jdid not compromise the
stabilisation,

\ PZT, instead ot an EOM, was  used  as the feedback

transducer hecause the correction tactor introdneed hv the
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EOM was wavelength dependent. A proposed scheme was to use a
He-Ne laser for stabilization of the interferometer and a dve
laser for the signal carrier. Thus the interferometer would
be stable for the He-Ne beam but the Signar beam would not be
equally compensated. An alternative method was to use a
single He-Ne laser beam bv 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
interterometer. An experimental difficulty that was
encountered was the limited bandwidth of the PZT/mirror. The
svstem would oscillate at 600 Hz whenever feedback was
applied. The problem was traced to the mechanical resonance
of  the PZT/mirror. Reducing the mass ot the mirror
eliminated the instability,

Application orf the teedback stabilization scheme to the
homodyne modulation experiment eliminated the fluctuations
observed on the signal of the unstabilized interferometer.
e norse on the stabilized signal was verified to be the
quantum shot noise bv comparing it with the shot noise
2enerated by oan eqnal intensity white light source. The
measured nolse tor the stabilized siegnal and white light
source  was o D.9 g Vooand 0.97 uV, respectivelyv, tor
transimpedance amplifier output voltages of VI = 1.1 V and V2
= 1.0 V., This was measured at a trequency of 500 KHz with a

lock-in amplitier tine constant of 11} ms, The predicted

pave Hb




shot noise level was 0,92

to the component tolerance
nominal value ot 100 K was
the theoretical shot noise

contribute to the discrepa

used tor the noise equival
was specitied as /47 in t
The teedback scheme h
in reducing the noise on a
state generation of lieht,
will be applied to tuture
ot squeezed state light,

g\, ['he discrepancy could be due
ot Rf' the transimpedance gain. A
used in Eq. (6.17) to calculate
level., Another factor which could

ncy is the accuracy of the value

ent bandwidth in Eq. (6.,17), which
he lock-in amplitier manual.

as been successfullvy demonstrated
ring cavityv used in the squeezed
The feedback stabilization scheme

experiments used in the generation
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BURR-BROWN®

OPA101
OPA102

Low Noise - Wideband
PRECISION JFET INPUT OPERATIONAL
AMPLIFIER

FEATURES

* GUARANTEED NOISE SPECTRAL DENSITY -
100% Tested

o LOW VOLTAGE NOISE - 8n¥/\, Hz max at 10kHz

« LOW VOLTAGE ORIFT - 5.V/°C max (B gradel

o LOW OFFSET VOLTAGE - 250,V max (B grade)

« LOW BIAS CURRENTS - 10pA max at
25°C Ambient (B Grade)

» HIGH SPEED - 10V/ .sec min (OPA102)
« GAIN BANOWIDTH PRODUCT - 40MHz (0PA102)

DESCRIPTION

The OPAIOE and OPAIYY are the nirst FET
aperational ampiiers available with noise charac-
tenistics voitage spectrai Jdensity) guaranteed and
HOY tested

The ampuihiers nave 3 complementary set ot speci-
tications permitting iow errors 0 signai conditioning
apphications. iow noise. low has current, migh open-
loop gain. high common-maode rerection, .ow oltset
soitage. Sow atlset voltage drilt =tc.

APPLICATIONS

o LOW NOISE SIGNAL CONDITIONING

o LIGHT MEASUAMENTS

* RADIATION MEASUREMENTS

+ PIN DIODE APPLICATIONS

o DENSITOMETERS

« PHOTODIODE/ PHOTOMULTIPLIER CIRCUITS
o LOW NOISE DATA ACQUISITION

In additon, the ampuiiers have moderatels hen
speed The OPAINL s compensated lor unity gain
stabiity gnd kas 1 siew rate of SV usec. min. The
OPA102 1s compensated 1or gains of 3V V and
above and has a siew rate ot 10V usec. min.

Each unitis laser-trimmed tor low offset voitage and
low otfset voltage dnit versus temperature. Bias
currents are specified with the units fuily warmed up
at =257C ambient temperature
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